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ABSTRACT

Deployment of temporary seismic stations after the 2011 Mineral, Virginia
(USA), earthquake produced a well-recorded aftershock sequence. The majority of
aftershocks are in a tabular cluster that delineates the previously unknown Quail
fault zone. Quail fault zone aftershocks range from ~3 to 8 km in depth and are in
a 1-km-thick zone striking ~036° and dipping ~50°SE, consistent with a 028°, 50°SE
main-shock nodal plane having mostly reverse slip. This cluster extends ~10 km
along strike. The Quail fault zone projects to the surface in gneiss of the Ordovi-
cian Chopawamsic Formation just southeast of the Ordovician—Silurian Ellisville
Granodiorite pluton tail. The following three clusters of shallow (<3 km) aftershocks
illuminate other faults. (1) An elongate cluster of early aftershocks, ~10 km east of
the Quail fault zone, extends 8 km from Fredericks Hall, strikes ~035°-039°, and
appears to be roughly vertical. The Fredericks Hall fault may be a strand or splay of
the older Lakeside fault zone, which to the south spans a width of several kilometers.
(2) A cluster of later aftershocks ~3 km northeast of Cuckoo delineates a fault near
the eastern contact of the Ordovician Quantico Formation. (3) An elongate cluster of
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late aftershocks ~1 km northwest of the Quail fault zone aftershock cluster delineates
the northwest fault (described herein), which is temporally distinct, dips more steeply,
and has a more northeastward strike. Some aftershock-illuminated faults coincide
with preexisting units or structures evident from radiometric anomalies, suggesting

tectonic inheritance or reactivation.

INTRODUCTION

Rapid deployment of temporary seismic stations by multiple
institutions after the 23 August 2011, M (moment magnitude)
5.8 Mineral, Virginia, earthquake produced the best-recorded
aftershock sequence in the eastern United States (see McNamara
et al., 2014a). For the first time aftershock data illuminated the
causative fault of a significant earthquake in the passive-margin
geologic setting of the eastern United States, and smaller after-
shock clusters illuminated other active faults.

A passive continental margin is formed by rifting followed by
seafloor spreading such that the resulting tectonic plate consists of
both continental and oceanic lithosphere. The Atlantic margin of
North America is among the more widely studied and geologically
understood of modern passive margins (Bradley, 2008). Despite
this intense study, significant earthquakes in passive-margin set-
tings are less frequent than those on plate margins and not as well
studied or recorded by robust seismic networks.

Throughout the eastern United States, historical seismicity,
geomorphic data, and paleoseismic data reveal active but poorly
understood tectonic processes within areas such as the Central Vir-
ginia seismic zone (Pazzaglia and Gardner, 1994; Pazzaglia and
Brandon, 1996; Wolin et al., 2012). Intraplate seismicity iS com-
monly assumed to occur along preexisting zones of weakness from
ancient plate collisions and rifting that happen to be favorably ori-
ented with respect to the present stress field (Sykes, 1978). Pos-
sible causes of stress that could trigger intraplate seismicity in east-
ern North America (Stein et al., 1989; Wolin et al., 2012) include
plate-wide forces such as ridge push and mantle flow beneath the
continent (Zoback, 1992; Ghosh and Holt, 2012) as well as more
localized processes such as offshore sediment loading (Calais et al.,
2010), postglacial rebound and forebulge subsidence (Stewart et al.,
2000), or relaxation of the Appalachian Mountains (Ghosh et al.,
2009). However, the conditions that concentrate intraplate seismic
activity in particular geographic areas such as the Central Virginia
seismic zone remain unclear. The Earth science community lacks a
comprehensive tectonic model to explain the distribution of eastern
United States seismicity in space and time. Given the infrequent
nature of significant earthquakes in the eastern United States, char-
acterizing the aftershock sequence of the Mineral earthquake offers
a rare opportunity to improve our understanding of earthquake haz-
ard in this geologic setting.

The M 5.8 earthquake on 23 August 2011 in central Vir-
ginia was a shallow event (7 = 2 km) that occurred on a southeast-
dipping reverse fault, where the maximum compressive stress is
represented by a subhorizontal P-axis trending east-southeast at
102° and plunging 3° (Herrmann, 2011; Chapman, 2013; McNa-

mara et al., 2014a). This orientation and a previously determined
average maximum compressive stress for the Central Virginia
seismic zone that trends southeast at 133° and plunges 14° (Kim
and Chapman, 2005) indicate that the local stress field is anoma-
lous with respect to the northeast-southwest maximum compres-
sive stresses more typical of eastern North America (Zoback,
1992; Mazzotti and Townend, 2010). These continent-scale
stresses attributed to plate-wide forces, such as ridge push and
mantle flow, thus appear to be overwhelmed by local effects in
the Central Virginia seismic zone, perhaps explaining why the
area has earthquakes. Within the Central Virginia seismic zone
stress field, the most favorable fault strike for reverse activation
is northeast (assuming ~45° dip), and numerous Paleozoic and
Mesozoic structures in the area have this orientation.

The M 5.8 August 2011 earthquake in central Virginia was the
largest earthquake to occur in the Appalachian region in more than
a century and was felt throughout much of the eastern United States
and southeastern Canada, possibly by more people than any other
earthquake in U.S. history (Horton and Williams, 2012; Hough,
2012). The large felt-area reported by the U.S. Geological Survey
(USGS) Did You Feel It (DYFI) system (Wald et al., 2011) is ~10
times the area of a similarly sized earthquake in the western United
States due to the relatively low attenuation of seismic waves in the
eastern United States (McNamara et al., 2014b). Shaking from the
earthquake caused Modified Mercalli Intensity (MMI) VIII damage
in the epicentral area (Heller and Carter, this volume), caused the
safe shutdown of a nuclear power station (Graizer et al., 2013; Li et
al., this volume), damaged buildings and monuments 160 km away
in Washington, D.C., and caused building evacuations as far as New
York City (Earthquake Engineering Research Institute, 2011; Hor-
ton and Williams, 2012).

The 2011 Mineral earthquake is the largest magnitude
earthquake on record in the Central Virginia seismic zone
(Fig. 1), an area of persistent seismic activity in the Piedmont
Province between Richmond and Charlottesville (Bollinger
and Hopper, 1971; Algermissen and Perkins, 1976; Tarr and
Wheeler, 2006; Chapman, 2013). Investigations in the Cen-
tral Virginia seismic zone prior to this event had been unable
to conclusively tie earthquakes to a causative fault. The 23
August 2011 Virginia earthquake provided a rare opportunity
for multidisciplinary studies involving modern seismic instru-
ments and methods, geologic mapping, geophysical imaging,
and paleoseismic investigations to improve the understanding
of earthquakes in the eastern United States and how they may
relate to preexisting geologic structures.

The rapid deployment of temporary seismic stations after the
23 August 2011 Virginia earthquake was a cooperative effort that
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was led by the USGS and included Virginia Polytechnic Insti-
tute and State University, Lamont-Doherty Earth Observatory of
Columbia University, University of Memphis Center for Earth-
quake Research and Information, Lehigh University, and Incor-
porated Research Institutions for Seismology; 46 3-component
seismographs were deployed in the area within five days. Of
these 46 seismographs, eight were installed within 24 h, in time
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Figure 1. Map of the Central Virginia seismic zone showing tectonic
setting and earthquake epicenters (magnitude >2 from 1973 to 2010,
and moment magnitude M 5.8 in 2011; aftershocks near the 2011
main shock are not shown). Inset shows map area in relation to epi-
centers in and near Virginia (magnitude >0, July 1977-December
2005; from Chapman et al., 2006). The Central Virginia seismic zone
is defined by a scattered distribution of earthquakes without a distinct
boundary. Earthquakes prior to 2011 show no clear relation to preex-
isting faults on the map. Modified from Bailey (2004) and Horton et
al. (2014).

to record the largest aftershock of the sequence (M, 3.9) on 25
August. Cornell University added more than 200 single-compo-
nent recorders by 1 September 2011 for a short-term experiment
in aftershock imaging with dense arrays (Brown et al., 2012).
There were 36 3-component stations in place through early 2012,
and a few remained a year after the event. High-quality aftershock
data from this instrument array imaged the causative fault of a
significant earthquake and illuminated nearby faults. The USGS
reported at least 450 aftershocks greater than M = ~1.0; none of
these were greater in magnitude than M, = 4.0, and 7 were M, =
3.0-3.9 (McNamara et al., 2014a, Table S2 therein). Earthquakes
with magnitudes between 0.5 and 1.0 have not been fully tal-
lied, but probably number in the hundreds to thousands given the
magnitude-frequency distribution (b-value = 0.75; determined by
McNamara et al., 2014a).

