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Abstract The Mw 5.8 earthquake of 23 August 2011 (17:51:04 UTC) (moment,
M0 5:7 × 1017 N·m) occurred near Mineral, Virginia, within the central Virginia seis-
mic zone and was felt by more people than any other earthquake in United States
history. The U.S. Geological Survey (USGS) received 148,638 felt reports from
31 states and 4 Canadian provinces. The USGS PAGER system estimates as many
as 120,000 people were exposed to shaking intensity levels of IV and greater, with
approximately 10,000 exposed to shaking as high as intensity VIII. Both regional and
teleseismic moment tensor solutions characterize the earthquake as a northeast-
striking reverse fault that nucleated at a depth of approximately 7� 2 km. The distri-
bution of reported macroseismic intensities is roughly ten times the area of a similarly
sized earthquake in the western United States (Horton and Williams, 2012). Near-
source and far-field damage reports, which extend as far away as Washington,
D.C., (135 km away) and Baltimore, Maryland, (200 km away) are consistent with
an earthquake of this size and depth in the eastern United States (EUS).

Within the first few days following the earthquake, several government and aca-
demic institutions installed 36 portable seismograph stations in the epicentral region,
making this among the best-recorded aftershock sequences in the EUS. Based on
modeling of these data, we provide a detailed description of the source parameters
of the mainshock and analysis of the subsequent aftershock sequence for defining
the fault geometry, area of rupture, and observations of the aftershock sequence mag-
nitude–frequency and temporal distribution. The observed slope of the magnitude–
frequency curve or b-value for the aftershock sequence is consistent with previous
EUS studies (b � 0:75), suggesting that most of the accumulated strain was released
by the mainshock. The aftershocks define a rupture that extends between approxi-
mately 2–8 km in depth and 8–10 km along the strike of the fault plane. Best-fit
modeling of the geometry of the aftershock sequence defines a rupture plane that
strikes N36°E and dips to the east-southeast at 49.5°. Moment tensor solutions of
the mainshock and larger aftershocks are consistent with the distribution of aftershock
locations, both indicating reverse slip along a northeast–southwest striking southeast-
dipping fault plane.

Online Material: Tables of regional moment tensor source parameters and after-
shock location.

Introduction

A passive margin is the one formed by rifting followed
by seafloor spreading such that the resulting tectonic plate
consists of both continental and oceanic lithosphere. The
Appalachian passive margin of the eastern United States
(EUS) extends for 3300 km from northeastern Canada to

the southeastern United States (Fig. 1) and is among the most
widely studied and geologically understood of modern pas-
sive margins (Bradley, 2008). Despite this, the passive mar-
gin of the EUS is inconsistent with a fundamental principal
of plate tectonics that assumes tectonic plates are rigid and
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deform at their edges (Wilson, 1965). In reality, the passive
continental margin of the EUS can produce large and dam-
aging earthquakes as highlighted by numerous historic
events that contribute to relatively high-hazard regions in the
U.S. Geological Survey (USGS) National Probabilistic Seis-
mic Hazard Map (Fig. 1; Petersen et al., 2008). Throughout
the EUS, historical seismicity, geomorphic, and paleoseismic
data indicate active but poorly understood tectonic processes
within seismic source zones such as the New Madrid,
Wabash Valley, the eastern Tennessee seismic zone (ETSZ),
central Virginia seismic zone (CVSZ), and Reading–Lancaster
seismic zone (RLSZ) (Wolin et al., 2012). The Mw 5.8 earth-
quake on 23 August 2011 (17:51 UTC) near Mineral,
Virginia, occurred within the northern portion of the well-
known CVSZ (Fig. 1), a source region that has been mapped
as an area of elevated seismic hazard since 1976 based on the

small-to-moderate size earthquakes documented since at least
the eighteenth century (Algermissen and Perkins, 1976).

The earliest reported earthquake in the CVSZ occurred
on 21 February 1774 and caused extensive damage in Peters-
burg, Virginia (Fig. 1). The largest historical earthquake in
the CVSZ occurred in 1875 and shook bricks from chimneys,
broke plaster and windows, and overturned furniture in the
Richmond area, at which modified Mercalli intensity (MMI)
levels of VI–VII were reported (Bollinger and Hopper,
1971). The felt area of the 1875 shock suggests it had a mag-
nitude of about 4.8 (Campbell, 1898; Bollinger, 1969; Bol-
linger and Hopper, 1971). More recently, a pair of magnitude
4 earthquakes, separated by 12 s, occurred on 9 December
2003 and produced minor damage in Fife, Virginia, 60 km
west of Richmond. In the month following the earth-
quakes, no aftershocks were felt nor recorded by a temporary

Figure 1. The probabilistic seismic hazard (Petersen et al., 2008) and previous instrumentally recorded earthquakes in the region (black
circles). Color contours represent the percentage of gravity that have a 2% chance of being exceeded in 50 years. The ANSS/CERI location of
the Mw 5.8 Mineral, Virginia, earthquake on 23 August 2011 at 17:51 UTC is shown as a yellow star (37.936, 77.933). Also shown are
mainshock reverse-faulting focal mechanisms determined from regional-waveform (RMT) and W-phase moment tensor modeling. Major
seismic source zones shown in the region are the eastern Tennessee seismic zone (ETSZ), Wabash Valley seismic zone (WSZ), Charleston
seismic zone (CSZ), Quebec seismic zone (QSZ), Charlevoix seismic zone (CHSZ), Reading–Lancaster seismic zone (RLSZ), and the central
Virginia seismic zone (CVSZ). The white box outlines the region mapped in Figure 2.
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deployment of seismometers (Kim and Chapman, 2005).
Seismicity in the region occurs along pre-existing zones of
crustal weakness aligned with relic structures associated with
past plate collisions and rifting episodes (Chapman, 2005,
2013). Instrumentally recorded seismicity in the CVSZ is
generally shallow and distributed over a broad areal region
with source depths averaging around 8 km. This seismicity is
generally not clearly associated with mapped Paleozoic and
Mesozoic geologic faults (Fig. 1) (Chapman, 2005).

