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ABSTRACT

This dissertation focuses on two different types of responses of Earth; that is, seismic and
electromagnetic, and aims to better understand Earth processes at a wider range of scales
than those conventional approaches offer.

Electromagnetic responses resulting from the subsurface diffusion of applied electromagnetic
fields through heterogeneous geoelectrical structures are utilized to characterize the under-
lying geology. Geology exhibits multiscale hierarchical structure which brought about by
almost all geological processes operating across multiple length scales and the relationship
between multiscale electrical properties of underlying geology and the observed electromag-
netic response has not yet been fully understood. To quantify this relationship, the electro-
magnetic responses of textured and spatially correlated, stochastic geologic media are herein
presented. The modelling results demonstrate that the resulting electromagnetic responses
present a power law distribution, rather than a smooth response polluted with random,
incoherent noise as commonly assumed; moreover, they are examples of fractional Brown-
ian motion. Furthermore, the results indicate that the fractal behavior of electromagnetic
responses is correlated with the degree of the spatial correlation, the contrasts in ground elec-
trical conductivity, and the preferred orientation of small-scale heterogeneity. In addition,
these inferences are also supported by the observed electromagnetic responses from a fault
zone comprising different lithological units and varying wavelengths of geologic heterogeneity.

Seismic signals generated by aftershocks are generally recorded by local aftershock networks
consisted of insufficient number of stations which result in strongly spatially-aliased after-
shock data. This limits aftershock detections and locations at smaller magnitudes. Following
the 23 August 2011 Mineral, Virginia earthquake, to drastically reduce spatial aliasing, a
temporary dense array (AIDA) consisting of ∼200 stations at 200-400 m spacing was de-
ployed near the epicenter to record the 12 days of the aftershocks. The backprojection
imaging method is applied to the entire AIDA dataset to detect and locate aftershocks. The
method takes advantage of staking of many seismograms and improves the signal-to-noise
ratio for detection. The catalog obtained from the co-deployed, unusually large temporal
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traditional network of 36 stations enabled a quantitative comparison. The aftershock cata-
log derived from the dense AIDA array and the backprojection indicates event detection an
order of magnitude smaller including events as small as M–1.8. The catalog is complete to
magnitude –1.0 while the traditional network catalog was complete to M–0.27 for the same
time period. The AIDA backprojection catalog indicate the same major patterns of seismic-
ity in the epicentral region, but additional details are revealed indicating a more complex
fault zone and a new shallow cluster. The b-value or the temporal decay constant were not
changed by inclusion of the small events; however, they are different for two completeness
periods and are different at shallow depth than greater depth.
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GENERAL AUDIENCE ABSTRACT

This dissertation revolves around two ends of geophysics: seismology and electromagnetics.

The electromagnetic method of exploration geophysics aims to characterize the underlying
geology by evaluating the electromagnetic responses resulting from the interaction between
the applied electromagnetic fields and the subsurface electrical properties. In case of rough
geology comprising heterogeneity at every scale, the electromagnetic responses are more com-
plicated than the response of a piecewise smooth Earth structure. Most analyses treat the
responses of small-scale heterogeneities as random, uncorrelated noise. Here, more realistic
geologic models comprising spatially-correlated, fine-scale heterogeneities are incorporated
into electromagnetic modeling to better understand the relationship between the causative
multiscale geoelectrical heterogeneities and the electromagnetic responses. The numerical
results indicate that these electromagnetic responses are not random as commonly assumed,
in contrast, they are repeatable and fractally distributed presenting spatial fluctuations that
appear on all length scales. Moreover, the numerical results indicate that the fractal be-
havior of electromagnetic responses is correlated with the degree of the spatial correlation,
the contrasts in ground electrical conductivity, and the preferred orientation of small-scale
heterogeneity. In addition, the analysis of the observed electromagnetic responses from a
fault zone comprising multiscale heterogeneity also support these inferences.

Seismic signals generated by aftershocks are generally recorded by local aftershock networks
consisted of insufficient number of stations which result in strongly spatially-aliased after-
shock data. This limits aftershock detections and locations at smaller magnitudes. Following
the 23 August 2011 Mineral, Virginia earthquake, to drastically reduce spatial aliasing, a
temporary dense array (AIDA) consisting of ∼200 stations at 200-400 m spacing was de-
ployed near the epicenter to record the 12 days of the aftershocks. The backprojection
imaging method is applied to the entire AIDA dataset to detect and locate aftershocks. The
method takes advantage of summing of many seismograms and improves the signal-to-noise
ratio for detection. The catalog obtained from the co-deployed, unusually large temporal
traditional network of 36 stations enabled a quantitative comparison. The aftershock cat-
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alog derived from the dense AIDA array and the backprojection indicates event detection
an order of magnitude smaller. The AIDA backprojection catalog indicate the same major
patterns of seismicity in the epicentral region, but additional details are revealed indicating
a more complex fault zone and a new shallow cluster. The decay of aftershock rate and the
distribution of earthquakes with respect to the magnitude do not show a significant change
by inclusion of the small events; however, they differ at shallow and greater depth, and for
different completeness periods.
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Introduction 2

This dissertation focuses on two different types of responses of Earth; that is, seismic and

electromagnetic, and aims to reveal more information regarding the underlying geology be-

yond the resolution limit that conventional approaches offer.

1.1 Electromagnetic responses

over multi-scale heterogeneous media

Electromagnetic methods of geophysical exploration are used to map variations in electrical

conductivity of the subsurface. The electromagnetic responses resulting from the diffusion of

induced electromagnetic fields through geoelectrical structures are assessed to characterize

the underlying geology. The electromagnetic methods can be carried out in frequency or

time domain, and employ either active (controlled-source) or passive sources. Nowadays,

the controlled-source electromagnetic systems allow to operate in land, airborne, marine and

borehole environments, and have a wide range of applications including geological imaging

(Everett and Edwards, 1993), mining studies (Meju, 2002), hydrocarbon exploration studies

(Edwards, 1988; Eidesmo et al., 2002; Wilt and Alumbaugh, 1998), environmental studies

(Tezkan, 1999), and hydrogeological studies (Meju et al., 2002), etc.

Almost all geological processes (sedimentary, igneous and metamorphic), that show spatial

and temporal variability, operate across multiple length scales from the mineral scale to

the continental scale. The resulting underlying geology is therefore inherently rough and

comprises heterogeneity at every scale. The electromagnetic diffusion process through a

piecewise smooth Earth structure is well described by the familiar Maxwell equations; how-

ever, the relationship between the causative multiscale geoelectrical heterogeneities and the
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electromagnetic responses has not yet been fully clarified.

Most studies treat fine-scale heterogeneities too small to be individually modelled as ran-

dom and uncorrelated (white) noise. In contrast, the observational controlled-source electro-

magnetic study of Everett and Weiss (2002) indicated that underlying geology comprising

geoelectrical heterogeneity produces correlated, repeatable electromagnetic responses whose

spatial fluctuations span multiple length scales. Moreover, they showed that these electro-

magnetic responses are examples of fractional Brownian motion, a class of non-stationary

signals (Mandelbrot and van Ness, 1968). Conventional modeling approaches oversimplify

the multiscale heterogeneity of Earth structure as a coarse, piecewise smooth medium and

do not enable to account for the responses of small-scale heterogeneities. This results in a

lack of understanding of the relationship between the roughness of EM responses and the

roughness of the causative geoelectrical structure, and can lead misinterpretations.

Chapter 2 focuses on developing a better understanding of the relationship between mul-

tiscale electrical properties and the observed electromagnetic responses. Fine-scale het-

erogeneities produced by spatially correlated rock textures are incorporated into classical

controlled-source electromagnetic forward modeling. Conductivity models possessing dif-

ferent directions and correlation lengths of small scale heterogeneity are considered. The

power-density functions of the resulting electromagnetic responses are examined to better

understand the fractal properties of these responses. In addition, a real data example from

a fault zone that is a good representative of multiscale hierarchical structure is presented.

A version of this manuscript was published as Beskardes, G.D., Weiss C.J. and Everett

M.E., 2017. Estimating the power-law distributions of Earth electrical conductivity from
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low-frequency, controlled source electromagnetic data, Geophysical Journal International,

208, no. 2, pp. 639–651.

1.2 Imaging aftershocks by using dense arrays

Earthquake rupture changes stress and cause aftershocks to occur in regions where stress

increases (King et al., 1994). Aftershocks provide valuable information about the complex ge-

ometry of the main shocks rupture plane and the spatiotemporal distribution of the released

tectonic stress. Regardless of their weak energies, they can sometimes be more damaging

than the mainshock since they shake already weakened structures. Therefore, studying af-

tershock sequences is important to better understand earthquake sources, spatiotemporal

evolution of stress and postseismic strain as well as future seismic hazards.

Aftershocks are generally recorded by local permanent seismic networks consisted of a few

dozen stations. The sparse distribution of traditional network stations result in spatially

aliased records of earthquake wavefields and consequently, limits aftershock detections at

smaller magnitudes as well as attainable accuracies of aftershock locations. The resultant

aftershock catalogs derived from these traditional network datasets are inherently incomplete

and therefore, do not properly delineate active fault zones. On the other hand, well-sampled

aftershock datasets enable to capture non- or weakly aliased earthquake wavefields rather

than isolated waveforms, and enable detections for small magnitude and low signal-to-noise

events through trace-to-trace correlation. Moreover, such datasets allow to employ array

analysis methods (e.g. Davenport et al., 2015, Quiros et al., in press). It is feasible to

image real earthquake sources at higher spatial resolution compared to traditional location
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algorithms, by using reflector imaging methods such as migration or back-projection (e.g.

McMechan, 1982; McMechan, 1985; Ishii et al., 2005). The aftershock catalogs derived from

densely-sampled aftershock data and such imaging methods has great potential to produce

a more complete characterization of seismicity that allows to better delineate earthquake

source processes, detailed fault geometries, the evolving state of stress, dynamic and static

stress triggering, and the geologic features that control stress and strength.

The Mw5.8 earthquake occurred on 23 August 2011 near Mineral, Virginia. This event was

the most widely-felt earthquake in US history. Shortly after the main shock, to illustrate the

merits of dense arrays, a local dense (AIDA) array was deployed over the main shock and

primary aftershock cluster (Davenport et al., 2015; Quiros et al., in press). The AIDA array

of ∼ 200 closely-spaced, single-component seismographs recorded 12 days of the aftershock

sequence.

The backprojection method is a simultaneous earthquake detection and location algorithm.

Compared to single-seismogram detection algortihms, the primary advantage of using this

method is its capability to improve the signal-to-noise ratio of the weak aftershocks by

stacking of many seismograms, and consequently to detect events that can not be picked

on individual seimograms. Therefore, the backprojection method has become a common

approach for dense array datasets to produce earthquake catalogs. Its applications comprise a

wide range of magnitude scales and interests including induced micoseismicity (e.g., Vlček et

al., 2015), tectonic microseismicity (e.g., Hole et al., 2014, Ben Zion et al., 2015) and volcano

seismicity (e.g., Langet et al., 2014) and induced seismicity associated with wastewater or

CO2 injection, stimulation in enhanced geothermal energy systems, and mining rock-burst
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hazard studies.

Chapter 3 starts with an overview of the influence of the seismic array, noise, and velocity

model in the scope of backprojection approach. The main objective of the chapter is to

continuously and automatically back-project the entire dataset recorded by the dense AIDA

array to fully take advantage of stacking to detect and locate the smallest possible events.

Four previously-used, pre-processing backprojection approaches are considered. Their per-

formances for detection and location are evaluated towards an efficient and robust strategy

for automated backprojection process.

Chapter 4 presents the results of the 12-day aftershock catalog derived from the AIDA

array and automated back-projection, including spatial-temporal patterns of seismicity, the

earthquake statistics as well as a quantitative comparison with the catalog obtained from

the co-deployed, unusually large temporal traditional network of 36 stations.
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Abstract

Electromagnetic responses reflect the interaction between applied electromagnetic fields and

heterogeneous geoelectrical structures. Quantifying the relationship between multiscale elec-

trical properties and the observed electromagnetic response is therefore important for mean-

ingful geologic interpretation. We present here examples of near-surface electromagnetic

responses whose spatial fluctuations appear on all length scales, are repeatable and fractally

distributed, supporting the notion of a “rough geology” exhibiting multi-scale hierarchical

structure. Bounded by end member cases from homogenized isotropic and anisotropic me-

dia, we present numerical modeling results of the electromagnetic responses of textured and

spatially-correlated, stochastic geologic media, demonstrating that the electromagnetic re-

sponse is a power law distribution, rather than a smooth response polluted with random, in-

coherent noise as commonly assumed. Our modeling results show that these electromagnetic

responses due to spatially-correlated geologic textures are examples of fractional Brownian

motion. Furthermore, our results suggest that the fractal behavior of the electromagnetic

responses is correlated with degree of the spatial correlation, the contrasts in ground con-

ductivity, and the preferred orientation of small-scale heterogeneity. In addition, the EM

responses acquired across a fault zone comprising different lithological units and varying

wavelengths of geologic heterogeneity also support our inferences from numerical modeling.
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2.1 Introduction

Electromagnetic (EM) methods of geophysical exploration are diagnostic of the spatial and,

sometimes, the temporal variability in ground electrical conductivity, a macroscopic physical

property that is a function of many parameters including lithology, pore-scale surface chem-

istry, fracture networks, and the presence and distribution of fluids. When an EM source is

applied, the Earth’s macroscopic response is a multi-scale integration of the effects of charges

that build up at conductivity gradients and contrasts, and currents that follow specific path-

ways in accordance with the bulk electrical properties of the medium. Most geophysicists

agree that the underlying geology is inherently rough, containing multi-scale structure (e.g.,

Weiss and Everett, 2007; Barton and Zoback, 1992; Pilkington and Todoeschuck, 1993; Bai-

ley and Smith, 2005; Aharonov and Rothman, 1996; Radlinski et al., 1999; Schlager, 2004;

Acocella and Neri, 2005; and Purkis et al., 2005); with some but not all of them embrac-

ing a fractal viewpoint. While low-frequency EM induction in an idealized piecewise smooth

Earth is well described as a diffusion process by the familiar Maxwell equations, in the case of

a rough geological medium containing long-range-dependent heterogeneity, the relationship

between multi-scale electrical properties and the EM responses has not yet been fully clar-

ified. Fine-scale heterogeneities too small to be individually modeled have been treated as

random and uncorrelated (white) noise in most analyses, i.e. the same as random instrumen-

tal or environmental effects. In contrast, based on previous observational controlled-source

EM (CSEM) studies, subsurface geology comprising a self-similar distribution of electrical

conductivity produces correlated, reproducible fluctuations of CSEM responses which are

examples of fractional Brownian motion (fBm), a class of non-stationary signals (Everett
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and Weiss, 2002). Multi-scale hierarchical geoelectrical structure is ubiquitous and its ef-

fects on CSEM responses cannot be properly modeled with traditional approaches based on

coarse, piecewise smooth representations of Earth structure. This oversimplification has long

contributed to a lack of understanding and, ultimately, has limited acceptance of the CSEM

method as a viable and robust tool in exploration, solid Earth, environmental and other

disciplines of geophysics. Herein we discuss methods that can directly introduce multi-scale

heterogeneities into CSEM forward modeling. Our results provide an improved understand-

ing of observed CSEM responses which should lead to a greater embrace of the method across

a broad spectrum of geophysicists.

In geosciences, fractal concepts have been widely used in seismicity and volcanology as well

as geomorphological and hydrogeological studies (Turcotte, 2007). Moreover, studies which

refer to the fractal properties of multi-scale heterogeneity have recently been introduced in

the geophysical literature. Nyquist and Boufadel (2008) developed scale-dependent models

for characterizing the background geologic noise referring to small-scale heterogeneities in

magnetic prospecting data, and White et al. (2002) analyzed the statistical properties of

small-scale scatterers in magnetotelluric (MT) data. For the CSEM method, Everett and

Weiss (2002) showed that observed CSEM responses can be represented as fractal signals due

to the inherent and ubiquitous roughness of geology and placed an emphasis on the need for

multi-scale analysis to develop rough geology models that would permit easier recognization

of its CSEM signature. Benavides and Everett (2005) reaffirmed the aforementioned finding

that spatial fluctuations due to rough geology spanning multiple length scales on CSEM

responses are coherent and exhibit a fBm behavior; moreover, they showed some promising

results based on wavelet transforms and variograms regarding man-made target detection
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and localization. While their work attempts to separate target EM responses from rough

fBm signal caused by geologic background, Ge et al. (2012, 2015) incorporates the roughness

of geological medium directly into EM fractional diffusion modeling as a model parameter

to assess the EM responses due to subsurfaces with multi-scale fractures. Recently, Weymer

(2016) used the CSEM method to characterize large-scale framework geology controls on

barrier island morphology. His statistical analyses for evaluating short- and long-range corre-

lations (multivariate analysis and ARIMA) demonstrated that CSEM responses are governed

by long-range dependence effects. Even though the studies mentioned herein are encourag-

ing, discriminating the signatures of small-scale heterogeneities overlain by the responses due

to resolvable large scale heterogeneities is still challenging, owing to unclear linkage between

the statistical properties of multi-scale heterogeneity and their correspondence to measurable

physical parameters.

Realistic subsurface geometries can be represented as the superposition of geologic rock

types spanning multiple length scales. For example; spatial-correlated textures are evident

in sedimentary rocks due to different depositional histories or the development of complex

fracture networks (Korvin, 1992), or can be seen in metamorphic rocks formed at elevated

temperatures and/or high pressure due to lineations, foliations, etc. Across all scales, the

corresponding electrical conductivities of the spatial-correlated geologic textures in rocks

should generate long-range-dependent, or fractal-like EM responses. This is not surprising

in view of the fact that a fractal signal is simply a realization resulting from a fractional filter

applied to a linear time-variant excitation (Li, 2009). To demonstrate the applicability of this

concept in electromagnetic geophysics, Everett and Weiss (2002) collected CSEM responses

across a floodplain and a fractured sandstone aquifer that are both strongly heterogeneous
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at every scale from the smallest (∼ 1 m, intercoil spacing) to the largest (∼ 100 m, length

of survey profile) scales probed. The floodplain responses were acquired using an azimuthal

geometry with the transmitter loop fixed at the center of a circle, and with the receiver coil

moving to different stations along the circumference; whereas the sandstone aquifer responses

were acquired along a linear survey profile while keeping a fixed transmitter-receiver offset.

The authors examined the power spectral density (PSD) functions of the CSEM responses

and their spatial increments, and showed that they exhibited power-law distributions in the

wavenumber domain. The PSD’s power-law relation indicates a fractal property that is

different from uncorrelated and random noise (Everett and Weiss, 2002). The responses are

examples of fBm, a class of non-stationary signals that describe self-similar processes with

long-range correlations (Mandelbrot and van Ness, 1968).

In this paper, we mainly focus on developing a better understanding of the relationship

between the roughness of EM responses and the roughness of the causative subsurface varia-

tions in ground conductivity. We examine herein, using numerical modeling, the appearance

in CSEM responses of multi-scale heterogeneities produced by spatially-correlated rock tex-

tures. Lineations and foliations in rock are modeled as multi-scale geologic textures. A line

integral convolution algorithm is used to generate synthetic, textured 3D ground conduc-

tivity models representing spatially-correlated distributions. The CSEM responses for these

synthetic conductivity models are calculated using a 3D finite difference algorithm (Weiss,

2013) and the appearance of multi-scale heterogeneities in the resulting CSEM responses is

examined via PSD analysis. Our results show that the PSDs of synthetic CSEM responses

over both the lineated and the foliated models present a power-law relation, indicating a fBm

nature. Furthermore, our numerical models suggest that the fractal parameters of the CSEM
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responses are controlled by the degree of the spatial correlation, the contrast in ground con-

ductivity, and the direction of fine-scale heterogeneities. In addition, we present herein a

real data example from a fault zone that is a good representative of multi-scale hierarchical

structure. The PSDs of the observed EM data also exhibit fractal behavior and support

our inferences from numerical modeling. The results of this paper suggest a viable physical

mechanism for explaining observed CSEM responses across a variety of natural geological

settings.

2.2 Geologic Model Construction - Line Integral Con-

volution (LIC)

One method for generating electrical conductivity models with complex 3D lineation textures

is the line integral convolution (LIC) method (Cabral and Leedom, 1993, Shen and Kao,

1998). Its ostensible purpose is to visualize vector fields. The algorithm is a convolution

of a vector field with a 3D white-noise scalar field, the resulting volume being an image of

the defined vector field. Here we apply this visualization technique to construct a textured

scalar field. Folded sedimentary beddings (Hobbs and Ord, 2014), metamorphic fabrics (such

as lineation, foliation, cleavage etc.), or power-law distributed fracture networks (Fagereng,

2011) can be generated by LIC by selecting an appropriate underlying vector field.

In the LIC algorithm, the nodes of a regular grid are initially populated (Fig. 2.1a) with

random numbers on the interval (0,1). With a vector field whose streamlines represent the

direction and tortuosity of the geologic texture to be modeled, the initial grid is convolved

(Figs 2.1b and 2.c) along segments of these streamlines, where the length of the convolution



Power-law distribution of Earth electrical conductivity 17

segment N reflects the spatial extent of correlation (Fig. 2.1d) in the lineation direction.

Large convolution length produces smoother lineation texture, and increased amount of

spatial correlation.

For definiteness, we focus herein on lineations in metamorphic rock as generators of fine-scale

geological heterogeneity, but our methods apply equally to sedimentary bedding, fracture

networks and other generators of geological texture. To explore ground conductivity models

possessing spatially-correlated metamorphic fabric, we vary the direction and the correla-

tion length of small-scale heterogeneity. To investigate the effect of the direction of the

small-scale heterogeneity, we generate unidirectional as well as azimuthal (circular) lineated

models by the LIC algorithm (with correlation length N = 10, Fig. 2.2). The unidirectional

lineations are fully uncorrelated in the other directions except the lineation direction. We

also construct the same lineated models but with a higher spatial correlation length (N = 40)

to better understand its effect on the resulting CSEM responses. As an initial input to the

LIC algorithm, a random (white noise) field (N = 1) is populated with a conductivity range

of [0.1 S/m, 1 S/m]. Additionally, traditional foliated conductivity models are built as a

sequence of parallel sheets of random thickness and conductivity, without using the LIC

algorithm (Fig. 2.2d). The chosen conductivity range may correspond to graphitic schist,

clay, alluvium with highly conductive fluids (salt water, water contaminated by inorganic

solvents, etc.), magnetite (neglecting its magnetic properties, i.e. µ ≠ µ0), etc. Further, rep-

resentative conductivities of rocks that show fractal properties, such as self-similar fractures,

lineations or foliations, etc. vary in the range of about 0.00001 S/m to 0.1 S/m.
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2.3 CSEM Responses

The computation of CSEM responses of the textured 3D conductivity models is performed

using a recently-developed, broad-band finite difference algorithm for discretization and so-

lution of the Maxwell equations that accommodates the full physics of field propagation

by including the effects of heterogeneity in electrical conductivity, polarization, relaxation

and chargeability subject to arbitrary grounded, or inductively-coupled, compact and plane

wave sources (Weiss, 2013). The method works by discretizing the model domain into a rec-

tilinear Cartesian mesh, on whose edges and nodes reside the mimetic staggered “Yee” grid

components of the Lorenz-gauged magnetic vector potential and electric scalar potential,

respectively (Yee, 1966). The coupled system of potentials, which constitute the solution to

a sparse system of linear equations, is found iteratively using a matrix-free implementation

of the Quasi-Minimal-Residual (QMR) method for complex symmetric coefficient matrices

(Freund and Nachtigal, 1991). The matrix-free aspect yields a reduction in memory storage

requirements from 64M3 to 24M3 on an M ×M ×M node mesh with no negative impact on

computation throughput (Weiss, 2001).

The CSEM responses are herein simulated to model an EM-34 survey (McNeill, 1980); how-

ever, EM-34 specificity is not required and any CSEM system can be selected for modeling.

The EM-34 utilizes two coils. One coil operates as a transmitter (TX) and the other one

operates as a receiver (RX). An alternating electrical current at a specified frequency passes

through the transmitter coil, creating an alternating magnetic field (“primary field”) of the

same frequency. Because of its time-dependence, the primary field induces current to flow

in the subsurface at depth according to its electrical conductivity. The induced current gen-
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erates a weaker magnetic field (“secondary field”) which is inferred from measurements at

the receiver coil. Over a uniform halfspace and at low frequencies, i.e. for intercoil spacings

much less than the skin depth such that the low-induction number approximation holds

(McNeill, 1980), the ratio of the quadrature secondary to the (real) primary magnetic field

is directly proportional to the ground conductivity. Hence, for a fixed primary field intensity

at the receiver coil, variations in quadrature (Im) magnetic field are a direct proxy measure

for reported values of apparent conductivity from low-induction-number survey/profiling

instruments (McNeill, 1980).

In our simulations, the EM-34 transmitter in ”vertical dipole” mode is approximated by a

square current loop of 0.75-m lying directly on the air-earth interface at the origin of the

computational grid. The loop is excited with an alternating current of amplitude 1.0 A at

frequency 1600 Hz. Instead of circular coil that is utilized by EM-34 ground conductivity

meter in real applications, we here consider a square current loop that is computationally

easier to define due to its filaments coincident with the edge of the primal finite volume mesh,

knowing that the resulting vertical magnetic dipole does not depend strongly on the shape

of current loop and each current loop can be simply expressed in forms of an integration of

vertical magnetic dipoles over the area of itself. Here, it should be noted that it is feasible to

compare the simulated EM fields as a result of a square loop excitation to observed EM-34

data (the EM-34 benchmark example; Weiss, 2013).

The conductivity model is discretized using a 400×400×50 interior uniform mesh with cell-size

0.75 × 0.75 × 3 m, within the limits of [−150 m,150 m], [−150 m,150 m] and [0 m,−150 m]

in the x,y and z directions, respectively. The EM-34 survey profile is designed using a
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circular RX path with fixed TX at the center. This is done to avoid any effect of the

direction of the survey profile relative to the lineation direction. For each model, both the

ground conductivity (σtrue) and the resulting CSEM responses (herein reported in the form

of apparent ground conductivity, σtrue) are sampled at the cell-size of the calculation mesh

along the circular paths for 10, 40 and 80 m intercoil spacings.

Before going further with the analysis, we tested whether there is an equivalent classical

halfspace which produces the same CSEM response as the lineated heterogeneity constructed

by LIC. We manually searched for the equivalent homogeneous medium whose EM response

best fits the response of the unidirectional lineated model (N = 5, Fig. 2.3). Even though we

repeated the process for a different lineated model with a longer correlation length (N = 40),

in both cases, either the near-offset response fits, or the far-offset response fits, but not both.

This result indicates that there is no equivalent halfspace representation for the LIC lineated

models tested. Moreover, the responses of the lineated models qualitatively resemble an

intermediate response in comparison with the end-member responses of the two homogeneous

models that bound the conductivity range of the lineations (Fig. 2.4). This is because while a

homogeneous medium does not possess a broad spectrum of scale variation of heterogeneities,

the LIC models comprise spatial correlations spanning multiple length scales that result in

averaging at different length scales by the diffusion process.

2.4 Results

As a more quantitative approach, we examine CSEM responses of models containing spatially-

correlated, small-scale heterogeneity using a power spectral density (PSD) analysis. In the
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spatial domain, the PSD shows the power of a signal as a function of wavenumber. We use a

1D Fast Fourier Transform (FFT) to decompose both the CSEM responses and the ground

conductivities, sampled along the survey profile, into their wavenumber components. We

find that the PSDs both present a power-law behavior, i.e. they are linear on a log-log plot.

A power-law relation can be expressed in the form ∣A(k)∣2 ∝ kβ where A is the amplitude

of the decomposed signal at the given wavenumber k and β is the spectral index or expo-

nent (Eke et al., 2000). The β exponent describes the heterogeneity of the signal and is a

measure of “roughness”. Fractal signals with ∣β∣ < 1 are defined as fGn; they have constant

variance at all sample points, which classifies them as stationary signals. The PSDs of the

ground conductivity profiles suggest that LIC-constructed models are examples of fGn; i.e.

not fractal (self-similar) but nevertheless representative of spatially-correlated, small-scale

heterogeneity (Fig. 2.5). On the other hand, the PSDs of the CSEM responses reveal that

they are non-Gaussian fractal signals. The lack of stationarity associated with fBm is char-

acterized by the condition of 1 < ∣β∣ < 3 (Eke et al.,2000). An fBm signal can be recognized

by its stationary (fGn) increments with no significant long-range dependence. The mean of

the CSEM responses is irregular and fluctuates along a profile (Fig. 2.5), while the mean

value of the increments is stationary with zero mean (Fig. 2.6) over an entire profile; thereby

indicating that the CSEM responses are fBm. It should also be noted that the spatial cor-

relations of geologic fabric result in strong cyclic behavior of the CSEM responses, which is

not surprising given that the governing (frequency domain) Maxwell second-order differen-

tial equations connecting the ground electrical conductivity to the EM response operate as

a smoothing filter. This idea is best captured by the statement well-known to geophysicists:

The Earth acts as a low-pass filter. Further, the PSDs bring out an important point that
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not necessarily self-similar Earth models, but rather a wider class of spatially-correlated

multi-scale heterogeneity, may produce fractal-like EM responses.