This paper presents the first comprehensive analysis of the
M 5.8 Mineral, Virginia, earthquake causative fault and sub-
sidiary faults as illuminated by aftershocks with respect to the
detailed geologic and tectonic setting. It takes a step toward
addressing the longstanding question of whether and how pre-
existing geological structures, including older faults, influence
intraplate seismicity and earthquake hazards in eastern North
America. The high-quality aftershock data offer an unprece-
dented opportunity to evaluate this earthquake sequence in rela-
tion to preexisting geologic structures and broader implications
for intraplate seismic hazards in eastern North America. After-
shocks illuminate the main-shock causative fault and other faults
in the vicinity, making it potentially possible to relate geological
structures mapped at the surface and inferred from geophysical
surveys to a seismogenic fault at depth.

Understanding the connection between local geologic struc-
ture and the regional tectonics is important for understanding earth-
quake hazards. Considerable scientific attention has been paid to
plate boundary regions that have undergone relatively frequent
large and damaging earthquakes. As demonstrated by the 2011
Mineral, Virginia, earthquake, the 1886 Charleston, South Carolina,
earthquake, and other events (Horton et al., this volume, Chapter 1),
the passive continental margin of eastern North America can also
produce large and damaging earthquakes. This fact is of particular
concern to government planners and emergency responders given
the large and relatively unprepared population centers.

Results from this and similar studies in the eastern United
States are rare and important for the improvement of models
describing earthquake risk in a passive-margin tectonic setting.
Knowing the distribution of active faults is important to simulate
strong ground shaking for hazard mitigation planning and the
calculation of probabilistic assessments of seismic hazard, such
as the USGS national seismic hazard maps that are used for seis-
mic provisions in building codes (Petersen et al., 2008).

GEOLOGIC SETTING

The M 5.8 Mineral earthquake and its aftershocks occurred
in a relatively small area (<400 km?) within the much larger
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(~8000 km?) Central Virginia seismic zone. The earthquake
and aftershocks were in gneiss, schist, and intrusive rocks of
the Ordovician Chopawamsic terrane (volcanic arc) and nearby
rocks (discussed herein), west of the late Paleozoic dextral
transpressional strike-slip Spotsylvania fault zone (Bailey et al.,
2004) and southeast of the early Paleozoic Chopawamsic thrust
fault (Hughes et al., 2013) shown in Figure 1. The rocks con-
tain multiple foliations and fold generations attributed to Paleo-
zoic orogenic events (Burton et al., 2014, this volume). Other
faults that project into the area (Fig. 1) include the Long Branch
thrust fault (east dipping with dextral component), the Little
Fork Church fault (thrust), and the Lakeside fault zone, which
is a late Paleozoic dextral mylonite zone reactivated during the
early Mesozoic as a normal fault (Wilkes, 1982; Mixon et al.,
2000; Spears et al., 2004; Spears, 2011; Horton et al., 2014a).
Jurassic diabase dikes of the Central Atlantic Magmatic Province
were emplaced during opening of the Atlantic Ocean and, in this
area, are typically subvertical and strike north-northeast to north-
northwest (McHone, 1988, 2000; Virginia Division of Mineral
Resources, 1993). Most earthquakes recorded throughout the
Central Virginia seismic zone have upper crustal focal depths of
<11 km (Bollinger and Sibol, 1985), and the nearby Interstate
Highway I-64 seismic reflection profile shows gently southeast
dipping reflector packages interpreted to represent thrust sheets
of metamorphic and igneous rocks at similar depths (Pratt et al.,
1988, this volume). Outcrop-scale brittle faults and fractures are
common in the area (e.g., Bailey and Owens, 2012) but have not
been studied in detail.

It may be noteworthy that early Mesozoic extensional basins
and cataclastic fault fabrics are commonly but not invariably
localized along earlier Paleozoic ductile shear zones containing
mylonitic rocks in eastern North America (Swanson, 1986). This
tectonic inheritance is exemplified in Virginia by the Hylas fault
zone bordering the Richmond and Taylorsville basins in the eastern
Piedmont (Bobyarchick and Glover, 1979), by the Lakeside fault
zone bordering the Farmville basin in the central Piedmont (Bour-
land et al., 1979; Wilkes, 1982; Spears and Bailey, 2002), and by the
Chatham fault (and Brookneal fault zone) bordering the Danville
basin in the western Piedmont (Robinson, 1979; Gates, 1997).

The late Paleozoic dextral transpressional Spotsylvania fault
zone (Fig. 1) separates the Chopawamsic terrane from the Gooch-
land terrane on the east, and extends southwestward beneath the
early Mesozoic Farmville rift basin. It was first described as a
geophysical lineament (Neuschel, 1970) and later interpreted as a
2-3-km-wide zone of en echelon brittle faults (Pavlides et al., 1980)
and as a Paleozoic thrust (Farrar, 1984; Pratt et al., 1988). The zone
has multiple strands and variable mylonitic foliation over a width
>10 km (Spears et al., 2004). The foliation strikes northeast and
generally dips southeast. Structural analysis indicates dextral strike
slip with a contractional component and suggests 80-300 km of
displacement during the Alleghanian orogeny (Bailey et al., 2004).
Brittle faults overprint mylonitic fabrics in the Spotsylvania zone
and are commonly attributed to Mesozoic reactivation (Bourland
et al., 1979; Spears and Bailey, 2002). Reverse faults of Cretaceous

and Cenozoic age in the Stafford fault system (Fig. 1) overlie a
subsurface extension of the Spotsylvania zone beneath the Atlantic
coastal plain sediments to the northeast (Powars et al., 2012). An
M 4.3 earthquake on 9 December 2003 occurred near the Spot-
sylvania fault zone (Bailey, 2004; Kim and Chapman, 2005), but
uncertainty about locations of earthquakes in Virginia has limited
evaluation of such associations.

The Lakeside fault zone (Fig. 1) bounds the western edge
of the early Mesozoic Farmville rift basin and is generally inter-
preted as a down-to-the-southeast brittle normal fault. The brit-
tle faults overprint mylonitic fabrics, and the zone of mylonitic
foliation strikes northeast, dips gently to moderately southeast,
and ranges in width to 5 km (Bourland et al., 1979). The Lake-
side fault zone has been mapped northeastward to the vicinity of
Interstate Highway I-64 (Virginia Division of Mineral Resources,
1993; Spears et al., 2004, 2013).

The Long Branch fault zone (Fig. 1) strikes northeast and
locally separates schists of the Ordovician Quantico Forma-
tion (successor basin) from metavolcanic gneiss of the Ordovi-
cian Chopawamsic Formation to the northwest (Mixon et al.,
2000). Detailed geologic mapping indicates that this fault zone
extends across the epicentral area, where it strikes ~046°-048°
and is within the Chopawamsic Formation ~1 km northwest of
the Quantico Formation contact (Spears et al., 2013; Burton et
al., 2014, this volume). Approximately 60 km northeast of the
epicentral area (north of Fig. 1), this zone is approximately paral-
lel to, and within 0.5 km of, the Dumfries fault (Cretaceous or
younger) of the Stafford fault system (Mixon et al., 2005).