The August 2011 Mw 5.8 Mineral, Virginia, earthquake
(Fig. 1) had a reverse fault, compound rupture process, with
three known subevents that occurred on a northeast-striking
plane (Chapman, 2013). The earthquake distinguishes itself
as one of the most widely felt earthquakes in United States
history. The large felt area reported by the USGS “Did You
Feel It?” (DYFI) system (Wald et al., 2011) is roughly 10
times the area of a similarly sized earthquake in the western
United States (Horton and Williams, 2012). The felt area ex-
tends north–south from central Georgia to southeast Canada
and west to Detroit, Michigan, and Chicago, Illinois. Strong
shaking from the earthquake caused significant damage to
homes and permanently closed two schools in the epicentral
area. In addition, North Anna nuclear power station shut
down due to high recorded accelerations at the plant and
remained closed for 2.5 months. A strong-motion accelerom-
eter at the North Anna nuclear power plant recorded the clos-
est known instrumental ground motions of the earthquake, in
which the maximum horizontal acceleration reached 0:27g
(Chapman, 2013). This is the first known case in which
an operating nuclear power plant in the United States was
closed in response to an earthquake (Earthquake Engineering
Research Institute [EERI], 2011; Horton and Williams, 2012).

Structural damage to buildings was variable around the
epicenter with brick and unreinforced masonry buildings per-
forming poorly (EERI, 2011). The earthquake caused wide-
spread light-to-moderate damage from central Virginia to
southern Maryland, including the Washington Monument
and the National Cathedral in Washington, D.C. Moderately
heavy damage (MMI VIII) occurred in a rural area of Louisa
County, southwest of Mineral, Virginia (Hough, 2012).
Damage in Louisa County alone is estimated to be more than
$80 million. Repairs due to damage to the Washington
Monument and the Washington National Cathedral are pro-
jected to cost $40 million (Horton and Williams, 2012). Mi-
nor damage was reported in parts of Delaware, southeastern
Pennsylvania, and southern New Jersey. The earthquake was
very strongly felt (MMI VII) at Bumpass, Kent Store, Louisa,
Mineral, Rhoadsville, and Summerduck in Virginia and felt
strongly in much of central Virginia and southern Maryland.

The Earth science community lacks a comprehensive
tectonic model to explain the distribution of EUS seismicity
in space and time. It is generally assumed that passive margin
seismicity occurs along zones of pre-existing weakness that
are aligned with structures associated with ancient plate
collisions and rifting, however, the driving forces remain
unclear. Proposed mechanisms include plate wide forces

due to topographic processes such as ridge push and mantle
flow beneath the continent as well as more localized stresses
due to offshore sediment loading or deglaciation (Stein et al.,
1989; Wolin et al., 2012).

The infrequent occurrence of significant earthquakes in
the EUS limits the necessary observations needed to under-
stand earthquake processes and to reduce uncertainty in
seismic-hazard maps. For these reasons, characterizing the
aftershock sequence of the 2011 Mineral, Virginia, earth-
quake offers a rare opportunity to improve our understanding
of earthquake processes and earthquake hazard in this pop-
ulous region of the United States. In this report we provide a
comprehensive analysis of nearly one year of aftershocks
recorded on both the permanent regional seismic network
and temporary seismic stations deployed in the epicentral
area of 2011 Mineral, Virginia, earthquake. Modeling from
this study enables us to place constraints on the geometry of
the active fault using detailed source parameters of the main-
shock and large aftershocks. We also show the magnitude–
frequency distribution of the aftershock sequence and inter-
pret these results in order to improve our understanding of
earthquake processes. In addition to this study, research is
under way to better understand the geologic and geophysical
setting of the Mw 5.8 central Virginia earthquake and the se-
verity and distribution of seismic shaking, associated ground
deformation and failures, geologic amplification characteristics
of seismic recording sites (W. Stephenson, J. Odum, and D. E.
McNamara, unpublished manuscript, 2013; D. E. McNamara,
et al., unpublished manuscript, 2014), and regional ground-
motion attenuation (McNamara, Gee, et al., 2014).

Temporary Aftershock Deployments

Within the first few days of the Mw 5.8 Mineral,
Virginia, earthquake, multiple government and academic in-
stitutions deployed seismic instruments near the epicenter
with the primary goal of recording aftershocks for postearth-
quake assessment of EUS seismic hazards. A total of 36 tem-
porary seismograph stations were deployed and used in this
analysis (Fig. 2, Table 1). Institutions involved in aftershock
monitoring included Virginia Tech (XY; 7 stations), Univer-
sity of Memphis (ET; 4 stations), Lehigh University, Incor-
porated Research Institutions in Seismology (IRIS) (YC; 7
stations), and the USGS (GS, NQ, NP; 18 stations). The co-
ordinated temporary deployment of seismic stations had
three primary objectives: (1) to record and document the dis-
tribution of aftershocks to delineate the causative fault and
constrain the dimensions of the rupture zone; (2) to improve
estimates of earthquake source parameters (e.g., moment ten-
sor solutions); and (3) to measure high-frequency (>0:5 Hz)
ground-motion attenuation. In order to achieve these objec-
tives, many of the aftershock recording systems included
both broadband and strong-motion sensors.

All temporary stations were deployed within five days of
the mainshock; eight were installed within 24 hours, just in
time to record the largest aftershock (Mw 3.9) on 25 August
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2011 (Ⓔ Table S1, available in the electronic supplement to
this article). All stations recorded data continuously onsite, typ-
ically sampling the broadband channels at 100 samples=sec
and strong-motion channels at 200 samples=sec. Twenty five
of the portable stations were telemetered to the USGS
National Earthquake Information Center (NEIC) allowing
real-time monitoring of the aftershock sequence for nearly
one year. All systems operated for the first few weeks of
the aftershock sequence, during its most energetic phase.
Smaller subsets of stations operated into the summer of
2012 (YC; Table 1). The final stations were removed in
August 2012 (GS; Table 1). Figure 2 shows the distribution
of both permanent and temporary aftershock seismograph
stations in the vicinity of the mainshock.

Both the broad areal distribution of permanent stations,
combined with the portable stations temporarily deployed
within the epicentral region, enabled detection and location
of a complete earthquake catalog down to approximately
ML 1.1. Table 1 provides a list of key stations and their attrib-
utes used in this modeling study. The high sample rate data
and on-scale recording enabled us to determine source loca-
tion, depth, and moment tensor solutions for significant after-
shocks. In addition, these stations were used to evaluate

regional attenuation (McNamara, Gee, et al., 2014) as
well as local site conditions (D. E. McNamara, et al., unpub-
lished manuscript, 2014).