In the following section, we delve further into the fBm behavior of CSEM responses due

to spatially-correlated, small-scale heterogeneity by examining the β (roughness) values in

more detail.

2.5 Analysis

Herein, we present a graphical summary of the roughness (β values) of both the CSEM

responses and their causative ground conductivities (Fig. 2.7). We obtain the β value from

the slope of the best-fit line on the PSD log-log plot. This has been done for both the

CSEM and the ground conductivity profiles belonging to simulated EM34 experiments for

offsets in the range 10 − 80 m. The ∣β∣ < 1 values of the ground conductivity PSDs signify

that the conductivity models are not fully fractal exhibiting long-range dependence, but

represent spatially-correlated fGn (Fig. 2.7). On the other hand, the ∣β∣ > 1 values for the

CSEM PDSs indicate that power is concentrated at smaller wavenumbers rather than spread

across the entire spectrum, as it would be in the case of random (white) noise. This result

implies that, in the presence of spatially-correlated, multi-scale heterogeneity, the random

noise assumption as commonly used for the fluctuations of CSEM responses is not valid.

For unidirectionally-lineated models (such as N = 10,40), where lineation is not along the

circular survey profile, our results suggest that lineated models with different correlation

lengths i.e., 7.5 and 30 m, have similar roughness values. This implies that correlation length
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does not significantly affect the degree of the roughness of the CSEM responses for cross-

lineation profiles. However, for the circular-lineated models, where the direction of lineation

is along the profile, our results indicate that the roughness of the CSEM fluctuations are

distinguishably different in accordance with the correlation length of lineations (N = 10 vs.

N = 40): the longer correlation length of the lineation results in smoother CSEM responses.

Based on the comparison of unidirectional and circular-lineated models, it can be inferred

that the direction of the lineation plays an important role in determining the fractal behavior

of a CSEM response. For foliated models which have the same directivity but have much more

dramatic and sharp contrasts in small-scale heterogeneity, in comparison with unidirectional

lineated models, it is evident that the resulting CSEM responses are considerably more

rough and their β values are beyond the fractal limit (3 < ∣β∣). This indication suggests that

not only the correlation length but also the contrast in ground conductivity of small-scale

heterogeneity may contribute to the degree of the roughness of the CSEM responses.

Overall, our results show that the degree of the spatial correlation, the direction of lineation,

and the contrast in ground conductivity of the small-scale heterogeneity directly affect the

fractal signature of the CSEM response. Particularly, the correlation length has more con-

trol on the roughness for along-lineation profiles while the contrast in ground conductivity

becomes more important for cross-lineation profiles.

2.6 EM Survey Near Mason, Texas

The field site is located on the Edwards Plateau of central Texas, specifically, at the western

margin of the Llano Uplift, a ∼ 9000 km2 geologic dome comprised of exposed Precambrian
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granite, gneiss and schist formations. The Precambrian history of the uplift is described by

Levine and Mosher (2010). It is widely believed to have originated with the Mesoproterozoic

Grenvillian collision 1.15− 1.2 Ga between Laurentia and a southern continent, possibly the

Kalahari craton, during assembly of supercontinent Rodinia (Dalziel et al., 2000; Reese et

al., 2000). The syntectonic and post-tectonic intrusion of granites into the folded metamor-

phic terrain is thought to have been initiated by the eventual breakoff of the subducting

Laurentian slab (Mosher et al., 2008) at 1.12 − 1.07 Ga.

The sandstones overlying the Precambrian formations at the field site were deposited at

∼ 530 Ma during the early part of the widespread Cambrian-Ordovician marine transgres-

sion. According to a first hypothesis, the sandstones were later fractured and faulted in a

predominantly NE-SW alignment due to lithospheric plate flexure, likely during the Penn-

sylvanian (Becker, 1985) as a direct consequence of the Ouachita orogeny. According to

a second hypothesis (Amsbury and Haenggi, 1993), the steeply dipping Pennsylvanian-age

faults are predominantly strike-slip and caused by brief episodes of north-south compression

that sliced the central Texas craton into blocks.

The field site is located within the Mason Mountain Wildlife Management Area (MMWMA)

∼ 12 km north of the town of Mason, Texas. Electromagnetic loop-loop data at 0.25 m station

spacing and 8 kHz frequency were acquired using the GSSI EM-Profiler (GSSI, 2016) along

two profiles (Fig. 2.8) that cross a NE-SW steeply dipping normal fault, comprising a half-

graben, that has been previously mapped by Helper (2006). The footwall to the northwest is

composed of Precambrian age Town Mountain granite (Fig. 2.9a) while the hanging wall to

the southeast is composed of Cambrian age Hickory sandstone. The footwall and the fault
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zone also contains abundant Precambrian marble (Fig. 2.9b), an important component of

the Packsaddle Schist formation.

The Hickory Sandstone is comprised of fluvial, marine and shoreline transgressive strata

(Randolph, 1991) and is organized into upper, middle and lower units. The lower Hickory

quartz sandstone unit is light brown, medium to coarse-grained, poorly-sorted, and friable to

weakly-cemented. The middle Hickory sandstone is, on average, finer-grained, better-sorted,

and more thinly-bedded with common laterally extensive siltstone and shale interbeds. The

upper Hickory quartz sandstone is red to maroon, coarse-grained, well-rounded, moderately

well-sorted, with abundant iron-oxide ooids and cement.

The first EM data profile A−A′ runs north-south for ∼ 340 m and, from the trail intersection,

bends first to the southwest and then to the west for the final ∼ 295 m. The second profile

B−B′ runs east-west for ∼ 220 m. The surface trace of the fault zone is shown by the dotted

lines and crosses both profiles at approximately 45○. The fault zone where it crosses profile

A−A′ at ∼ 100 m north of the trail intersection is well-defined by surface exposures of marble

and is ∼ 20 m wide. The fault zone appears to be wider, ∼ 80 m, but is less well-defined

where it crosses profile B−B′ at ∼ 65 m west of the trail intersection. The sandstone portions

of profiles A −A′ and B −B′ contain the lighter-colored lower and middle units (Fig. 2.9c)

with the exception of a minor outcrop of the maroon-colored upper unit 10 − 20 m to the

north of the trail intersection and, in the southwest-trending portion of profile A−A′, a more

extensive ∼ 130 m-wide zone of weathered maroon soil (Fig. 2.9d) likely sourced from the

upper unit.

To examine our previous inferences from the modeling results, we consider the Mason EM
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dataset for PSD analysis. The PSD β values of both apparent ground conductivity profiles

fall within the fBm limit with their stationary increments (Figs 2.10a and b). The β slopes of

−2.530 and −2.261 do not present a significant difference regarding to directionally-varying

geologic roughness for these perpendicular profiles. In addition, we also consider PSD β

slopes of each lithologic zone along the perpendicular profiles for a relative and stochastic

comparison of geologic heterogeneity of these units (Fig. 2.11). The β slopes along each

profile vary around the slope value of entire profile implying that the survey length determines

the relative contribution of short and long wavelengths to the spectrum (Figs 2.10c and d).

Moreover, our PSD analysis show that not only the entire profiles but also each lithologic

unit itself exhibits a fBm behavior reflecting a multi-scale heterogeneous nature. Especially,

the fault zone (marble) on the Profile B − B′, where the zone gets wider, shows relatively

higher β value comparingly with its neighbour lithologic units, referring to a higher degree

of spatial correlation or self-similarity of the fractures within the fault zone as pointed out

by our modeling results. Further, significantly higher β value of the granite zone on the

Profile A−A′ comparingly with the granite zone on the Profile B −B′ suggests a directional

variation in the geologic roughness of the granite unit; in other words, the granite may

be more fractured/damaged towards northeast, perhaps as a result of a variation in the

local stress field. However, this indication needs to be further investigated. Our spectral

inspection on the observed EM dataset herein strengthens the notion that spectral exponent

β value provides a direct inference regarding the geologic roughness and may be considered

as a parameter to characterize stochastic geologic medium.
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2.7 Discussion

Multi-scale heterogeneity is a result of the tremendous spatial and temporal variability of

geological process which operate across multiple length scales from the mineral scale to the

continental scale; it is brought about by almost all geological processes: sedimentary, igneous

and metamorphic. The relationship between the causative multi-scale geoelectrical hetero-

geneity and the CSEM response has not been completely understood due to the limited

observations and the insufficiency of traditional modeling approaches which oversimplify the

Earth structure as an idealized piecewise smooth medium. Here, we incorporate spatially-

correlated geologic heterogeneity directly into CSEM forward modeling by texturing the

Earth’s geoelectrical structure in the form of spatial correlations via the LIC algorithm.

Our modeling results show that the spatially-correlated, small-scale heterogeneities produce

power-law distributed, fractal-like EM responses like those that are observed in actual sur-

veys. Further, our results indicate that properties of small-scale heterogeneities such as the

preferred orientation, the correlation length, and the contrast in ground conductivity deter-

mine the fractal signature of CSEM responses, which may require geophysicists to re-visit

conventional interpretations of near-surface EM data. In our analysis, the power spectrum

of a CSEM response points out that the common random (white) noise assumption is not

valid whereas fractal-based interpretations are more reliable and appropriate. Further devel-

opment of mathematical models to account for the fractal-like fluctuations due to multi-scale

heterogeneity within near surface CSEM responses should substantially improve the inter-

pretation of EM survey data.

Characterizing the signature of small-scale heterogeneities is a critical step to interpret the
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EM signatures of buried targets (Benavides and Everett, 2005). Based on our results, we

suggest that a fractal analysis of EM observations might also be helpful to obtain infor-

mation about the directivity and the correlation degree of metamorphic fabric which are

direct controls on ore mineralisation and oil traps. Moreover, monitoring changes in the

roughness of EM observations over a complex fracture network may provide some informa-

tion (e.g. complementary to microseismic monitoring) regarding the extent and direction of

progressive fractures. More observational studies will give a valuable opportunity to investi-

gate the enigmatic relationship between geologic structure and spectral exponent (β value).

Ultimately, a measurement of the spectral exponent may enable a direct inference about

the roughness of the underlying geologic structure as demonstrated in the given real data

example.

Herein, we present a method to generate EM responses with dependencies over short, medium

and long-range scales, i.e. a fBm signal. The LIC algorithm provides multi-scale length

dependence of the ground electrical conductivity by convolving random noise, which pro-

vides the short-range dependence, with a deterministic trend, which provides the long-range

dependence. Furthermore, the forward-modeling step from the conductivity to the EM re-

sponse, which operates as a smoothing spatial filter over the instrument footprint, provides a

medium-range dependence. The resultant of these three processes generated fractal-like be-

havior exhibiting multi-scale dependence. The model-generating process can be adapted to

generate realistic ground conductivity models that contain both rough background geology

and buried man-made conductive targets to study the fractal statistics of CSEM responses

to improve detection and buried target classification. This topic was earlier explored by

Benavides and Everett (2005).



Power-law distribution of Earth electrical conductivity 29

In this study, we focus mainly on horizontal spatial correlation of geologic textures and

do not take account of vertical correlation. The latter would result in variations in signal

penetration depth, which should have an effect on the apparent roughness of the resulting

EM responses. By numerical modeling, an investigation of the effects of vertical spatial

correlations of heterogeneity on the power-law distributions of the EM responses would

enable a better understanding of the effective depth of the penetration in rough geological

environments.

Finally, there is a great need for further experiments to support the theoretical concepts

presented herein. Observational studies will substantially improve our understanding about

the fractional Brownian motion nature of CSEM responses. Especially, a comprehensive 3-D

dataset would provide a valuable opportunity to better clarify the linkage between geoelectric

roughness and its electromagnetic response.

2.8 Conclusions

Our study shows that EM responses due to spatially-correlated, fine scale heterogeneities

exhibit a fBm behavior agreeing with the findings of previous observations and they are much

more diagnostic than a classical halfspace’s response. Moreover, our modeling results suggest

that fractal-like EM responses may result from not necessarily self-similar, but rather a wider

class of spatially-correlated heterogeneities. Based on our PSD analyses, it is indicated that

the fBm behavior is correlated with degree of the spatial correlation, the contrasts in ground

conductivity, and the preferred orientation of multi-scale heterogeneity. In addition, the PSD

analyses of both synthetic and real data demonstrate that higher β spectral exponent values
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(1 <) correspond to higher degree of geological roughness presenting long-range dependency,

and thus suggest that β value may be used as a property to characterize stochastic geologic

medium. Finally, we highlight the need of more observational and modeling studies to

confirm the aforementioned findings as well as to better understand the signatures of multi-

scale spatially-correlated and self similar geologic features that appear on resolution-limited

geophysical EM data, and to further investigate how we can reveal information from these

signatures regarding the physical properties of rough underlying geology.
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Figure 2.1: (a) White noise populated with interval (0,1), (b) streamline along segments,
(c) LIC along the streamline path, (d) LIC models with N = 5, N = 10 and N = 20 degree of
correlation.
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Figure 2.2: (a) Random populated model, (b) unidirectional lineated LIC models with
N = 10 and N = 40 degree of spatial correlation, (c) azimuthal (circular) lineated LIC
models with N = 10 and N = 40 degree of spatial correlation, (d) foliated/sheeted model.
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Figure 2.4: Finite difference solutions of the homogeneous models with the ground con-
ductivity of 0.1 and 1 S/m and the unidirectional lineated models with N = 5 and 20 degree
of correlation which are textured in the conductivity range of 0.1-1 S/m. The first column
shows the real component of the resulting vertical induction field; the second column shows
the imaginary component. The responses of the lineated models qualitatively resemble to
some intermediate responses in comparison to the responses of the homogeneous models.
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Figure 2.5: The ground conductivity (σtrue) and the CSEM responses (Im(Bz)) profiles
along the circular survey paths and their corresponding PSDs are shown above. The PSDs
are presented with their best-fit lines calculated by the jackknife procedure. The β values
represent the slopes of the best-fit lines. (a): The conductivity and the CSEM profiles
(LIC01), and their PSDs for a randomly populated model (convolution length, N=1) for
10 m, 40 m, 80 m TX-RX intercoil spacing. (b): The σtrue and the CSEM profiles (LIC40
model), and their PSDs for the x-lineated geologic texture model (convolution length, N=40)
for 10 m, 40 m, 80 m TX-RX intercoil spacing. A PSD slope ∣β∣ > 1 is characteristic of
fractional Brownian motion. The PSD slopes of the CSEM responses (in black) indicate a
fBm with the slopes of ∣β∣ > 1.
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Figure 2.6: The increments of σtrue and the CSEM profiles shown in Fig 2.5 and their cor-
responding PSDs are shown above. The slopes of the increments of the CSEM responses for
the x-lineated geologic textured model indicates that the increments of the CSEM responses
are fractional Gaussian noise (∣β∣ < 1).
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Figure 2.7: The slopes (β) of the PSDs of σtrue, the CSEM responses and their increments
respect to the TX-RX offset for (a): the x-lineated geologic texture models (b): the circular-
lineated geologic texture models (Fig. 2.2) with convolution length N = 1,10,40 and (c): a
binary model whose sheets are 0.1 S/m and 1 S/m repeatedly and 4 different foliated models
as sheeted with random conductivity in the range of [0.1 S/m,1 S/m].
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Figure 2.8: Site map, showing the lithologic units in the field and the locations of the EM
survey profiles A −A′ and B −B′.
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Figure 2.9: Photos of (a) Precambrian age Town Mountain granite, (b) Precambrian mar-
ble, (c) The Hickory Sandstone, (d) acquiring EM data using GSSI EM-Profiler along weath-
ered maroon soil (photo credit: Elaine Everett).
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are marked with their corresponding station numbers. The PSD β slope variations along (c)
Profile A−A′ and (d) Profile B−B′ are shown. Solid lines represents the corresponding PSD
slopes of the different lithologic units in the field. The dash lines indicates the PSD slopes
of the entire profiles. The PSD slope of the narrow fault zone (marble) along Profile A −A′
is not considered, owing to the limited number of readings.
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  granite   marble  sandstone  maroon soil  
|A(f)|2 |A(f)|2 |A(f)|2

-0.900 (0.229) 0.075 (0.240) 0.381 (0.072) 0.141 (0.064)

|A(f)|2 |A(f)|2 |A(f)|2

sandstone   marble  granite  

0.085 (0.229) -0.649 (0.124) 0.053 (0.109)

a) Pro�le A-A’

b) Pro�le B-B’

-2.697 (0.085) -1.844 (0.226) -2.178 (0.062) -1.937 (0.057)

-2.437 (0.110) -1.735 (0.108)-1.699 (0.210)

Figure 2.11: The PSDs of the apparent ground conductivities (σa, in blue) and their
increments (∆σa, in gray) are shown with their best-fit lines for (a) Profile A −A′ and (b)
Profile B −B′.
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Abstract

Back-projection imaging has recently become a practical method for local earthquake de-

tection and location due to the deployment of densely sampled, continuously recorded, local

seismograph arrays. While back-projection sometimes utilizes the full seismic waveform, the

waveforms are often pre-processed and simplified to overcome imaging challenges. Real data

issues include aliased station spacing, inadequate array aperture, inaccurate velocity model,

low signal-to-noise ratio, large noise bursts, and varying waveform polarity. We compare

the performance of back-projection with four previously used data pre-processing methods:

raw waveform, envelope, short-term averaging / long-term averaging (STA/LTA), and kur-

tosis. Our primary goal is to detect and locate events smaller than noise by stacking prior

to detection to improve the signal to noise ratio. The objective is to identify an optimized

strategy for automated imaging that is robust in the presence of real-data issues, has the

lowest signal-to-noise thresholds for detection and for location, has the best spatial resolu-

tion of the energy release at the source, preserves magnitude, and considers computational

cost. Imaging method performance is assessed using a real aftershock dataset recorded by

the dense AIDA array following the 2011 Virginia earthquake. Our comparison show that

raw-wavefrom back-projection provides the best spatial resolution, preserves magnitude, and

boosts signal to detect events smaller than noise, but is most sensitive to velocity error, po-

larity error, and noise bursts. On the other hand, the other methods avoid polarity error

and reduce sensitivity to velocity error, but sacrifice spatial resolution and cannot effectively

reduce noise by stacking. Of these, only kurtosis is insensitive to large noise bursts and per-

forms as efficient as the raw-waveform method to lower the detection threshold; however, it
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does not preserve the magnitude information. For automatic detection and location of events

in a large dataset, we therefore recommend back-projecting kurtosis waveforms, followed by

a second pass on the detected events using noise-filtered raw waveforms to achieve the best

of all criteria.

3.1 Introduction

Reverse-time migration (RTM) is traditionally used as an imaging algorithm in exploration

seismology to delineate structural boundaries (McMechan, 1983; Whitmore, 1983; Kosloff

and Baysal, 1983; Loewenthal and Mufti, 1983; Baysal et al., 1983; Levin, 1984). RTM uti-

lizes the reversibility of the wave equation which enables extrapolation of an observed seismic

wavefield backward in time. By using recorded seismograms as time-dependent boundary

values, RTM computes the wavefield back in time and space through a known seismic veloc-

ity structure to the energy source or to a diffractor secondary source. The result is an image

of the source or scatterer when and where the released energy converges (McMechan, 1982;

Baysal et al., 1983; Chang and McMechan, 1987). RTM was first developed for reflector

imaging using controlled active sources as an alternative to depth extrapolation-based mi-

gration techniques, where diffractors and reflectors are secondary source. This approach can

be also applied to earthquake data to determine the earthquake source in both time and space

(McMechan, 1982). Early papers showed that imaging of real earthquake point sources as

well as spatially and temporally extended sources is feasible via RTM if the recording aper-

ture is sufficiently large and the data are not spatially aliased at wavelengths of interest

(e.g. McMechan, 1982; McMechan, 1985; McMechan, Wen and Morales, 1988; Chang and
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McMechan, 1991; Rietbrock and Scherbaum, 1994). RTM requires both a densely-recorded

dataset and a very good velocity model for the accuracy of the wave equation’s computation,

and real datasets satisfying these prerequisites were not generally available in earthquake

seismology.

RTM can be simplified in the form of back-projection imaging (BPI) by ignoring amplitudes

during wavefield propagation and of the source focal mechanism. The BPI does not require

extensive wavefield computations and is based on time-shifting observed seismograms based

on travel-time computation through a known velocity model. Stacking the time-shifted

traces will correctly image energy release at the source, but absolute amplitudes of source

projection and focal mechanisms can not be recovered.

Relevant datasets for BPI have become more available recently due to denser regional net-

works as well as dense local temporary array deployments and therefore BPI has become

more widespread in earthquake seismology. The method has been applied to large-magnitude

earthquakes to back-project energy in time and space through a global velocity model to its

source. Successful images of earthquake sources have been produced without phase picking

or discrimination of different phases, imaging the rupture/slip time as a function of space

and time without a priori knowledge of fault geometry or duration (e.g. Kao and Shan,

2004; Ishii et al., 2005; Kiser et al., 2011; Kiser and Ishii, 2012). Back-projection is scal-

able to earthquakes with a wide range of magnitudes. In addition to large subduction-zone

earthquakes (e.g., Ishii et al., 2007; Kiser and Ishii, 2012; Koper et al., 2012), BPI has been

applied to large to moderate-sized earthquakes on a thrust belt in China (Xu et al., 2009), a

normal fault in Italy (D’Amico et al., 2010), and a strike-slip fault in northern Tibet (Walker
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and Shearer, 2009).

Local dense array deployments have recently become feasible, capturing full seismic wave-

fields rather than isolated waveforms. It has therefore become possible to capture very tiny

events by having more stations closer to the epicenter and by eliminating or drastically re-

ducing spatial aliasing, enabling inter-station correlation and wavefield imaging. Additional

stations near the epicenter enables the detection of smaller events using traditional single-

station records, simply because more stations are likely to observe signal above the noise.

However, events that produce signals similar or smaller than the noise cannot be detected by

single-station triggering methods, regardless of relevant station spacing. Station-to-station

correlation of weak signal on stations that are not spatially aliased enables visual detection

of events smaller than the noise. Spatial-temporal coherency methods (e.g., Neidell and

Taner, 1971) could enhance and automatically detect this signal. Alternatively, direct imag-

ing methods such as migration can stack this energy at its source, improving the signal to

noise ratio, and detection can occur using the stacked signal. BPI stacking of a large number

of seismograms has recently been used to detect and locate tiny events smaller than noise

that traditional methods fail to detect (e.g., Xu et al., 2009, Chambers et al., 2010). The

identification and characterization of smaller events could enable an improved understanding

of how rupture and slip processes scale to small size and of the transfer of stress by static,

dynamic, and fluid processes. BPI has been used to detect hydraulic fracturing in the hy-

drocarbon industry (e.g., Gajewski and Tessmer, 2005; Chambers et al., 2010; Artman et

al., 2010; Zhebel and Eisner, 2012, Vlček et al., 2015), tectonic microseismicity (e.g., Hole

et al., 2014, Inbal et al., 2015, Ben Zion et al., 2015) and volcano seismicity (e.g., Haney,

2014, Langet et al., 2014, Hansen and Schmandt, 2015), Other obvious applications include
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induced seismicity associated with wastewater or CO2 injection, stimulation in enhanced

geothermal energy systems, and mining rock-burst hazard studies.

BPI consists of two basic processing steps; time-shifting and stacking. The efficiency of

these steps is strongly affected by the quality of seismic data and inaccuracies in the velocity

model. Real earthquake data that possess a low signal-to-noise (S/N) ratio resulting from

seismic background noise, incoherent noise bursts generated by human activities or weather

conditions, and opposite polarities of arrival onsets associated with the source radiation

pattern have a large influence on the effectiveness of stacking. BPI stacking may not be

succeed due to signal below seismic noise levels or coherent seismic noise (Chambers et al.,

2010); large noise bursts cannot be cancelled by stacking because they are spatially aliased

or incoherent across the array; or coherent earthquake waveforms can stack destructively

due to opposite focal-mechanism polarities. A poor velocity model produces inaccurate time

delays for BPI and either destroys by destructive interference or smears the source image.

Several methods have been proposed to overcome these challenges to make this inherently

simple imaging procedure robust for automation. Based on the stage that these methods are

carried out, it is possible to consider them as either simultaneous or preprocessing methods.

Particularly, the simultaneous methods aim to avoid the imaging issues by weighting time-

corrected seismograms by different attributes prior to stacking. For instance, the diversity

stack, which is based on scaling shifted seismograms inversely proportional to their powers

calculated in a certain time gate (Embree, 1968), can be used to minimize the effects of

non-equal noise, such as noise bursts and spikes. Similarly, the median stack uses the ratio

of the time-gated maximum absolute value of each seismogram to the median absolute value
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as weighting coefficients during stacking (Anderson and McMechan, 1989). Coherency-based

methodologies such as the semblance stack (e.g., Neidell and Taner, 1971, Chambers et al.,

2010) or cross-correlation weighting (Eisner et al., 2008) can enhance coherent signal as well

as be used to adjust residual time shifts to better align seismograms (Ishii et al., 2007).

Using the absolute value of amplitudes of normalized seismograms during stacking (source

scanning algorithm; Kao and Shan, 2004); flipping waveforms according to the coherency of

phase amplitudes (phase doubling method; Drew et al., 2014); or correcting the polarities

according to a pre-known radiation pattern (Vlček et al., 2015) can be employed to avoid the

effects of opposite polarities caused by the source focal mechanism. Alternatively, moment

tensor inversion can be simultaneously incorporated into BPI by inverting for the spatial

variation of polarization (e.g. Gharti et al., 2011; Zhebel and Eisner, 2012; Chambers

et al., 2014). A third approach is to abandon polarity by converting the data to their

envelope (e.g., Gharti et al., 2010), signal-to-noise ratio via short-term average divided by

prior long-term average (STA/LTA) (e.g., Vlček et al., 2015, Trojanowski and Eisner, 2016),

or kurtosis, the fourth moment of local amplitude distribution (e.g., Langet et al., 2014).

While these methods avoid the polarity problem by producing a positive signal that will

always constructively stack, the noise will also constructively stack, losing the benefits of

improving the signal-to-noise ratio.

The aforementioned simultaneous methods and similar stacking techniques can be applied

individually to improve the efficiency of the shift-and-stack process or in tandem with the

aim of overcoming more than one imaging challenge. On the other hand, the simultaneous

application of these approaches imposes repetitive calculations for any given speculative
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hypocentral location and earthquake time in a large search volume, and consequently imposes

a high computational cost. One common strategy to avoid extensive computations is to carry

out BPI for only time windows predetermined by a priori event detection as employed by

teleseismic and hydraulic fracturing studies. However, this means that BPI will only detect

and locate the events that were previously detected on single seismograms, losing the benefits

of stacking to detect smaller events.

Our primary objective in this study is to continuously and automatically migrate the entire

dataset recorded by a dense array to fully take advantage of stacking to detect and locate the

smallest possible events. For this reason, we consider preprocessing methods for event detec-

tion and location that utilize raw seismograms or simple pre-processed waveforms and do not

require extra computational effort during the BPI procedure. We evaluate the performances

of four previously used pre-processing methods: the raw seismogram, envelope, short-term

average / long-term average (STA/LTA) and kurtosis. We examine their effectiveness on

overcoming real data issues by considering their capabilities to achieve: the lowest detec-

tion and location thresholds in the presence of a low S/N ratio, the best spatial resolution

for the source images, and magnitude preservation, as well as computational efficiency for

an entirely automated imaging process for continuously-recorded earthquake data. Towards

identifying an optimum imaging strategy, we present a comparison using real data from the

2011 Virginia aftershock data recorded by the dense AIDA array.
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3.2 The 2011 Virginia Aftershocks recorded by After-

shock Imaging Dense Array (AIDA)

The Aftershock Imaging with Dense Arrays (AIDA) project (Davenport et al., 2015; Quiros

et al., in press) recorded 12 days of the aftershock sequence following the 23 August 2011

Mw 5.7 earthquake in central Virginia (Chapman, 2013, McNamara et al., 2014). AIDAs

goal was to drastically reduce spatial aliasing and thereby to lower detection and location

thresholds for aftershocks as compared to traditional aftershock networks. AIDA utilized

4.5-Hz, vertical-component geophones recorded by Reftek RT-125A ”Texan” seismographs

at 200-400 m spacing and 100 samples per second. Both spacing and temporal sampling were

limited by 1990s technology that limited memory and power, requiring frequent site visits.

In the first week, 103 stations were deployed (Lines 1 and 2, Fig. 3.1), and 116 stations in

were deployed the second week in a revised array geometry (Lines 1, 2, 4, 5 and 6, Fig. 3.1)

to better cover the updated mainshock’s hypocenter and aftershock zone. AIDA recorded

earthquake magnitudes from –1.8 to 3.6 (Davenport et al., 2015) and complete to M–1 (Fig.

3.2) (Chapter 4). A 3D seismic velocity model for a 12 km x 12 km x 9 km volume was derived

by tomographic inversion of P- and S-wave arrival times for more than 300 aftershocks. The

best 3D model is a constant P-wave velocity of 6.2 km/s and S-wave velocity of 3.62 km/s,

indicating homogeneity within a single crystalline-rock terrane (Davenport et al., 2015). The

50 Hz Nyquist frequency reduced signal to a dominant frequency of 25 Hz, corresponding to

an average dominant wavelength of ∼250 m for the P-wave.