DATA AND METHODS

This study examined spatial and temporal distributions
of well-located aftershock hypocenters from the 2011 Min-
eral, Virginia, earthquake in relation to geologic maps, vertical
cross-section projections, and three-dimensional (3D) rotat-
able plots in order to identify possible spatial relations among
aftershock clusters and preexisting geologic structures, includ-
ing older faults. Such associations were then evaluated in more
detail to determine whether preexisting Paleozoic, Mesozoic, or
Cenozoic faults could have been reactivated by the main shock
or aftershocks.

Main Shock

The 2011 M 5.8 Mineral, Virginia, earthquake was
recorded by permanent seismic stations in the Advanced
National Seismic System (ANSS) backbone network, Incorpo-
rated Research Institutions in Seismology (IRIS) transportable
array, and regional earthquake monitoring networks (Horton
and Williams, 2012). A strong motion accelerometer at the
North Anna nuclear power plant recorded the closest known
ground motions of the earthquake, where the maximum hori-
zontal acceleration was 0.27 g (0.27 times the acceleration of
gravity; Chapman, 2013; Graizer et al., 2013). The next nearest
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recording is available from the USGS ANSS station US.CBN,
in Corbin, Virginia, 57 km from the epicenter. Horizontal accel-
eration at US.CBN reached 0.135 g.

Using a hypocentroidal decomposition (HD) algorithm
(Jordan and Sverdrup, 1981) for multiple-event analysis, high-
precision relative and absolute locations and depths were
obtained (McNamara et al., 2014a). The main-shock epicenter
was relocated (at 37.920°N, 77.979°W) ~4.4 km southwest of
the initial single-event network epicenter (37.936°N, 77.933°W)
provided by the ANSS—Center for Earthquake Research and
Information (CERI). This main-shock epicenter is located in

Louisa County, Virginia, ~10 km southwest of the town of Min-
eral and 10 km south-southeast of the town of Louisa (Fig. 2A).
The main shock occurred at a relatively shallow focal depth of
7 + 2 km using the HD method, or 6 + 2 km based on regional
moment tensor (RMT) waveform modeling (McNamara et al.,
2014a). The RMT depth is within the uncertainty of HD results,
and the 1 km difference reflects different velocity models
(McNamara et al., 2014a). The estimated uncertainty in depth of
the main shock is £2 km, while map-view epicentral uncertain-
ties are relatively small, 0.6 km and +0.7 km for the semiminor
axis and semimajor axis, respectively.
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Figure 2. Aftershock-illuminated faults (map and cross sections). (A, B)
shocks (circles) and main shock (star) colored by depth (A) and by month

Maps showing hypocentroidal decomposition (HD) relocated after-
(B) on shaded-relief digital elevation model with roads, water bodies,

towns, and labels for aftershock clusters that illuminate active faults. Map A shows all 395 HD-relocated earthquakes regardless of magnitude,
distinguishing those having depth uncertainties <1 km (color) and >1 km (gray). Map B shows only those earthquakes having depth uncertainties
<1 km. (C, D) Cross sections oriented downdip (C, A—A") and along strike (D, B-B’) of the main, southeast-dipping aftershock cluster show all
HD-relocated events and 16 regional moment tensor (RMT) solutions projected onto vertical profiles. Abbreviations: FH—Fredericks Hall fault,
NW-—northwest fault, NEC—fault northeast of Cuckoo. RMT solutions with compressional quadrants shown in blue represent early events that
were located using only data from permanent seismic stations; RMT solutions with compressional quadrants shown in red include data from the

temporary aftershock network, and thus are more accurately located. (HD

-relocated aftershocks and RMT solutions are from McNamara et al.,

2014a.) RMT (beachball) diagrams on the vertical cross sections are oriented with up at the top and down at the bottom, rather than in the stan-
dard lower hemisphere projection with north at the top and a vertical center point. Locations: A—A" is from 38.000°N, 78.045°W to 37.890°N,
77.850°W, and B-B’ is from 37.900°N, 77.950°W to 37.890°N, 77.850°W.
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The main-shock focal mechanism determined from wave-
form inversion (Herrmann, 2011) shows a nodal plane striking
028° and dipping 50°SE with a rake angle of 113°, consistent
with a southeast-dipping planar zone defined by aftershocks
(discussed in the following), and mostly reverse (southeast side
up) motion (Ellsworth et al., 2011; McNamara et al., 2014a).
Ellsworth et al. (2011) computed a high-stress-drop main shock
(50-75 MPa) on a rupture, 3.2—4.0 km in length, with an average
slip of 1.5-2.5 m.

Using detailed waveform modeling, Chapman (2013)
showed that the main shock consisted of three subevents having
successive focal depths of 8.0 km, 7.3 km, and 7.0 km with esti-
mated uncertainties of +1.0 km. The three subevents were initi-
ated near the southwestern end of the main aftershock zone and
propagated ~2 km northeastward along strike (and ~1 km updip)
within 1.6 s (Chapman, 2013).

Aftershocks

This investigation of aftershock distribution from the M 5.8
Mineral, Virginia, earthquake in space and time, and in relation to
the tectonic setting, is based on a comprehensive catalog of well-
located hypocenters (McNamara et al., 2014a). This catalog super-
sedes preliminary data releases from sources using different seismic
instruments and velocity models (Saint Louis University Earth-
quake Center, 2013; U.S. Geological Survey, 2013). It includes
454 well-recorded earthquakes greater than M ~ 1.0 that occurred
between 23 August 2011 and 30 July 2012. The highest quality
event recordings (395 in number, including the main shock) were
relocated using the HD method (McNamara et al., 2014a). This
catalog of relocated aftershocks is used herein to analyze aftershock
spatial and temporal distributions in relation to geologic structures
in the Central Virginia seismic zone.

Figure 2A distinguishes the best located aftershocks,
regardless of magnitude, having <1 km depth uncertainty from
those having larger depth uncertainties, whereas Figure 2B
shows only the best located aftershocks for comparison and
to more sharply delineate particular clusters. The best located
aftershocks (having depth uncertainties <1 km) facilitate more
accurate comparisons with geographic locations, geologic fea-
tures such as preexisting faults, and geophysical expressions of
surface and subsurface geology. They are also more reliable for
evaluating aftershock depth distributions and 3D geometries of
aftershock hypocenter distributions, including dip angles. The
remaining aftershocks provide additional documentation of
aftershock patterns and clusters with less precision, especially
in the vertical direction.

RMT solutions have been determined for 16 of the earthquakes
(McNamara et al., 2014a), and with a few exceptions, are consistent
with the main-shock rupture on a southeast-dipping reverse fault
and parallel southeast-dipping aftershock cluster (Fig. 2C). The
most anomalous RMT solution in the main cluster is a shallow M|
3.9 aftershock on 25 August 2011 that occurred during the passage
of Hurricane Irene. Numerous small ruptures represented by after-

shock hypocenters in the main cluster define the Quail fault zone
as used here (and in Horton et al., 2012a, 2012b), which extends
10 km along strike (Figs. 2A, 2B) and from ~3 to 8 km in depth
(Fig. 2C). The HD-relocated main shock is within and near the base
of the main aftershock cluster (Figs. 2C, 2D), consistent with the
main-shock location of Chapman (2013).