Another component of the postearthquake field investi-
gations was the Aftershock Imaging with Dense Arrays
(AIDA) study. Through AIDA, 117 EarthScope Flexible
Array “Texans” were deployed between 27 August and 9
September 2011 in a series of densely spaced linear arrays
(200–400 m station spacing over distances of 7–12 km), and
30 Texans were deployed as three-component stations in a
60 km linear array (Brown et al., 2012). This was the first
time that so many densely spaced instruments were deployed
in the wake of a significant earthquake within the United
States. Although the data from these instruments could be
integrated with the other stations used to characterize the
aftershock source parameters, we did not use them in this
study because of their short duration of deployment relative
to the length of the aftershock sequence, thus limiting
their use in fully documenting aftershock source parameters.
Their value primarily lies in being able to better understand
detailed variations of high-frequency ground motion and at-
tenuation as a function of distance from a few well-located
aftershocks.

Figure 2. The distribution of seismic stations deployed in the epicentral region after the Mw 5.8 Mineral, Virginia, earthquake on 23
August 2011 at 17:51:04 UTC. The ANSS/CERI network location of theMw 5.8 Mineral, Virginia, earthquake on 23 August 2011 at 17:51
UTC is shown as a star. Permanent seismic monitoring stations are shown as red triangles. Temporary non-real-time stations, deployed to
record the aftershock sequence, are shown as blue triangles. Aftershock stations that contributed data directly to the ANSS/USGS for real-
time earthquake monitoring are shown as black triangles. Red lines are taken from the USGS faults and folds database (Machette et al., 2004).
The approximate location of the North Anna nuclear power plant is shown as a red box.
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To improve the long-term monitoring of the area, the
USGS installed permanent strong-motion seismograph sta-
tions at the U.S. Capitol, Washington Monument, National
Cathedral, and in the Mineral, Virginia, epicentral area. In
addition, the EarthScope Transportable Array installed ear-
lier than scheduled, August 2012, a broadband station within
the CVSZ. In early 2013, EarthScope installed a grid of
broadband stations (approximately 70 km station spacing) in

Table 1
Stations Used in This Study

Net.Station Latitude (°) Latitude (°) Elevation (m) Sensor Type

ET.UOM1 37.97224 −77.89543 140 Strong motion
ET.UOM2 37.84763 −77.86858 140 Strong motion
ET.UOM3 37.94324 −77.86408 140 Strong motion
XY.BUPP 37.93508 −77.91499 127 Short period
XY.JOSH 37.87000 −77.97000 128 Strong motion
XY.KEVN 37.88000 −77.93000 102 Strong motion
XY.KATH 37.97000 −77.92000 94 Short period
XY.PTTY 37.94000 −77.99000 98 Short period
XY.YNCY 37.97751 −77.99771 120 Short period
XY.TRCY 37.90018 −77.84018 114 Short period
NQ.791 37.97006 −78.01733 109 Strong motion
NQ.792 37.87722 −78.12663 129 Strong motion
NQ.793 37.85474 −77.91676 117 Strong motion
NQ.794 38.09906 −77.89056 91 Strong motion
NQ.RSTON 38.94810 −77.36750 122 Strong motion
NQ.WNC 38.93050 −77.0716 117 Strong motion
GS.CVRD 38.0686 −77.8081 100.1 Broadband,

Strong motion
GS.LWRD 38.0771 −77.7501 120.0 Broadband,

Strong motion
GS.ORRD 38.0442 −77.7908 104.0 Broadband,

Strong motion
GS.PTRD 38.1196 −77.6227 75.0 Broadband,

Strong motion
GS.SPFD 38.1353 −77.5211 79.0 Broadband,

Strong motion
GS.SPRD 38.0234 −77.8800 110.0 Broadband,

Strong motion
NP.2559 38.0037 −78.4536 100.0 Strong motion
NP.9985 38.0105 −77.9077 100.0 Strong motion
NP.9986 37.4861 −78.2563 109.0 Strong motion
NP.9987 37.6341 −78.1401 82.0 Strong motion
NP.9988 37.7399 −78.0562 92.0 Strong motion
NP.9989 37.8410 −77.9944 102.0 Strong motion
YC.IP01 37.9572 −77.9112 109.0 Broadband
YC.IP02 37.8992 −77.8415 115.0 Broadband
YC.IP03 38.0205 −78.0147 152.0 Broadband
YC.IP04 38.0922 −78.0942 166.0 Broadband
YC.IP05 37.8303 −77.7557 108.0 Broadband
YC.IP06 37.9334 −77.9815 114.0 Broadband
YC.IP07 37.9185 −78.0296 138.0 Broadband
CO.CSB 32.9870 −80.0715 6.0 Broadband
CO.JSC 34.2818 −81.2597 102.5 Broadband
CO.RGR 32.9075 −80.1940 10.0 Broadband
ET.CPCT 35.4500 −84.5220 275.0 Broadband
ET.SWET 35.2160 −85.9320 581.0 Broadband
IM.TKL 35.6580 −83.7740 351.0 Broadband
IU.HRV 42.5064 −71.5583 200.0 Broadband
IU.SSPA 40.6358 −77.8876 270.0 Broadband
IU.WCI 38.2289 −86.2939 78.0 Broadband
IU.WVT 36.1297 −87.8300 170.0 Broadband
LD.ACCN 43.3843 −73.6678 340.0 Broadband
LD.ALLY 41.6492 −80.1448 390.0 Broadband
LD.BRNJ 40.6828 −74.5660 50.0 Broadband
LD.CPNY 40.7911 −73.9602 27.0 Broadband
LD.FRNY 44.8350 −73.5883 242.4 Broadband
LD.KSCT 41.7261 −73.4842 114.0 Broadband
LD.KSPA 41.5570 −75.7682 298.0 Broadband
LD.LUPA 40.5987 −75.3718 255.0 Broadband
LD.MDV 43.9992 −73.1812 134.0 Broadband
LD.MIV 44.0747 −73.5340 317.0 Broadband

(continued)

Table 1 (Continued)
Net.Station Latitude (°) Latitude (°) Elevation (m) Sensor Type