The AIDA data is a continuous 12-day record of the aftershocks that comprises different

array geometries, different signal-to-noise ratios and large noise bursts generated by traffic,
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wind, tropical storm, and thunderstorms, as well as spatially varying polarizations due to

source radiation patterns. This makes the AIDA dataset representative of realistic data

issues and suitable for an objective comparison of BPI methods. We only consider events

recorded during the second week when the array has a better array coverage.

3.3 Back-projection Imaging

RTM and BPI imaging are based on propagating the emitted seismic energy backward from

observed seismograms to the source in time and space. The classical RTM imaging problem

is performed by computing the elastic wave equations backward in time from the observed

seismograms (McMechan, 1982). To reduce computational cost, BPI acts as a simple time

shifting and stacking process of the recorded seismograms (Ishii et al., 2005). Observed

energy is stacked along arrival time curves (moveout curves) corresponding to the travel

time between the hypocenter and each station (Fig. 3.3):

Stacki(t) =
1

N

N

∑
k=1

Sk(t − tik)

where Stacki(t) is the stack seismogram for the ith grid point, Sk(t) is the observed seismo-

gram at kth station, N is the number of stations, and tik is the predicted travel time from

ith grid point to kth station calculated from a known 3D velocity model (Ishii et al., 2007).

Either P or S waves can be imaged by using the appropriate velocity model; only P waves

are used here.
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By assuming that the true source location is within the 3D search grid and every grid point is

a potential source, the seismograms are time-shifted according to the predicted travel times

from each possible source location to each station and stacked for each potential source

location. If the grid point is the true hypocenter, the arrivals will be lined up after time

shifting and will stack constructively at the earthquake time. For other grid points, they will

not align and will stack out. This repetitive process produces a 4D BPI image comprising the

time history of the stack amplitude at each potential hypocenter within the search volume.

Each events hypocenter is indicated by a maximum in amplitude at the corresponding grid

point and earthquake time.

For automated event detection and location for a large dataset, the search volume needs

to span a large 3D zone that comprises the suspected seismicity zone. A full 3D image

of potential hypocenters exists for each time step, typically the sampling interval. Thus,

storing the 4D imaging results requires excessive computer storage. Therefore, 4D imag-

ing results must be searched and event detections made as the volume is being computed.

Standard threshold or running triggering algorithms (e.g., STA/LTA) could be performed

on stack amplitude traces of every grid node. A simpler method is to store the maximum

stack value that occurs anywhere within the 3D volume at each time, the ”maximum stack

seismogram”. Additional time series are saved to record the grid locations of the maximum

at each time. Standard detection algorithms can then be applied to the maximum stack

seismogram. Herein we record and use for detection the trace energy calculated by integrat-

ing over 4 samples, corresponding to the dominant period of the signal. The advantages of

using the maximum stack seismogram are trivial storage requirements (4 time-series) and

the ability to test and tune the detection algorithms for post-imaging. The disadvantage is
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the potential to miss events that overlap in time. Once detected, it is trivial to re-compute

the BPI for the tiny space-time volume containing the hypocenter if we wish to inspect the

4D image. The largest computational effort is in back-projecting at all possible hypocentral

points in the large search volume through all time. For a zone of seismicity that is 10s of km

in size and signal at 10s of Hz requiring a grid sampling of 25-100 m, BPI must be computed

to 107 − 109 grid points.

The advantage of detection via RTM or BPI is that stacking increases the signal-to-noise

ratio, enabling the detection of smaller events. In addition, many events that can be detected

by single-station (non-stack) methods cannot be located due to the small number of sparse

stations that recorded them,. Dense-array RTM and BPI cannot only detect smaller events,

but all of these events are automatically located. In addition, as we will demonstrate below,

the hypocentral accuracy is comparable to double-difference methods.

3.4 Influence of the Array, Noise, and Velocity model

The impulse response of BPI to a point-source earthquake is a function of both time and

space. This is due to the band-limited frequency of the recorded signal, to the aperture and

station spacing of the array, to the inevitable tradeoff between earthquake time and distance

from the array, to errors in the velocity model, and to seismic noise.
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3.4.1 Recording Array

Fig. 3.4 illustrates the P-wave impulse response (array response) of BPI to a point source

earthquake as it would be recorded by the second-week AIDA array. The 4D source image

(Fig. 3.4b) shows that the maximum stacked amplitude migrates through time, growing and

shrinking in amplitude. While we call this the shooting star artefact, it is the same as the

swimming artefact of Koper et al. (2012). It represents a tradeoff between earthquake time

and distance from an amplitude-weighted centroid of the station array. The shooting star

moves from earlier earthquake time further from the array and moves towards the centroid of

the array with time. For an earthquake beneath the array, such as for Fig. 3.4, the shooting

star is roughly vertical, but for other events, including those outside the array, the shooting

star will point along the raypath direction towards the array centroid. Only an ideal array

that completely surrounds the event can prevent this artefact, which of course is impractical.

Fig. 3.4d illustrates that the shooting star is different for the week-1 AIDA array, which is not

as well centered over the event. The length of the shooting star is controlled by the aperture

(spatial extent) of the array and the distance of the event from the array (e.g., Artman et

al., 2010). Together, these parameters control the solid angle of rays taking off from the

source towards active stations. Higher frequencies are more sensitive to temporal changes

in moveout during stacking, and therefore to changes in earthquake location that cannot

accurately trade off with event time. Lower frequencies therefore produce a longer shooting

star. Since the shooting star systematically grows and shrinks in amplitude, passing through

a maximum, we choose this maximum as the preferred, best-stacking 4D hypocenter, while

measuring temporal and spatial resolution as elongated along the shooting star.
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Fig. 3.4a shows the BPI image at the preferred earthquake time. It is roughly spherical,

and has a full width of ∼250 m, corresponding to the dominant wavelength at the dominant

∼25 Hz frequency of the data. This size scales proportional to the frequency content of

the data (e.g., Artman et al., 2010). The peak energy indicating the hypocenter can be

more accurately measured, at a fraction of a wavelength. We measure uncertainty as the

distance and time at 95% of the maximum stack energy, producing errors < 50 m and < 20

ms, or about 1/5 of the dominant wavelength and period. Assuming the velocity model is

accurate, these errors represent absolute hypocentral accuracy of a fraction of a wavelength.

Thus, relative hypocentral locations are comparable to that achieved by double-difference

methods; arrival-time alignment and stacking effectively perform the cross-correlation and

minimization in the double-difference method.

Also visible in Fig. 3.4a are low-amplitude curved smearing artefacts that are dominantly

perpendicular to the shooting star artefact. These are migration artefacts caused by the array

aperture, resulting from incomplete destructive interference by stations missing beyond the

array. Figs. 3.4c-d illustrate larger artefacts of this type for AIDAs first-week array due to

its smaller aperture further from the events. Similar artefacts, but non-symmetric and non-

perpendicular to the shooting star, are created by aliased spatial sampling in the cross-line

direction, due to spacing between the sparse AIDA lines (Figs. 3.4a-d).

3.4.2 Seismic Noise

Real data records a variety of seismic noise sources, including random background noise and

local events. Large noise bursts can caused by nearby human activities such as traffic or
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weather effects such as wind and lightning. Seismic noise substantially masks the waveforms

generated by the very small events we aim to target. BPI does not require the arrivals of such

weak events to be detectable on individual seismograms but to be large enough at a sufficient

number of stations so that stacking can boost the signal above noise. Noise bursts are

incoherent and spatially aliased, and their amplitudes are often many times larger than the

recorded weak signals. These high amplitude bursts cannot be easily suppressed by stacking

a large number of seismograms and can act as false triggers during event detection. Manual

denoising is not feasible for continuous recordings and automated approaches applied during

BPI such as sliding coherency, diversity, or median filters impose additional computation time

at each potential hypocenter, which makes the pre-processing approaches more advantageous

for large volumes of data.

S waves and surface waves produce large amplitudes following the P waves on earthquake

seismograms. The arrivals of these phases do not align after BPI time shifts computed using

P-wave velocities for any possible subsurface hypocenter (Fig. 3.2b). Thus they destructively

interfere during stacking. In practice, however, the large amplitudes must be over-sampled

to fully cancel out. In addition, the slower velocities are more easily spatially aliased. If

so, they will partially stack in owing to cycle skips in their waveforms recorded at nearby

stations. The remaining S-wave energy can act as a false trigger on BPI maximum stack

seismograms. This S and surface wave zone may mask P waves generated by a subsequent

event and may act as a shadow zone for event detection. For AIDA, the S waves are weakly

aliased inline and badly aliased between the sparse array arms, resulting in only partial

cancellation during stacking.
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BPI does not inherently take account of spatially varying polarization of recorded waveforms

caused by the earthquake radiation pattern, but it can be included as a correction term (e.g.,

Ishii et al., 2005). If not corrected, a mix of positive and negative polarity will reduce the

desired signal by destructive interference. For large events, automated cross-correlation

methods can identify and correct polarity, but it is very difficult for smaller events with low

signal-to-noise ratio such as those targeted here. The percentage of positive and negative

polarity depends upon the focal mechanism of the event and the relative location and ge-

ometry of the array. A balanced mix seems unlikely, so some signal seems likely to stack in.

However, one can imagine an array that is centered on a fault, the focal plane, that mostly

stacks out the signal. Avoiding the problem of polarity is one of the primary reasons many

authors apply pre-processing to produce a strictly positive signal (e.g., envelope, STA/LTA,

kurtosis).

3.4.3 Velocity Model

BPI is based on the assumption that the velocity model is accurate. Inaccuracies in the model

lead to errors in the predicted travel times used to shift the data, and thus result in misaligned

signal during stacking. This results in spatial and temporal smearing and weakening in

amplitude of BPI source images, and could ultimately result in failure to detect an event.

Higher frequency waveforms are more sensitive to small-scale errors in the velocity model

(e.g,. Usher et al., 2013). Errors in the velocity model also result in systematic mis-location

of the hypocenters. A tradeoff between velocity and location affects absolute accuracy,

but not relative accuracy. A densely sampled array is capable of producing a high-quality
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velocity model by auto-picking large events that are well-distributed through the aftershock

volume and performing high-resolution local earthquake tomography (e.g., Davenport et

al., 2015). However, local earthquake tomography using traditional earthquake arrays is

incapable of producing a high-resolution velocity model for high-frequency imaging. The

second primary reason (along with polarity) that many authors use pre-processed waveforms

for BPI is to overcome inaccuracies in the velocity model. Pre-processing that produces a

temporally broader signal (e.g., low-frequency filter, envelope, STA/LTA) reduces sensitivity

to the velocity model. Pre-processing that produces a strictly positive signal (e.g., envelope,

STA/LTA, kurtosis) disables destructive interference by the misaligned negative phase of

the waveform. Both intentionally sacrifice spatial resolution for imaging robustness. In this

manuscript, we do not explore errors in the velocity model.

Based on the issues and challenges described in this section, we define our imaging goals

towards an efficient and robust strategy for automated BPI: high spatial resolution of source

images, detection and location with low signal-to-noise, and robustness in the presence of

opposite polarities, large noise bursts and spatially-aliased, large S-waves. Due to the value

of magnitude in an earthquake catalog, we also include magnitude preservation as an imaging

goal.

3.5 Preprocessing Methods

To overcome the aforementioned challenges arising from real data issues and the effects of

array geometry and the velocity model, raw seismograms can be pre-processed into simpler

forms. We herein consider three characteristic functions of raw seismograms: envelope,
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short-term average / long-term average (STA/LTA), and kurtosis (Fig. 3.5). All of these

methods have been used for automatic picking algorithms as well as for pre-processing for

BPI.

The envelope of a seismogram is the amplitude of its analytic signal, which can be calculated

via Hilbert transform. The envelope has amplitude similar to the raw seismogram, but is

much smoother with a broader, strictly positive, peak of lower effective frequency (Fig. 3.5b).

Due to this simple structure, it has long been used for automatic picking algorithms (e.g.,

Baer and Kradolfer 1987). It has also used as input for BPI to avoid cycle skipping in stacking

created by incorrect time alignment caused by a poor velocity model (e.g., Hansen and

Schmandt, 2015), and to overcome the opposite polarization caused by the source mechanism

(e.g., Gharti et al., 2010).

The STA/LTA method measures the energy signal-to-noise of a seismogram using two adja-

cent moving time windows (Allen, 1978). The average energy within a short window (STA)

captures the strong first arrival of an event, while the average energy within the preceding

long window (LTA) is a measure of the background noise. STA/LTA produces a time series

that represents an abrupt increase in energy coincident with strong arrivals. With appro-

priate tuning of the window lengths, the large positive peak can be as short as half the

dominant period of the raw seismogram (Fig. 3.5c). STA/LTA time series are commonly

used as an event detector in global seismology (e.g. Withers et al. ,1998), local microseismic

studies (e.g., Wu et al., 2015) and hydraulic fracturing studies (e.g. Miyazawa et al., 2008,

Forghani-Arani et al, 2013). A STA/LTA detection triggering threshold of ∼4 is a typi-

cal compromise between minimizing false triggers and maximizing detection of small events
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(e.g., Trnkoczy, 1998). A 5-sample STA and an immediately preceding 45-sample LTA time

window provided robust event detection on individual seismograms for the AIDA dataset,

which contained earthquake signal up to the Nyquist frequency. STA/LTA is commonly used

for BPI to eliminate the negative lobes of the seismogram, eliminating the polarity problem

and reducing the dependence upon the starting model by eliminating destructive interference

(e.g., Drew et al., 2005; Michaud and Leaney, 2008; Grigoli et al. 2013 and 2014, Vlček et

al., 2015, Trojanowski and Eisner, 2016).

Kurtosis is the fourth central moment in statistics, which includes dependency on the three

previous moments (mean, variance, and skewness). This coefficient describes the shape of

a statistical distribution and is a measure of peakedness in relation to tails (Spanos, 1999).

Usually relative kurtosis, or the fourth moments difference from a Gaussian, is cited. A

positive relative kurtosis indicates a distribution with a larger central peak and larger tails

than a Gaussian and smaller values at one standard deviation from the mean; negative

kurtosis is the reverse. Using the amplitudes of the samples in a seismic time window as

the density distribution, background seismic noise has a slightly negative relative kurtosis

(near Gaussian) while an impulsive earthquake arrival has a positive kurtosis (Fig. 3.5e).

This characteristic difference in the density distributions enables kurtosis to be used as an

earthquake detector that produce more accurate results for phase picking compared to other

traditional methods (e.g. Saragiotis et al., 2002; Kuperkoch et al., 2010; Nippress et al., 2010;

Ross and Ben-Zion, 2014). For BPI, it has similar advantages to STA/LTA in eliminating

polarity and reducing sensitivity to the velocity model (e.g., Langet et al., 2014). Rather

than using the kurtosis itself, Langet et al. (2014) used the positive gradient of the kurtosis

in order to obtain a sharper peak (Fig. 3.5e); we adopt this method. The sensitivity of
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the kurtosis method is calibrated by the size of the moving time window that defines the

distribution and is affected by the frequency of data. We found that a 50-sample moving

window provides the optimum sensitivity for the AIDA dataset.

3.6 Comparison Results

We compare the performances of BPI using raw, envelope, STA/LTA and kurtosis seismo-

grams. Our evaluation for the effectiveness of these methods is based upon our imaging

goals, including: high spatial resolution; detection and location of weak events with low

signal-to-noise ratio; robustness in the presence of large noise bursts, spatially-aliased large

S-waves, and opposite polarization due to the source’s radiation pattern, and magnitude

preservation.

3.6.1 Spatial Resolution

To examine the spatial resolution of source images obtained from BPI using the four pre-

processing methods, the magnitude 2.5 event of Fig. 3.2 was imaged using P waves. This

event has a high S/N ratio so that imaging results are not affected by noise. The first-motion

polarity (Fig. 3.2b) was manually corrected prior to stacking. To approximately preserve

amplitudes, a geometric spreading correction was applied, multiplying each seismogram by

the distance between the subsurface grid point and station.

Each method successfully images the emitted source energy at the same hypocenter, but

with different spatial resolutions (Fig. 3.6). All include a near-vertical shooting star artefact
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due to the tradeoff between distance from the array centroid (depth) and time. BPI using

raw seismograms produces a well-focussed image of the source. The peak can be picked

with an accuracy of ±(x: 10 m, y: 56 m, z: 74 m, t: 20 ms) at 95% of the peak energy.

The other three methods show wider images with larger-amplitude migration artefacts from

the array-geometry (Fig. 3.6, Table 3.1). Envelopes are the broadest representations of the

raw seismograms with the widest signal in time (Fig. 3.5b) and therefore produce a BPI

image with the worst spatial resolution (Fig. 3.6). BPI of the STA/LTA signal provides

spatial resolution approaching that of the full waveforms, while kurtosis BPI produces an

image quality between those of the envelope and STA/LTA (Fig. 3.6, Table 3.1). Both

STA/LTA and kurtosis gradient have single-trace signals that are as narrow in time as the

raw waveforms (Fig. 3.5), yet produce lower-resolution BPI images. This is because the lack

of equally narrow negative lobes prevents destructive interference adjacent to the optimum

location. Eliminating destructive interference reduces the dependence upon the starting

model, spreading out the energy and reducing image resolution as errors grow in the velocity

model. In contrast, the raw waveforms stack out if the velocity-model time errors are too

large, preventing imaging. For a good velocity model, however, raw waveforms produce the

best spatial resolution (Fig. 3.6, Table 3.1). A dense local array should enable traveltime

tomography to produce a sufficiently accurate velocity model from the largest, automatically

picked events (e.g., Davenport et al., 2015). Further, residual errors in traveltime alignment

could be minimized in migration moveout analysis to improve the velocity model (e.g., Adler

et al., 2008).
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3.6.2 S-waves

The BPI normalized maximum stack seismograms for all methods (fourth column of Fig.

3.6) produce easily detectable maxima for P-waves at the event time. The maximum stack

seismograms from BPI of raw seismograms and of envelopes show a wide, large-amplitude

zone that follows the first detection peak (Figs. 3.6a-b). These are S-waves that are not

fully cancelled by stacking using the P-wave velocity. Provided that the S-waves are spatially

over-sampled, stacking raw seismograms can completely cancel the S-waves. The AIDA data

are well sampled, but not sufficiently to completely remove the large S waves (Fig. 3.6a).

Regardless of spatial sampling, stacking of broad, always-positive envelopes will always be

sensitive to S-waves (Fig. 3.6b). Depending on how they are designed, STA/LTA and

kurtosis operators tend to have insensitivity to S-waves due to the prior P-waves (Figs.

3.6c-d, Table 3.1).

While the S-waves can produce large stacked amplitudes in P-wave BPI, they do not produce

focussed energy in time and space in the impulse response shooting star pattern. Therefore,

spatio-temporal patterns in the 4-D images could be used to prevent false event detection

from the S waves. For example, deconvolution of the 4-D shooting star impulse response can

both sharpen the P-wave image and discriminate against large S-wave energy that does not

have the correct pattern (e.g., Haney, 2014). Nevertheless, it is important to note that for

every method, the time window of the S and surface waves is a shadow zone for detection of

the next event.
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3.6.3 Polarity

For the event shown in Fig. 3.2, the polarities of the first arrivals were manually corrected

to produce Fig. 3.6a. The data have 30 percent negative polarization (Fig. 3.2b), so that

signal amplitude is 40% of that in Fig. 3.6 after stacking without polarization correction.

Fig. 3.6a (right panel) illustrates the effects of artificially reversing 0%, 30% and 50% of the

seismograms. As expected, signal is reduced proportionally, illustrating the need for polarity

correction for BPI of raw seismograms. The pre-processed envelope, STA/LTA, and kurtosis

traces, by design, are not affected by signal polarity (Fig. 3.6, Table 3.1).

3.6.4 Low Signal-to-Noise Ratio

The detection efficiency of the methods was tested for different S/N ratios. Rather than

comparing different earthquakes, random noise was added to the earthquake of Fig. 3.2 for

consistency (Fig. 3.7a). Rather than using randomly generated noise that does not fully

represent the nature of the seismic noise, a panel of real but visually random seismic noise

was extracted from the AIDA dataset. We chose a panel of seismograms consisting of only

background seismic noise, excluding noise bursts and impulsive events. The noise gathers

energy was normalized between traces, and then scaled to add to the earthquake signal at

a range of P-wave signal-to-noise ratios. In order to treat each method fairly, we corrected

the polarities of the raw seismograms.

The resultant maximum stack seismograms show that BPI using raw seismograms and kur-

tosis waveforms detect the event at the lowest threshold, with a S/N ratio of ∼0.6 (Figs. 3.7b
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and 3.7e, Table 3.1). BPI of envelopes does not allow noise cancellation owing to the lack

of negative values, and consequently requires a higher S/N ratio of 1.6 for event detection

(Fig. 3.7c). STA/LTA requires the highest S/N ratio of 2 (Fig. 3.7d). Since envelopes,

STA/LTA, and kurtosis prevent destructive interference of noise by their lack of negative

amplitudes, they can only improve S/N by constructive interference of signal. The detection

thresholds observed after BPI are lower than is typical for a single trace due to successfully

stacking weak signal. However, if individual pre-stack traces have S/N≤1, then signal cannot

stack. BPI of raw seismograms detects signal smaller than noise by constructive interfer-

ence of signal and destructive interference of noise. The theoretical improvement of
√
N ,

or a factor of ∼11 from stacking 116 traces, is not achieved. This is likely because of other

sources of error, such as coherent noise, the velocity model, non-uniform energy from the

focal mechanism, and performing BPI which ignores amplitudes rather than RTM. Stacking

of raw seismograms from an array much larger than AIDA, such as those routinely deployed

by industry, could lower the detection threshold. Since the low threshold of kurtosis does

not come primarily from stacking, only modest improvement is expected from a larger array.

3.6.5 Noise Bursts

Fig. 3.8a displays a 5-minute time window consisting of seismograms contaminated by large

seismic noise. Some traces are noisy due to local human activities, such as farm machinery,

and large noise bursts travel down the seismic lines as vehicles drive along the roads used

for deployment. These data were blindly back-projected using each imaging method to test

robustness. The maximum stack seismograms (Figs. 3.8b-e) show that the kurtosis method
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provides one probable event detection while the other methods contain many false triggers

created by the noise bursts.

To examine the probable event detected by the kurtosis method more closely, the raw seis-

mograms and pre-processed traces were time shifted according to its hypocentral location

(Fig. 3.9). The P-wave arrivals of a very small event are aligned, but the data in this short

time window are still contaminated by large noise. The notable exception is the kurtosis

processed traces, which show clear pre-stack signal on most traces and no large noise (Fig.

3.9d). Kurtosis is insensitive to amplitude, instead measuring a statistic of the amplitude

distribution. The kurtosis pre-processing has drastically reduced noise energy, as the kurtosis

of the noise bursts is between that of background noise and an impulsive source. The signal

extracted by kurtosis is easily stacked and imaged by BPI (Figs. 3.8e, 3.9d and 3.10). In

contrast, the other methods perform poorly due to their sensitivities to the large amplitude

noise (Figs. 3.9a-c, Table 3.1). BPI of the raw seismograms and envelope detect a possible

event at the correct time (arrows), but it is comparable to numerous false triggers. STA/LTA

creates a strong signal at the sudden onset of noise bursts, and thus performs the worst (Fig.

3.9c). The magnitude of this event is estimated as about –0.7.

3.6.6 Velocity Model

We did not quantitatively assess the sensitivity of the four BPI methods to errors in the

velocity model. However, such sensitivity and polarity are the two reasons that many studies

pre-process the raw waveforms into the other three characteristic functions. The high spatial

resolution of the raw waveform images comes with a tradeoff of the strongest sensitivity to



Back-Projection Imaging Methods for Dense Local Arrays 72

errors in the velocity model (Table 3.1). Detection is still possible if a subset of the traces

align; this was observed for some of the AIDA events. The other three methods in the

presence of velocity-model traveltime errors produce a smeared image with lower resolution

and amplitude, presumably reducing the detection threshold. For all of the methods, once

an event has been detected, residual traveltime errors can be used to correct the velocity

model and improve the image, perhaps detecting additional events.

3.6.7 Magnitude Preservation

In addition to hypocenter locations and origin times, earthquake magnitudes provide im-

portant information to assess an earthquake cluster. To examine the capability of the four

methods to preserve magnitude information, we considered 25 events whose duration mag-

nitudes have been reported in an existing catalog (Wu et. al, 2015). Before imaging these

earthquakes, we manually edited the seismograms to delete noise and corrected them for

both polarity and geometric spreading. We do not delve into whether the P-wave arrivals

at further offsets have lower frequencies associated with attenuation (Eisner et al, 2013) and

neglect this effect because the epicentral region is relatively small and comprises a roughly

homogeneous velocity structure consisting of low-attenuation crystalline rock (Davenport et

al., 2015).

We assess the base-10 logarithm of the detection peak on BPI maximum stack seismograms

as a proxy for magnitude. If this proxy is linearly related to the magnitude of larger events

measured using traditional methods, then it can be scaled to obtain a good estimate for mag-

nitude of the smaller events detected by BPI. For the four imaging methods, we investigate
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whether such a correlation exists with the catalog of Wu et al. (2015). The back-projection

magnitudes of both raw and envelope seismograms show a strong linear correlation with

the catalog magnitudes (Figs. 3.11a and 3.11b, Table 3.1), as they directly measure the

strength of ground shaking. Kurtosis is independent of amplitude, measuring instead the

peakedness of the amplitude distribution. As expected, the back-projection image ampli-

tude from kurtosis is insensitive to earthquake magnitudes (Fig. 3.11d). It decreases with

signal-to-noise ratio at smaller magnitudes, where kurtosis measures a mix of signal and

noise statistics. Despite STA/LTA being associated with energy, STA/LTA back-projection

provides a poor correlation with magnitude (Fig. 3.11c). While STA should correlate with

magnitude, LTA depends upon the noise energy, which varies with time. BPI of raw seis-

mograms and envelopes enable an approximation to actual earthquake magnitudes without

analysing individual seismograms (Table 3.1). However, this assumes that the data have

been corrected for geometric spreading and polarity and noisy traces have been eliminated.

BPI does not properly consider non-spherical geometric or intrinsic attenuation, so these

magnitude estimates will have larger errors in more complex velocity models. RTM properly

considers these effects, but is more computationally expensive.

3.7 Discussion

Table 3.1 synthesizes the results of the comparisons made in the previous section. We aim to

identify a robust automated back projection process for a large volume of seismic data and a

large hypocentral search volume. Our primary goal is to detect and locate events smaller than

noise by stacking prior to detection to improve the signal to noise ratio. Other evaluation
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criteria are robustness in the presence of large noise bursts, polarity reversals and velocity

model errors, high spatial resolution of the source image, and magnitude preservation.

The most accurate and highest resolution imaging method in principle is RTM or BPI of

the observed seismograms (Fig. 3.6, Table 3.1). It is capable of a significant improvement in

signal-to-noise by stacking data from a large array, and is therefore capable of detecting and

locating events smaller than the noise (Fig. 3.7, Table 3.1). This is the primary advantage of

using back-projection as a detection method over traditional single-trace methods. However,

BPI of raw seismograms is dependent upon correcting the polarity (Fig. 3.6a, Table 3.1),

having an accurate velocity model, and overcoming large noise bursts (Figs. 3.8 and 3.9,

Table 3.1). These are challenges for sparse arrays and for low signal-to-noise ratios. For these

reasons, many workers have pre-processed the data to back-project the envelope, STA/LTA,

or kurtosis. All of these methods eliminate sensitivity to polarity and reduce sensitivity to

velocity model errors, but come at the expense of lower spatial resolution (Fig. 3.6, Table

3.1). The envelope and STA/LTA remain sensitive to large noise bursts, including aliased

S and surface waves (Figs. 3.6, 3.8, and 3.9, Table 3.1). Both require detectability of the

event in single traces so that stacking can improve the signal-to-noise ratio, and they are

thus incapable of detecting events below noise (Fig. 3.7, Table 3.1). There is therefore only

a minor benefit of event detection using BPI of envelopes or STA/LTA. Kurtosis, on the

other hand, is robust in the presence of all types of noise and error (Figs. 3.8 and 3.10,

Table 3.1). In addition, it is capable of detecting events in case of low S/N ratios, enabling

stacking to further improve detection sensitivity (Fig. 3.7, Table 3.1). Kurtosis does not

preserve magnitude information (Fig. 3.11, Table 3.1) and produces a lower resolution image

(Fig. 3.6, Table 3.1). However, for detection, it performs similar to raw seismograms and in
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the view of the fact that no other method rather than the kurtosis can achieve the robust

detection in the presence of polarity, noise bursts, the success of the kurtosis in detection

and location is remarkable.

A combined multi-pass method achieves all of our goals. The kurtosis-based BPI is the most

robust method in the presence of real data issues, while BPI of raw seismograms provides the

best spatial resolution and preserves magnitudes. Both benefit from stacking to detect small

events that can not be detected on a single seismogram. We conclude that the optimum

strategy to achieve the most robust detection and highest-quality event catalog is to use the

kurtosis-based back-projection to detect and locate earthquake sources within a large volume

of continuous seismic data and a large hypocentral search volume. Subsequently, using

the kurtosis hypocenters as prior knowledge, BPI of raw seismograms within constrained

time zones and search volumes can be used to enhance spatial resolution and to obtain the

magnitude. The computational effort of the second pass is orders of magnitude smaller

than the original detection. Thus extra effort can be applied to remove noisy traces, correct

polarity, and improve the velocity model. These extra efforts are computationally expensive

if applied to the entire 4D search volume, but are practical with pre-detected hypocenters.