Chapman’s (2013) best-fit plane to the main cluster of early
aftershocks within nine days of the main shock (no later than
1 September 2011) yielded an inferred fault plane striking 029°
and dipping 51°SE, remarkably similar to the USGS—Saint Louis
University main-shock moment tensor solution of 028°, 50°SE,
rake 113° (Herrmann, 2011). For comparison, a best-fit plane
constructed from vertical slices through the entire main cluster of
relocated aftershocks (McNamara et al., 2014a) has a mean strike
of 036° + 12° (20) and dip of 49.5° + 6° SE (20). Best-fit planes
determined for the main aftershock cluster in this study (Appen-
dix) have similar strike and dip of 034.8°, 48.4°SE (including
a shallow northwest cluster distinguished in Fig. 2B) or 035.3°,
50.7°SE (excluding the shallow northwest cluster). Closer exam-
ination of this main aftershock cluster suggests a tabular zone
~1 km thick, rather than a single plane, in which events close
together in time are more tightly clustered spatially. Figures 2A
and 2B suggest that the northeast part of the main cluster has a
more eastward strike than the southwest part, and that dip angles
steepen slightly upward (Fig. 2C). Separate best-fit planes, hav-
ing strike and dip of 029.4°, 61.6°SE for the southwestern part
and 047.0°, 58.7°SE for the northeastern part (Appendix), indi-
cate that the Quail fault zone aftershock cluster has a concave-
east bend or curve of ~18°. Separation into these two groups is
supported by a root mean squared error of 0.36 for a single plane
versus 0.23 and 0.27, respectively, for the separate southwest and
northeast planes. If the main aftershock cluster that defines the
Quail fault zone steepens upward, then the fault zone would proj-
ect to the surface slightly southeast of the late shallow northwest
cluster of shallow aftershocks.

A rotatable 3D image of main-shock and aftershock hypo-
centers is available as GSA Data Repository item R1', and a
time-sequence animation of 369 aftershocks greater than M ~ 1.0
recorded through 31 December 2011 is available online (U.S.
Geological Survey, 2012).

Geology and Geophysical Imaging

In this study the distributions of well-located aftershocks on
maps, cross sections, and 3D rotatable plots were compared to
the distribution of known geologic structures such as preexisting
faults. Figures 2A and 3 distinguish the best located aftershocks
having <1 km depth uncertainty from those having larger depth

'GSA Data Repository item 2014379, R1: Rotatable three-dimensional image
of the 23 August 2011 Mineral, Virginia, earthquake main-shock and aftershock
hypocenters color coded by depth, is available online at http://www.geosociety
.org/pubs/ft2014.htm, or on request from editing@ geosociety.org or Docu-
ments Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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uncertainties; the former provide accurate locations and facilitate
comparison with geologic features and geophysical anomalies,
and the latter provide additional documentation of aftershock
clusters with less precision. Aftershocks shown in Figure 3
(events having magnitude M 2> 2) show less scatter than those in
Figure 2 (events regardless of magnitude).

Information about the geologic setting (Fig. 3) was compiled
from geologic maps (Virginia Division of Mineral Resources, 1993;
Pavlides et al., 1994; Mixon et al., 2000; Marr, 2002; Spears et al.,
2004; Hughes and Hibbard, 2012a), and supplemented by pre-
liminary findings of geologic mapping (Spears and Gilmer, 2012;
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Spears et al., 2013; Hughes et al., 2013, and references therein;
Burton et al., 2014), and preliminary interpretations of geophysi-
cal data (Zietz et al., 1977; U.S. Geological Survey and National
Geophysical Data Center, 2002; Snyder, 2005; Shah et al., 2012a,
2012b, 2012c). Additional sources for surface and subsurface
geology include Pratt et al. (1988), Pavlides (1989), Horton et al.
(1989, 1991, 2010, 2014a), Thomas (2006), and Hibbard et al.
(2007, 2014) for tectonic framework; Spears et al. (2004), Bailey
and Owens (2012), Hughes and Hibbard (2012b), and Hughes et al.
(2013) for central Virginia Piedmont geology; Gates et al. (1988),
and Bailey et al. (2004) for Paleozoic ductile faults; Lindholm

Figure 3. Relation of aftershock-
illuminated faults to  preexisting
geologic structures including faults.
Aeromagnetic map (color shaded re-
lief) shows epicenters of aftershocks
having magnitude M > 2.0, colored
by depth where depth uncertainty is
<1 km or gray where depth uncertainty
is >1 km, and aftershock-illuminated
faults in relation to preexisting faults
(solid black lines lines—previously
mapped; dashed black lines—inferred
projections). White star is M 5.8 main-
shock epicenter. Aftershock-illuminated
faults: QFZ—~Quail fault zone, FH—
Fredericks Hall fault, NW—northwest
fault, NEC—fault northeast of Cuck-
00. Preexisting (Paleozoic and Meso-
zoic) faults: CF—Chopawamsic fault,
ECF—Ebenezer Church fault, HCF
Harris Creek fault at southeast contact
of Ellisville Granodiorite pluton tail
or neck (Burton et al., 2014, this vol-
ume), LBF—Long Branch fault zone,
LFC—Little Fork Church fault, LEZ—
Lakeside fault zone, RFF—Roundabout
Farm fault, SCF—Sturgeon Creek
fault, SFZ—Spotsylvania fault zone.
Ordovician volcanic-arc  sequences:
Oc—Chopawamsic Formation, Oct—
Chopawamsic Formation and Ta River
Metamorphic Suite (undivided). Ordo-
vician successor-basin deposits: Oq—
Quantico Formation (mainly schist).
Cambrian to Ordovician Potomac com-
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posite terrane: O-€m—Mine Run Com-
plex (mélanges). Mesoproterozoic—Pa-
leozoic Goochland terrane: PzYm—
Maidens gneiss and Po River Metamor-
phic Suite. Rocks of undetermined af-
finity: eh—Elk Hill Complex (undated
metavolcanic; as used by Spears et al.,
2004), pg—pegmatite-rich gneiss. In-
trusive rocks: Cf—Carboniferous Fal-
mouth Intrusive Suite (granite), SOe—
Late Ordovician to early Silurian Ellis-

ville Granodiorite pluton. Sources include citations in text, aeromagnetic data (from Snyder, 2005), and aftershock data (from McNamara et al.,
2014a). C1—contact formerly mapped as Chopawamsic fault (e.g., Virginia Division of Mineral Resources, 1993; Marr, 2002).
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(1978), Swanson (1986), and Withjack et al. (2012) for early Meso-
zoic brittle faults and rift basins; and Mixon et al. (2000, 2005) for
Cretaceous and Cenozoic faults. The geologic setting of the after-
shock cluster that defines the Quail fault zone is of special interest
to determine if a preexisting Paleozoic, Mesozoic, or Cenozoic fault
could have been reactivated.

Recent geologic mapping in the 2011 Mineral earthquake
epicentral area (Hughes et al., 2013; Burton et al., 2014, this
volume) indicates that an unusual ~1.5-km-wide southern tail or
neck of the rheologically distinct Late Ordovician—early Silurian
(443.7 £ 3.3 Ma, Hughes et al., 2013) Ellisville Granodiorite
pluton (Fig. 3) is entirely within metavolcanic and metavolcani-
clastic rocks of the Chopawamsic Formation, rather than cross-
cutting the early Paleozoic Chopawamsic fault, as shown on
previous reconnaissance maps (e.g., Virginia Division of Mineral
Resources, 1993; Marr, 2002). Geologic mapping and trenching
since the 2011 Mineral earthquake have also revealed the pres-
ence of two previously unknown faults, which are both character-
ized by Paleozoic ductile shear fabrics overprinted by late brittle
structures: the Harris Creek fault (Fig. 3) strikes ~044°-050°
along and near the southeastern flank of the Ellisville pluton tail,
whereas the Roundabout Farm fault strikes ~025°-030° at an
oblique angle to northeast-striking bedrock units and structures
(Burton et al., 2014, this volume).

Vegetation and ground cover in the eastern United States
obscure subtle features of the land surface that could potentially
reveal surface expressions of Quaternary faults. Airborne laser
swath mapping or LiDAR (light detection and ranging) is a prom-
ising new tool for locating and characterizing surface expressions
of faults in forested and metropolitan areas (Sherrod et al., 2004;
Engelkemeir and Khan, 2008). In March 2012 an airborne LiDAR
survey was flown over a ~20 x 35 km area covering the epicenters
of the 23 August 2011 earthquake and most of its aftershocks. This
survey produced an 8 points/m? LiDAR-derived bare earth digital
elevation model. The LiDAR elevation data (1/9 arc-s) from this
Louisa area survey are available from the USGS National Elevation
Dataset at http://viewer.nationalmap.gov/viewer/.