LD.MMNY 42.7319 −77.9066 241.0 Broadband
LD.MSNY 44.9983 −74.8620 55.0 Broadband
LD.MVL 39.9992 −76.3506 91.0 Broadband
LD.NCB 43.9734 −74.2228 575.0 Broadband
LD.ODNJ 41.0829 −74.6056 187.0 Broadband
LD.PAL 41.0056 −73.9079 66.0 Broadband
LD.SDMD 39.4102 −76.8403 212.0 Broadband
LD.WVNY 42.4062 −78.6042 490.0 Broadband
NE.BCX 42.3350 −71.1705 60.0 Broadband
NE.BRYW 41.9170 −71.5378 107.0 Broadband
NE.DUNH 43.1370 −70.9348 53.0 Broadband
NE.FFD 43.4700 −71.6538 131.0 Broadband
NE.HNH 43.7052 −72.2865 180.0 Broadband
NE.QUA2 42.2790 −72.3522 168.0 Broadband
NE.TRY 42.7313 −73.6664 89.0 Broadband
NE.VT1 44.3206 −72.7513 149.0 Broadband
NE.WES 42.3848 −71.3218 60.0 Broadband
NE.WSPT 41.1710 −73.3275 70.0 Broadband
NE.YLE 41.3165 −72.9208 10.0 Broadband
NM.BLO 39.1719 −86.5222 246.0 Broadband
NM.OLIL 38.7338 −88.0991 150.0 Broadband
NM.PLAL 34.9824 −88.0755 165.0 Broadband
NM.SIUC 37.7085 −89.2401 118.0 Broadband
NM.USIN 37.9650 −87.6660 170.7 Broadband
NM.UTMT 36.3497 −88.8636 110.0 Broadband
PE.NCAT 36.0790 −79.7712 243.0 Broadband
PE.PAGS 40.2278 −76.7221 120.0 Broadband
PE.PSUB 39.9274 −75.4514 110.0 Broadband
TA.KMSC 35.1420 −81.3333 240.0 Broadband
TA.M54A 41.5079 −79.6647 488.0 Broadband
TA.N54A 40.9617 −79.9892 408.0 Broadband
TA.N59A 40.9168 −75.7703 508.0 Broadband
TA.O56A 40.2683 −78.5663 684.0 Broadband
TA.SFIN 40.3790 −87.0967 165.0 Broadband
TA.TIGA 31.4389 −83.5898 109.0 Broadband
US.AAM 42.3012 −83.6567 172.0 Broadband
US.ACSO 40.2319 −82.9820 288.0 Broadband
US.BINY 42.1993 −75.9861 498.0 Broadband
US.BLA 37.2113 −80.4205 634.0 Broadband
US.CBN 38.2046 −77.3732 70.0 Broadband
US.CNNC 35.2393 −77.8901 29.0 Broadband
US.ERPA 42.1175 −79.9891 306.3 Broadband
US.GLMI 44.8245 −84.6175 387.0 Broadband
US.GOGA 33.4112 −83.4666 −16.1 Broadband
US.LBNH 44.2401 −71.9259 367.0 Broadband
US.LONY 44.6197 −74.5829 440.0 Broadband
US.LRAL 33.0348 −86.9978 130.0 Broadband
US.MCWV 39.6581 −79.8456 280.0 Broadband
US.NHSC 33.1067 −80.1778 11.0 Broadband
US.TZTN 36.5439 −83.5490 394.0 Broadband
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Virginia as part of the USArray Transportable Array (TA). By
fall 2013 the TA will be deployed throughout the EUS and
will operate continuously for about 18 months.

Processing and Modeling Aftershock Data

One main objective of the aftershock deployment was to
better image the causative fault(s) using improved earth-
quake locations based on an ensemble network of permanent
regional seismograph stations and the dense network of tem-
porary stations (Table 1). Initial locations of the aftershocks
associated with the Mw 5.8 Mineral, Virginia, earthquake
were determined with a standard single-event approach using
a stand-alone version of the main processing and analysis
system (also known as Hydra) used by the USGS NEIC (Bu-
land et al., 2009). This system allowed us to identify and
locate individual earthquakes, compute network-averaged
regional magnitudes (e.g., ML, mbLg, Md), and Mw from
waveform modeling of earthquakes larger than about
Mw 3.5. The output from the automatic processing and re-
view is a catalog of well-located earthquakes using data from
both the permanent regional network and the temporary de-
ployment (Table 1). A three-step approach was used for ini-
tial processing of the waveform data. First, all publicly
available waveform data were loaded into an instance of the
USGS NEIC operational processing system in which earth-
quake P-wave and S-wave phases were automatically picked,
associated into common events and source parameters deter-
mined (location, magnitude). Second, the automatic loca-
tions and magnitudes were manually reviewed to improve
the seismic-phase arrival-time picks and to add new secondary
phases as available. This primarily included first arriving S
waves that the automatic process did not identify. Finally,
the continuous waveform data were visually reviewed to find
small events that the automatic process missed. In the initial
standard single-event approach, the aftershocks were located
using the AK135 1D global velocity model (Kennett et al.,
1995) that is routinely used by NEIC. The final output from
this analysis is a catalog of well-located earthquake (Table 1).
A total of 454 earthquakes greater than about Mw 1.0 were
located between 23 August 2011 and 30 July 2012, with
six events in the magnitude range Mw 3.0–3.9. We did
not locate all observed earthquakes, but only those events
for which there was a sufficient number of arrival-time ob-
servations and good azimuthal coverage to ensure a well-
constrained hypocenter. Typically, smaller earthquakes were
only recorded on a few stations, making it difficult to accu-
rately determine location and depth.

Calibrated Earthquake Relocations: Hypocentroidal
Decomposition

After initial single-event aftershock locations and
magnitudes were determined, using the procedures described
above, they were reanalyzed to further refine source loca-
tions using a multiple-event approach based on the hypocen-

troidal decomposition algorithm (HDC; Jordan and Sverdrup,
1981). HDC belongs to a class of algorithms used to obtain
improved relative earthquake locations through multiple
event analysis (e.g., joint hypocentral determination, Dewey,
1972; double difference, Waldhauser and Ellsworth, 2000).
Our implementation of HDC is unique among these methods
in having been extensively developed for obtaining not only
improved relative locations, but also calibrated absolute
locations for an entire cluster of events, with reliable esti-
mates of location uncertainty for each event. Examples of the
application of the HDC method in calibrated earthquake
location studies can be found in Ritzwoller et al. (2003),
Bondar, Engdahl, et al. (2004); Bondar, Myers, et al. (2004),
Tatar et al. (2007), Roustaei et al. (2009), and Nissen et al.
(2010). The key feature of the HDC algorithm is the decom-
position. Decomposition greatly facilitates calibrated loca-
tion studies through orthogonal projection operators, of the
multiple-event relocation problem into two independent in-
verse problems. These independent problems involve (1) the
estimation of a set of cluster vectors that describe the location
and origin time of each event with respect to a reference
location of the hypocentroid that is defined as the geomet-
rical mean of the current locations and origin times and
(2) the inversion for an updated location and origin time for
the hypocentroid in geographic coordinates, using the rela-
tive locations fixed by the cluster vectors and a subset of
arrival-time data deemed most suitable for the problem. Sep-
aration of the problem in this way permits seismologically
appropriate weighting for the two parts of the relocation
process, which is critical for obtaining realistic uncertainties
of the individual earthquake hypocentral parameters.