They are routinely applied when back-projecting a single large earthquake (e.g., Ishii et al.,

2005, 2007).

The spatial resolution of backprojection can be improved by using both P- and S-waves

(e.g., Kiser et al., 2011; Vlcek et al., 2015). It is also possible to lower the BPI detection

threshold by stacking the larger S-waves. The backprojection of S-waves provides a better

spatial resolution than P-waves at a given frequency due to a shorter wavelength. Correcting
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S-wave polarities is still necessary for the backprojection of raw seismograms and is more

challenging, especially on vertical geophones. The STA/LTA and kurtosis windows would

need to be tuned to emphasize the S waves. The joint backprojection of P- and S-waves

requires not just accurate P and S velocity, but also an accurate velocity ratio so the images

co-locate (e.g., Kiser et al., 2011). Back-projection of the S-waves for larger AIDA events

produced a slightly better spatial resolution, but the image was displaced from that of the

P-waves. The two images were within absolute errors of each other, but not within relative

errors due to different small errors on the two velocity models. Additional velocity analysis

to co-locate the BPI images could be performed to achieve hypocenters with higher spatial

resolution but has not been performed for this study.

The kurtosis waveforms of the first 48 hours of the continuous AIDA dataset were blindly

back-projected for a search volume of 12 km x 12 km x 9 km spanning the primary after-

shock region covered by the AIDA array. For AIDA, a 50-m grid provided optimum spatial

resolution for imaging from raw seismograms, but 100 m spacing was used for kurtosis-based

event detection, saving a factor of 8 in computation time. The detection on the maximum

stack seismogram (e.g,. right column of Figs. 3.6 and 3.10) used a constant threshold. The

back projection hypocenters were compared to hypocenters obtained from a careful analy-

sis of data from a co-located traditional array with ∼5 km average station spacing (Wu et

al., 2015) (Fig. 3.12). The automated kurtosis-based back projection successfully recovered

100% of the traditionally detected events that occurred in the same time window and search

volume, as well as detected and located ∼570 additional events, improving the complete-

ness of the earthquake catalog. This corresponds to an improved detection and location

efficiency of about an factor of 7 more events, moving the detection threshold ∼0.8 lower in



Back-Projection Imaging Methods for Dense Local Arrays 77

magnitude. The spatial pattern of the additional small earthquakes detected by dense-array

back-projection is similar to that of the traditional network (Fig. 3.12), but better delin-

eate the complexity of the fault zone. Inclusion of smaller events enables a more detailed

investigation of stress propagation and strain release during the aftershock sequence. Back

projection of the full AIDA dataset and analysis of the aftershock sequence are presented in

Chapter 4.

Computational efficiency also needs to be considered for an automated migration for large,

continuous data volumes. Fortunately, the BPI algorithm is embarrassingly parallel, and

therefore a parallel version of the algorithm was implemented the using slice-level partition

in depth. Using modern computers, BPI of the AIDA data (1,296,000 potential hypocentral

grid points) using one CPU for each slice takes 3 times the length of the data time window.

Oct-tree approaches may be preferred to increase the computation efficiency (Vlček et al.,

2015) by using an initial coarser search grid for detection triggering and zooming to detected

hypocenters. However, the initial grid partition must be optimized with care so as not to

miss events between grid points.

One of the great successes of BPI has been the ability to resolve energy release as a function of

time and space (e.g., Ishii et al., 2005, 2007, Kiser and Ishii, 2012; Koper et al., 2012). This

has provided great insights into rupture processes without the uniqueness issues inherent

from inversions based upon sparse stations. Combining multiple arrays and/or additional

phases such as the S wave have increased the spatial resolution (e.g., Kiser et al., 2011;

Koper et al., 2012; Kiser and Ishii, 2012, Vlček et al., 2015). Unfortunately, the largest

events recorded by AIDA had magnitude 2.5-3.6 (Wu et al., 2015) and had generally high
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stress drops (Wu et al., submitted). The size of the expected slip patch is therefore 50-200

m, similar to the size of the BPI point-source image. On the other hand, the shooting star

artefact on fault planes must also be considered. We have been unable to image rupture

propagation from the AIDA data, but the evidence suggests we came close to the required

resolution. If a larger earthquake had occurred or if AIDA had deployed stations more closely

and at higher temporal sampling, rupture propagation could have been imaged.

Finally, we wish to emphasize that we do not consider AIDA to be an ideal deployment.

Industry hydraulic fracturing studies are routinely deploying an order of magnitude more

sensors (e.g., Anikiev et al., 2014, Vlček et al., 2015). The aperture of AIDA was limited

but successfully recorded the majority of the main aftershock zone because it was spatially

small. However, AIDA failed to image triggered off-fault seismicity to the northeast that

was discovered by the larger-aperture traditional network (Wu et al., 2015).

Gaps between the array arms, station spacing, and temporal sampling all limited the spatial

resolution of the images. In a more complex geology and velocity model, denser spacing and

larger aperture might be required to improve the velocity model. We advocate larger arrays,

with both denser spacing and larger aperture, and recording at a much higher temporal

sampling rate. With such an array, BPI has the potential to detect and locate events so

small they cannot be observed in the non-stacked array data. Expanding the earthquake

catalog to smaller magnitudes would enable improved testing of mechanisms of stress transfer

and strain release.
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3.8 Conclusions

The performances of back projection imaging with four previously-used preprocessing meth-

ods were examined to identify a robust strategy to automatically migrate large volumes of

data. The primary goal was to automatically detect smaller earthquakes than traditional

methods, utilizing stacking to improve the signal to noise ratio prior to detection. For evalu-

ation, the four imaging methods were applied to the aftershock sequence of the 2011 Virginia

earthquake as densely recorded by the AIDA array. The dataset comprises highly variable

signal to noise, spatially aliased noise, large noise bursts, and variable signal polarity: realis-

tic issues in many environments. Back-projection of kurtosis waveforms was the most robust

at detecting the smallest-magnitude events. Back-projection of raw waveforms produced the

best spatial resolution and preserved magnitude. Therefore, we suggest a two-phase back-

projection imaging process: 1- back projection of kurtosis gradient waveforms for event de-

tection and location within large data volumes and large hypocentral search volumes, 2- back

projection of raw seismograms of the previously detected events to improve the location ac-

curacy of the hypocenters and to obtain earthquake magnitudes. Automated kurtosis-based

back projection of the AIDA data demonstrated detection and location of significantly more

and smaller events than previous work based on a sparse array and traditional detection to

smaller magnitudes. The results highlight that dense arrays and back projection imaging

are capable of producing a more complete earthquake catalog, which will enable a better

understanding of stress and strain evolution, earthquake triggering, earthquake mechanisms,

and how these processes scale to very small magnitude.
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Figure 3.1: The Virginia aftershock AIDA array for the first (red) and the second (green)
week. Black dots denote the common stations for both deployment phases.
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Table 3.1: Summary of the performances of preprocessing methods.

Evaluation Criteria Raw Envelope STA/LTA Kurtosis

High spatial resolution best worst good fair
Detection & location of tiny events
-Low signal-to-noise ratio best poor worst best
Robustness
-Large S-waves (spatially aliased) sensitive sensitive robust robust
-Polarity (focal mechanism) sensitive robust robust robust
-Noise bursts sensitive sensitive sensitive robust
Magnitude preservation good good poor none
Sensitivity to velocity errors high low low low
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Figure 3.2: (a) An aftershock of magnitude 2.5 recorded by the AIDA array during the
second week. Seismograms are sorted along the lines (Fig. 3.1). True relative amplitudes are
shown after removal of the trace mean. (b) Seismograms from (a) shifted by the hypocenter-
to-station time corresponding with the hypocenter derived by P-wave BPI. P-waves are
horizontally aligned, but S-waves are not. Map of up (black) and down (white) first P-wave
motion and corresponding focal plane at the surface. Star indicates epicenter of the event
at 5.5 km depth.
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Figure 3.3: Illustration of the back-projection imaging method. Refer to text.
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Figure 3.4: BPI images of a synthetic P-wave point source, bandpassed to <45 Hz to
represent the Nyquist frequency of the AIDA data, computed using the AIDA week 2 array
geometry. Rather than plotting cross-sections through the 3D volume, maximum stacked
energy is projected through the stack volume onto 2D sections. (a) Projections from the 3D
volume at the earthquake time onto 2D slices. Earthquake time is defined as time of the peak
image magnitude. Right-hand panel shows the hypocenter (star) on the map. b) Projection
of the 4D volume to 2D slices, adding through time and the shooting star tradeoff between
earthquake time and distance from the array. Right-hand panel shows the maximum stack
value anywhere within the 3D volume as a function of time; this trace is used for event
detection. (c) and (d) shows projections from the 3D volume at the earthquake time onto
2D slice and projection of the 4D volume to 2D slices adding through time obtained from
the AIDAs first-week array. The shooting star points in a different direction, and migration
smearing artefacts are different, illustrating the effects of array location and aperture.
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Figure 3.5: (a) Raw AIDA seismogram for an earthquake with strong signal. (b) envelope.
(c) STA/LTA. (d) kurtosis. (e) positive gradient of the kurtosis.
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Figure 3.6: Back-projection imaging of the aftershock in Fig. 3.2 using a) raw seismograms,
b) envelopes, c) STA/LTA and d) positive kurtosis gradient. The images are plotted at the
best hypocenter time, projected onto each plane, plus a panel for the normalized maximum
stack value as a function of time, all plotted the same as Fig. 3.4a. Figure (a) shows the
maximum stack seismograms resulting from three different polarity distributions: consistent
polarity (black), 30-70% mixed polarity (dark gray) and 50-50% (randomized) polarity (light
gray).
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Figure 3.7: (a) Seismograms time corrected traces in Fig. 3.2b with S/N ratio of 0.6.
Random noise extracted from the data were normalized and added to Fig. 3.2 at S/N of
0.6, 0.8, 1, 1.25, 1.5 and 2. The signal was corrected for spherical divergence after adding
the noise. (b-e) BPI maximum energy seismograms for different signal-to-noise ratios. The
traces are normalized by their noise. As noise increases, the ability to detect the P arrival
deteriorates.
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Figure 3.8: (a) AIDA data with large noise bursts and low S/N ratio. The BPI maximum
stack energy seismograms using (b) raw seismograms, (c) envelopes, (d) STA/LTA and (e)
kurtosis.
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Figure 3.9: A closer look at the event detected by kurtosis BPI in Fig. 3.8, shifted in time
corresponding to the hypocenter. (a) Raw seismograms, (b) envelopes, (c) STA/LTA and
(d) kurtosis. Corresponding maximum stack energy traces are shown at right. Black arrows
show the earthquake time.
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Figure 3.10: Back-projection of kurtosis for the small event of Figs. 3.8 and 3.9, plotted
as for Fig. 3.6. Right-hand panel shows the normalized maximum stack value as a function
of time.
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Figure 3.11: Base-10 logarithm of the peak energy in BPI (back-projection magnitude)
plotted against magnitude from the catalog of Wu et al. (2015). a) raw seismogram, b)
envelope, c) STA/LTA, d) kurtosis.
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Figure 3.12: Earthquakes in a 48-hour period 4 days after the main shock. (a-c)
hypocenters located by automated kurtosis-based back-projection of the AIDA dataset, (d-
f) hypocenters from Wu et al. (2015) detected by STA/LTA from the sparser traditional
aftershock network. a) and d) Map views, b) and e) depth slices across strike of the main
shock and main aftershock zone (A-A’), c and f) depth slices along strike (B-B’).
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Abstract

After the 23 August 2011 Mineral, Virginia earthquake, a temporary dense array (AIDA)

consisting of ∼200 stations was deployed at 200-400 m spacing near the epicenter for 12

days. Backprojection of the data was used to automatically detect and locate aftershocks.

The co-deployment of a traditional aftershock network of 36 stations at ∼2-10 km spacing

enables a quantitative comparison. The AIDA backprojection aftershock catalog is complete

to magnitude –1.0 and includes events as small as M–1.8. For comparison, the traditional

network was complete to M–0.27 for the same time period. The AIDA backprojection catalog

observes the same major patterns of seismicity in the epicentral region, but additional details

are illuminated. The primary zone of seismicity has a subtle concave shape along strike and

with depth, the zone of seismicity is thicker than a single fault, and a broader zone of new

events is observed at shallow depth. In addition, a new separate, shallow cluster was located

to the east of the main aftershock zone. Inclusion of the small events did not change the

b-value or the temporal decay constant. However, both the b-value and temporal decay

constant are different for 12 days than for 4 months and are different at < 3 km depth than

at greater depth. The results indicate the benefits of dense arrays and auto-detection by

backprojection for aftershock studies. The reduced detection threshold and higher spatial

resolution enabled study of earthquake mechanisms and strain transfer at an unprecedented

small scale.
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4.1 Introduction

The Mw 5.7 Mineral, Virginia earthquake of 23 August 2011 was the largest and most

damaging earthquake in the central and eastern United States for over a century (Chapman,

2013; McNamara et al., 2014; Horton et al., 2015a). It occurred at ∼8 km depth on an

unrecognized southeast dipping reverse fault and consisted of three sub-events with high

stress drop (Chapman, 2013). The earthquake occurred in crystalline rock of the Appalachian

Piedmont province within a previously recognized regional seismic zone (Chapman, 2013;

Horton et al., 2015a). Aftershock studies delineate a north-east trending tabular zone of

seismicity within 10 km of the main shock and also a cluster of shallow aftershocks ∼10-20

km to the east and northeast of the main shock (McNamara et al., 2014; Wu et al., 2015;

Horton et al., 2015b).

In comparison to plate-boundary earthquakes, intraplate earthquakes occur rarely due to low

strain rates but represent a real hazard to society. The Virginia event and its aftershocks

provide a rare opportunity to investigate intraplate seismicity, stress and strength, rupture

processes, and local wave propagation (e.g., Horton et al., 2015a).

Aftershock sequences offer a rich understanding about earthquake sources, spatiotemporal

evolution of stress and postseismic strain as well as future seismic hazards. Most aftershock

studies such as the 2011 Virginia event, use local seismic networks consisted of a few dozen

stations (e.g., Seeber et al., 2002; McLaren et al., 2008; Castro et al., 2011; Syracuse et al.,

2013; McNamara et al., 2014; Brocher et al., 2015). Typical inter-station spacings are 5-30

km, resulting in spatially aliased data. Consequently, analyses of traditional earthquake net-
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work data are limited to low absolute spatial resolution, typically kilometers, and aftershock

detections are limited at smaller magnitudes. The gaps in catalogs due to the limitations in

detection inherently impose gaps in the spatial distribution of aftershocks that is particularly

important to delineate active fault zones and identify slip areas of main shocks (Fehler and

Johnson, 1989).

Recording earthquake aftershock sequences at denser sampling lowers detection thresholds

for low signal-to-noise events due to trace-to-trace correlation and enables array analysis

methods such as back-projection and migration that provide higher spatial resolution. A

more complete characterization of the aftershock volume has the potential to better illumi-

nate earthquake source processes, detailed fault geometries, the evolving state of stress, dy-

namic and static stress triggering, and the geologic features that control stress and strength.

Dense local arrays recently have been used in hydraulic fracturing studies (e.g., Gajewski

and Tessmer, 2005; Chambers et al., 2010; Artman et al., 2010; Zhebel and Eisner, 2012,

Vlček et al., 2015); in tectonic microseismicity studies (e.g., Hole et al., 2014, Inbal et al.,

2015, Ben Zion et al., 2015); as well as in volcano seismicity studies (Hansen and Schmandt,

2015).

The backprojection imaging method migrates the energy released by an earthquake back to

its source location through a known velocity structure(Kao and Shan, 2004; Ishii et al., 2005;

Kiser et al., 2011; Kiser and Ishii, 2012). Back-projection involves stacking signal from many

stations, so can improve the signal-to-noise ratio. Therefore event detection at all potential

hypocenters after back-projection stacking has the capacity to detect and locate events that

cannot be detected on single stations or traditional network (Chapter 3). Back-projection is
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a simplified form of migration, and is therefore capable of achieving spatial resolution on the

order of a wavelength. This resolution is comparable to double-difference methods (Chapter

3), as alignment and stacking at the correct hypocenter effectively perform the same function

as cross-correlation and double-difference inversion.

Shortly after the main shock, an unusually large traditional aftershock network of 36 stations

was deployed in the epicentral region (McNamara et al., 2014; Wu et al., 2015). To supple-

ment this network and illustrate the merits of dense arrays, the 12-day Aftershock Imaging

with Dense Arrays (AIDA) was deployed (Davenport et al., 2015; Quiros et al., in press).

AIDA consisted of ∼ 200 closely-spaced, single-component seismographs over the main shock

and primary aftershock cluster. In this study, P-waves from the dense AIDA data were

backprojected to automatically. The resulting catalog is interpreted and is compared with

the catalog obtained from the traditional network.

4.2 The 2011 Mineral, Virginia Earthquake

The Mw 5.7 Mineral, Virginia earthquake of 23 August 2011 is the largest event within central

Virginia seismic zone (CVSZ) since 1875 (e.g., Bollinger, 1969; Bollinger and Sibol, 1985).

The CVSZ is a roughly elliptical area defined by persistent, generally low-level historical

earthquake activity since at least 1774 (Bollinger and Sibol, 1985; Coruh et al., 1988). The

past seismicity in this area includes both reverse and strike-slip motion with a southeast-

northwest compression direction (Munsey and Bollinger, 1985; Kim and Chapman, 2005).

Seismicity within the CVSZ occurs at ∼4-12 km depth within the overthrust sheets of the
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crystalline Piedmont Province of central Appalachia (Hatcher, 1987; Coruh et al., 1988).

Two major tectonic events formed the crustal structure of eastern Virginia: the Appalachian

orogeny and the opening of the modern Atlantic Ocean (e.g., Hatcher, 1987). During the

process of Appalachian orogeny, repeated collisions created a series of shallowly dipping (30○

or less) reverse faults over a thin-skin detachment. During rifting that culminated in opening

of the Atlantic Ocean, extensional fault systems were generated with steeper dips of 45-60○.

The past seismicity in this area present both reverse and strike-slip motion with a southeast-

northwest compression direction (Munsey and Bollinger, 1985; Kim and Chapman, 2005).

The August 2011 earthquake occured at a focal depth of 8 km on a southeast-dipping thrust

fault (Chapman, 2013; McNamara et al., 2014). The complex rupture was composed of

three subevents which propagated to the northeast and updip from the point of rupture

initiation (Chapman, 2013). The primary aftershock zone continues this trend updip and

to the northeast (McNamara et al., 2014; Wu et al., 2015; Davenport et al., 2015). The

2011 mainshock and the primary cluster of aftershocks strike ∼N33○E with a dip of ∼51○SE.

This orientation does not correlate with the strike (Burton et al., 2015) or dip (Pratt et al.;

2015) of surface geology or seismically imaged subsurface features. The 2011 main shock

and previous events had high 50-75 MPa stress drops with relatively slow rupture velocities

of 1.3-1.7 km/s (Kim and Chapman, 2005; Chapman, 2013).
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4.3 Aftershock Deployments

4.3.1 Large, Traditional Network

Following the 2011 Virginia earthquake, teams from the U.S. Geological Survey, Virginia

Tech, University of Memphis, Lehigh University, and the Incorporated Research Institutions

for Seismology (IRIS) deployed a temporary network of 36 stations near the epicenter (Mc-

Namara et al., 2014, Wu et al., 2015). Both broadband and strong motion sensors were

installed at ∼ 2-10 km spacing spread in an area of ∼50 km x 50 km (Fig. 4.1). The stations

recorded at 100-200 samples per second. Each station was deployed in about 1 day by a

2-person team and the entire deployment was completed within the first 5 days of the main

shock.

This unusually large network deployment and low attenuation in crystalline rock resulted in

a network catalog with a magnitude completeness of Mc–0.4 (Wu et al., 2015). In addition

to the main cluster of seismicity coplanar with the main shock, an additional shallow cluster

of seismicity occurred ∼10-20 km to the east and northeast. Focal mechanisms indicate a

mix of reverse and strike-slip faults suggesting that seismicity occurred on fault sets with

different orientations(Wu et al., 2015). The maximum compressional direction is N100○E at

> 6 km depth, but indicates a 20○ rotation (N80○E) at < 4 km depth (Wu et al., 2015).
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4.3.2 Dense AIDA Array

The AIDA deployment was the first attempt to use densely spaced stations to record the full

wavefields of aftershocks of a major earthquake, rather than just their isolated waveforms.

The goal was to demonstrate the feasibility of the application of seismic array processing

methods on array-style aftershock recordings (Hole et al., 2011; 2014; Davenport et al., 2015;

Quiros et al., in press).

Virginia Tech, Cornell University, and the U.S. Geological Survey deployed the AIDA array

near the epicenter 4 days after the main shock. AIDA consisted of more than 200 single-

component stations deployed along roads at 200-400 m spacing, spanning an aperture of ∼12

km x 12 km (Fig. 4.1) (Davenport et al., 2015). Short-period 4.5 Hz, vertical-component,

industry-style geophones were recorded at 100 samples per second. Utilizing stand-alone,

small, industry seismographs enabled the entire array to be deployed in one afternoon by 6

people. However, the limitations of memory capacity and battery life of the 1990s vintage

seismographs resulted in a low 100 samples per second sampling rate, visits every 3 days

to maintain batteries and memory storage, and a deployment of only 12 days. The initial

deployment was along two lines (Fig. 4.1) for six days. A second deployment re-occupied

some of these sites, but added additional lines to the northeast (Fig. 4.1) to better center

on then-new knowledge of the main epicenter and aftershock zone.

Fig. 4.2 shows examples of earthquakes recorded by AIDA. Clear P- and S-wave arrivals

are not or weakly aliased along the roads. Close station spacing enables visible detection of

weak events via trace-to-trace correlation. In comparison, the sparser traditional network
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fails to detect small aftershocks easily detected by AIDA due to spatial aliasing (Fig. 4.2c).

Additional arrivals are observed between the P- and S-waves and have been used to image

crustal reflectors (Quiros et al., in press).

3D seismic P- and S-wave velocity models were derived by local earthquake tomography using

P and S arrival times from more than 300 aftershocks in the AIDA dataset (Davenport et

al., 2015). The tomography was capable of resolving structure with ¡1 km spatial resolution.

The resulting velocity model indicates a medium that is homogeneous within resolution, with

VP = 6.2 km/s and VS = 3.62 km/s. This constant velocity is consistent with the crystalline

rocks of the Piedmont Province and very thin (∼10 m) weathering layer above bedrock.

The root-mean-square misfit of the constant-velocity 3D model is 17 ms (Davenport et al.,

2015), less than half of the dominant period; therefore, it should be sufficient to stack in

seismograms by backprojection.

4.4 Back-Projection Method

Backprojection imaging of P-wave arrivals was used to detect and locate aftershocks of the

2011 Virginia aftershock sequence recorded by the AIDA array. Backprojection is a sim-

plification of reverse-time migration, which propagates the wavefield energy recorded by

the seismic array backwards in time through a known velocity model to the energys source

(McMechan, 1982). Backprojection ignores magnitudes, simply shifting observed seismo-

grams by the time delay between the image point and the station, and stacking the time-

shifted seismograms (Ishii et al., 2005; Chapter 3). The method is scalable in magnitude

and has become a common approach to locate earthquake source energy for major earth-
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quakes (e.g., Ishii et al., 2007; Xu et al., 2009; Walker and Shearer, 2009; Kiser and Ishii,

2012; Koper et al., 2012), industry hydraulic fracturing microseismicity (e.g., Chambers et

al., 2010; Zhebel and Eisner, 2012, Vlcek et al., 2015), tectonic microseismicity (Inbal et al.,

2015), and volcano seismicity (Haney et al., 2014; Langet et al., 2014; Hansen and Schmandt,

2015).

Back-projection is generally performed on events previously detected by other methods.

These other methods depend on detection on single seismograms, and near-simultaneous

detections on multiple stations. On the other hand, backprojection provides an important

advantage over single-seismogram detection methods by improving the signal-to-noise ratio

through stacking. This enables detection of events that cannot be detected on individual

seismograms, including events smaller than the noise (Gajewski and Tessmer, 2005; Chapter

3).

The application of backprojection to real data is often challenging due to seismic noise,

spatially-aliased secondary phases, polarity reversals caused by the focal mechanism, uncer-

tainties in the velocity model, sparse station spacing, or small array aperture (Chapter 3).

Most applications pre-process the data to produce broader and/or positive-only waveforms

that stack in easier, at the expense of imaging with lower spatial resolution. Based on a

comparative analysis of these methods (Chapter 3), a two-phase backprojection procedure

was applied to the 12-day AIDA dataset.

First, the seismograms were pre-processed to compute their kurtosis. Kurtosis is the fourth

central moment in statistics, describing the peakedness and tails of a distribution (Spanos,

1999). Kurtosis is robust detector of seismic arrivals (e.g., Saragiotis et al., 2002; Kuperkoch
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et al., 2010; Nippress et al., 2010) and is similarly robust for backprojection (Langet et al.,

2014; Chapter 3). A 500 ms moving time window was used to compute seismic traces of

local kurtosis.

The kurtosis waveforms were then blindly backprojected to simultaneously detect and locate

aftershocks without the need for noise removal or polarity corrections. Travel time between

grid nodes was trivial to compute in the 3D velocity model that consisted of a constant

velocity (Davenport et al., 2015). Back-projection was performed for the entire 12-day

dataset at 10 ms sampling and at a 100 m grid spacing within a 12 x 12 x 9 km volume

beneath the AIDA array (e.g., Fig. 4.3). Aftershocks were detected whenever peak energy of

the stack exceeded a pre-determined threshold. Aftershocks at the edges of the volume were

discarded since they probably represent sources outside the volume. This process resulted

in an earthquake catalog consisting of earthquake locations and origin times.

Subsequently, for each hypocenter in this catalog, the original field seismograms were time-

corrected for the hypocenter and cross-correlated with the stacked seismogram to determine

and correct polarity. A spatial median filter using stations within 1.5 km was applied to

station polarity to obtain the dominant polarity and allow sharp polarity boundaries. The

seismic traces were multiplied by distance between the hypocenter and station to correct for

spherical divergence. The polarity and amplitude-corrected seismograms were then back-

projected using a small time and spatial window near the kurtosis hypocenter to obtain the

backprojection peak amplitudes to estimate the magnitude correlation with the magnitudes

from the traditional network catalog. This imaging was sampled at 10 ms and 50 m. Rather

than a simple stack, a diversity stack (Embree, 1968) was applied to reduce the effect of
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noisy traces.

The magnitudes of the aftershocks were determined using correlation between the backpro-

jection image peak amplitudes and the corresponding magnitudes of the same earthquakes

in the traditional network catalog of Wu et al. (2015). The aftershocks common to both

catalogs demonstrate a linear relationship in log space (Fig. 4.4). A similar linear corre-

lation was reported for backprojection of the 2011 Tohoku aftershock sequence (Kiser and

Ishii, 2013). The least-squares linear relationship is log10(AmplitudeBPI)= 1.89(Magnitude)

– 8.24. Based on this, backprojection magnitudes (MBPI) were computed for all events in

the backprojection catalog.

4.5 The Back-projection Catalog

Applying automated kurtosis-based P-wave backprojection to the entire AIDA dataset re-

sulted in the detection and simultaneous location of 1673 aftershocks within the 12 day

deployment, starting 4 days after the main shock (Appendix). To evaluate the completeness

of the backprojection catalog in space, time, and magnitude, it was directly compared with

the traditional network catalog of Wu et al. (2015). For fair comparison, we only consider

aftershocks from the Wu et al. catalog that occurred within the recording period and the

constrained search volume spanned by the AIDA backprojection. The backprojection catalog

successfully recovered all 494 aftershocks located by the traditional network in that time and

spatial range. Moreover, backprojection located an additional 1209 earthquakes, an increase

in detection by a factor of ∼3.5.
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The smallest detected and located aftershock in the backprojection catalog has a magnitude

of –1.8. The magnitude distribution of the backprojection catalog (Fig. 4.5a) exhibits a high

concentration at smaller magnitudes compared to the traditional network catalog. Several

hundred previously undetected aftershocks ranging from M 0 to M –1.8 were detected and

located.

The location errors of the hypocenters in the network catalog were reported as ∼ 0.66 km

in horizontal and ∼ 2.01 km in vertical direction after using double-difference method (Wu

et al., 2015). AIDAs hypocenters have much better absolute accuracy, including velocity

tradeoff, of < 100 m enabled by the high resolution velocity model obtained from the dense

array (Davenport, et al., 2015). Within that velocity model, the median back-projection

location accuracies are ∼ 0.09 km in horizontal and ∼ 0.2 km in vertical direction.

Fig. 4.7 shows map view and cross sections of the aftershocks of both catalogs. They

present a consistent spatial distribution of aftershocks in the main shock region. However,

the backprojection catalog provides a more detailed image of the seismicity. It reveals a

noticeable abundance and distinct strikes of small shallow aftershocks as well as a new

shallow cluster to the east.