Airborne geophysical surveys (radiometric, magnetic, and
gravity) were flown in July 2012 with a trackline spacing of
200 m from a nominal height of 125 m with slightly greater
heights over populated areas. Flight lines were oriented
northwest-southeast, perpendicular to known structures. A 20 x
25 km area was covered, but the region over the town of Louisa
was not flown due to flight altitude restrictions. Data and results
from the magnetic and gravity surveys are discussed in Shah et
al. (this volume), and those from the radiometric survey are con-
sidered herein. Airborne spectral radiometric (gamma-ray spec-
trometry) surveys map the estimated concentrations of radioac-
tive elements (potassium, uranium, and thorium) within ~1 m of
the land surface (Duval et al., 1971). Materials at this depth in
the Virginia Piedmont are mainly residual soils that were locally
derived from underlying bedrock.

Airborne gamma-ray spectrometry measures the gamma-ray
flux caused by radioactive decay of potassium (K-40), uranium

(U-238), and thorium (Th-232). These data are used to estimate
the apparent surface concentrations of potassium (K), uranium
(U), and thorium (Th) as summarized in Duval (1983, and ref-
erences therein). Uranium (eU) and thorium (eTh) symbols for
measured gamma-ray fluxes are preceded by ‘“e” for “equiva-
lent” because they originate from daughter elements in the decay
series. The radiometric (gamma-ray spectrometry) measure-
ments were conducted using a Radiation Solutions RS-500 spec-
trometer system consisting of a Nal(T1) detector volume of 58.8
L with 12 downward-looking and two upward-looking crystals
of 4.2 L each. Data were collected in 1024 channel spectral mod-
els and windowed using an interval of 1 s. Stripping ratios were
obtained using standard methods with calibration pads; thorium
source tests were conducted at the start and end of each survey
day. Cosmic and aircraft background corrections were estimated
using standard methods on presurvey flight measurements at alti-
tudes 1200-3000 m in Louisa County. Data were corrected for
radon background radiation by using the upward-looking detec-
tors. Absolute position of sensors was determined using a dif-
ferential global positional system combined with radar altimeter
and barometric data. Postprocessing included standard correc-
tions for system dead time, drift, Compton scattering, height and
attenuation, and microleveling for uranium measurements.

The LiDAR and radiometric data delineate subtle features of
the land surface and the top meter or less of the Earth’s surface
via relative amounts of potassium, uranium, and thorium. Radio-
metric potassium anomalies reflect the presence of potassium-
bearing minerals such as muscovite or biotite mica and potas-
sium feldspar.

Aftershock clusters delineate the active faults in this study, but
did any of these faults reactivate preexisting structures? Radiomet-
ric anomalies that delineate preexisting units or structures based on
their potassium, uranium, and thorium content are combined with
LiDAR images of the land surface to address this question. Coinci-
dence of preexisting structures with faults delineated by aftershocks
can suggest that the structures were locally reactivated.

RESULTS

Aftershocks Illuminate the Quail Fault Zone and
Other Faults

The majority of aftershock hypocenters, including those for
some of the larger magnitude events (Mw 3.9, 3.8, and 3.2), are
concentrated in a 10-km-long, 1-km-thick, northeast-striking,
southeast-dipping tabular cluster that ranges in depth from ~3 to
8 km. This tabular cluster, which projects upward from beneath
Yanceyville, Virginia, along the South Anna River toward Quail,
Virginia (Figs. 2A, 2B, and 3), defines the previously unrecog-
nized Quail fault zone (as used here and in Horton et al., 2012a,
2012b). The relocated main-shock hypocenter (Figs. 4A, 4B) is
in the lower part of this cluster at ~6—8 km depth (7 + 2 km;
McNamara et al., 2014a; 8 + 1 km; Chapman, 2013). Aftershocks
within this cluster, including those having the larger magnitudes,
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represent smaller fault ruptures that are mostly shallower than the
main shock. Multiple fault strands that were active at different
times are suggested by local planar concentrations of hypocen-
ters within the main aftershock cluster (evident in 3D rotatable
images; see footnote 1), and by evolution of the aftershock point
cloud as observed in time-sequence animations (U.S. Geological
Survey, 2012). The strike and dip of the Quail fault zone after-
shock cluster (036° = 12°, 49.5° + 6°SE; 20; McNamara et al.,
2014a) and its early aftershocks (029°, 51°SE; Chapman, 2013)
are consistent with the 028°, 50°SE main-shock nodal plane hav-
ing mostly reverse slip. The 7° difference between early and later

aftershock-cluster strike angles, showing increasing deviation
from RMT with time, is within the 26 uncertainty. The subtle
change in average strike angle as a function of time is consistent
with concave-east curvature of the aftershock-delineated fault
zone shown in the Appendix (C, D) and with later aftershocks
(after October—November) that were slightly more abundant in
the northeast part (Fig. 2B). The 029° strike of the southwest-
ern part of this aftershock zone (D in Appendix) is essentially
identical to that of the main-shock nodal plane and early after-
shocks (Chapman, 2013), whereas the 047° strike of the north-
eastern part (C in Appendix), containing more abundant later
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aftershocks, is closer to the local 040°-050° strike of preexisting
geologic units and structures. Quail fault zone aftershocks that
were shallower than 4 km were also concentrated in the central
and northern parts (Fig. 2A).

The following three clusters of more than 10 shallow after-
shocks having depths <~4.5 km (Figs. 2A, 2B) illuminate other
active faults. (1) A linear cluster of early shallow aftershocks
(mostly within 65 days) from August to October 2011 occurred
~10 km east of the main aftershock cluster that defines the Quail
fault zone (Figs. 2A, 2B); this cluster extends ~8 km from Freder-
icks Hall, Virginia, to Threemile Corner, Virginia, strikes ~035°—
039°, and appears to be roughly vertical in 3D rotatable plots (DR
item R1; see footnote 1). (2) A more prolonged cluster of shallow
aftershocks (mostly within ~110 days) from September through
December occurred 5—10 km northeast of the Quail fault zone after-
shock cluster and is located ~3 km northeast of Cuckoo, Virginia
(Figs. 2A, 2B). (3) A late northwest linear cluster of shallow after-
shocks (mostly after 100 days and frequent for another 35 days) in
December 2011 and January 2012 occurred ~1 km northwest of the
Quail fault zone aftershock cluster (Figs. 2A, 2B). Visual examina-
tion of cross sections (Fig. 2C), and 3D views (Figs. 4A, 4B) and
rotatable plots (e.g., DR item R1; see footnote 1) suggests that the
late northwest cluster has a more eastward strike and steeper (near
vertical?) dip than the larger Quail fault zone cluster.

Tectonic Relations of the Quail Fault Zone

The Quail fault zone (Fig. 3) aftershock cluster, when pro-
jected to the surface, is within Chopawamsic Formation gneiss,
which is locally mylonitic, near or just southeast of the ~050°
trending tail of the Ellisville Granodiorite pluton (Horton et al.,
2012b). The 028° striking main-shock nodal plane of the Min-
eral earthquake (Herrmann, 2011) and the 029° striking early
aftershocks in the Quail fault zone cluster (Chapman, 2013)
are oblique to the northeastern strikes of most geologic map
units in this area, and they are also oblique to the ~044°-050°
striking Harris Creek fault (Fig. 3) as mapped by Burton et al.
(2014, this volume). However, they are essentially parallel to the
~025°-030° striking Roundabout Farm fault (Fig. 3) of Burton
et al. (2014, this volume). Further investigations may determine
if seismic activity on the Quail fault zone is causally related to a
preexisting fault such as the Roundabout Farm fault.