Arrival-time data are weighted inversely to the uncer-
tainty of the reading. Unlike most location algorithms, which
use ad hoc values for data uncertainties for all samples of a
given phase, we take advantage of the availability of repeated
observations of the same phase at the same station for multi-
ple events in a cluster and use the distribution of residuals
from the observed arrival-time data to estimate empirical
arrival-time errors for each station-phase pair represented in
the data set. These empirical arrival-time errors include tradi-
tional reading error and all other sources of variability in the
residuals. Empirical arrival-time errors are estimated with a
robust statistical method that minimizes the influence of out-
liers, and we then use the empirical errors to identify and
eliminate outliers. This is an iterative process, followed at
each step by relocation, repeated until the data set contains
only arrival times that are statistically consistent with the
observed spread of residuals (�3σ).

Cluster vectors, which establish the relative location of
each event with respect to the hypocentroid, are estimated
using all available arrival-time data, regardless of phase type
or epicentral distance. This is possible because only travel-
time differences are used to estimate improved relative relo-
cations, a common feature in all multiple event relocation
algorithms. Therefore, errors in the theoretical travel-time
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model used to calculate residuals and derivatives do not
propagate significantly into relative location bias.

The key to obtaining calibrated locations for a cluster of
events in the HDC method is to locate the hypocentroid of the
cluster using only near-source data. This can be done in
several ways (e.g., by reference to one or more events in
the cluster for which very accurate locations are known inde-
pendently), but for this study we used arrival-time data at
short epicentral distances. In this way, we minimize the bias-
ing effect of the imperfectly known velocity structure in the
source region. It is especially important to avoid the use of
Moho-refracted phases (Pn, Sn). Because of the dense
temporary network, we avoided Moho refracted phases by
restricting the data set used for the hypocentroid to distances
less than about 60 km and still have a very large number of
direct crustal phase arrival times with broad azimuthal
coverage.

One disadvantage of the HDC method, in comparison
with some other methods of multiple event relocation, is that
computational effort grows rapidly with the number of
events. To analyze the cluster of 454 events simultaneously
would be impractical, so we divided the sequence into three
chronological subclusters, each calibrated independently.
Preliminary analyses showed that 59 events were not well
constrained as part of any subcluster, mainly because of a
combination of small numbers of observations and poor azi-
muthal coverage; these events were dropped. The remaining
395 events for which the locations were calibrated with the
HDC analysis are shown in Figure 3 (Ⓔ Table S1, available
in the electronic supplement). Each subcluster contains
events in all the main regions that were active during this
sequence and overlaps in space with the other two subclus-
ters. Therefore, the three clusters can be combined into a
single seamless aftershock sequence. Subclusters were com-
pared closely to ensure that there was no significant bias be-
tween the three subclusters.

The HDC analysis was also done using the AK135
velocity model (Kennett et al., 1995) in order to maintain
consistency with our initial single-event locations. Using a
consistent velocity model avoids modest shifts in estimated
focal depth (and origin time) between the HDC and initial
single-event results. We tested the sensitivity of focal depth
to the assumed velocity model by recomputing hypocentroid
locations assuming the three-layer velocity model used to lo-
cate earthquakes in the CVSZ by the Virginia Tech Seismic
Observatory (Chapman, 2013). We found that the hypocent-
roid (average) depth decreased by 0.2 km (from 5.4 km to
5:2� 0:15) and that epicenter locations changed well below
the initial uncertainty due to the good azimuthal station
coverage for each earthquake. This problem was altogether
avoided for the mainshock because depth was constrained by
waveform modeling.

Using the travel times relative to the final HDC locations,
we then determined an empirical travel-time model for the
aftershock sequence. A least-squares fit to travel Pg travel
times for distances from 10 to 100 km results in a crustal

P-wave velocity of 6:48 km=s. The empirical fit to Pn travel
times at distances from 200 to 1200 km, results in a mantle
head wave with a propagation velocity of 8:18 km=s. The
intercept time (Ti � 7:02 s) determined from the least-
squares fit to the mantle head-wave Pn can be used with the
crust and mantle velocities to uniquely determine crustal
thickness from standard refraction seismology methods
(Dobrin and Savit, 1988). Using the velocities determined
above, we compute a crustal thickness of 37.3 km. The
crustal velocity model derived from our empirical fit to the
travel times is very consistent with the lower crust and upper
mantle velocity model for the CVSZ discussed in Chap-
man (2013).

HDC Aftershock Location Results

Figure 3 shows the distribution of 395 relocated after-
shocks, both in map view and cross section. Aftershocks
are distributed in a nonuniform pattern comprising several
small clusters located mostly to the north and east of the
mainshock (Fig. 3). Several small shallow clusters are lo-
cated to the northeast of the largest cluster, toward Lake
Anna, and are not associated with known quaternary faults
and/or geologic unit boundaries. These clearly defined clus-
ters of shallow seismicity occurred later in the sequence (Ⓔ
Table S1, available in the electronic supplement). This sug-
gests that earthquakes in the outer clusters were triggered by
stress transfer due to earlier activity in the main cluster.

The main concentration of aftershocks occurs to the
west of Mineral, Virginia, along a roughly 8–10 km long
northeast-trending cluster, which we infer to be the main
portion of the active fault. Profile A–A′ on Figure 3, runs
perpendicular to the northeast-trending cluster and clearly
shows the aftershocks define a southeast-dipping linear fea-
ture that we interpret as the active fault (Fig. 3). Aftershocks
within this band of seismicity occur primarily in the depth
range of about 2.5–8 km. This places the aftershock
sequence within the Chopawamsic volcanic belt, which con-
sists of Ordovician age volcanic pluton rocks that accreted to
eastern North America during the Taconic Orogeny (Pratt
et al., 1988).