4.6 Earthquake Statistics:

Extension to smaller magnitudes

The AIDA backprojection aftershock catalog (Appendix, Fig. 4.7) has lower detection and

location thresholds than previous work, which enables investigation of seismic processes at
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smaller magnitudes.

The scaling between the frequency of occurrence and the magnitude of earthquakes is de-

scribed by the Gutenberg-Richter relation (Ishimoto and Iida, 1939; Gutenberg and Richter,

1944):

log10N = a − bMBPI ,
(4.1)

where N is the cumulative number of earthquakes having magnitudes equal or greater MBPI ,

and a and b are empirical parameters derived by fitting observations to a straight line. The

b value of the frequency-magnitude relationship varies between 0.6 and 1.4 (e.g., Wiemer

and Wyss, 1997). The spatial variability of b-value as well as its variations with depth is

often hypothesized as inversely proportional to stress and directly proportional to material

heterogeneity (e.g., Mogi, 1962, Scholz, 1968; Urbancic et al., 1992; Mori and Abercrombie,

1997; Wiemer and Wyss, 1997, Stein and Wysession, 2003). Low b-values are thought to

correspond to highly stressed asperities of active faults (Wiemer and Wyss, 1997) while high

b-values correspond to the creeping section of faults (Amelung and King, 1997).

The frequency-magnitude distribution of the Virginia aftershock sequence (Fig. 4.5b) is well

approximated by the Gutenberg-Richter relation. The magnitude completeness (Mc) of the

AIDA backprojection catalog is M –1.0 using the maximum likelihood procedure described in

Wiemer and Wyss (2000). The completeness (Mc) of the traditional network catalog of Wu et

al. (2015) during the same 12 days and restricted to the AIDA backprojection volume is –0.27

(Fig. 4.5b, green). The dense AIDA array and backprojection detection have significantly

improved the catalog completeness beneath the array. The traditional array spanned a wider

area, and detected additional events outside the AIDA catalog. Backprojection using a larger
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search volume detected most of these events, but could not improve the location accuracy

for events far outside the AIDA array.

The b-value of the backprojection aftershock sequence is 0.713±0.087 and the a-value is 2.60

(Fig. 4.5b, red). The b-value of the traditional network aftershocks of Wu et al. (2015)

during the same 12 days and located within the AIDA backprojection volume is 0.705±0.071

(Fig. 4.5b, green). This good agreement indicates that the frequency-magnitude relation is

consistent at smaller magnitudes. The b-value is a little larger when measured over a few

months, where McNamara et al. (2014) observed 0.747±0.04 and Wu et al. (2015) observed

0.864±0.013 (Fig. 4.5b, gray). All of these values are relatively low and consistent with

intraplate seismicity (0.865±0.226; Ebel, 2009).

In addition, the b-values of the aftershock sequence within different depth ranges indicate a

decrease in depth (Fig. 4.5c). The b-value of the aftershocks shallower than 3 km depth is

0.893±0.053 (Fig. 4.5c, pink); on the other hand, the b-value of the aftershocks at > 3 km

depth is estimated to be 0.679±0.092 (Fig.4.5c, yellow).

The decay rate of the aftershock activity with time (Fig. 4.6a) is approximated by the

modified Omori’s law (e.g., Utsu, 1995):

dN

dt
= C2

(C2 + t)p
, (4.2)

where N is the number of the earthquakes per day; t is the elapsed time since the main

shock in days; p, C1, and C2 are parameters that are fit empirically. The empirical decay

exponent p-value” defines the temporal decay rate of the aftershocks. Typical p-values are

within the range of 0.6 and 1.8 for different aftershock sequences (Wiemer and Katsumata,
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1999) and may differ spatially and sometimes temporarily (e.g., Utsu, 1995). Fig. 4.6a

(red) shows that the aftershock sequence detected by backprojection decays with a low p-

value of 0.564 ± 0.163. The other constants are estimated as C1 = 165.030 ± 67.933 and

C2 = −3.733 ± 1.110. The aftershocks from the traditional network catalog of Wu et al.

(2015) over the same 12 days and spatial volume result in a p-value of 0.578 ± 0.368 (Fig.

4.6a, green). The traditional catalog is very similar but has relatively high standard error.

On the other hand, the seismicity decay obtained from the entire traditional network catalog

through 129 days has a much higher p-value of 1.085±0.058 (Wu et al., 2015). The temporal

change from 12 days to 4 months may be related to systematic absence of detections at

smaller magnitudes.

Further, the p-values of the aftershock sequence within different depth ranges indicate a

significant change with depth (Fig. 4.6b). Aftershocks at > 3 km depth decay with a

p-value of 0.721±0.249 (pink), higher than the entire aftershock activity. On the other

hand, aftershocks shallower than 3 km depth decay much slower, with a smaller p-value of

0.356±0.287 (yellow).

4.7 Spatial-temporal Aftershock Patterns

The majority of the backprojection aftershocks align in a northeast-striking concentration

similar in orientation to the main shock’s focal plane (Fig. 4.7) (Chapman, 2013; McNamara

et al., 2014; Wu et al., 2015; Horton et al., 2015b). The average strike and dip of this main

cluster are consistent with previous observations. It does not coincide with the orientations

of any pre-existing geologic structures, mapped faults, or seismic reflections in the region,
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illuminating a previously unknown fault zone (Burton et al., 2015; Pratt et al.; 2015; Horton

et al., 2015b). The fault zone is > 1 km thick (Fig. 4.7a), despite hypocenters that are

accurate to < 100 m, as indicated by the AIDA tomography (Davenport et al., 2015). This

indicates that the events did not occur on a single fault plane, but in a narrow zone. This is

consistent with the mix of reverse and strike-slip focal mechanisms (Wu et al., 2015).

The along-strike distribution of aftershocks (Fig. 4.7a) shows that the deeper aftershocks

occurred predominantly near the hypocenter of the main shock. The ∼5 km along-strike and

2-3 km down-dip gap in seismicity above these events corresponds to the main shock rupture

zone (Chapman, 2013). Most of the aftershocks in the main cluster are up-dip and to the

northeast of the main shock (Fig. 4.7a). The three sub-events of the main shock propagated

shallower and to the northeast (Chapman, 2013). The aftershock zone supports the inference

that main-shock rupture directivity controls the asymmetric distribution of the aftershocks

(Gomberg et. al, 2003; Wu et al., 2015).

The main cluster is not perfectly planar, but smoothly bends along strike and with depth

(Fig. 4.7a), as suggested by some previous studies (Davenport et al., 2015; Horton et al.,

2015b) but missed in others (McNamara et al., 2014; Wu et al., 2015). The high-resolution

backprojection catalog validates an arcuate, concave upward pattern.

Above ∼3 km depth in the across-strike section, the traditional network catalog indicates that

the main fault zone extends linearly towards the surface (Fig. 4.7b). The backprojection

catalog includes these events, but adds numerous small events that were not previously

detected in a roughly triangular zone above the planar trend (Fig. 4.7a, section across

strike). This suggests rupture on minor splay and/or conjugate faults as the main trend
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approaches the surface.

A distinct, shallow cluster of aftershocks is observed to the east of the main cluster (Fig.

4.7a). This cluster has not been previously reported (Fig. 4.7b). The magnitudes in this

cluster vary between M–1.4 to M1. Shallow (< 4 km depth) clusters further to the northeast

were observed in the traditional network catalog, 10-20 km from the main shock (Fig. 4.7b).

These events have a northeastern trend approximately parallel to the strike of mapped Pa-

leozoic geologic structure, but have focal mechanisms that strike northwest and a maximum

horizontal stress trending northeast (Wu et al., 2015). These shallow clusters are similar in

depth and magnitude and roughly along strike with the new shallow cluster observed in Fig.

4.7a. The northeastern clusters were not included in the backprojection catalog since back-

projection of these events far outside the AIDA array results in poorly-located hypocenters.

Due to the sparse stations of the traditional network and the limited aperture of the AIDA

array, neither catalog can clarify if there are similar small-magnitude clusters linking the

shallow eastern cluster in the backprojection catalog with the clusters further northeast in

the network catalog.

The temporal evolution of seismicity (Fig. 4.8) shows that most of the aftershock zones

persist through the 12 day window. The one exception is that shallow aftershocks in and

above the main fault-zone cluster mostly occur more than 8 days after the main shock. On

the other hand, the eastern shallow cluster is active throughout the 12 days. Most of the

seismicity during the early 12-day deployment of the AIDA array is spatially similar to that

of the 129-day traditional network (Wu et al., 2015).
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4.8 Discussion and Conclusions

The AIDA array significantly lowers the detection threshold by capturing the weak signals

of tiny aftershocks at a sufficient number of closely spaced stations. Furthermore, the back-

projection increased the signal-to-noise ratio of tiny events by stacking many seismograms

and enabled detection and simultaneous location of events with signal so small they cannot

be detected on single stations. The backprojection catalog detected a factor of ∼3.5 more

aftershocks than careful analysis of the unusually large, 36-station, traditional aftershock

network (Wu et al., 2015). The backprojection catalog is complete to magnitude –1.0, a

significant improvement from the already impressive magnitude –0.4 completeness of the

traditional catalog.

The backprojection catalog adds additional smaller events to the traditional network catalog

of Wu et al. (2015) (Fig. 4.5) for 12 days in a more limited volume that includes the entire

main fault zone. These additional events do not change the Gutenburg-Richter b-value (Fig.

4.5) or Omori Law temporal decay constant p-value (Fig. 4.6) for the 12 days and the same

volume. On the other hand, the 12-day b-value is slightly lower than that observed over 4

months by the traditional network and the 12-day p-value is much smaller than that for 4

months (Figs. 4.6). The low b value is consistent with the high stress drops observed for

the main shock and larger aftershocks (Chapman, 2013; Wu et al., submitted) and previous

studies that suggest low b values for high stress (e.g., Urbancic et al., 1992; Wiemer and

Wyss, 1997). In addition, both b-value and p-value vary from < 3 to > 3 km depth. Shallow

seismicity includes fewer large events (higher b-value) and the shallow aftershocks decay

with a p-value half the decay rate of the deeper aftershocks (Figs. 4.5 and 4.6). These
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temporal and spatial changes exist in the traditional catalog of Wu et al. (2015), but were

not previously noticed. The low b-value of the aftershocks at > 3 km depth is consistent

with the high stress at deeper parts of the fault zone. The decrease in b value with depth is

consistent with previous interpretations, possibly due to increased applied stress (Mori and

Abercrombie, 1997; Wiemer and Wyss, 1997; Wiemer and Katsumata, 1999).

The temporal distribution of the aftershocks shows that shallow aftershocks in the main

cluster occur relatively later in the updip direction from the main shock hypocenter. The

simultaneous occurrence of the east shallow aftershocks with the early aftershocks of the main

cluster does not show a clear evidence for the effect of dynamic triggering. The seismicity

that occurred within the 12 day time range presents a very similar spatial distribution to the

∼4 month time range of the network catalog, suggesting that the distribution of aftershocks

was strongly controlled by the static stress change caused by the main shock’s rupture. The

exception is the shallow aftershocks in the main cluster, which occur > 8 days after the main

shock in the updip direction. This suggests dependence upon the static stress changes from

the first week of aftershocks. The new, shallow, eastern cluster persists for the full 12 days,

suggesting it also was controlled by the main shock static stress change.

The detailed seismicity obtained from backprojection of the dense AIDA array shows pat-

terns consistent with the network catalog but also emphasizes the incompleteness of the

network catalog at smaller magnitudes. The additional small-magnitude seismicity and high-

resolution hypocenters delineate additional details. The spatial accuracy of the hypocenters

is about an order of magnitude better than that of the traditional network, due to the dense

recording, stacking during back-projection (similar to cross-correlation), improved 3D veloc-
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ity model (Davenport et al., 2015), and back-projection imaging (similar to migration, which

is a spatial inversion). New details delineated by AIDA include: the main tabular zone is

too thick to be a single fault and has a concave-upwards shape, a broader zone of newly

observed seismicity exists above the main zone at shallow depth, and a new shallow cluster

exists ∼5 km to the east.

The main tabular zone of seismicity is > 1 km thick, much thicker than the hypocentral errors,

consistent with the results of Davenport et al. (2015). This indicates that the seismicity

does not occur on a single fault. A primary fault is not detected within this main cluster.

The cluster represents a tabular zone where static Coulomb stress change and main-shock

rupture directivity caused abundant events on multiple faults updip and to the northeast

of the main shock. This is consistent with Wu et al. (2015), who reported different focal

mechanisms within the tabular zone. Consistent with Davenport et al. (2015) and Horton

et al. (2015b), this tabular zone is concave upwards and curves along strike.

A shallow cluster located to the east of the main cluster, including magnitudes from M –1.4

to M 1, was not previously detected by the network catalog. Backprojection detected but

could not accurately locate many additional hypocenters to the east and northeast, outside

the AIDA array. Intriguing clusters of seismicity with properties different than the main

fault zone exist in this direction (Wu et al., 2015). However, the lack of dense stations in

that region does not enable correlation of the new cluster to the clusters further northeast. A

new zone of seismicity was also observed immediately above the main tabular zone at shallow

depth. This zone may consist of splay or antithetic faults, or may have rotated stress similar

to that observed in the eastern clusters (Wu et al., 2015). These newly observed clusters
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of seismicity suggest that other small-magnitude seismicity was missed beyond the AIDA

array.

The AIDA array benefited from a dense, poorly or non-aliased inline station spacing. How-

ever, its spacing between lines may have been insufficient if the velocity structure had been

more complex. We would advocate for more lines or a full dense grid to better record

the next aftershock sequence. Similarly, the ∼12-km aperture of the AIDA array was large

enough to cover the main fault zone in Virginia, but only because the large stress drop of

this event produced a relatively small zone of faulting. Additional lines or a grid of stations

and a larger spatial aperture would both require many more stations. Thousands of stations

with large aperture and high spatial and temporal sampling rates are commonly deployed by

industry, including for hydraulic fracturing microseismicity studies (e.g. Zhebel and Eisner,

2012; Anikiev et al., 2014; Vlček et al., 2015). These industry studies show the capabilities

of truly large arrays to be deployed and to lower the detection threshold.

The differences between the AIDA backprojection catalog and that produced from a tra-

ditional deployment with an unusually large number of stations highlights the importance

of the completeness at low magnitude and the spatial resolution of earthquake catalogs.

High-resolution catalogs that are more complete in magnitudes can delineate complex fault

zones in more detail. This can enable a better understanding of the evolution of stress and

strain in the epicentral region and can better correlate seismicity with existing geological

and geomorphological structures. The latter is especially important for a fault zone that

does not correlate with any previously mapped fault, such as the 2011 Virginia earthquake.

Moreover, more complete and accurate catalogs may also help improve our understanding of
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static and dynamic stress and the role of fluids in aftershock triggering. For these reasons,

we advocate aftershock deployments with denser lines or grids and a larger spatial aperture,

requiring many hundreds to a few thousand stations. Such deployments are practical and

proven by industry.
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Figure 4.1: Maps of the 2011 Virginia earthquake and aftershock networks. (a) Map of
traditional aftershock network (triangles), AIDA deployment (dots) and the 2011 Virginia
earthquake epicenter (star). (b) Map of the AIDA deployment during the first 6 days (white),
second 6 days (blue) and 12 days (red).
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Figure 4.2: (a) AIDA data for a magnitude 1.7 aftershock recorded during the second week.
Seismograms are sorted along the lines (Fig. 4.1). True relative amplitudes are shown after
removal of the trace mean. Star indicates epicenter of the event at 4.2 km depth. (b) A
magnitude –1.2 aftershock. Star indicates epicenter of the event at 1.5 km depth. (c) The
aftershock of (b), plotting only stations near stations in the traditional aftershock network
(triangles of Fig. 4.1).
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Figure 4.3: 4D backprojection images, plotted at the best hypocenter time and projected
onto each 2D plane, plus a panel for the maximum stack value (black dot) as a function of
time. Kurtosis backprojection for the large event of Fig. 4.2a.
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Figure 4.4: Base-10 logarithm of the backprojection image energy versus magnitude from
the catalog of Wu et al. (2015).
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Figure 4.5: Number of earthquakes, N, versus magnitude. (a) Red is new backprojection
catalog; green is traditional network catalog for the same 12 days from Wu et al. (2015); gray
is the Wu et al. catalog for 4 months. (b) Gutenburg-Richter relationship. (c) Gutenburg-
Richter relationship for backprojection catalog for events at depth < 3 km (yellow) and > 3
km (pink).



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 139

Figure 4.6: Number of aftershocks in each half-day window as a function of time, and
best-fitting modified Omoris law decay curve and decay constant p”. (a) Red is new back-
projection catalog; green is traditional network catalog for the same 12 days from Wu et al.
(2015). (b) Backprojection catalog for events at depth < 3 km (yellow) and > 3 km (pink).
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Figure 4.7: Map, across-strike section, and along-strike section for (a) backprojection
catalog (red); (b) traditional network catalog (green) for the same 12 days from Wu et al.
(2015). Strike is N33○E. Star indicates the main shock hypocenter. Stations (black) are
shown on the map (a).
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Figure 4.8: Map and cross-sections for the backprojection catalog, showing (a) day 5, (b)
days 5-8, and (c) days 5-16 after the main shock. Red to blue colors show the event date.
The hypocenters are scaled to magnitude. Star indicates the main shock hypocenter.
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The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/08/27 19:20:35.60 37.917 -77.994 3.5 0.35
2011/08/27 19:23:02.15 37.920 -77.985 3.2 -0.38
2011/08/27 19:37:32.28 37.926 -77.984 3.5 0.05
2011/08/27 19:53:36.35 37.936 -77.975 5.0 0.83
2011/08/27 20:28:26.82 37.956 -77.951 5.4 -0.15
2011/08/27 21:20:52.80 37.936 -77.966 4.6 -0.26
2011/08/27 21:21:01.67 37.929 -77.982 3.6 1.10
2011/08/27 21:21:21.57 37.931 -77.985 4.2 -0.06
2011/08/27 21:27:33.05 37.928 -77.990 4.2 0.10
2011/08/27 21:29:34.36 37.931 -77.986 4.4 -0.27
2011/08/27 22:35:52.27 37.927 -77.991 5.0 -0.23
2011/08/27 22:38:27.57 37.891 -77.983 4.7 -0.25
2011/08/27 23:32:13.78 37.940 -77.965 5.9 0.47
2011/08/27 23:52:03.60 37.939 -77.970 5.0 1.89
2011/08/28 00:07:14.17 37.948 -77.990 4.9 0.12
2011/08/28 00:56:15.68 37.932 -77.978 3.7 -0.41
2011/08/28 00:56:58.13 37.946 -77.969 4.0 0.05
2011/08/28 00:58:12.47 37.951 -77.965 5.1 0.06
2011/08/28 01:03:26.54 37.926 -77.994 4.0 0.38
2011/08/28 01:07:54.74 37.934 -77.982 3.9 -0.50
2011/08/28 01:17:18.90 37.940 -77.984 3.1 0.11
2011/08/28 01:32:26.72 37.931 -77.975 4.0 -0.37
2011/08/28 01:48:08.02 37.929 -77.987 4.1 0.02
2011/08/28 02:18:22.84 37.912 -77.993 4.8 1.19
2011/08/28 02:40:36.89 37.920 -77.919 0.5 -0.37
2011/08/28 04:47:30.65 37.930 -77.975 2.6 -0.54
2011/08/28 05:15:58.10 37.932 -77.982 3.2 -0.36
2011/08/28 05:20:24.05 37.946 -77.970 3.9 1.14
2011/08/28 05:21:22.52 37.940 -77.974 4.4 0.32
2011/08/28 05:23:13.08 37.924 -77.980 4.2 -0.36
2011/08/28 05:23:14.13 37.922 -77.983 1.6 -0.60
2011/08/28 05:28:49.45 37.956 -78.015 8.1 0.24
2011/08/28 05:31:21.80 37.921 -77.992 3.9 -0.30
2011/08/28 05:42:49.93 37.944 -77.986 2.2 1.50
2011/08/28 05:50:58.01 37.948 -77.975 7.6 -0.38
2011/08/28 05:59:30.61 37.927 -77.986 3.8 0.79
2011/08/28 06:03:04.69 37.909 -77.991 1.8 0.44
2011/08/28 06:03:26.17 37.909 -77.992 1.8 -0.49
2011/08/28 06:04:42.45 37.933 -77.984 4.3 0.17
2011/08/28 06:05:52.51 37.933 -77.909 -0.1 -0.44

* z0 = −0.4 km
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The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/08/28 06:52:27.55 37.939 -77.987 2.1 0.06
2011/08/28 07:27:08.38 37.911 -78.003 3.2 -0.46
2011/08/28 07:28:27.07 37.931 -77.986 5.3 -0.36
2011/08/28 07:30:59.37 37.941 -77.975 4.2 0.19
2011/08/28 08:01:14.64 37.915 -77.920 -0.1 -0.41
2011/08/28 08:01:26.10 37.915 -77.922 0.2 -0.70
2011/08/28 08:02:16.22 37.905 -77.987 6.1 0.30
2011/08/28 08:06:16.12 37.933 -77.983 4.6 0.72
2011/08/28 08:17:19.38 37.917 -77.993 3.8 0.92
2011/08/28 08:32:01.39 37.934 -77.981 4.4 0.52
2011/08/28 08:43:52.00 37.934 -77.950 3.8 -0.54
2011/08/28 08:48:17.23 37.922 -77.985 4.2 0.29
2011/08/28 09:04:53.99 37.947 -77.967 4.9 0.32
2011/08/28 09:05:11.67 37.929 -77.978 4.9 -0.28
2011/08/28 09:05:14.71 37.945 -77.974 5.2 0.03
2011/08/28 09:14:23.65 37.924 -77.992 3.8 -0.11
2011/08/28 09:15:21.49 37.944 -77.965 4.5 -0.43
2011/08/28 09:24:46.46 37.947 -77.966 5.3 -0.16
2011/08/28 09:25:34.27 37.938 -77.975 4.0 -0.43
2011/08/28 09:51:35.99 37.940 -77.973 4.1 -0.73
2011/08/28 09:59:32.31 37.899 -77.959 8.2 -0.33
2011/08/28 10:26:45.72 37.949 -77.983 1.9 -0.79
2011/08/28 10:45:05.29 37.916 -77.921 0.4 0.15
2011/08/28 10:50:00.77 37.946 -77.964 3.6 -0.79
2011/08/28 10:53:09.24 37.947 -77.969 6.8 -0.51
2011/08/28 11:06:51.60 37.919 -77.916 0.3 -0.59
2011/08/28 11:06:52.74 37.915 -77.923 0.5 -0.88
2011/08/28 11:09:22.39 37.918 -77.914 0.2 -0.54
2011/08/28 11:12:10.02 37.919 -77.916 0.3 -0.67
2011/08/28 11:12:18.96 37.919 -77.916 0.3 -0.91
2011/08/28 11:12:31.74 37.919 -77.916 0.3 -1.00
2011/08/28 11:21:58.59 37.921 -77.995 3.3 -0.66
2011/08/28 11:40:32.92 37.926 -77.987 3.7 1.17
2011/08/28 11:43:49.69 37.933 -77.986 4.2 1.59
2011/08/28 11:49:03.92 37.928 -77.984 3.6 1.09
2011/08/28 11:50:28.76 37.931 -77.985 4.1 0.15
2011/08/28 11:57:25.39 37.915 -77.991 3.4 -0.62
2011/08/28 11:58:06.87 37.932 -77.984 3.5 0.16
2011/08/28 12:01:57.60 37.977 -77.933 5.7 -0.73
2011/08/28 12:10:08.51 37.955 -77.985 2.5 0.56

* z0 = −0.4 km
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The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/08/28 12:21:52.35 37.950 -77.956 5.3 -0.28
2011/08/28 12:24:42.70 37.920 -77.918 0.4 -0.30
2011/08/28 12:35:06.37 37.945 -77.970 3.9 -0.71
2011/08/28 12:39:10.07 37.943 -77.966 5.0 -0.26
2011/08/28 12:40:56.02 37.964 -77.952 4.4 -0.20
2011/08/28 12:50:23.36 37.931 -77.983 3.6 0.09
2011/08/28 12:51:34.91 37.940 -77.969 4.4 -0.28
2011/08/28 13:37:36.48 37.940 -77.983 3.7 -0.02
2011/08/28 13:39:13.99 37.912 -77.986 4.6 -0.57
2011/08/28 13:45:31.09 37.939 -77.978 4.6 0.41
2011/08/28 13:46:58.26 37.948 -77.981 3.1 0.21
2011/08/28 14:12:38.57 37.943 -77.991 5.9 -0.45
2011/08/28 14:14:02.94 37.930 -77.975 5.0 -0.14
2011/08/28 14:31:43.74 37.932 -77.983 2.9 -0.52
2011/08/28 14:31:54.29 37.965 -77.932 7.5 -0.34
2011/08/28 14:32:31.47 37.937 -77.984 3.5 0.89
2011/08/28 14:43:10.77 37.940 -77.987 1.8 -0.25
2011/08/28 14:43:22.82 37.921 -77.998 3.7 1.64
2011/08/28 15:10:08.66 37.921 -77.997 3.4 0.04
2011/08/28 15:27:46.31 37.912 -77.948 3.6 -0.72
2011/08/28 15:44:39.25 37.903 -77.974 7.6 -0.04
2011/08/28 16:15:34.69 37.887 -77.984 5.4 0.54
2011/08/28 16:24:36.46 37.933 -77.984 4.2 -0.03
2011/08/28 16:27:03.86 37.921 -77.993 3.1 0.79
2011/08/28 16:33:11.62 37.918 -77.919 0.1 -0.88
2011/08/28 16:34:33.25 37.967 -77.936 5.7 -0.12
2011/08/28 16:36:58.03 37.952 -77.944 6.4 -0.17
2011/08/28 16:43:35.27 37.919 -77.995 3.8 -0.11
2011/08/28 16:46:30.00 37.970 -77.931 6.3 2.08
2011/08/28 16:53:00.42 37.933 -77.986 4.2 -0.33
2011/08/28 17:07:23.92 37.954 -77.951 6.2 -0.49
2011/08/28 17:10:11.15 37.921 -77.992 3.1 0.34
2011/08/28 17:12:47.49 37.953 -77.951 5.5 -0.39
2011/08/28 17:14:36.48 37.945 -77.908 -0.1 -0.85
2011/08/28 17:24:18.42 37.951 -77.980 2.6 0.73
2011/08/28 17:37:00.72 37.917 -77.919 0.1 -0.14
2011/08/28 17:38:01.64 37.906 -77.976 6.0 -0.79
2011/08/28 17:38:03.13 37.904 -77.968 1.5 -0.89
2011/08/28 17:41:14.81 37.944 -77.959 5.8 0.43
2011/08/28 17:41:53.32 37.949 -77.960 6.3 -0.71

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 146

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/08/28 17:56:06.30 37.925 -77.984 3.3 0.37
2011/08/28 17:56:17.05 37.909 -77.974 4.7 -0.95
2011/08/28 18:07:52.84 37.933 -77.986 3.9 -0.62
2011/08/28 18:12:09.87 37.939 -77.980 3.5 0.01
2011/08/28 18:18:08.86 37.940 -77.981 3.9 0.07
2011/08/28 18:23:17.63 37.947 -77.968 4.9 -0.36
2011/08/28 18:27:17.29 37.952 -77.972 4.5 -0.62
2011/08/28 18:29:11.55 37.955 -77.972 5.8 -0.38
2011/08/28 18:30:04.77 37.971 -77.970 3.7 -0.24
2011/08/28 18:35:03.82 37.935 -77.984 4.2 -0.74
2011/08/28 18:37:02.33 37.917 -77.923 0.5 0.56
2011/08/28 18:49:01.20 37.914 -77.994 3.9 -0.27
2011/08/28 18:50:42.30 37.918 -77.994 4.0 -0.47
2011/08/28 18:59:04.85 37.930 -77.966 5.7 -0.19
2011/08/28 19:11:27.71 37.939 -77.964 5.9 -0.46
2011/08/28 19:13:43.88 37.950 -77.951 5.3 -0.43
2011/08/28 19:26:25.75 37.939 -77.981 2.3 -0.73
2011/08/28 19:30:53.96 37.938 -77.962 5.7 0.28
2011/08/28 19:31:24.03 37.938 -77.966 5.9 -0.32
2011/08/28 19:32:21.23 37.914 -77.919 0.3 0.11
2011/08/28 19:41:35.88 37.938 -77.974 5.3 -0.01
2011/08/28 19:52:03.05 37.948 -77.945 7.0 -0.62
2011/08/28 20:18:05.53 37.938 -77.966 5.9 2.81
2011/08/28 20:21:42.94 37.953 -78.016 -0.2 -0.37
2011/08/28 20:38:36.14 37.933 -77.962 6.1 0.73
2011/08/28 20:41:01.83 37.931 -77.976 4.6 -0.06
2011/08/28 20:49:40.95 37.957 -77.953 5.9 -0.22
2011/08/28 21:03:50.38 37.942 -77.980 3.9 1.06
2011/08/28 21:07:02.23 37.933 -77.968 5.6 1.22
2011/08/28 21:09:32.49 37.930 -77.984 3.5 0.04
2011/08/28 21:09:46.15 37.911 -77.983 5.6 1.39
2011/08/28 21:10:38.87 37.911 -77.998 5.0 -0.56
2011/08/28 21:23:30.52 37.903 -77.970 7.7 -1.18
2011/08/28 21:36:19.77 37.949 -77.953 5.9 -0.53
2011/08/28 21:43:50.91 37.960 -77.951 5.3 -0.16
2011/08/28 21:49:53.22 37.916 -77.989 3.1 -0.91
2011/08/28 21:55:34.77 37.899 -77.959 8.7 0.17
2011/08/28 21:59:31.28 37.932 -77.982 4.4 -0.42
2011/08/28 22:06:01.16 37.947 -77.973 4.3 -0.07
2011/08/28 22:09:38.28 37.927 -77.995 3.7 -0.49