The deep southeast end of the Quail fault zone aftershock clus-
ter terminates beneath the surface trace of moderately to steeply
southeast-dipping schist of the Ordovician Quantico Formation and
associated faults, including the Long Branch fault zone (Fig. 3).
The Quail fault zone and main-shock epicenter also coincide with
a gentle convex-east bend of ~15° in the strike of bedrock geologic
units (e.g., 048° to 033° for the northwest contact of the Quantico
Formation; Fig. 5) as well as trends of associated topographic fea-
tures and geophysical anomalies (Shah et al., 2012b, this volume).
Strikes of 030°-040° northeast of the main-shock epicenter rotate to
040°-050° southwest of it. The strikes of bedrock units to the north-
east more closely approximate azimuths of the main-shock nodal

plane, and of the Quail fault zone as delineated by aftershocks, than
those to the southwest in the vicinity of the Interstate Highway 1-64
seismic profile.

Tectonic Relations of Other Aftershock-Illuminated Faults

Some of the outlying aftershock clusters that represent
active faults appear to have spatial associations with preexisting
geologic features including faults (Fig. 3). Such associations
might suggest reactivation or strain localization.

Fault Northeast of Cuckoo

Several kilometers east of the Quail fault cluster, a tight
cluster of ~10 hypocenters <3 km deep is located ~3 km north-
east of Cuckoo (Fig. 2). This cluster of shallow aftershocks,
described as the fault northeast of Cuckoo, is <2 km southeast
of a moderately to steeply dipping Paleozoic fault, here termed
the Ebenezer Church fault (Fig. 3), which was mapped by Mixon
et al. (2000) along the southeastern contact of the Quantico For-
mation. Geologic mapping in progress (Burton et al., 2014, this
volume) indicates the presence of faults near the same Quantico

»
>

Figure 5. Maps showing the 2011 Mineral, Virginia, earthquake and
aftershocks in relation to LiDAR (light detection and ranging) topogra-
phy, radiometric anomalies, and geologic interpretations. (A) LiDAR
shaded-relief image of the land surface. (B) Radiometric data (ternary
color scale) indicating relative potassium (K), thorium (eTh), and ura-
nium (eU) within ~1 m of the Earth’s surface. Magenta areas show
higher potassium attributed to minerals such as feldspar and muscovite
or biotite mica, and green areas represent higher thorium and uranium
combined. (C) LiDAR shaded-relief topography overlain by radiomet-
ric data for comparison. Yellow dashed arrows highlight a gentle ~15°
(048°-033°) bend in trends of topographic and radiometric lineaments.
The M 5.8 main shock (white star) and Quail fault zone aftershocks
occurred within a few kilometers of this bend. Circles colored by depth
represent hypocentroidal decomposition—relocated aftershocks having
magnitude M > 2 and depth uncertainty < 1 km. Numbered features:
1—Narrow linear potassium (K) high and coincident LiDAR topo-
graphic lineament near (within ~2 km) surface projection of Quail fault
zone (and/or of late, shallow aftershocks that delineate the northwest
fault). 2—Narrow, linear uranium (eU)-thorium (eTh) low and coin-
cident LiDAR topographic lineament suggest a possible earlier fault
at the surface ~1 km west of shallow aftershocks that define the fault
northeast of Cuckoo. 3—Linear radiometric K anomaly and coincident
LiDAR topographic lineament suggest a possible earlier fault at the
surface above shallow aftershocks that define the Fredericks Hall fault.
4—Radiometric K anomaly of fluvial sediments along South Anna
River. Ordovician volcanic-arc sequences: Oc—Chopawamsic Forma-
tion, Oct—Chopawamsic Formation and Ta River Metamorphic Suite
(undivided). Ordovician successor-basin deposits: Og—Quantico
Formation (mainly schist). Mesoproterozoic—Paleozoic Goochland
terrane: PzZYm—Maidens gneiss and Po River Metamorphic Suite.
Rocks of undetermined affinity: eh—Elk Hill Complex (metavolca-
nic), pg—pegmatite-rich gneiss. Intrusive rocks: Cf—Carboniferous
Falmouth Intrusive Suite (granite), SOe—Late Ordovician to early Si-
lurian Ellisville Granodiorite pluton. Faults: ECF—Ebenezer Church
fault, LBFZ—Long Branch fault zone, LFC—Little Fork Church fault,
LFZ—Lakeside fault zone, SEZ—Spotsylvania fault zone.
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Formation contact several kilometers southwest of the aftershock
cluster. If one hypothetically assumes a southeast dip, then the
aftershock-illuminated fault northeast of Cuckoo (Fig. 3) would
project to the surface at or just southeast of the southeastern con-
tact of the Quantico Formation (Fig. 3). Alternatively, a steeper
surface projection could coincide with a ~033° trending LiDAR
topographic lineament and linear radiometric anomaly shown as
feature 2 in Figure 5. A single RMT solution from this aftershock
cluster (Fig. 2C) is anomalous relative to all the others, possibly
reflecting the orientation of preexisting structures or reorientation
of the regional stress field following the main shock, as well as
the shallow depth.

Fredericks Hall Fault

Approximately 10 km east of the Quail fault zone aftershock
cluster, an elongate cluster of 1213 early aftershocks near Freder-
icks Hall spans a lateral distance of ~8 km. This aftershock cluster
delineates the Fredericks Hall fault (as used here and in Horton et
al., 2012a, 2012b). The Fredericks Hall fault strikes ~035°-039°,
based on the alignment of aftershocks (Figs. 2A, 2B, and 3), and
a near vertical dip is roughly suggested by visual examination of
3D rotatable plots (DR item R1; see footnote 1). The best-located
aftershocks (having depth uncertainties <I km) in this cluster have
shallow depths of <~4.5 km (Fig. 2B). The surface projection of
this fault, assuming a near vertical dip, coincides with a ~033°-036°
trending LiDAR topographic lineament and linear radiometric
potassium high anomaly shown as feature 3 in Figure 5. The latter
features indicate a preexisting structure (perhaps another shear zone
containing muscovite, as confirmed at feature 1 in Fig. 5) at the
location of the aftershock-delineated Fredericks Hall fault. Linear
magnetic anomalies suggest that the Fredericks Hall fault (as used
here and in Horton et al., 2012a, 2012b), may extend more than
20 km southward to form the southeastern boundary of pegma-
tite-rich gneiss (Figs. 3 and 5). The Lakeside fault zone forms the
southeastern boundary of this pegmatite-rich gneiss near Interstate
Highway I-64 (Spears et al., 2004), spans a width of several kilome-
ters (Bourland et al., 1979), and bounds the early Mesozoic Farm-
ville rift basin (Wilkes, 1982), as shown in Figure 1. Spears (2011)
reported a Jurassic diabase dike offset on the Lakeside fault just
south of the James River. Further geologic mapping may determine
whether the Fredericks Hall fault represents a reactivated strand or
splay of the Lakeside fault zone shown in Figures 3 and 5.

Northwest Fault

An elongate cluster of late shallow aftershocks ~1 km north-
west of the main Quail fault zone aftershock cluster delineates
the northwest fault (Fig. 3; as described here and in Horton et al.,
2012a, 2012b), which is spatially and temporally distinct, dips more
steeply, and has a more northeastward strike. The cluster consists of
>10 late (December 2011 to January 2012) aftershocks <~4 km in
depth. Aftershocks associated with the northwest fault cluster near
an updip projection of the Quail fault zone but are separated by an
~1 km gap (Fig. 2B). Visual examination of maps and cross sections
(Fig. 2), 3D views (Figs. 4A, 4B) and rotatable plots (e.g., DR item

R1; see footnote 1) suggests that the late northwest cluster has a
more eastward strike and steeper (near vertical?) dip than the main
Quail fault zone cluster.

Aftershock clusters associated with both the northwest fault
and with the Quail fault zone could project to the surface in the
vicinity of Harris Creek, where ductile and brittle structures
suggest a history of repeated faulting (Burton et al., 2014, this
volume). If late, shallow aftershocks of the northwest fault clus-
ter represent an outlying strand of the Quail fault zone dipping
~45°SE (rather than a steeper fault as suggested herein), then its
surface projection would coincide approximately with the ~045°
trending LiDAR topographic lineament and linear radiometric
K anomaly shown as feature 1 in Figure 5 and the associated
~044°-050° striking Harris Creek fault (HCF in Fig. 3), where
Burton et al. (2014) reported secondary growth of muscovite
along S, foliation in shear zones. These relations suggest that
localization of late seismicity on the northwest fault may have
been influenced by reactivation of the Harris Creek fault, or pos-
sibly by rheological contrast between the Ellisville Granodiorite
tail and more friable gneiss of the Chopawamsic Formation.