We modeled the nearly linear trend of southeast-dipping
aftershocks to constrain the orientation of the active fault. We
determined the fault dip and strike assuming a simple single
plane. The aftershock cluster was chosen to exclude the shal-
low cluster of events in the northeast of the sequence that
appear to represent activity on separate faults (Fig. 3). The
shallow cluster is very limited in spatial extent, while deeper
events (at 5–8 km depth) have a much stronger influence on
the orientation of the planar fit due to their linear extent. A
best-fitting fault plane was determined by a least-squares fit
to mean depths and locations determined in 0.1 km steps
with a width of 0.5 km, through the main aftershock cluster.
Figure 4 shows the best-fit single slice through the aftershock
cluster. This slice coincides with profile A–A′ in Figure 3a, at
an azimuth of 126°. The least-squares fit to the mean depth
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Figure 3. (a) Map and cross sections of the Mw 5.8 Mineral, Virginia, earthquake (August 23 at 17:51:04 UTC) from one year of
recording in CVSZ, with the initial ANSS location (yellow star) and the HDC earthquake locations (see also Ⓔ Table S1, available in
the electronic supplement). Mapped geologic rock units are from Dicken et al. (2008). (b) HDC relocated earthquakes (black circles)
and RMT solutions projected onto profile A–A′ (38.000° N, −78:045°W to 37.890° N, −77:850°W). (c) HDC relocated earthquakes (black
circles) and RMT solutions projected onto profile B–B′ (37.900° N, −77:950°W to 38.000° N, −77:900°W). The four RMT solutions de-
termined using only regional waveform data from permanent seismic stations have compressional quadrants shaded in blue in the cross
sections, whereas red-shaded solutions include data from the temporary local aftershock network.
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indicates a 49.5° southeast-dipping fault with a strike of
N36°E. In order to estimate the uncertainty in the fault plane
estimate, we applied a bootstrap method where we computed
100 different plane fits with 20% reduction in data. The
mean of the 100 different planar fits define a roughly
10 km long fault, that strikes N36°E� 12° (�2σ) and dips
49:5° SE� 6° (�2σ).

Profile B–B′ in Figure 3 runs roughly parallel to the
northeast-trending main cluster and shows a nonuniform
depth distribution of aftershocks located along the active
fault. A small patch of sparse seismicity to the upper left in
the depth range of 2–4 km, and at a distance of 1–3 km along
the fault, coincides with a patch of maximum slip and stress
drop determined in a finite-fault model for the mainshock
(Shao et al., 2011). Based on this observation we suggest
that aftershocks in this main cluster occur in regions of
the active fault that experienced minimal slip during the
mainshock. In the region of maximum slip and stress drop,
the majority of crustal strain accumulation was released by
the mainshock, and aftershocks occurred on portions of the
fault where stress was transferred and increased.

Importantly, the HDC analysis moves the mainshock
approximately 5 km to the northwest of the single-event net-
work location provided by the Advanced National Seismic
System (ANSS)/Center for Earthquake Research and Infor-
mation (CERI). The HDC location is within and near the base
of the main southeast-dipping aftershock zone. This result is
consistent with the relocated mainshock by Chapman (2013).
The estimated location error in depth of the mainshock is
�2 km, whereas the epicentral errors are relatively small

at �0:6 km and �0:7 km for the semiminor and semimajor
axis, respectively (Ⓔ Table S1, available in the electronic
supplement to this article). The tight constraint on the main-
shock epicentral location is directly due to good absolute
locations of aftershocks recorded on both the temporary
and permanent stations in the area, which establishes the
travel-time corrections needed to properly relocate the main-
shock. This demonstrates that the multiple-event HDC method
provides improved hypocenters over single-event methods
with only regional distance seismic stations available. Station
US.CBN was the closest available real-time seismic station to
the Mineral, Virginia, mainshock (∼60 km).

Regional and Teleseismic Moment Tensor Results

Both teleseismic long-period mantle waves (W-phase)
and regional body wave and surface waves were used to
determine the moment magnitude and nodal planes of the
mainshock. Green’s functions for the USGS NEIC real-time
W-phase (Hayes et al., 2009) moment tensor solution were
determined using the Preliminary Earth Reference Model
global velocity model (Dziewonski and Anderson, 1981),
while the regional moment tensor (RMT) method used
Green’s functions based on the central United States velocity
model of Herrmann, Benz, and Ammon (2011). Given that no
aftershocks were well recorded teleseismically, only regional
body waves and surface waves were used to determine the
moment tensor solutions for several of the larger aftershocks.

The USGS W-phase and RMT modeling of the main-
shock produced moment estimates of 5:7 × 1017 N·m
(Mw 5.77) and 3:8 × 1017 N·m (Mw 5.65), respectively.
These differences in moment are within the expected varia-
tion based on using different velocity models (Hayes et al.,
2013), modeling different frequency bands, and errors asso-
ciated with the modeling. Nodal planes determined from the
both moment tensor methods are relatively insensitive to the
velocity model assumption (Hayes et al., 2013).

The mainshock fault solution is modeled as a northeast-
trending reverse fault with a strike, dip, and rake for the
southeast-dipping nodal plane of 30°, 37°, and 117°, respec-
tively, for the W phase and 28°, 50°, and 113°, respectively,
for the RMT. These results from both methods are consistent
with the best-fit plane to the main cluster of HDC relocated
aftershocks discussed above. The W phase was modeled in
the period band of 50–150 s, thus making it relatively insen-
sitive to precise source depth, particularly in the shallow
crust where the event occurred. TheW-phase moment tensor
solution was constrained to a depth of 12 km. The RMT
method modeled the waveforms in the period band of
33–100 s, giving it better depth resolution. Using the same
procedures as Herrmann, Benz, and Ammon (2011), Figure 5
shows the RMT waveform fit as a function of depth. These
results indicate that the RMT method strongly prefers a depth
of 6 km, with fit falling off significantly at depths shallower
than about 4 km and deeper than about 8 km. The RMTmain-
shock depth of 6 km is within the uncertainty of the HDC
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results (7� 2 km). The 1 km difference in depth reflects the
different velocity models used. The central United States
velocity model of Herrmann, Benz, and Ammon (2011),
used for RMT solutions, has a shallow low velocity zone rel-
ative to the AK 135 global velocity model used in the HDC
analysis.

RMT solutions were computed for 16 aftershocks (Ⓔ
Table S2, available in the electronic supplement), which are
shown in the cross-sectional view along with all of the relo-
cated aftershocks (Fig. 3). The solutions for the first four
events used regional seismic waveforms, whereas data from
the local aftershock network were used for the later, smaller
events. Successful waveform fit depends upon finding a fre-
quency band in which the signal-to-noise ratio is high and
filtered waveforms are still simple. This required individual
manual manipulation for the small aftershocks, but we
succeeded in modeling some events as small as Mw 1.6.
Confidence in the solutions is obtained by focusing on sim-
ilarity of adjacent mechanisms. Some differences are appar-
ent in the seismicity profiles in Figure 3. The only RMT that
varies significantly from the others is the shallow Mw 3.9
aftershock on 25 August 2011 at 05:07 GMT. Is it likely that
RMT differences reflect data that were less than optimal
because of the large microseisms caused by Hurricane Irene
moving along the coast of Virginia at the time of the event. In
contrast, the similarity of the shallow Mw 1.6 aftershock on
23 November 2011 at 07:09 that occurred about 1 km away
adds confidence to the solution for theMw 3.9 aftershock (Ⓔ
Table S2, available in the electronic supplement), so these
shallow events may indicate activity on another fault oblique
to the mainshock structure.