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 147

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/08/28 22:57:53.45 37.945 -77.970 3.7 0.63
2011/08/28 23:08:21.24 37.918 -77.989 4.4 -0.56
2011/08/28 23:17:18.08 37.935 -77.983 4.1 -0.91
2011/08/28 23:19:20.26 37.913 -77.995 3.6 -0.91
2011/08/28 23:41:51.63 37.906 -77.997 5.1 -0.82
2011/08/28 23:45:38.06 37.946 -77.961 5.6 -1.09
2011/08/28 23:51:46.40 37.913 -77.992 3.8 -0.58
2011/08/28 23:53:25.69 37.946 -77.969 4.3 -0.38
2011/08/28 23:59:50.05 37.939 -77.987 3.4 0.14
2011/08/29 00:00:14.44 37.932 -77.982 3.1 -1.21
2011/08/29 00:05:19.82 37.959 -77.913 7.6 -0.71
2011/08/29 00:11:12.35 37.919 -77.917 0.5 -0.06
2011/08/29 00:12:39.27 37.933 -77.983 4.4 -0.96
2011/08/29 00:17:10.65 37.914 -77.994 3.9 -0.99
2011/08/29 00:20:10.16 37.919 -77.916 0.2 -1.09
2011/08/29 00:20:30.38 37.968 -77.934 6.1 0.26
2011/08/29 00:23:55.55 37.909 -77.990 5.9 0.73
2011/08/29 00:33:36.12 37.915 -77.989 3.6 -0.77
2011/08/29 00:41:17.00 37.898 -77.978 8.1 -0.93
2011/08/29 00:50:49.48 37.898 -78.017 0.6 -0.38
2011/08/29 00:58:15.13 37.927 -77.987 4.1 -0.50
2011/08/29 01:01:14.11 37.912 -77.999 4.2 -1.02
2011/08/29 01:02:44.92 37.926 -77.987 3.6 -0.96
2011/08/29 01:04:39.51 37.953 -77.945 1.1 0.67
2011/08/29 01:06:36.22 37.938 -77.985 3.9 2.67
2011/08/29 01:32:44.64 37.945 -77.907 0.0 -0.80
2011/08/29 01:42:58.14 37.908 -77.997 4.9 -0.87
2011/08/29 01:49:29.70 37.915 -77.995 3.8 -1.04
2011/08/29 01:50:51.93 37.939 -77.986 4.1 -0.08
2011/08/29 01:57:30.48 37.940 -77.985 2.8 0.11
2011/08/29 01:58:09.98 37.925 -77.989 3.7 -0.14
2011/08/29 02:01:04.05 37.912 -77.999 4.5 0.84
2011/08/29 02:07:39.59 37.943 -77.978 3.7 -1.01
2011/08/29 02:08:28.43 37.922 -77.995 3.4 -0.91
2011/08/29 02:08:34.49 37.942 -77.985 3.5 -0.78
2011/08/29 02:09:28.66 37.910 -78.005 4.8 -0.28
2011/08/29 02:11:33.42 37.941 -77.983 3.5 -1.22
2011/08/29 02:14:19.15 37.948 -77.969 4.6 -0.19
2011/08/29 02:14:52.03 37.923 -77.985 4.7 -0.98
2011/08/29 02:16:51.66 37.938 -77.984 3.9 0.78

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 148

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/08/29 02:19:03.80 37.924 -77.984 3.8 -1.10
2011/08/29 02:30:49.65 37.916 -77.918 0.0 -0.49
2011/08/29 02:32:05.30 37.927 -77.975 5.3 0.06
2011/08/29 02:39:16.26 37.903 -78.001 4.9 -0.86
2011/08/29 02:45:57.43 37.945 -77.975 3.0 -0.57
2011/08/29 02:53:31.14 37.939 -78.011 0.3 0.27
2011/08/29 02:56:56.87 37.915 -77.918 -0.2 -1.42
2011/08/29 03:03:47.67 37.932 -77.984 3.8 -0.22
2011/08/29 03:05:10.61 37.940 -77.983 4.5 -0.91
2011/08/29 03:09:17.12 37.916 -77.917 0.2 -1.17
2011/08/29 03:09:29.63 37.886 -77.986 5.5 0.10
2011/08/29 03:11:47.65 37.921 -77.990 4.3 -0.04
2011/08/29 03:15:21.67 37.938 -77.985 4.0 2.81
2011/08/29 03:16:51.56 37.939 -77.987 4.4 2.79
2011/08/29 03:18:59.13 37.939 -77.986 4.0 0.92
2011/08/29 03:21:39.66 37.930 -77.967 5.7 0.17
2011/08/29 03:23:52.04 37.938 -77.986 4.0 0.67
2011/08/29 03:24:18.72 37.938 -77.985 4.0 0.99
2011/08/29 03:25:04.43 37.939 -77.985 4.2 1.05
2011/08/29 03:25:18.65 37.937 -77.984 4.0 -0.32
2011/08/29 03:26:00.97 37.938 -77.986 4.0 -0.40
2011/08/29 03:28:04.77 37.939 -77.987 4.0 -0.77
2011/08/29 03:37:21.93 37.937 -77.985 3.9 1.71
2011/08/29 03:38:15.79 37.887 -77.984 5.4 1.61
2011/08/29 03:39:49.40 37.926 -77.985 4.1 -0.08
2011/08/29 03:41:04.76 37.924 -77.985 3.7 0.44
2011/08/29 03:44:20.32 37.936 -77.976 5.0 -0.75
2011/08/29 03:52:12.65 37.917 -77.917 0.0 -0.42
2011/08/29 03:52:24.31 37.957 -77.957 6.3 -0.68
2011/08/29 03:52:26.19 37.933 -77.976 0.2 -0.96
2011/08/29 03:56:36.90 37.938 -77.986 4.0 -0.61
2011/08/29 03:57:18.13 37.912 -78.008 2.1 -1.20
2011/08/29 03:59:41.85 37.928 -77.986 4.3 -1.16
2011/08/29 04:00:49.15 37.878 -77.907 0.1 -0.64
2011/08/29 04:05:37.47 37.929 -77.989 5.3 -0.87
2011/08/29 04:05:38.75 37.924 -77.982 0.4 -0.89
2011/08/29 04:07:39.96 37.939 -77.970 4.6 -0.77
2011/08/29 04:19:26.45 37.938 -77.983 4.0 2.44
2011/08/29 04:22:25.30 37.942 -77.977 4.2 -0.42
2011/08/29 04:36:19.59 37.939 -77.987 4.0 0.12

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 149

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/08/29 04:40:01.01 37.941 -77.965 5.5 -0.60
2011/08/29 04:47:44.06 37.918 -77.992 3.7 0.51
2011/08/29 04:52:49.42 37.887 -77.984 5.8 -1.07
2011/08/29 04:52:50.78 37.896 -77.975 1.1 -1.16
2011/08/29 04:55:25.56 37.920 -77.917 0.5 -1.10
2011/08/29 05:03:33.67 37.938 -77.986 4.3 0.70
2011/08/29 05:06:52.69 37.912 -78.014 3.6 -0.85
2011/08/29 05:09:09.36 37.951 -77.974 2.1 -1.08
2011/08/29 05:20:20.63 37.930 -77.983 4.3 1.27
2011/08/29 05:24:21.05 37.968 -77.940 8.3 -0.88
2011/08/29 05:34:53.70 37.917 -78.013 3.3 -1.08
2011/08/29 05:41:43.17 37.938 -77.985 4.3 1.34
2011/08/29 05:43:06.68 37.949 -77.952 5.4 -0.90
2011/08/29 05:53:08.91 37.926 -77.972 5.3 -0.38
2011/08/29 06:05:39.76 37.884 -77.986 6.0 -0.76
2011/08/29 06:08:40.57 37.925 -77.974 4.9 -0.87
2011/08/29 06:20:07.70 37.946 -77.973 4.3 -0.34
2011/08/29 06:20:14.45 37.943 -77.965 5.1 0.50
2011/08/29 06:40:00.22 37.939 -77.989 4.1 0.08
2011/08/29 06:53:04.95 37.915 -77.998 4.6 0.34
2011/08/29 06:55:38.36 37.906 -77.980 6.9 -0.77
2011/08/29 07:00:01.08 37.924 -77.992 2.9 -1.00
2011/08/29 07:04:37.02 37.931 -77.981 4.4 -0.91
2011/08/29 07:05:59.11 37.912 -77.980 5.7 -0.74
2011/08/29 07:13:30.29 37.939 -77.987 4.2 0.65
2011/08/29 07:35:01.80 37.945 -77.965 4.7 -0.05
2011/08/29 07:38:46.28 37.919 -77.994 4.1 1.46
2011/08/29 07:49:10.73 37.939 -77.976 3.3 -0.69
2011/08/29 07:52:08.97 37.918 -78.002 5.1 -0.62
2011/08/29 07:56:32.29 37.939 -77.959 4.7 -0.77
2011/08/29 08:04:11.54 37.947 -77.970 4.3 -0.95
2011/08/29 08:09:47.56 37.943 -77.953 6.1 0.27
2011/08/29 08:20:00.00 37.938 -77.980 5.0 -0.80
2011/08/29 08:27:45.28 37.933 -77.986 3.9 -0.48
2011/08/29 08:28:37.69 37.939 -77.989 4.1 0.40
2011/08/29 08:30:22.95 37.944 -77.977 4.6 -0.49
2011/08/29 08:37:56.25 37.915 -77.922 0.5 -1.16
2011/08/29 08:43:52.05 37.935 -77.962 5.7 0.00
2011/08/29 08:44:37.90 37.919 -77.918 -0.1 -1.33
2011/08/29 08:45:35.14 37.926 -77.984 4.4 0.30

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 150

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/08/29 08:50:53.23 37.948 -77.984 4.2 -0.48
2011/08/29 08:56:33.38 37.935 -77.983 4.1 -0.62
2011/08/29 09:03:54.69 37.932 -77.985 4.2 -0.46
2011/08/29 09:05:33.39 37.951 -77.976 3.7 -0.45
2011/08/29 09:06:01.10 37.931 -77.983 3.7 -0.49
2011/08/29 09:07:25.10 37.948 -77.966 5.1 -0.66
2011/08/29 09:13:17.77 37.915 -77.998 4.3 -0.17
2011/08/29 09:16:58.50 37.923 -77.990 3.2 -0.91
2011/08/29 09:17:29.52 37.949 -77.933 4.5 -0.46
2011/08/29 09:17:39.02 37.950 -77.940 7.2 -0.43
2011/08/29 09:25:21.99 37.929 -77.972 4.5 -0.59
2011/08/29 09:27:06.36 37.914 -77.918 -0.1 -0.21
2011/08/29 09:38:41.81 37.946 -77.967 5.0 0.93
2011/08/29 09:41:45.93 37.910 -77.972 1.0 -0.86
2011/08/29 09:43:02.53 37.953 -77.962 5.2 -0.85
2011/08/29 09:49:10.69 37.941 -77.981 3.5 0.68
2011/08/29 10:05:08.21 37.949 -77.967 5.2 0.15
2011/08/29 10:16:04.55 37.887 -77.986 5.8 -0.83
2011/08/29 10:18:50.57 37.938 -77.985 3.8 0.07
2011/08/29 10:21:08.57 37.927 -77.978 5.5 -0.71
2011/08/29 10:22:37.00 37.922 -77.993 3.1 -0.17
2011/08/29 10:24:33.93 37.918 -77.989 4.1 0.59
2011/08/29 10:33:13.64 37.922 -77.994 3.0 -0.28
2011/08/29 10:52:00.45 37.936 -77.985 4.1 -0.07
2011/08/29 10:56:04.04 37.941 -77.982 3.6 0.11
2011/08/29 10:59:10.35 37.916 -77.920 0.2 1.04
2011/08/29 10:59:51.46 37.916 -77.920 -0.1 1.03
2011/08/29 11:00:04.24 37.915 -77.918 -0.2 0.02
2011/08/29 11:00:35.64 37.916 -77.923 0.2 -0.99
2011/08/29 11:00:42.83 37.915 -77.918 -0.1 0.26
2011/08/29 11:01:12.63 37.914 -77.916 -0.2 -0.07
2011/08/29 11:03:10.62 37.916 -77.920 -0.2 0.14
2011/08/29 11:07:13.52 37.915 -77.918 -0.1 -1.08
2011/08/29 11:15:51.09 37.970 -77.946 6.0 -0.53
2011/08/29 11:16:25.97 37.950 -77.961 5.2 -0.40
2011/08/29 11:17:52.89 37.917 -77.919 0.0 -0.53
2011/08/29 11:18:08.33 37.913 -77.994 3.7 -0.09
2011/08/29 11:18:57.65 37.932 -77.973 4.6 -0.37
2011/08/29 11:21:13.88 37.958 -77.986 0.2 -0.20
2011/08/29 11:24:57.99 37.884 -77.980 4.8 -0.61

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 151

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/08/29 11:25:24.34 37.939 -77.986 4.7 -0.54
2011/08/29 11:32:34.28 37.940 -77.985 3.6 -0.67
2011/08/29 11:41:25.52 37.918 -77.920 -0.1 -0.01
2011/08/29 11:45:49.34 37.913 -77.986 5.3 -0.33
2011/08/29 11:47:53.51 37.914 -77.989 5.0 0.36
2011/08/29 12:00:55.82 37.914 -77.983 7.0 -0.51
2011/08/29 12:00:57.33 37.907 -77.985 1.9 -0.60
2011/08/29 12:02:58.00 37.941 -77.985 4.9 -0.55
2011/08/29 12:06:32.76 37.940 -77.981 4.2 -0.63
2011/08/29 12:21:44.77 37.916 -77.998 3.2 -0.04
2011/08/29 12:43:41.48 37.938 -77.985 4.1 -0.59
2011/08/29 12:50:15.46 37.915 -77.984 5.2 1.31
2011/08/29 12:55:09.49 37.931 -77.985 4.1 0.70
2011/08/29 13:04:19.86 37.942 -77.992 3.9 -0.22
2011/08/29 13:09:53.86 37.948 -77.982 2.3 -0.48
2011/08/29 13:17:21.96 37.919 -77.915 0.2 -0.33
2011/08/29 13:19:43.39 37.918 -77.993 4.2 -0.53
2011/08/29 13:32:33.53 37.919 -77.912 -0.1 -0.56
2011/08/29 13:36:11.74 37.952 -77.973 3.5 -0.53
2011/08/29 13:50:20.74 37.915 -77.997 3.1 -0.28
2011/08/29 13:53:08.22 37.925 -77.993 3.8 -0.38
2011/08/29 14:01:11.14 37.947 -77.973 4.9 -0.01
2011/08/29 14:01:20.96 37.937 -77.986 3.7 -0.35
2011/08/29 14:33:38.21 37.912 -78.024 -0.2 -0.52
2011/08/29 14:46:44.36 37.953 -77.984 2.4 -0.59
2011/08/29 14:47:43.08 37.931 -77.974 5.5 -0.22
2011/08/29 14:48:13.08 37.948 -77.978 3.9 -0.50
2011/08/29 15:08:50.73 37.922 -77.997 3.5 -0.31
2011/08/29 15:23:21.38 37.908 -78.022 4.4 -0.31
2011/08/29 15:32:42.54 37.917 -77.920 -0.1 0.10
2011/08/29 15:32:49.13 37.942 -78.019 -0.2 0.34
2011/08/29 15:38:00.60 37.939 -77.965 5.4 -0.15
2011/08/29 15:46:56.44 37.918 -77.987 4.4 -0.54
2011/08/29 15:48:20.30 37.930 -77.969 5.7 -0.28
2011/08/29 16:06:04.13 37.935 -77.908 -0.1 0.06
2011/08/29 16:16:17.55 37.955 -77.957 7.2 -0.03
2011/08/29 16:23:17.13 37.944 -77.978 4.7 1.38
2011/08/29 16:31:08.26 37.941 -77.974 3.4 -0.36
2011/08/29 16:35:17.68 37.948 -77.967 5.8 -0.05
2011/08/29 16:48:02.39 37.923 -78.005 5.3 -0.40

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 152

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/08/29 16:52:35.28 37.931 -77.974 5.3 -0.35
2011/08/29 16:58:17.21 37.970 -77.934 6.0 -0.55
2011/08/29 16:59:40.79 37.916 -77.997 4.4 0.60
2011/08/29 17:12:43.23 37.916 -78.003 3.1 0.38
2011/08/29 17:22:15.57 37.931 -77.909 -0.1 0.27
2011/08/29 17:35:33.94 37.967 -77.956 5.0 -0.08
2011/08/29 17:49:33.42 37.936 -77.984 3.8 -0.21
2011/08/29 17:51:41.63 37.940 -77.982 3.5 0.12
2011/08/29 18:05:33.50 37.939 -77.986 4.0 0.73
2011/08/29 18:11:44.54 37.933 -77.969 4.8 -0.49
2011/08/29 18:20:49.15 37.912 -77.997 3.9 0.67
2011/08/29 18:40:15.53 37.936 -77.911 -0.2 -0.40
2011/08/29 18:45:46.89 37.894 -77.993 5.1 -0.61
2011/08/29 18:45:48.04 37.900 -77.986 0.1 -0.45
2011/08/29 18:50:28.54 37.942 -77.976 4.0 -0.19
2011/08/29 19:09:18.09 37.917 -77.920 0.1 -0.42
2011/08/29 19:10:52.80 37.937 -77.992 4.8 -0.62
2011/08/29 19:21:00.59 37.912 -77.998 4.4 0.48
2011/08/29 19:26:08.20 37.912 -77.998 4.3 -0.33
2011/08/29 19:28:35.07 37.950 -77.968 5.8 -0.36
2011/08/29 19:29:23.47 37.926 -77.984 5.0 -0.53
2011/08/29 19:31:46.39 37.934 -77.984 4.5 -0.78
2011/08/29 19:34:22.32 37.920 -77.977 6.3 -0.44
2011/08/29 19:34:23.84 37.918 -77.973 0.8 -0.55
2011/08/29 19:39:26.80 37.905 -77.997 1.2 -0.20
2011/08/29 19:40:54.81 37.924 -77.986 4.4 0.04
2011/08/29 19:58:29.22 37.933 -77.980 2.9 -0.77
2011/08/29 20:06:01.05 37.957 -77.953 5.7 -0.02
2011/08/29 20:10:41.60 37.904 -77.993 5.2 -0.33
2011/08/29 20:13:47.48 37.930 -77.980 4.8 -0.56
2011/08/29 20:14:28.55 37.935 -77.977 5.2 -0.42
2011/08/29 20:29:35.18 37.942 -77.981 3.8 -0.59
2011/08/29 20:32:26.17 37.938 -77.978 4.1 0.90
2011/08/29 20:41:32.31 37.930 -77.984 4.4 -0.56
2011/08/29 21:09:33.41 37.940 -77.960 6.5 -0.19
2011/08/29 21:31:02.00 37.940 -77.962 6.0 -0.03
2011/08/29 21:37:32.64 37.915 -77.917 0.3 -0.21
2011/08/29 21:42:34.98 37.914 -77.997 4.3 -0.60
2011/08/29 21:50:08.04 37.917 -77.982 6.2 0.01
2011/08/29 22:06:35.60 37.937 -77.965 6.0 -0.56

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 153

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/08/29 22:13:02.08 37.950 -77.974 3.1 0.01
2011/08/29 22:20:18.67 37.977 -78.010 6.4 -0.49
2011/08/29 22:29:40.34 37.919 -77.993 3.8 0.69
2011/08/29 22:35:09.95 37.934 -77.982 3.1 -0.68
2011/08/29 23:02:20.24 37.938 -77.986 4.0 -0.10
2011/08/29 23:36:29.04 37.924 -77.990 5.0 0.03
2011/08/29 23:36:53.92 37.942 -77.983 3.7 0.62
2011/08/29 23:39:50.41 37.968 -77.934 5.9 2.67
2011/08/29 23:48:56.90 37.931 -77.983 3.9 -0.99
2011/08/30 00:21:27.54 37.943 -77.910 -0.2 -1.02
2011/08/30 00:26:26.03 37.930 -77.973 6.3 -0.78
2011/08/30 00:29:38.58 37.946 -78.011 0.0 0.30
2011/08/30 00:33:30.84 37.938 -77.983 3.8 -0.73
2011/08/30 00:33:52.31 37.889 -77.947 0.3 -1.12
2011/08/30 00:35:22.93 37.939 -77.964 5.6 -0.44
2011/08/30 00:42:49.21 37.942 -77.982 4.4 -0.51
2011/08/30 00:43:35.37 37.921 -77.992 3.3 0.10
2011/08/30 00:49:53.81 37.935 -77.985 3.9 0.12
2011/08/30 00:50:08.03 37.951 -77.940 6.3 0.28
2011/08/30 00:52:46.45 37.902 -77.999 5.1 -0.28
2011/08/30 00:53:00.28 37.902 -77.999 5.1 -0.09
2011/08/30 00:56:31.43 37.917 -77.997 4.7 -0.68
2011/08/30 01:02:18.80 37.936 -77.972 5.3 -0.54
2011/08/30 01:04:16.74 37.940 -77.990 2.5 -0.76
2011/08/30 01:05:16.96 37.935 -77.961 5.2 0.58
2011/08/30 01:07:00.65 37.945 -77.989 2.4 -0.12
2011/08/30 01:08:51.68 37.921 -77.994 3.1 0.68
2011/08/30 01:12:21.31 37.958 -77.986 2.8 -0.22
2011/08/30 01:30:38.20 37.918 -77.991 3.9 -0.61
2011/08/30 01:38:14.61 37.952 -77.956 6.4 -0.73
2011/08/30 01:43:05.54 37.906 -78.002 4.9 -0.28
2011/08/30 01:45:42.34 37.945 -77.948 6.1 1.87
2011/08/30 01:51:16.99 37.913 -77.994 4.1 0.32
2011/08/30 01:52:14.61 37.932 -77.970 6.1 -0.55
2011/08/30 01:58:50.14 37.934 -77.982 3.9 -0.51
2011/08/30 02:00:00.65 37.917 -77.993 3.6 -0.03
2011/08/30 02:01:56.70 37.937 -77.984 3.9 -0.01
2011/08/30 02:13:44.20 37.912 -77.983 6.6 -0.53
2011/08/30 02:14:41.53 37.935 -77.981 4.2 0.74
2011/08/30 02:34:15.02 37.920 -77.990 4.2 -0.02

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 154

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/08/30 02:35:33.13 37.934 -77.962 5.0 -0.48
2011/08/30 02:44:36.93 37.919 -77.919 0.6 -1.08
2011/08/30 02:49:19.43 37.935 -77.984 5.4 -0.97
2011/08/30 02:57:23.75 37.950 -77.978 2.4 -0.91
2011/08/30 03:02:20.33 37.951 -77.999 5.9 -0.81
2011/08/30 03:02:20.89 37.937 -77.978 2.8 -0.97
2011/08/30 03:03:00.74 37.935 -77.977 5.2 -0.25
2011/08/30 03:04:16.40 37.940 -77.984 5.0 -0.37
2011/08/30 03:14:25.01 37.929 -77.967 5.9 -0.06
2011/08/30 03:43:22.05 37.918 -77.999 3.2 0.12
2011/08/30 03:48:28.81 37.905 -77.984 6.9 3.49
2011/08/30 03:56:52.81 37.921 -77.989 3.8 -0.59
2011/08/30 03:59:28.76 37.919 -77.915 0.2 -0.48
2011/08/30 04:03:00.30 37.954 -77.962 4.8 -0.50
2011/08/30 04:12:48.96 37.918 -77.997 2.9 -0.10
2011/08/30 04:13:42.69 37.914 -77.999 4.6 0.08
2011/08/30 04:23:35.31 37.915 -77.919 -0.1 -1.08
2011/08/30 04:29:51.14 37.905 -77.989 5.7 1.69
2011/08/30 05:02:59.98 37.969 -77.934 5.7 -0.07
2011/08/30 05:09:00.91 37.927 -77.990 4.1 -0.55
2011/08/30 05:18:04.94 37.938 -77.985 3.9 1.30
2011/08/30 05:31:32.18 37.947 -77.972 4.4 -0.94
2011/08/30 05:32:24.55 37.939 -77.986 3.9 0.18
2011/08/30 05:33:36.52 37.962 -77.942 6.6 0.76
2011/08/30 05:40:51.35 37.917 -77.918 0.3 -1.31
2011/08/30 05:48:14.31 37.932 -77.985 4.4 -0.63
2011/08/30 05:54:57.16 37.939 -77.972 5.9 -1.28
2011/08/30 05:55:42.96 37.942 -77.967 5.2 -0.21
2011/08/30 06:01:10.34 37.887 -77.941 -0.2 -0.88
2011/08/30 06:11:32.45 37.921 -77.991 3.2 -1.16
2011/08/30 06:20:45.76 37.948 -77.962 4.7 -1.04
2011/08/30 06:25:32.14 37.917 -77.993 3.9 0.20
2011/08/30 06:30:07.13 37.959 -77.946 7.2 -0.94
2011/08/30 06:31:09.80 37.931 -77.989 4.7 -0.86
2011/08/30 06:32:04.48 37.916 -77.917 0.4 -0.67
2011/08/30 06:36:58.09 37.955 -77.970 4.4 -0.31
2011/08/30 06:39:46.92 37.953 -77.959 5.1 -0.46
2011/08/30 06:51:20.14 37.909 -78.022 5.0 -0.61
2011/08/30 07:03:10.58 37.932 -77.973 4.7 -1.03
2011/08/30 07:03:30.72 37.944 -77.976 4.4 1.04

* z0 = −0.4 km
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The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/08/30 07:10:49.00 37.900 -77.981 8.4 0.18
2011/08/30 07:11:33.06 37.919 -77.914 0.1 -1.07
2011/08/30 07:17:04.41 37.944 -77.949 6.0 -0.76
2011/08/30 07:17:40.68 37.929 -77.983 3.9 -0.53
2011/08/30 07:35:07.56 37.901 -77.975 7.8 0.05
2011/08/30 07:44:21.18 37.951 -77.968 3.6 -0.57
2011/08/30 07:52:53.26 37.937 -77.984 4.5 -0.79
2011/08/30 08:00:48.37 37.915 -77.964 0.2 -1.07
2011/08/30 08:16:58.77 37.912 -77.911 -0.2 -0.66
2011/08/30 08:21:45.77 37.927 -77.973 3.3 -1.15
2011/08/30 08:22:30.89 37.919 -77.918 0.6 -0.32
2011/08/30 08:24:26.66 37.917 -77.993 3.6 -0.23
2011/08/30 08:32:29.38 37.932 -77.982 3.5 -0.26
2011/08/30 08:40:31.91 37.932 -77.953 -0.1 -0.35
2011/08/30 08:50:15.62 37.903 -77.973 8.0 1.32
2011/08/30 08:52:24.82 37.948 -77.985 2.3 -0.26
2011/08/30 09:06:04.31 37.922 -77.991 3.2 -0.38
2011/08/30 09:07:04.14 37.945 -77.947 6.3 0.92
2011/08/30 09:13:42.38 37.932 -77.981 4.3 0.74
2011/08/30 09:23:40.08 37.940 -77.909 -0.2 -1.07
2011/08/30 09:25:27.12 37.939 -77.985 4.0 0.38
2011/08/30 09:28:21.88 37.912 -77.993 5.2 -0.07
2011/08/30 09:30:39.38 37.950 -77.968 5.5 0.14
2011/08/30 09:38:09.49 37.921 -77.989 5.3 -0.36
2011/08/30 09:38:10.61 37.918 -77.995 1.6 -0.76
2011/08/30 09:44:12.03 37.935 -77.985 4.1 1.70
2011/08/30 09:51:49.22 37.956 -77.953 5.6 -0.35
2011/08/30 10:22:53.53 37.943 -77.960 5.6 1.53
2011/08/30 10:34:21.89 37.926 -77.989 3.9 -0.41
2011/08/30 10:48:08.09 37.970 -77.952 0.5 -0.39
2011/08/30 10:48:57.61 37.911 -77.986 7.9 -0.44
2011/08/30 10:59:12.72 37.917 -77.921 0.4 1.00
2011/08/30 11:00:36.07 37.930 -77.970 5.6 -0.57
2011/08/30 11:04:15.09 37.947 -77.969 5.2 0.14
2011/08/30 11:12:49.12 37.952 -77.945 6.8 0.09
2011/08/30 11:12:58.18 37.915 -77.918 -0.1 -0.78
2011/08/30 11:16:54.57 37.915 -77.918 0.2 -0.14
2011/08/30 11:17:00.80 37.933 -77.981 3.2 -0.65
2011/08/30 11:21:23.62 37.928 -77.987 5.9 -0.28
2011/08/30 11:54:51.71 37.929 -77.987 4.2 0.03