Spotsylvania Fault Zone

East of the shallow aftershock clusters mentioned, sparse
aftershocks near the Spotsylvania fault zone show no alignment
or clustering that would suggest reactivation following the Min-
eral earthquake (Figs. 3 and 5). The lack of spatial association
between the aftershock sequence and this Paleozoic terrane-
bounding fault, which also underlies Cretaceous and Cenozoic
reverse faults of the Stafford fault system to the northeast in the
coastal plain (Mixon et al., 2000, 2005), is noteworthy. Major
Paleozoic faults such as the Spotsylvania zone formed when
rocks currently on the surface were at mid-crustal levels, when
strain rates were many times greater than now, and when stress
fields had different orientations. The lack of spatial correlation
with earthquakes suggests that the Spotsylvania zone is not ori-
ented favorably to have high resolved shear stress in the present
stress regime, perhaps because of the gentle dip angles indicated
by seismic reflection (e.g., Pratt et al., this volume).

DISCUSSION

Although many faults have been mapped in the Central Vir-
ginia seismic zone, none of the previously mapped faults clearly
correspond to the 2011 Mineral earthquake or previous earth-
quakes (Fig. 1). Well-located aftershocks in this study show no
seismic activity on early Paleozoic thrusts such as the terrane-
bounding Chopawamsic fault and little if any activity on the
terrane-bounding late Paleozoic Spotsylvania fault zone. The
presence of mapped faults in this passive-margin seismic zone
does not imply that they will be active, and experience in the
region suggests that many faults have yet to be mapped. This
study of aftershock-illuminated faults in a passive-margin set-
ting suggests more subtle relations between earthquakes and
preexisting geology.
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Early Mesozoic rift basins are present within the Central Vir-
ginia seismic zone but are outside the geographic range of the
Mineral earthquake and its aftershocks, although the Lakeside
and Spotsylvania fault zones extend from the epicentral area to
the early Mesozoic Farmville basin (Fig. 1). However, possible
offset of a Jurassic diabase dike along the Harris Creek fault
(Burton et al., 2014, this volume) is consistent with the concept
that passive-margin seismicity in the eastern United States can be
locally influenced by reactivation of rift-related extensional faults
that preceded opening of the Atlantic Ocean.

The occurrence of the 2011 Mineral earthquake on a
northeast-striking reverse fault is consistent with east-southeast—
trending (102°; Herrmann, 2011) to southeast-trending (133°; Kim
and Chapman, 2005) maximum horizontal compressive stresses in
the Central Virginia seismic zone, rather than northeast-southwest
compressive stresses that characterize most of eastern North Amer-
ica (Zoback, 1992; Mazzotti and Townend, 2010). The 7 + 2 km
depth of the 23 August 2011 earthquake is near the mean depth for
previous earthquakes in the Central Virginia seismic zone (Chap-
man, 2013). The scattered locations of historical and recent earth-
quakes within this zone indicate that these earthquakes occurred
on different faults within thrust sheets interpreted from packages
of seismic reflectors (Bollinger and Sibol, 1985; Munsey and Bol-
linger, 1985; Coruh et al., 1988; Pratt et al., 1988, this volume; Kim
and Chapman, 2005). This scattered distribution of earthquakes in
the Central Virginia seismic zone differs in character from the New
Madrid seismic zone, where earthquakes are localized on a few
well-defined faults (e.g., Pratt, 2012).

Most of the moment release from the main shock occurred in a
small area of 2-3 km radius at ~6—8 km depth (Chapman, 2013). A
broadside cross-sectional view of the main aftershock cluster (Fig.
2D), 3D view (Fig. 4B), and rotatable plot (DR item R1; see foot-
note 1) show a rough semicircular distribution of aftershocks in the
Quail fault zone cluster above and to the northeast of this area that
underwent most of the main-shock slip. This observation suggests
that, after removal of crustal stress by the main shock in the area
of maximum slip and stress drop, aftershocks were concentrated in
portions of the fault zone where stress was transferred and increased
(McNamara et al., 2014a).

The 23 August 2011 main-shock hypocenter in the Quail
fault zone is ~6 km northeast of a 1981 USGS seismic-reflection
profile along Interstate Highway 1-64 (Harris et al., 1982). Seis-
mic images along the I-64 profile are interpreted to indicate that
the earthquake occurred within thrust sheets that were emplaced
westward over Laurentian (ancestral North American) crust of
Mesoproterozoic age (Harris et al., 1982, 1986; Pratt et al., 1988,
this volume), although rock structures in the Piedmont Province
indicate that ductile transpressive strains are dominant (Bailey et
al., 2004). The hypocenter is beneath surface exposures of the
Chopawamsic terrane, which was a magmatic arc sequence that
accreted to the Laurentian continent during the Late Ordovician
between ca. 453 and 444 Ma (Hughes et al., 2013). Reprocessing
of the 1-64 profile data (Pratt et al., this volume) indicates that the
Chopawamsic terrane is composed of relatively thin (<4.5 km),

gently dipping reflector packages interpreted to represent thrust
sheets. Following the 7 + 2 km deep main shock, seismic activ-
ity in the Quail fault zone propagated across these gently dipping
reflectors, interpreted to represent thrust sheets, as small fault rup-
tures in the steeper southeast-dipping aftershock zone to depths of
3—4 km. The ~7 km focal depth is within or above an ~2-km-thick
highly reflective zone defined by discontinuous reflections, but
without offset that would be expected for a steeper, crosscutting
fault of resolvable displacement (Pratt et al., this volume).

The Mineral earthquake occurred near a gentle bend in the
regional strike of geologic units such as the Quantico Formation and
structures such as the Long Branch fault zone, and this bend is also
reflected in topographic and geophysical lineaments (Figs. 3 and
5). These features trend ~033° to the northeast of the bend, where
they are continuous for ~50 km toward Washington, D.C., and trend
~048° to the southwest of the bend (Fig. 5), where they appear to be
continuous for ~20 km. This gentle bend in strike of bedrock units
at the Mineral earthquake epicenter and Quail fault zone aftershock
cluster suggests that, if dip angles are relatively constant, a contrast
in resolved shear stress on preexisting fault segments at different
angles to the maximum compressive stress northeast and southwest
of this bend could have influenced the earthquake location. Local
perturbation of the stress field at the bend in strike between these
differently oriented segments having slightly different shear-stress
components may have provided a trigger point for initial seismic
moment release in the Mineral earthquake. Regional magnetic and
gravity anomalies that have been filtered to reflect geologic sources
at different depths show the same bend and suggest a similar inter-
pretation (Shah et al., this volume).

The strike of the Quail fault zone aftershock cluster bends
from ~029° in the southwestern part, where it closely approxi-
mates strikes of the main-shock nodal plane and cluster of early
aftershocks (Chapman, 2013), to ~047° in the northeastern part
(Appendix), where it is closer to the local 040°-050° strike of host-
rock geologic units. This concave-east bend in strike of the Quail
fault zone aftershock cluster and concentration of aftershocks shal-
lower than 4 km in the northeastern part suggest slight differences
in seismic response for these two parts of the fault zone. The main
shock (including three subevents of Chapman, 2013) and majority
of early aftershocks were deeper than ~4 km and concentrated in
the southwestern part, whereas the December 2011 and later after-
shocks were mostly shallower than ~4 km and more abundant in
the northeastern part. These relations suggest that the influence of
preexisting structures on aftershock patterns increased with time,
and with distance northeast of the main shock.