Aftershock Magnitude-Frequency Distribution

It is well established that earthquakes are not uniformly
distributed in time, space, and magnitude. Distributions of

earthquakes with respect to their magnitudes exhibit (to a
first order) scale invariability, appear to be self-similar,
and obey a power law or fractal scaling. This implies the ab-
sence of a characteristic earthquake (theoretical limits on the
maximum event magnitude). An empirical formula

logN � a − bM; �1�
known in Japan as the Ishimoto and Iida (1939) relation and
in the United States and Europe as the Gutenberg and Richter
(1942) relation, defines the distribution of earthquakes with
respect to magnitude. For a given region and time interval,
equation (1) provides the cumulative number of earthquakes,
N, with magnitude,Mw, and larger in which a and b are pos-
itive, real constants. a describes the seismic activity (log
number of events with Mw � 0). The event rate for a certain
region depends upon the volume and time window consid-
ered; for seismic sequences, this is typically close to b � 1.
The b-value is a parameter describing the relative abundance
of large events with respect to smaller shocks and is related
to properties of the seismic medium such as stress and/or
material conditions.

Figure 6a shows the cumulative number of earthquakes
observed as a function of magnitude, which is used to deter-
mine a b-value for the aftershock sequence. For consistency,
we only used computed ML magnitudes because we found
them to be accurate over a wide range of magnitudes and
distances. Using a maximum likelihood algorithm (Wiemer,
2001) resulted in a catalog of aftershocks that is complete to
ML 1.1 and has a b-value of 0:75� 0:04 (Fig. 6a).

The cumulative number of earthquakes greater than
ML 0.3 as a function of time is plotted in Figure 6b. The plot
shows that the seismicity rate changed through time with
three distinct phases. The first month of the sequence (Sep-
tember 2011) had the highest rates of seismicity, but then
tapered off into the second phase from October 2011 through
December 2011. After the beginning of 2012, the rate de-
clined again where it remained relatively constant until
the last of aftershock monitoring systems were removed from
the field in the summer of 2012.

The distribution of earthquakes as a function of magni-
tude is plotted in Figure 6c. This histogram is heavily tailed
toward the larger magnitudes, with several earthquakes in the
magnitude of 3 to 4 range. The histogram distribution dem-
onstrates that the aftershock sequence is dominated by earth-
quakes ranging from ML 1.0 to 2.0. This observation is a
function of the detection threshold of the network; however,
given the b-value observed in Figure 6a, there were likely
thousands of undetected aftershocks in the range of
ML 0–1.0. Future studies using waveform cross-correlation
methods may help address this issue.

Discussion

This work clearly establishes precise fault geometry and
source parameters for an EUS earthquake and its aftershocks

Figure 5. The RMT goodness of fit as a function of source depth
for the mainshock. The best-fitting focal mechanism, as determined
by the grid search, is shown for each depth. The best fit is at a depth
of 6 km.
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based on using modern instrumental data and modeling
methods. The spatial distribution of aftershocks reported
in this study defines an 8–10 km long fault rupture plane
striking N36°E°� 12° and dipping to the east-southeast at
49:5°� 6°. Fault dimensions, determined by the extent of
the aftershocks, are consistent with well-known empirical
relations (Wells and Coppersmith, 1994; Leonard, 2010).

Combined aftershock locations and moment tensor sol-
utions indicate that the earthquake was a shallow reverse
faulting event that occurred on a southeast-dipping fault with
compression in a northwest–southeast direction. This is con-
sistent with the average stress indicators for the EUS that
show maximum compression perpendicular to the structural
grain of the Appalachian mountains (Zoback, 1992). Wave-
form modeling of regional phases strongly suggests a shal-
low mainshock source depth of 6 km, which is consistent

with distribution of near-field macroseismic observations
and impact estimated by the USGS ShakeMap and PAGER
systems (Wald et al., 1999, 2010, 2011; Hough, 2012). The
southeast-dipping trend of aftershocks is within �1 s of the
predicted dip based on USGS W-phase and RMT modeling
of the mainshock. In addition, the estimated strike of the fault
plane fromW-phase and RMTmodeling is within the�2 s of
the aftershock defined N36°E� 12° trend of the active fault
plane. The moment tensor results and aftershock seismicity
thus show broad consistency, with the mainshock occurring
on a northeast-trending, relatively steeply dipping reverse
fault.

A crustal scale seismic reflection profile was acquired
by the USGS in 1981, approximately 4 km southwest of
the nearest aftershocks along highway 64 in central Virginia
(Fig. 3). This profile runs nearly perpendicular to the strike of
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the aftershock zone and has been interpreted to contain many
east-southeast-dipping reverse faults in the allochthonous
upper crust of Chopawamsic metavolcanic and Goochland
terranes (Harris et al., 1982; Pratt et al., 1988). When pro-
jected onto the reflection profile, the aftershocks locate
within a relatively nonreflective zone bounded above and be-
low by prominent bands of more shallowly dipping reflectors
(T. L. Pratt, et al., unpublished manuscript, 2013). The east-
dipping fault, defined by seismicity patterns and moment
tensors models, appears to cut through shallowly dipping lis-
tric faults that sole out at the decollemont at depths of around
6–8 km (Harris et al., 1982; T. L. Pratt, et al., unpublished
manuscript, 2013), raising the question of whether or
not the earthquake occurred on a new fault or reactivated
a pre-existing fault or rock unit contact.

It is useful, from a source scaling perspective, to
compare this sequence to that of the 6 April 2009 Mw 6.1
L’Aquila earthquake in Italy (Herrmann, Malagnini, and
Munafò, 2011). Aftershocks of both earthquakes were shal-
low. The L’Aquila earthquake demonstrated normal faulting,
whereas the Virginia earthquake exhibited thrusting. The
L’Aquila earthquake occurred on an active microplate
boundary. Given similar aftershock monitoring capabilities,
it is interesting that RMTs could be computed for over 180
L’Aquila aftershocks withMw >3, whereas only eight of the
RMTs determined in this paper had Mw >3. The reason for
the differences in the activity of the sequences is not known;
however, we suspect stress drop of the mainshock may be a
factor. We note the coincidence of a low-productivity CVSZ
aftershock sequence following a high stress drop mainshock.
Mineral, Virginia, mainshock stress-drop estimates range
from 50 to 75 MPa for a circular rupture 1.6–2.0 km in radius
based on source corner frequency estimates (Ellsworth et al.,
2011) to lower levels based on finite-fault models (average
stress drop of 6 MPa and maximum of 16 MPa; Shao et al.,
2011) and waveform modeling (30 MPa; Chapman, 2013).
In contrast, estimates, using an empirical Green’s function
method, of L’Aquila earthquake stress drop are lower
(10 MPa) than the estimates of the central Virginia earth-
quake (Poiata et al., 2012; Calderoni et al., 2013).