* z0 = −0.4 km
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The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/08/30 12:14:30.96 37.924 -78.001 0.0 -0.30
2011/08/30 12:15:52.91 37.913 -77.994 4.2 0.87
2011/08/30 12:17:05.95 37.937 -77.985 3.9 1.20
2011/08/30 12:18:14.06 37.938 -78.013 -0.1 -0.73
2011/08/30 12:30:21.59 37.934 -77.958 5.6 -0.72
2011/08/30 12:34:26.65 37.944 -77.909 -0.2 -0.30
2011/08/30 12:38:00.85 37.939 -77.980 2.9 -0.71
2011/08/30 12:40:50.58 37.938 -77.987 4.4 0.29
2011/08/30 12:40:59.73 37.939 -77.987 4.4 0.08
2011/08/30 13:12:06.72 37.973 -77.928 6.6 -0.48
2011/08/30 13:25:02.77 37.943 -77.970 4.1 -0.62
2011/08/30 13:26:50.87 37.921 -77.982 5.6 2.22
2011/08/30 13:37:44.11 37.946 -77.972 4.7 -0.38
2011/08/30 13:56:28.35 37.909 -77.912 0.1 -0.71
2011/08/30 14:02:40.31 37.950 -77.941 7.4 0.76
2011/08/30 14:19:38.68 37.923 -77.989 3.8 -0.59
2011/08/30 14:22:40.72 37.933 -77.985 4.0 0.22
2011/08/30 14:32:00.65 37.904 -77.973 5.7 -0.57
2011/08/30 14:32:02.07 37.903 -77.962 0.6 -0.85
2011/08/30 14:51:45.38 37.915 -77.919 0.2 -0.14
2011/08/30 15:05:50.33 37.916 -77.918 0.7 -0.79
2011/08/30 15:15:08.80 37.946 -77.908 -0.2 -0.78
2011/08/30 15:24:48.48 37.898 -77.999 0.7 -0.60
2011/08/30 15:25:02.24 37.921 -77.991 2.8 -0.39
2011/08/30 15:33:19.21 37.954 -77.956 5.6 -0.07
2011/08/30 15:33:24.83 37.950 -77.978 2.1 -0.61
2011/08/30 15:37:17.17 37.942 -77.990 3.5 -0.01
2011/08/30 15:58:06.63 37.955 -77.974 7.6 -0.41
2011/08/30 16:42:47.39 37.935 -77.985 3.9 0.31
2011/08/30 17:38:16.61 37.903 -77.972 0.5 -0.70
2011/08/30 17:43:55.30 37.927 -77.987 4.0 -0.55
2011/08/30 17:59:45.05 37.908 -77.986 5.4 -0.63
2011/08/30 18:12:44.63 37.941 -77.981 3.7 0.13
2011/08/30 18:16:27.89 37.907 -77.992 5.9 1.13
2011/08/30 18:18:01.98 37.931 -77.984 4.0 1.75
2011/08/30 19:05:11.49 37.932 -77.986 4.2 -0.76
2011/08/30 19:10:27.32 37.933 -77.983 4.0 0.53
2011/08/30 19:20:36.54 37.947 -77.991 2.3 0.33
2011/08/30 19:24:45.28 37.928 -77.987 4.5 0.17
2011/08/30 19:27:53.70 37.916 -77.918 0.1 -0.83

* z0 = −0.4 km
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The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/08/30 19:32:06.89 37.933 -77.983 4.2 0.17
2011/08/30 19:46:09.26 37.941 -77.984 4.9 1.44
2011/08/30 19:47:30.92 37.908 -78.007 3.5 0.44
2011/08/30 19:52:03.00 37.929 -77.987 4.1 -0.17
2011/08/30 19:53:08.39 37.946 -77.969 5.4 0.34
2011/08/30 19:56:56.76 37.939 -77.987 4.2 -0.65
2011/08/30 20:01:03.08 37.936 -77.958 5.6 0.10
2011/08/30 20:14:11.02 37.940 -77.978 3.7 0.06
2011/08/30 20:46:43.10 37.927 -77.987 4.0 -0.18
2011/08/30 20:48:28.96 37.971 -77.936 5.5 0.60
2011/08/30 20:54:15.81 37.972 -77.935 5.4 -0.61
2011/08/30 21:03:01.53 37.937 -77.984 4.2 0.17
2011/08/30 21:40:53.06 37.941 -77.951 6.3 0.30
2011/08/30 21:48:54.94 37.909 -78.000 -0.1 -0.54
2011/08/30 21:51:04.61 37.916 -77.920 0.4 0.03
2011/08/30 21:59:18.02 37.912 -77.977 5.8 0.18
2011/08/30 22:04:05.74 37.933 -77.998 6.0 -0.50
2011/08/30 22:06:48.68 37.931 -77.999 5.5 -0.59
2011/08/30 22:08:55.10 37.947 -77.990 2.4 -0.31
2011/08/30 22:09:41.29 37.935 -77.985 4.1 1.01
2011/08/30 22:25:14.61 37.925 -77.984 4.1 1.28
2011/08/30 22:29:26.44 37.950 -77.961 5.8 0.21
2011/08/30 22:35:47.86 37.914 -77.917 0.1 -0.20
2011/08/30 22:37:56.99 37.909 -78.001 3.1 -0.74
2011/08/30 22:41:25.41 37.938 -77.978 4.2 -0.08
2011/08/30 22:47:10.75 37.944 -77.969 4.3 -0.44
2011/08/30 22:52:14.13 37.930 -77.934 0.0 -0.78
2011/08/30 23:11:45.55 37.924 -77.989 3.8 -0.64
2011/08/30 23:28:43.44 37.914 -77.918 0.1 -0.68
2011/08/30 23:33:02.53 37.939 -77.986 4.3 -0.40
2011/08/30 23:41:16.18 37.935 -77.993 3.5 -0.70
2011/08/30 23:50:16.87 37.939 -77.910 4.2 -0.88
2011/08/30 23:56:46.75 37.935 -77.983 3.7 -0.66
2011/08/30 23:58:44.15 37.909 -78.006 3.6 0.08
2011/08/31 00:00:01.51 37.948 -77.942 6.6 -0.61
2011/08/31 00:00:03.14 37.942 -77.941 0.0 -0.70
2011/08/31 00:04:00.92 37.963 -77.997 5.6 -0.51
2011/08/31 00:29:57.47 37.926 -77.984 4.4 -1.32
2011/08/31 00:34:59.88 37.934 -77.985 4.3 -1.18
2011/08/31 00:41:57.43 37.965 -77.997 0.2 -0.68

* z0 = −0.4 km
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The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/08/31 00:53:03.35 37.923 -77.992 3.4 -0.72
2011/08/31 00:59:18.93 37.965 -77.952 4.9 -0.37
2011/08/31 00:59:27.82 37.946 -77.959 6.4 1.53
2011/08/31 01:03:27.08 37.947 -77.975 3.2 -0.22
2011/08/31 01:23:19.43 37.923 -77.995 3.5 -0.16
2011/08/31 01:35:50.86 37.952 -77.972 3.9 -0.50
2011/08/31 01:45:13.24 37.887 -77.983 5.5 -0.78
2011/08/31 01:45:14.39 37.884 -77.984 2.1 -0.84
2011/08/31 02:17:21.26 37.947 -77.972 4.6 -0.51
2011/08/31 02:26:05.16 37.936 -77.958 5.6 0.34
2011/08/31 02:35:06.69 37.944 -77.966 4.8 -0.86
2011/08/31 02:36:36.89 37.890 -78.008 -0.2 -0.70
2011/08/31 02:42:13.95 37.969 -77.929 6.0 -0.10
2011/08/31 02:58:32.94 37.935 -77.976 4.3 -0.95
2011/08/31 03:09:56.72 37.935 -77.910 0.1 -0.55
2011/08/31 03:14:02.46 37.925 -77.910 -0.2 -0.45
2011/08/31 03:20:32.02 37.946 -77.970 3.7 -0.73
2011/08/31 03:22:48.60 37.945 -77.908 0.1 -0.86
2011/08/31 03:23:59.86 37.936 -77.986 4.2 -0.39
2011/08/31 03:26:06.27 37.922 -77.985 4.7 -0.75
2011/08/31 03:30:37.67 37.952 -77.908 -0.2 -0.97
2011/08/31 03:32:57.46 37.939 -77.983 3.7 1.08
2011/08/31 03:39:36.52 37.965 -77.935 7.3 0.53
2011/08/31 03:40:31.70 37.943 -77.968 5.0 -0.87
2011/08/31 03:46:15.79 37.890 -77.920 0.0 -0.87
2011/08/31 03:55:00.36 37.936 -77.984 3.9 -0.38
2011/08/31 03:56:50.90 37.939 -77.986 4.0 -0.31
2011/08/31 04:01:37.53 37.922 -77.983 4.3 -0.68
2011/08/31 04:09:30.34 37.966 -77.981 7.6 -0.98
2011/08/31 04:20:37.70 37.915 -77.997 3.5 -0.45
2011/08/31 04:20:39.23 37.904 -77.936 2.1 -0.98
2011/08/31 04:21:44.95 37.917 -77.994 3.4 -0.75
2011/08/31 04:41:28.46 37.917 -77.992 3.6 -0.75
2011/08/31 04:44:50.66 37.939 -77.983 4.4 -0.69
2011/08/31 04:48:18.16 37.929 -77.985 3.8 0.36
2011/08/31 04:49:55.95 37.942 -77.990 5.1 -0.93
2011/08/31 04:53:49.23 37.928 -77.985 4.8 1.68
2011/08/31 05:04:43.51 37.922 -77.921 0.0 -0.73
2011/08/31 05:05:15.28 37.926 -77.986 3.5 -0.21
2011/08/31 05:10:09.18 37.949 -77.969 5.5 -0.16

* z0 = −0.4 km
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The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/08/31 05:35:14.41 37.889 -77.984 6.0 -1.05
2011/08/31 05:41:02.80 37.918 -77.994 4.0 0.47
2011/08/31 05:57:22.09 37.926 -77.984 4.5 0.48
2011/08/31 05:59:21.34 37.938 -77.977 2.6 -1.10
2011/08/31 06:04:30.68 37.933 -77.966 5.2 -0.79
2011/08/31 06:05:57.81 37.948 -77.967 4.9 -0.50
2011/08/31 06:06:52.11 37.920 -77.995 3.9 -0.32
2011/08/31 06:09:16.89 37.923 -77.981 4.8 -0.98
2011/08/31 06:42:07.70 37.874 -77.935 -0.1 -1.13
2011/08/31 06:50:41.68 37.886 -77.985 5.5 0.09
2011/08/31 06:53:56.95 37.939 -77.991 1.7 -0.80
2011/08/31 07:00:18.80 37.930 -77.982 4.2 -0.15
2011/08/31 07:05:30.70 37.930 -77.982 4.4 -0.14
2011/08/31 07:07:26.26 37.909 -77.991 5.3 -0.05
2011/08/31 07:07:31.54 37.912 -77.989 5.9 -0.75
2011/08/31 07:20:00.90 37.949 -77.978 2.5 -0.47
2011/08/31 07:29:19.67 37.930 -77.966 6.2 -0.90
2011/08/31 07:35:28.42 37.933 -77.986 3.8 -0.26
2011/08/31 07:54:01.50 37.921 -77.987 3.3 -0.73
2011/08/31 07:55:13.01 37.926 -77.980 4.4 -0.40
2011/08/31 08:03:21.57 37.899 -77.975 6.4 0.52
2011/08/31 08:05:20.31 37.918 -77.918 0.0 -1.02
2011/08/31 08:05:25.28 37.938 -77.987 4.0 -0.68
2011/08/31 08:11:13.54 37.947 -77.970 4.5 -0.80
2011/08/31 08:25:38.82 37.914 -77.993 4.1 -0.92
2011/08/31 08:33:15.65 37.939 -77.982 4.0 0.83
2011/08/31 08:35:06.24 37.931 -77.966 4.8 -1.04
2011/08/31 08:45:11.50 37.939 -77.985 4.2 -0.92
2011/08/31 08:45:47.66 37.949 -77.958 5.9 -1.00
2011/08/31 08:51:52.29 37.930 -77.983 3.7 -0.73
2011/08/31 09:01:28.03 37.947 -77.967 4.9 0.39
2011/08/31 09:11:14.51 37.915 -77.997 4.3 0.14
2011/08/31 09:23:07.22 37.878 -77.922 0.5 -0.04
2011/08/31 09:33:44.50 37.945 -77.983 2.2 -0.54
2011/08/31 09:38:09.60 37.949 -77.960 5.3 -0.46
2011/08/31 09:46:02.79 37.916 -77.995 4.0 -1.02
2011/08/31 09:50:41.11 37.916 -77.918 -0.2 -1.17
2011/08/31 09:54:06.38 37.948 -77.975 4.6 0.45
2011/08/31 10:11:15.15 37.917 -77.992 3.2 -0.48
2011/08/31 10:35:42.52 37.939 -77.981 3.3 0.40

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 160

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/08/31 10:43:09.68 37.930 -77.990 5.0 -0.74
2011/08/31 10:43:49.14 37.936 -77.983 3.6 -0.72
2011/08/31 11:10:41.56 37.915 -77.919 0.1 -0.22
2011/08/31 11:31:22.26 37.943 -77.987 1.8 -0.61
2011/08/31 11:37:43.10 37.944 -77.948 6.4 -0.46
2011/08/31 11:39:50.46 37.946 -77.952 0.0 -0.85
2011/08/31 11:54:07.40 37.941 -77.983 4.4 0.11
2011/08/31 12:33:35.15 37.939 -77.987 3.7 1.47
2011/08/31 12:49:41.03 37.933 -77.972 5.1 -0.72
2011/08/31 12:55:16.11 37.955 -77.961 4.9 -0.25
2011/08/31 12:55:57.36 37.915 -77.920 0.4 0.08
2011/08/31 13:12:22.47 37.953 -77.939 7.0 -0.23
2011/08/31 13:31:04.83 37.958 -77.994 0.7 -0.49
2011/08/31 13:34:10.08 37.939 -77.954 6.1 0.15
2011/08/31 13:55:01.96 37.937 -77.984 4.0 0.25
2011/08/31 14:02:57.58 37.866 -77.925 1.5 -0.50
2011/08/31 14:10:10.74 37.919 -77.984 5.2 -0.28
2011/08/31 14:27:07.03 37.976 -77.931 7.2 -0.12
2011/08/31 14:30:22.72 37.934 -77.984 4.1 -0.11
2011/08/31 14:40:44.57 37.939 -77.977 4.4 -0.74
2011/08/31 14:41:05.02 37.940 -77.977 4.6 -0.74
2011/08/31 14:41:41.57 37.948 -77.984 5.9 -0.49
2011/08/31 14:49:07.58 37.930 -77.981 3.7 -0.58
2011/08/31 14:52:59.81 37.940 -77.973 5.1 -0.37
2011/08/31 15:01:54.91 37.948 -77.974 3.6 1.71
2011/08/31 15:03:37.69 37.963 -78.015 0.1 -0.22
2011/08/31 15:05:04.93 37.914 -77.918 -0.1 -0.70
2011/08/31 15:09:17.36 37.884 -77.909 0.3 -0.87
2011/08/31 15:11:06.44 37.904 -77.925 3.5 0.69
2011/08/31 15:11:34.89 37.918 -77.921 0.4 0.43
2011/08/31 15:50:33.59 37.942 -77.951 0.1 1.19
2011/08/31 15:52:54.45 37.969 -78.026 -0.2 -0.39
2011/08/31 16:22:13.52 37.903 -77.999 5.3 -0.11
2011/08/31 16:31:45.84 37.946 -77.972 4.3 -0.59
2011/08/31 16:39:02.17 37.950 -77.964 5.4 1.73
2011/08/31 17:06:49.58 37.915 -77.919 0.1 -0.63
2011/08/31 17:15:09.60 37.921 -77.907 0.5 -0.77
2011/08/31 17:20:14.04 37.933 -78.011 0.9 -0.40
2011/08/31 17:24:10.88 37.944 -77.986 2.3 1.74
2011/08/31 17:42:56.63 37.930 -77.975 4.9 -0.34

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 161

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/08/31 17:49:07.17 37.931 -77.983 3.4 -0.33
2011/08/31 18:00:07.98 37.915 -77.919 -0.1 -1.75
2011/08/31 18:01:22.96 37.924 -77.975 5.6 -1.07
2011/08/31 18:06:28.52 37.895 -77.962 1.8 -1.05
2011/08/31 18:17:16.80 37.910 -77.978 5.2 0.34
2011/08/31 18:42:34.30 37.948 -77.940 6.9 0.46
2011/08/31 18:51:31.06 37.943 -77.989 2.5 -0.59
2011/08/31 19:00:42.73 37.936 -77.966 4.8 -1.73
2011/08/31 19:12:35.78 37.948 -77.968 5.1 1.63
2011/08/31 19:13:23.31 37.948 -77.967 5.2 0.19
2011/08/31 19:18:43.33 37.948 -77.968 5.4 1.75
2011/08/31 19:20:14.92 37.945 -77.909 -0.2 -0.28
2011/08/31 19:25:02.85 37.939 -77.947 5.4 -0.29
2011/08/31 19:35:27.47 37.914 -77.997 4.7 0.27
2011/08/31 19:53:33.93 37.921 -77.985 3.8 -0.06
2011/08/31 20:06:05.74 37.920 -77.925 0.1 -1.12
2011/08/31 20:21:03.91 37.918 -77.990 5.5 0.19
2011/08/31 20:22:19.57 37.929 -77.975 4.4 -0.30
2011/08/31 20:54:02.13 37.940 -77.954 4.4 -0.20
2011/08/31 21:08:39.73 37.906 -77.993 4.1 -1.08
2011/08/31 21:14:25.77 37.916 -77.919 0.3 -0.28
2011/08/31 21:19:43.64 37.932 -77.977 4.2 -0.48
2011/08/31 21:26:07.10 37.950 -77.960 4.3 0.17
2011/08/31 21:37:57.91 37.918 -77.919 0.0 -0.75
2011/08/31 21:52:04.55 37.913 -77.918 -0.1 0.01
2011/08/31 21:57:41.55 37.939 -77.967 5.7 0.22
2011/08/31 22:13:49.25 37.913 -77.974 6.9 -0.67
2011/08/31 22:20:54.94 37.942 -77.910 -0.2 -0.65
2011/08/31 22:23:35.89 37.901 -77.984 5.7 -0.45
2011/08/31 22:40:02.69 37.935 -77.984 4.2 1.67
2011/08/31 22:40:26.99 37.918 -77.994 3.9 -0.30
2011/08/31 22:43:44.65 37.973 -77.942 6.4 -0.16
2011/08/31 23:07:06.66 37.945 -77.956 4.3 0.13
2011/08/31 23:13:16.97 37.887 -77.984 5.4 -0.44
2011/08/31 23:22:30.89 37.921 -77.997 4.9 -0.68
2011/08/31 23:33:15.83 37.914 -77.918 0.4 -0.66
2011/08/31 23:37:35.78 37.924 -77.985 4.8 -0.11
2011/08/31 23:53:08.62 37.914 -77.919 0.2 -0.60
2011/08/31 23:57:47.86 37.878 -77.970 5.2 -0.51
2011/09/01 00:14:32.33 37.963 -77.967 2.8 -0.59

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 162

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/01 00:15:45.37 37.920 -77.990 3.9 -0.82
2011/09/01 00:32:54.53 37.917 -77.995 4.9 -0.77
2011/09/01 00:32:55.64 37.912 -77.997 1.2 -0.78
2011/09/01 00:44:34.56 37.931 -77.982 3.9 -0.28
2011/09/01 00:46:31.96 37.936 -77.983 4.0 -0.41
2011/09/01 01:07:00.98 37.942 -77.909 -0.1 -1.01
2011/09/01 01:23:23.00 37.937 -77.982 3.8 -0.93
2011/09/01 01:27:49.28 37.968 -77.933 5.9 0.98
2011/09/01 01:33:07.43 37.906 -77.987 5.6 -0.38
2011/09/01 01:44:42.07 37.943 -77.980 1.5 -0.87
2011/09/01 01:48:53.48 37.904 -77.923 3.4 -1.01
2011/09/01 01:50:27.18 37.915 -77.993 3.7 0.32
2011/09/01 01:53:32.90 37.934 -77.983 3.9 -0.10
2011/09/01 02:07:17.90 37.939 -77.968 4.7 -0.06
2011/09/01 02:09:50.30 37.933 -77.991 3.3 -0.71
2011/09/01 02:15:08.48 37.938 -77.974 5.0 -0.75
2011/09/01 02:41:47.35 37.888 -78.003 -0.1 -0.70
2011/09/01 02:43:40.44 37.942 -77.964 5.8 -0.67
2011/09/01 02:48:12.98 37.935 -77.986 4.4 -0.65
2011/09/01 02:50:22.46 37.937 -77.972 5.2 0.27
2011/09/01 02:55:21.12 37.958 -77.966 2.4 0.42
2011/09/01 03:10:27.99 37.923 -77.978 5.6 -0.88
2011/09/01 03:25:19.34 37.926 -77.981 5.4 -0.47
2011/09/01 03:26:35.75 37.902 -77.935 0.2 -0.30
2011/09/01 03:45:41.18 37.936 -77.987 4.4 -0.31
2011/09/01 04:24:12.74 37.956 -77.984 1.1 -0.57
2011/09/01 04:26:04.91 37.888 -77.982 5.4 -0.40
2011/09/01 04:29:30.15 37.939 -77.985 4.2 -0.42
2011/09/01 04:41:21.66 37.907 -77.987 5.3 1.21
2011/09/01 04:43:50.50 37.939 -77.983 3.3 0.58
2011/09/01 04:57:44.71 37.921 -77.986 3.0 -0.66
2011/09/01 05:18:01.31 37.948 -77.967 5.3 -0.80
2011/09/01 05:23:14.87 37.918 -77.999 3.1 0.79
2011/09/01 05:28:29.94 37.915 -77.992 3.7 -0.00
2011/09/01 05:35:42.89 37.943 -77.977 5.2 0.27
2011/09/01 05:37:49.06 37.948 -77.967 4.9 -0.07
2011/09/01 05:39:26.12 37.939 -77.983 2.9 -0.85
2011/09/01 05:48:43.21 37.933 -77.981 4.2 -0.44
2011/09/01 05:49:20.47 37.897 -77.972 7.6 0.11
2011/09/01 05:57:22.25 37.903 -77.970 7.8 -0.38

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 163

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/01 06:12:18.73 37.904 -77.923 3.3 0.05
2011/09/01 06:30:03.63 37.972 -77.972 0.6 -0.89
2011/09/01 06:44:01.35 37.920 -77.993 3.3 0.24
2011/09/01 06:44:37.97 37.925 -77.986 3.9 -0.65
2011/09/01 06:47:00.32 37.952 -77.959 4.9 -0.53
2011/09/01 06:50:07.03 37.939 -77.992 4.8 -0.95
2011/09/01 06:50:32.69 37.924 -77.981 4.5 -0.46
2011/09/01 06:54:55.95 37.921 -77.991 3.5 0.28
2011/09/01 06:57:13.14 37.921 -77.992 2.9 -0.53
2011/09/01 06:58:08.51 37.938 -77.985 3.7 -0.08
2011/09/01 06:59:34.98 37.915 -77.916 0.5 -1.05
2011/09/01 07:05:23.74 37.921 -77.921 3.8 -1.10
2011/09/01 07:11:22.17 37.924 -77.985 4.9 0.38
2011/09/01 07:11:55.22 37.909 -78.006 4.1 -0.46
2011/09/01 07:14:53.08 37.897 -77.972 7.6 -0.79
2011/09/01 07:14:54.86 37.900 -77.962 2.2 -0.95
2011/09/01 07:14:58.97 37.948 -77.960 5.3 -1.31
2011/09/01 07:18:54.89 37.943 -77.966 5.0 -0.77
2011/09/01 07:36:24.05 37.924 -78.013 1.1 -0.70
2011/09/01 07:53:04.79 37.939 -77.964 5.5 -1.07
2011/09/01 07:58:06.43 37.918 -77.917 0.5 -1.27
2011/09/01 07:59:39.60 37.920 -77.999 4.0 -0.73
2011/09/01 08:11:36.40 37.938 -77.987 1.3 -0.84
2011/09/01 08:25:30.49 37.967 -77.935 5.5 0.41
2011/09/01 08:27:29.17 37.946 -77.994 2.9 -0.92
2011/09/01 08:47:14.52 37.915 -77.997 4.1 -0.50
2011/09/01 08:48:54.90 37.866 -77.917 -0.2 -1.05
2011/09/01 08:55:58.48 37.929 -77.970 5.7 -0.35
2011/09/01 09:00:41.98 37.923 -77.910 0.8 -0.73
2011/09/01 09:09:37.65 37.948 -77.948 7.4 3.81
2011/09/01 09:14:51.28 37.946 -77.947 6.7 -0.22
2011/09/01 09:15:55.18 37.936 -77.973 5.4 -0.83
2011/09/01 09:16:25.44 37.942 -77.950 6.0 -0.57
2011/09/01 09:18:14.32 37.934 -77.984 4.5 -0.53
2011/09/01 09:33:48.86 37.932 -77.986 4.3 0.40
2011/09/01 09:36:55.92 37.933 -77.973 5.8 0.10
2011/09/01 09:46:17.92 37.943 -77.966 5.1 1.12
2011/09/01 09:55:51.39 37.943 -77.989 2.5 -0.14
2011/09/01 09:56:13.22 37.945 -77.950 6.2 -0.55
2011/09/01 09:56:14.70 37.943 -77.951 0.2 -0.60

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 164

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/01 10:01:33.20 37.959 -77.942 6.7 -0.17
2011/09/01 10:02:53.77 37.973 -77.934 5.9 0.92
2011/09/01 10:03:13.32 37.933 -77.984 3.6 -0.34
2011/09/01 10:19:36.52 37.902 -77.920 -0.2 -1.07
2011/09/01 10:21:05.17 37.943 -77.949 6.4 -0.28
2011/09/01 10:26:38.36 37.938 -77.985 3.7 -0.18
2011/09/01 10:27:09.27 37.940 -77.980 4.1 -0.76
2011/09/01 10:35:12.07 37.911 -78.005 5.0 1.31
2011/09/01 10:35:42.93 37.909 -77.994 3.9 0.01
2011/09/01 10:38:02.74 37.919 -77.918 0.4 -0.56
2011/09/01 10:39:39.28 37.936 -77.982 3.4 -0.10
2011/09/01 11:18:59.56 37.916 -77.919 -0.1 -0.58
2011/09/01 11:41:00.35 37.919 -77.918 0.6 -0.76
2011/09/01 12:02:06.72 37.948 -77.961 4.9 0.49
2011/09/01 12:11:49.21 37.915 -77.994 3.8 0.01
2011/09/01 12:17:11.72 37.949 -77.970 5.4 -0.40
2011/09/01 12:22:06.91 37.942 -77.985 2.1 -0.57
2011/09/01 12:34:48.20 37.939 -77.976 3.1 -0.66
2011/09/01 12:35:32.30 37.945 -77.949 6.2 1.56
2011/09/01 12:56:34.52 37.935 -77.987 4.1 -0.22
2011/09/01 12:58:55.21 37.948 -77.950 8.0 -0.38
2011/09/01 13:00:26.58 37.904 -77.997 5.5 -0.24
2011/09/01 13:22:29.53 37.934 -77.984 3.7 -0.36
2011/09/01 13:35:22.22 37.899 -77.972 6.8 0.69
2011/09/01 13:48:48.87 37.941 -77.936 2.6 -0.79
2011/09/01 14:07:15.55 37.975 -77.940 7.7 -0.22
2011/09/01 14:18:47.16 37.919 -78.016 0.4 -0.16
2011/09/01 14:19:37.57 37.919 -77.917 0.5 -0.46
2011/09/01 14:27:32.74 37.913 -78.002 5.0 -0.01
2011/09/01 14:31:47.03 37.905 -77.986 6.4 0.86
2011/09/01 14:40:49.65 37.940 -77.950 5.9 0.44
2011/09/01 15:07:04.52 37.949 -77.960 4.6 0.00
2011/09/01 15:14:08.02 37.947 -77.966 4.9 -0.45
2011/09/01 15:20:26.24 37.932 -77.981 4.0 -0.15
2011/09/01 15:25:40.91 37.950 -78.011 3.3 -0.57
2011/09/01 15:25:56.61 37.939 -77.987 4.1 0.84
2011/09/01 15:31:58.89 37.908 -77.937 2.1 -0.42
2011/09/01 15:34:05.93 37.926 -77.985 4.0 -0.31
2011/09/01 15:49:02.13 37.939 -77.989 4.1 0.54
2011/09/01 15:55:10.76 37.942 -77.948 6.0 0.41