Chapman (2013) determined that the main-shock rupture
occurred slightly beneath the plane defined by early aftershock
hypocenters, possibly on a slightly deeper parallel fault. If so, then
the main aftershock zone could represent smaller fault ruptures in
the main-shock hanging-wall block. Farther away, most outlying
aftershocks beyond the main cluster, including those associated
with the Fredericks Hall fault and the fault northeast of Cuckoo,
are in the hanging-wall block of the southeast-dipping Quail fault
zone. These relations are consistent with interpretations based on
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aftershock-distribution observations from the 1994 Northridge
and 2003 San Simeon earthquakes in California, and the 2008
Wenchuan earthquake in Sichuan, China. In some segments of
the causative faults responsible for these reverse-fault, main-
shock earthquakes, aftershocks were found to be concentrated
along the rupture plane and in the hanging-wall block, whereas
aftershocks in the footwall block were less common (Shearer et
al., 2003; McLaren et al., 2008; Zhang et al., 2010).

Three of the aftershock-illuminated faults identified in this
study are associated with linear radiometric potassium anomalies
and coincident LiDAR lineaments that are interpreted to represent
preexisting potassium-bearing units or structures (Fig. 5). At least
one of these anomalies (feature 1 in Fig. 5) represents muscovite
that formed along the Harris Creek fault (W. Burton, 2013, oral
commun.). These observations suggest that some ruptures during
the 2011 Mineral earthquake and aftershock sequence occurred
along preexisting faults and/or were influenced by preexisting
geologic material contrasts, whereas other faults (e.g., Spotsyl-
vania zone) were inactive in the regional stress field. The Harris
Creek fault (Fig. 3) coincides with a geologic contact between
the rheologically distinct Ordovician—Silurian Ellisville Grano-
diorite and more friable gneiss of the Ordovician Chopawamsic
Formation, and shows evidence of repeated Paleozoic to Ceno-
zoic faulting (Burton et al., 2014, this volume).

Aftershocks deeper than ~3.5 km are concentrated in the
main aftershock cluster that defines the Quail fault zone, whereas
shallower aftershocks are widely dispersed, mostly in the main-
shock hanging-wall block, and include the smaller clusters that
illuminate subsidiary faults. Although not precisely determined,
strikes and dips of some shallow aftershock clusters resemble
those of preexisting faults, foliations, and geologic contacts. If
late shallow aftershocks of the northwest fault cluster are inter-
preted as an outlier of the larger Quail fault zone dipping ~45°SE,
then this smaller cluster can be projected to the surface along a
linear radiometric potassium anomaly and LiDAR topographic
lineament (feature 1 in Fig. 5) at the Harris Creek fault (Fig. 3)
of Burton et al. (2014, this volume). Aftershocks that illuminate
the fault northeast of Cuckoo are tightly clustered, but assuming
a southeast dip, can be projected to the surface at or just southeast
of the Quantico Formation, where preexisting faults have been
mapped to the northeast and southwest.

The linear aftershock cluster that illuminates the Fredericks
Hall fault has a strike of ~035°-039° and appears to be approxi-
mately vertical. Alignment of these shallow aftershocks along a
linear radiometric potassium anomaly and parallel LiDAR linea-
ment (feature 3 in Fig. 5) indicates that the aftershock fault rup-
tures occurred on a preexisting geologic unit or structure. Linear
magnetic anomalies suggest that the Fredericks Hall fault extends
more than 20 km southwest to form the southeastern boundary of
pegmatite-rich gneiss (Figs. 3 and 5). Thus, the Fredericks Hall
fault may represent a western strand or splay of the Lakeside
fault zone, which to the south spans a width of several kilometers
(Bourland et al., 1979) and bounds the western edge of the early
Mesozoic Farmville basin (Figs. 1, 3, and 5).

Aftershock occurrences along strands or splays of preexist-
ing faults with considerable length would suggest that earthquakes
larger than M 5.8 are possible in the Central Virginia seismic
zone. This conclusion is consistent with paleoliquefaction evidence
for Holocene seismic activity (Obermeier and McNulty, 1998;
Schindler et al., 2012). However, lengths of aftershock clusters on
faults may be more closely related to moment release than mapped
fault lengths (Wells and Coppersmith, 1994; Leonard, 2010).

CONCLUSIONS

Aftershock hypocenters of the 23 August 2011, Mineral,
Virginia, earthquake sequence image the causative fault of a
significant earthquake for the first time in the Central Virginia
seismic zone. The majority of aftershocks, including several of
the larger ones, delineate the southeast-dipping Quail fault zone
in which the main shock occurred in the lower part. Most of the
aftershocks that have well-determined focal mechanisms are
within this zone and have an approximately parallel nodal plane.

The nature and scope of intraplate earthquake hazards associ-
ated with the Central Virginia seismic zone and similar zones in
eastern North America remain poorly understood. Nevertheless, the
fault parameters determined in this study contribute to an improved
understanding of earthquakes in the region. Historical seismicity in
the Central Virginia seismic zone appears to involve widely scat-
tered faults of small displacement. However, preexisting geology,
including older faults, likely influenced the locations of the 23
August 2011 earthquake and the locations of some aftershocks.
The 2011 Mineral, Virginia, earthquake and aftershocks on the pre-
viously unknown Quail fault zone project to the surface near the
southeastern contact of the Ordovician—Silurian Ellisville Granodi-
orite pluton tail (or neck) with gneiss of the Ordovician Chopawam-
sic Formation. This contact has a northeast strike and southeast dip
(similar to that of the Quail fault zone), and ongoing field studies
indicate repeated Paleozoic to Cenozoic fault deformation in the
area (Burton et al., 2014, this volume).

The 2011 Mineral earthquake occurred near a slight bend in
strike of geologic units (Fig. 5). This association suggests that, if
dip angles are relatively constant, preexisting fault segments having
slightly different resolved shear-stress could have provided a trig-
ger point for the seismic moment release. The evidence for clusters
of aftershocks on preexisting geologic features identified by linear
radiometric potassium anomalies, including the Harris Creek fault,
further suggests that optimally oriented preexisting structures, locally
modified stresses, and/or local rheological strength contrasts could
have contributed to the locations of the earthquake and aftershocks.

In terms of known Paleozoic terrane-bounding faults in the
vicinity of the Mineral earthquake aftershock sequence, the Spot-
sylvania fault zone shows little if any activity, and the Chopawam-
sic fault shows none. However, more detailed geologic mapping is
needed to determine if the Fredericks Hall fault, as illuminated by
shallow aftershocks, represents an active western strand or splay of
the Lakeside fault zone, which to the south spans a width of several
kilometers and bounds the Mesozoic Farmville rift basin.
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APPENDIX. BEST-FIT PLANES FOR MAIN AFTERSHOCK CLUSTER (QUAIL FAULT ZONE)

Best-fit planes to HD aftershock data
were calculated using a principal com-
ponent analysis algorithm in Matlab
(www.mathworks.com). Circles repre-
sent events and dots represent their pro-
jections to the best-fit plane. Left images
show plan view; right images show the
downdip vertical cross section. Axis
units show projected coordinates in km
(a local Mercator projection was used).
For vertical slices, which are oblique
to the east-west and north-south axes,
the axes can be distinguished by their
ranges. East-west coordinates range
from —1 to 7 km, and north-south coor-
dinates range from 81 to 90 km. Root
mean squared error (RMSE) includes a
term for number of observations; note the
decrease in RMSE for the split between
two planes designated plane 1 (north-
east part) and plane 2 (southwest part).
(A) All events including shallow northwest
cluster: strike = 34.8368, dip = 48.4005,
RMSE = 0.35455, mean of residuals =
0.16879, 0.11747. (B) All events exclud-
ing shallow northwest cluster: strike =
35.2969, dip = 50.7036, RMSE = 0.3558,
mean of residuals = 0.17456, 0.12358.
(C) Northeast part (plane 1): strike =
47.047, dip = 58.6837, RMSE = 0.2731,
mean of residuals = 0.12483, 0.13408,
0.11145. (D) Southwest part (plane 2):
strike = 29.4264, dip = 61.5795, RMSE =
0.228, mean of residuals = 0.13727,
0.077433, 0.085291.
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