High stress-drop earthquakes are commonly observed in
the EUS, such as for the Saguenay earthquake, in which stress
drop was computed at 50 MPa (Boore and Atkinson, 1992)
and the 2008 Illinois earthquake, which had a stress drop
of 10 MPa (Hartzell and Mendoza, 2011). Stress-drop esti-
mates for the 2011 Mineral, Virginia, mainshock span a wide
range but are all higher than the 3–5MPa commonly found in
tectonically active areas such as along the SanAndreas fault in
California (Imanishi and Ellsworth, 2006). The high stress-
drop values for the 2011 Mineral, Virginia, earthquake sug-
gest that there are high levels of stress in mature fault zones of
the EUS, which require earthquakes with a nearly complete
stress drop for a crust in frictional equilibrium. Because the
crust can only support about 100 MPa of differential stress
at 5 km depth, the high stress-drop estimate suggests a
near-critically stressed crust (Ellsworth et al., 2011).

The cumulative distribution of aftershocks with magni-
tude is characterized by a low b-value of 0:75� 0:04, sug-
gesting that most of slip or strain release on the fault occurred
during the mainshock. This b-value is consistent with a pre-
vious broad areal study of earthquake occurrence in the EUS
(Okal and Sweet, 2007). This study, along with previous
studies of EUS earthquakes, shows that b-values tend to be
low, indicating more large events relative to small earth-
quakes. Our low b-value is consistent with Okal and Sweet
(2007), who examined eastern intraplate earthquakes,
excluding the New Madrid Seismic Zone, and determined
a b-value of 0.69. Aftershock sequences in a wide range
of tectonic settings exhibit a range of b-values. For example,
a b-value of 0.9 was determined for the 1975 Mw 7.3 Hai-
cheng, China, earthquake aftershock sequence (Suyehiro
et al., 1964), whereas Wiemer et al. (2002) found a higher
b-value of 1.2 near the rupture area for the aftershock
sequence following the Mw 7.1 Hector Mine, California,
earthquake. Wyss (1973) argues that there is an inverse cor-
relation between the observed b-value and the level of stress
accumulated in and around the source volume. Regions with
low b-value may be interpreted as possible asperities (stress
concentrations) reflecting variations in frictional properties
along the fault, which may control the recurrence of the next
large event.

Infrequent large earthquakes and sparse evidence of
neotectonic (∼2:6 million years ago to the present) earth-
quake history in the EUS point to the importance of docu-
menting these rare earthquakes to develop scientific insights
necessary to improve seismic-hazard assessment in the re-
gion. With few earthquakes as large as Mw 5.8 recorded
in the EUS, it is difficult to know how typical this behavior
is for an aftershock sequence. Considerable scientific uncer-
tainty remains about the nature and scope of the earthquake
hazard associated with the CVSZ and similar active source
zones in eastern North America. The results presented here
provide details of the earthquake source mechanism, loca-
tion, and its relationship to aftershocks. Studies of this nature
are important for improving our estimates of EUS earthquake
source scaling and physics and improving national probabi-
listic seismic-hazards maps.

Data and Resources

Events analyzed include the Mw 5.8 Mineral, Virginia,
earthquake of August 2011 and the sequence of aftershocks
(Fig. 3;Ⓔ Table S1, available in the electronic supplement).
Data used in this study were digitally recorded at regional
broadband stations operated by stations of the USGS, ANSS,
and Global Seismic Network (GSN) and 36 portable stations
deployed as part of a comprehensive aftershock monitoring
project (Fig. 2; Table 1). All waveform data used in this
study, from both portable and permanent seismic stations,
are archived and available for download from the IRIS Data
Management Center (DMC). Analysis and mapping software
used includes ZMAP (Wiemer, 2001), SAC (Goldstein et al.,
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2003; Goldstein and Snoke, 2005), GMT (Wessel and Smith,
1991), and MATLAB. The single-event earthquake location
approach used a stand-alone version of USGS NEIC main
processing system (HYDRA).

Additional data and resourceswere obtained from the fol-
lowing websites: USGS global earthquake online database,
http://earthquake.usgs.gov/earthquakes/eqarchives/epic/ (last
accessed August 2013); USGS NEIC recent earthquake
website, http://earthquake.usgs.gov/earthquakes/recenteqsww
/Quakes/se082311a.php (last accessed September 2012);
the USGS ShakeMap system, http://earthquake.usgs.gov/
earthquakes/dyfi/events/se/082311a/us/index.html (last ac-
cessed November 2012); the USGS PAGER system, http://
earthquake.usgs.gov/earthquakes/pager/events/us/082311a/
index.html (last accessed December 2012); the USGS DYFI
system, http://earthquake.usgs.gov/earthquakes/dyfi/events/
se/082311a/us/index.html (last accessed November 2012);
the USGS W-phase system operated by Gavin Hayes,
http://earthquake.usgs.gov/earthquakes/eqinthenews/2011/
se082311a/se082311a_wmt.php (last accessed January
2013); the USGS Global Centroid Moment Tensor (Global
CMT) system, http://earthquake.usgs.gov/earthquakes/
eqinthenews/2011/se082311a/se082311a_gcmt.php (last
accessed February 2013); the USGS faults and folds data-
base (Machette et al., 2004), http://earthquake.usgs.gov/
hazards/qfaults (last accessed December 2012); Virginia
geologic map data, http://mrdata.usgs.gov/geology/state/
state.php?state=VA (last accessed February 2013); and
the Saint Louis University Earthquake center, http://
www.eas.slu.edu/eqc/eqc20110823.html (last accessed
February 2013).

Details of the RMT source inversion are given at http://
www.eas.slu.edu/eqc/eqc20110823.html (last accessed March
2013); the EarthScope Transportable array (USArray) (http://
www.usarray.org/researchers/obs/transportable; last accessed
December 2012); the Virginia Tech Seismological Observa-
tory, http://www.geol.vt.edu/outreach/vtso/ (last accessed
January 2013); and CERI, http://www.ceri.memphis.edu/
index.shtml (last accessed December 2012).
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