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 165

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/01 16:05:42.60 37.937 -77.983 5.5 -0.05
2011/09/01 16:25:55.54 37.944 -77.969 3.4 -0.30
2011/09/01 16:47:07.65 37.932 -77.982 4.4 0.86
2011/09/01 17:10:16.72 37.909 -78.008 3.8 -0.11
2011/09/01 17:37:54.59 37.891 -77.937 2.9 -0.52
2011/09/01 17:40:34.37 37.939 -77.987 4.2 -0.63
2011/09/01 18:21:34.95 37.948 -77.980 2.3 1.15
2011/09/01 18:29:05.09 37.948 -77.908 -0.1 0.18
2011/09/01 18:29:07.22 37.906 -77.927 -0.2 -0.16
2011/09/01 18:29:40.68 37.930 -77.911 1.8 -0.82
2011/09/01 18:40:16.64 37.915 -77.918 -0.1 -0.51
2011/09/01 18:50:30.37 37.929 -77.987 3.4 -0.59
2011/09/01 18:58:20.22 37.940 -77.967 6.6 0.28
2011/09/01 19:01:55.08 37.937 -77.982 3.8 -0.45
2011/09/01 19:04:12.14 37.935 -77.981 3.5 0.06
2011/09/01 19:04:53.26 37.930 -78.007 0.8 -0.07
2011/09/01 19:41:52.10 37.946 -77.908 0.1 -0.72
2011/09/01 19:44:23.45 37.915 -77.922 0.4 0.09
2011/09/01 19:48:58.10 37.923 -77.918 4.8 -0.25
2011/09/01 20:15:01.03 37.939 -77.987 4.0 -0.19
2011/09/01 20:48:59.88 37.949 -77.961 5.1 0.20
2011/09/01 20:54:06.65 37.950 -77.970 4.7 0.36
2011/09/01 21:12:58.97 37.890 -77.972 0.5 -1.08
2011/09/01 21:24:27.03 37.951 -77.960 4.9 -0.54
2011/09/01 21:25:14.19 37.907 -77.997 5.1 -0.18
2011/09/01 21:52:35.59 37.890 -77.940 0.0 -1.28
2011/09/01 22:00:45.32 37.931 -77.999 6.2 -0.83
2011/09/01 22:11:31.75 37.897 -77.978 7.7 0.19
2011/09/01 22:23:56.14 37.920 -77.920 0.6 -0.53
2011/09/01 22:27:16.22 37.952 -77.950 5.4 -0.23
2011/09/01 22:50:36.03 37.948 -77.966 4.9 -0.10
2011/09/01 22:55:46.21 37.914 -77.990 4.2 -0.70
2011/09/01 22:58:25.42 37.939 -77.980 2.9 -0.81
2011/09/01 23:08:02.61 37.945 -77.966 5.4 0.24
2011/09/01 23:19:47.18 37.945 -77.957 0.8 -1.25
2011/09/01 23:25:38.03 37.942 -77.974 5.0 -0.28
2011/09/01 23:26:38.45 37.914 -77.985 5.4 -0.76
2011/09/01 23:31:33.68 37.918 -77.998 3.2 0.94
2011/09/01 23:35:07.62 37.908 -77.993 5.1 -0.59
2011/09/01 23:50:16.99 37.941 -77.985 3.0 0.41

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 166

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/02 00:02:45.35 37.938 -77.978 6.0 -0.69
2011/09/02 00:17:35.98 37.904 -77.997 0.7 -0.49
2011/09/02 01:14:16.07 37.939 -77.975 3.6 0.65
2011/09/02 01:16:43.45 37.916 -77.919 0.4 -0.05
2011/09/02 01:18:57.54 37.924 -77.958 6.7 1.36
2011/09/02 01:26:43.70 37.915 -77.918 0.4 -0.83
2011/09/02 01:26:58.91 37.959 -77.957 3.8 0.19
2011/09/02 01:52:05.77 37.940 -77.980 3.9 -0.18
2011/09/02 01:53:53.21 37.916 -77.919 0.4 -0.61
2011/09/02 02:23:44.09 37.944 -77.949 6.0 -0.66
2011/09/02 02:23:45.49 37.945 -77.950 1.5 -0.66
2011/09/02 02:30:46.88 37.947 -77.968 5.0 0.42
2011/09/02 02:37:01.43 37.924 -77.991 3.8 -0.48
2011/09/02 02:57:17.53 37.940 -77.994 2.2 0.33
2011/09/02 03:00:46.47 37.978 -77.923 7.5 -0.72
2011/09/02 03:17:32.61 37.946 -77.954 5.5 -0.56
2011/09/02 03:22:18.92 37.945 -77.945 6.2 -0.82
2011/09/02 03:32:43.22 37.944 -77.964 4.9 -0.82
2011/09/02 04:09:08.64 37.956 -77.909 -0.2 -0.74
2011/09/02 04:30:03.84 37.923 -77.993 3.1 -0.51
2011/09/02 04:34:50.44 37.919 -77.990 4.3 1.25
2011/09/02 04:38:23.82 37.916 -77.929 0.2 -0.99
2011/09/02 04:53:13.92 37.941 -77.976 4.8 0.30
2011/09/02 04:56:48.32 37.952 -77.945 5.9 -0.71
2011/09/02 05:18:44.91 37.941 -77.965 5.2 -0.49
2011/09/02 05:44:22.04 37.938 -77.989 3.6 -0.81
2011/09/02 05:57:26.94 37.882 -77.907 -0.2 -1.07
2011/09/02 06:03:33.39 37.931 -77.984 4.1 -0.50
2011/09/02 06:07:23.27 37.933 -77.960 5.3 -0.80
2011/09/02 06:09:11.54 37.916 -77.917 0.3 0.35
2011/09/02 06:31:55.77 37.940 -77.981 4.6 -0.80
2011/09/02 06:32:54.39 37.939 -77.964 5.7 0.15
2011/09/02 06:38:18.63 37.915 -77.917 -0.1 -0.77
2011/09/02 06:39:04.93 37.933 -77.976 4.2 -0.85
2011/09/02 06:47:28.54 37.932 -77.982 4.4 0.46
2011/09/02 06:55:30.04 37.921 -77.989 3.9 0.15
2011/09/02 07:13:49.60 37.950 -77.981 2.7 -0.21
2011/09/02 07:16:46.98 37.946 -77.987 2.2 -0.06
2011/09/02 07:22:32.61 37.943 -77.961 5.2 -0.35
2011/09/02 07:31:31.67 37.955 -77.998 0.0 -0.65

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 167

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/02 07:34:00.62 37.962 -77.990 0.6 0.42
2011/09/02 08:18:12.97 37.923 -77.991 3.3 -0.05
2011/09/02 08:19:59.82 37.927 -77.989 4.0 -1.44
2011/09/02 08:38:39.70 37.915 -77.919 0.1 -1.09
2011/09/02 08:45:51.50 37.948 -77.980 2.9 -0.33
2011/09/02 09:02:03.68 37.957 -77.946 6.0 -0.04
2011/09/02 09:08:28.92 37.949 -77.953 5.5 -0.76
2011/09/02 09:10:53.57 37.926 -77.986 3.6 0.77
2011/09/02 09:17:32.58 37.933 -77.968 5.2 0.62
2011/09/02 09:20:03.93 37.933 -77.983 4.1 -0.85
2011/09/02 09:20:04.84 37.931 -77.997 1.3 -1.00
2011/09/02 09:21:02.55 37.935 -77.983 4.6 -0.61
2011/09/02 09:56:16.03 37.960 -77.985 2.1 -0.61
2011/09/02 10:01:59.63 37.950 -77.950 5.4 -0.63
2011/09/02 10:07:22.74 37.948 -77.960 5.2 -0.37
2011/09/02 10:16:27.84 37.905 -77.998 1.3 -0.75
2011/09/02 10:20:48.77 37.933 -77.967 5.5 -0.26
2011/09/02 10:24:43.72 37.930 -77.972 5.5 -0.71
2011/09/02 10:24:58.29 37.933 -77.987 3.6 -1.06
2011/09/02 10:25:47.12 37.921 -77.984 4.7 0.33
2011/09/02 10:33:39.14 37.924 -77.986 4.2 -0.41
2011/09/02 10:33:40.19 37.927 -77.989 1.1 -0.55
2011/09/02 10:53:05.45 37.920 -77.919 0.4 -0.86
2011/09/02 11:06:07.64 37.909 -78.002 4.5 -0.30
2011/09/02 11:12:43.27 37.913 -77.998 3.9 0.75
2011/09/02 11:38:35.70 37.947 -77.967 4.6 -0.14
2011/09/02 12:22:21.34 37.931 -77.985 3.9 0.33
2011/09/02 12:37:56.25 37.939 -77.983 4.2 0.79
2011/09/02 12:58:08.52 37.911 -78.000 3.0 -0.59
2011/09/02 13:07:48.18 37.931 -77.965 5.3 -0.35
2011/09/02 13:07:49.49 37.930 -77.970 0.8 -0.58
2011/09/02 13:38:49.58 37.940 -77.992 1.8 -0.03
2011/09/02 13:52:45.74 37.939 -77.973 5.3 -0.38
2011/09/02 14:05:34.40 37.944 -77.985 2.3 -0.61
2011/09/02 14:16:54.45 37.940 -77.983 3.4 -0.06
2011/09/02 14:20:07.78 37.946 -77.972 5.0 -0.08
2011/09/02 14:27:00.08 37.912 -77.992 4.2 -0.08
2011/09/02 14:32:07.22 37.943 -77.947 5.8 0.11
2011/09/02 14:45:49.16 37.938 -77.982 4.1 -0.64
2011/09/02 15:21:52.20 37.900 -78.018 2.6 -0.76

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 168

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/02 15:46:57.49 37.925 -77.986 3.8 -0.67
2011/09/02 15:50:25.51 37.922 -77.990 3.3 0.20
2011/09/02 16:00:56.25 37.895 -77.991 4.7 -0.40
2011/09/02 16:14:11.68 37.923 -77.910 0.8 -0.76
2011/09/02 16:22:24.33 37.968 -77.931 6.2 -0.44
2011/09/02 16:31:36.09 37.944 -77.970 4.9 -0.45
2011/09/02 16:52:57.56 37.919 -77.918 0.5 -0.94
2011/09/02 17:01:02.71 37.915 -77.993 3.8 0.39
2011/09/02 17:13:45.55 37.948 -77.967 5.2 0.62
2011/09/02 17:24:21.29 37.927 -77.981 3.6 -0.76
2011/09/02 17:27:22.12 37.949 -77.967 5.5 -0.70
2011/09/02 17:32:32.62 37.948 -77.967 5.1 -0.32
2011/09/02 17:41:42.94 37.933 -77.980 4.2 0.86
2011/09/02 17:58:00.09 37.869 -77.926 2.3 -1.40
2011/09/02 18:06:36.52 37.885 -77.907 5.5 -0.80
2011/09/02 18:20:39.86 37.875 -77.924 8.7 -0.35
2011/09/02 18:30:16.90 37.891 -77.929 8.4 0.01
2011/09/02 18:36:55.84 37.948 -77.956 5.2 0.06
2011/09/02 18:37:54.65 37.871 -77.944 7.1 -0.66
2011/09/02 18:40:25.57 37.880 -77.927 8.6 -0.87
2011/09/02 18:57:09.10 37.950 -77.962 5.8 -0.60
2011/09/02 19:07:50.53 37.950 -77.957 6.2 -1.02
2011/09/02 19:07:51.95 37.948 -77.956 0.4 -1.25
2011/09/02 19:08:09.45 37.953 -77.957 7.1 -1.25
2011/09/02 19:08:10.96 37.951 -77.956 0.0 -1.12
2011/09/02 19:40:14.99 37.917 -77.907 7.7 -0.78
2011/09/02 19:48:23.95 37.912 -77.916 8.4 -0.91
2011/09/02 19:49:16.84 37.963 -77.991 9.0 -0.16
2011/09/02 20:33:00.59 37.925 -77.994 8.7 -0.97
2011/09/02 20:33:02.45 37.938 -78.014 5.2 -0.91
2011/09/02 21:24:23.77 37.924 -77.917 8.9 -0.71
2011/09/02 21:45:06.43 37.920 -77.948 9.0 -0.82
2011/09/02 21:52:08.05 37.914 -77.919 6.9 -0.35
2011/09/02 21:55:16.81 37.909 -77.934 8.7 -0.57
2011/09/02 22:28:34.01 37.892 -77.969 3.0 -1.58
2011/09/02 22:41:16.74 37.935 -77.939 5.2 -0.66
2011/09/03 17:05:45.11 37.942 -77.923 4.2 -0.96
2011/09/03 17:11:59.06 37.909 -77.969 2.6 -1.17
2011/09/03 17:15:51.70 37.939 -77.967 2.4 -0.97
2011/09/03 17:21:21.77 37.974 -78.017 6.5 -0.71

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 169

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/03 17:26:21.74 37.975 -78.001 3.1 0.23
2011/09/03 17:46:18.32 37.976 -77.987 9.0 -0.21
2011/09/03 17:50:51.81 37.926 -77.911 0.6 -0.78
2011/09/03 17:56:22.14 37.967 -77.980 4.2 -0.67
2011/09/03 18:00:36.90 37.965 -77.989 1.6 -0.68
2011/09/03 18:18:42.82 37.973 -77.986 8.2 -0.02
2011/09/03 18:29:47.97 37.928 -77.984 4.7 -0.82
2011/09/03 18:33:37.48 37.922 -77.918 0.1 -1.08
2011/09/03 18:36:14.29 37.929 -77.981 1.9 -1.08
2011/09/03 18:43:38.95 37.958 -77.945 1.6 -1.23
2011/09/03 18:45:26.56 37.921 -77.909 7.7 -0.89
2011/09/03 18:53:56.79 37.921 -77.993 0.7 -1.13
2011/09/03 18:56:52.07 37.915 -77.980 0.8 -1.31
2011/09/03 19:02:59.00 37.939 -77.962 2.0 -1.02
2011/09/03 19:05:49.10 37.939 -77.978 4.6 -0.12
2011/09/03 19:08:15.27 37.939 -77.986 4.2 -0.56
2011/09/03 19:13:31.47 37.960 -77.990 1.2 -1.03
2011/09/03 19:26:10.48 37.943 -77.990 2.5 0.17
2011/09/03 19:30:48.90 37.924 -77.985 5.1 0.16
2011/09/03 19:42:44.22 37.937 -78.015 0.5 -1.18
2011/09/03 19:46:23.44 37.935 -78.015 1.1 -0.15
2011/09/03 20:01:11.66 37.935 -78.017 1.9 -1.14
2011/09/03 20:05:41.19 37.959 -77.978 1.3 -1.21
2011/09/03 20:11:54.71 37.947 -77.974 4.9 0.51
2011/09/03 20:24:48.42 37.940 -77.989 2.1 -1.46
2011/09/03 20:25:43.62 37.942 -77.986 3.7 -0.75
2011/09/03 20:28:44.14 37.915 -77.992 1.6 -0.77
2011/09/03 20:37:15.68 37.967 -77.929 6.0 0.22
2011/09/03 20:50:31.61 37.918 -77.916 0.5 -0.80
2011/09/03 20:51:19.54 37.942 -77.986 3.3 -0.16
2011/09/03 21:10:53.27 37.948 -77.969 5.9 1.73
2011/09/03 21:25:22.74 37.954 -77.949 6.1 0.22
2011/09/03 21:55:29.49 37.949 -77.964 5.1 -0.89
2011/09/03 22:02:21.10 37.917 -77.994 3.9 0.54
2011/09/03 22:04:40.56 37.938 -77.977 5.4 -0.56
2011/09/03 22:12:59.18 37.949 -77.973 4.7 1.17
2011/09/03 22:14:49.53 37.919 -77.992 4.4 -0.96
2011/09/03 22:23:12.01 37.941 -77.993 1.9 -1.15
2011/09/03 22:38:07.75 37.916 -77.989 4.9 0.24
2011/09/03 22:41:22.07 37.929 -77.981 5.1 -0.90

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 170

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/03 22:41:23.27 37.930 -77.983 0.9 -0.89
2011/09/03 22:42:05.83 37.925 -77.983 0.2 -1.09
2011/09/03 22:42:19.76 37.932 -77.976 2.0 -0.93
2011/09/03 22:50:37.82 37.939 -77.986 4.5 -0.22
2011/09/03 23:34:09.48 37.915 -77.995 3.8 0.79
2011/09/03 23:56:28.90 37.950 -77.973 4.5 -0.79
2011/09/03 23:56:29.98 37.946 -77.975 0.6 -0.98
2011/09/03 23:59:24.18 37.932 -77.984 4.2 -0.90
2011/09/03 23:59:25.17 37.933 -77.990 1.1 -0.95
2011/09/04 00:36:35.79 37.928 -77.985 4.3 -0.11
2011/09/04 01:28:50.26 37.956 -78.005 -0.2 -1.07
2011/09/04 01:46:08.09 37.933 -77.982 4.5 -0.64
2011/09/04 01:54:48.83 37.901 -77.974 7.6 -0.07
2011/09/04 01:57:21.78 37.943 -77.991 2.6 -1.25
2011/09/04 01:58:03.31 37.911 -77.993 5.6 0.94
2011/09/04 02:26:31.84 37.921 -77.992 3.8 -0.78
2011/09/04 02:26:32.65 37.923 -77.993 1.7 -1.10
2011/09/04 02:29:37.73 37.944 -77.961 6.0 -0.92
2011/09/04 02:29:39.07 37.941 -77.966 1.7 -1.07
2011/09/04 02:35:38.96 37.921 -77.997 3.8 -1.06
2011/09/04 02:49:11.69 37.907 -77.989 6.0 0.08
2011/09/04 03:08:40.70 37.921 -77.975 6.2 0.53
2011/09/04 03:11:38.72 37.958 -78.001 0.6 -0.80
2011/09/04 03:14:27.68 37.903 -78.002 0.4 -1.03
2011/09/04 03:19:37.07 37.965 -77.946 5.4 -0.92
2011/09/04 03:20:07.28 37.957 -77.973 2.8 -1.22
2011/09/04 03:42:22.11 37.888 -78.002 0.1 -0.34
2011/09/04 03:44:09.80 37.922 -77.997 3.4 -0.16
2011/09/04 04:03:07.90 37.958 -77.995 1.5 -1.00
2011/09/04 04:37:15.09 37.937 -77.978 1.6 -0.98
2011/09/04 04:52:51.41 37.941 -77.981 4.6 -0.45
2011/09/04 04:57:37.77 37.955 -77.984 2.8 -1.20
2011/09/04 04:59:40.97 37.948 -77.966 5.7 -0.94
2011/09/04 04:59:42.24 37.943 -77.968 1.6 -0.98
2011/09/04 05:41:08.74 37.912 -77.928 -0.1 -0.49
2011/09/04 06:43:34.97 37.906 -78.003 4.4 -0.64
2011/09/04 06:45:25.03 37.938 -77.986 4.3 -0.94
2011/09/04 06:45:26.11 37.937 -77.993 0.3 -1.22
2011/09/04 07:00:01.13 37.901 -77.976 7.9 0.21
2011/09/04 07:21:35.38 37.912 -77.917 0.0 -0.96

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 171

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/04 07:22:35.57 37.941 -77.968 5.8 -0.26
2011/09/04 07:24:52.16 37.926 -77.987 3.9 1.03
2011/09/04 07:33:59.50 37.923 -77.993 3.7 -0.53
2011/09/04 07:46:12.18 37.967 -77.935 5.5 -0.41
2011/09/04 07:47:05.13 37.920 -77.994 3.4 -0.76
2011/09/04 07:51:32.84 37.943 -77.986 3.7 -0.55
2011/09/04 07:56:19.53 37.908 -78.005 3.6 -1.39
2011/09/04 07:59:56.08 37.934 -77.984 4.2 0.75
2011/09/04 08:35:32.41 37.934 -77.967 5.5 -0.96
2011/09/04 08:35:33.70 37.934 -77.967 1.3 -1.22
2011/09/04 08:47:18.63 37.950 -77.975 4.2 -0.92
2011/09/04 08:50:14.03 37.967 -77.935 5.8 -0.52
2011/09/04 08:56:13.86 37.912 -77.923 0.1 -0.85
2011/09/04 09:06:25.42 37.942 -77.968 5.9 -1.08
2011/09/04 09:06:26.77 37.943 -77.969 1.4 -1.14
2011/09/04 09:11:30.20 37.939 -77.989 4.1 -1.26
2011/09/04 09:15:45.49 37.951 -77.951 6.4 -0.62
2011/09/04 09:27:23.30 37.933 -77.986 1.0 -1.00
2011/09/04 09:43:07.95 37.930 -77.969 6.3 -0.85
2011/09/04 09:43:09.33 37.928 -77.975 1.6 -0.95
2011/09/04 10:14:44.72 37.866 -77.978 7.8 -0.41
2011/09/04 10:21:17.97 37.912 -77.924 -0.1 -0.78
2011/09/04 10:25:43.50 37.903 -78.001 4.9 -1.05
2011/09/04 10:27:21.28 37.930 -77.982 4.9 -0.18
2011/09/04 10:30:24.73 37.918 -77.994 3.8 -0.70
2011/09/04 10:43:13.87 37.926 -77.990 6.8 -0.93
2011/09/04 10:43:15.24 37.925 -77.991 1.9 -0.95
2011/09/04 11:01:18.17 37.939 -77.984 4.4 0.07
2011/09/04 11:19:26.52 37.950 -77.976 3.7 -0.88
2011/09/04 12:27:35.15 37.948 -77.980 3.3 -1.00
2011/09/04 12:58:54.27 37.964 -77.975 3.4 -0.90
2011/09/04 13:04:32.43 37.911 -77.968 9.0 0.32
2011/09/04 13:04:43.28 37.911 -77.969 8.5 0.75
2011/09/04 13:09:17.07 37.909 -78.005 3.4 -0.70
2011/09/04 13:37:02.74 37.910 -77.997 5.1 0.40
2011/09/04 13:57:41.94 37.945 -77.965 5.9 0.10
2011/09/04 14:22:50.13 37.939 -77.989 4.7 0.20
2011/09/04 14:28:20.88 37.968 -77.932 5.5 -0.77
2011/09/04 14:34:25.33 37.939 -77.992 1.9 -1.35
2011/09/04 14:42:56.81 37.903 -78.001 4.7 -0.65

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 172

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/04 15:15:05.60 37.930 -77.982 5.1 -0.99
2011/09/04 15:15:30.50 37.942 -77.993 1.9 -1.16
2011/09/04 15:32:58.11 37.923 -77.987 4.7 -0.80
2011/09/04 16:06:04.80 37.910 -77.924 0.2 -0.90
2011/09/04 16:08:35.03 37.934 -77.983 4.6 0.17
2011/09/04 16:18:52.97 37.941 -77.993 2.0 -1.15
2011/09/04 16:25:41.30 37.912 -77.998 4.1 -0.06
2011/09/04 17:17:46.10 37.939 -77.986 4.4 -0.88
2011/09/04 17:26:51.32 37.939 -77.986 4.5 1.20
2011/09/04 17:36:25.76 37.941 -77.966 5.8 -0.37
2011/09/04 17:37:56.48 37.940 -77.982 3.8 0.62
2011/09/04 17:48:19.45 37.935 -77.985 4.2 -0.72
2011/09/04 17:49:41.58 37.951 -77.972 4.1 0.40
2011/09/04 17:51:35.76 37.942 -77.984 4.1 0.01
2011/09/04 18:04:11.01 37.957 -77.960 4.9 -0.53
2011/09/04 18:10:18.69 37.933 -77.985 4.4 -0.94
2011/09/04 18:10:19.71 37.931 -77.990 1.3 -0.79
2011/09/04 18:44:30.54 37.950 -77.951 6.5 0.58
2011/09/04 19:09:07.72 37.903 -77.999 5.1 0.11
2011/09/04 19:51:25.47 37.943 -77.957 6.4 -0.41
2011/09/04 20:05:19.49 37.943 -77.991 2.4 0.96
2011/09/04 20:07:12.41 37.958 -77.964 3.9 -0.80
2011/09/04 21:08:35.82 37.930 -77.984 3.5 -1.05
2011/09/04 21:22:45.25 37.966 -77.937 7.0 -0.61
2011/09/04 21:35:36.60 37.912 -78.014 0.4 -0.90
2011/09/04 22:06:09.66 37.949 -77.909 0.2 -0.36
2011/09/04 22:09:41.58 37.906 -77.999 5.0 -0.53
2011/09/04 22:40:35.95 37.912 -77.998 4.1 -0.35
2011/09/04 22:49:25.18 37.954 -77.976 1.5 -1.10
2011/09/04 22:52:33.12 37.950 -77.970 5.5 -0.74
2011/09/04 23:12:26.88 37.921 -77.993 3.2 -0.38
2011/09/04 23:14:08.66 37.950 -77.975 3.8 -1.00
2011/09/04 23:27:47.50 37.953 -77.962 5.4 -0.39
2011/09/05 00:13:19.16 37.922 -77.992 4.0 0.09
2011/09/05 00:44:44.81 37.922 -77.990 4.5 1.35
2011/09/05 00:47:21.82 37.911 -77.984 6.3 -0.24
2011/09/05 00:55:23.85 37.940 -77.986 4.3 -0.18
2011/09/05 01:55:23.09 37.940 -77.982 4.0 -0.93
2011/09/05 02:14:38.69 37.952 -77.950 0.5 -0.33
2011/09/05 02:46:00.61 37.933 -77.985 4.1 -0.44

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 173

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/05 03:13:40.12 37.943 -78.017 0.3 -1.06
2011/09/05 03:29:55.77 37.948 -77.982 2.9 -1.31
2011/09/05 03:44:04.75 37.961 -77.991 1.3 -0.91
2011/09/05 04:03:49.28 37.917 -77.914 0.4 -1.17
2011/09/05 04:19:11.56 37.932 -77.983 4.7 0.35
2011/09/05 04:22:06.87 37.948 -77.970 5.7 -0.81
2011/09/05 04:40:53.21 37.946 -78.009 -0.2 -1.37
2011/09/05 04:45:22.28 37.932 -77.981 4.7 -0.02
2011/09/05 05:04:18.06 37.946 -77.986 2.4 -1.21
2011/09/05 06:12:42.37 37.940 -77.984 4.6 0.45
2011/09/05 06:18:21.73 37.917 -77.990 2.1 -1.19
2011/09/05 06:22:13.11 37.923 -77.997 3.3 -0.76
2011/09/05 06:41:16.95 37.948 -77.984 2.7 -0.53
2011/09/05 06:41:43.85 37.925 -77.987 4.3 0.28
2011/09/05 06:43:16.88 37.931 -77.984 4.7 -0.78
2011/09/05 06:56:07.83 37.950 -77.940 6.9 0.50
2011/09/05 07:06:44.15 37.946 -77.989 1.9 -1.18
2011/09/05 07:15:34.96 37.949 -77.965 6.1 -0.20
2011/09/05 07:20:53.92 37.937 -77.974 5.6 -1.01
2011/09/05 07:21:46.94 37.945 -77.973 2.5 -1.14
2011/09/05 07:35:22.71 37.933 -77.984 4.6 -0.56
2011/09/05 07:45:58.37 37.941 -77.983 4.6 -0.38
2011/09/05 07:59:27.80 37.966 -77.940 5.3 -0.82
2011/09/05 07:59:29.14 37.962 -77.949 -0.2 -1.06
2011/09/05 08:17:13.64 37.917 -78.010 -0.1 -1.11
2011/09/05 08:18:02.64 37.939 -77.982 4.1 0.51
2011/09/05 08:22:10.09 37.944 -77.983 3.8 -0.82
2011/09/05 08:28:57.43 37.939 -77.991 3.7 -0.22
2011/09/05 08:41:30.94 37.938 -77.970 5.6 -0.64
2011/09/05 08:52:10.23 37.929 -77.990 4.2 0.62
2011/09/05 09:43:17.45 37.939 -77.966 6.2 0.53
2011/09/05 10:34:15.37 37.945 -77.989 2.4 -1.10
2011/09/05 10:57:31.14 37.940 -77.947 3.2 -1.09
2011/09/05 11:25:58.97 37.919 -77.993 4.1 -1.07
2011/09/05 11:32:51.54 37.941 -77.965 5.5 -0.62
2011/09/05 11:35:59.90 37.961 -77.998 0.9 -0.50
2011/09/05 11:47:08.64 37.941 -77.991 0.8 -1.44
2011/09/05 11:51:18.85 37.934 -77.985 4.3 -0.82
2011/09/05 12:05:11.23 37.940 -77.985 4.6 -0.84
2011/09/05 12:35:54.03 37.959 -77.999 0.7 -0.84

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 174

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/05 12:38:13.10 37.958 -77.965 3.2 -0.85
2011/09/05 12:41:33.91 37.934 -77.983 4.0 -0.22
2011/09/05 13:00:53.73 37.913 -77.999 4.3 -0.57
2011/09/05 13:00:54.78 37.913 -78.000 0.8 -0.84
2011/09/05 13:31:50.14 37.932 -77.985 3.9 1.31
2011/09/05 14:12:47.86 37.932 -77.985 3.8 -0.12
2011/09/05 14:24:13.38 37.893 -78.001 0.2 -0.75
2011/09/05 14:26:13.42 37.912 -77.994 4.9 -0.87
2011/09/05 14:26:14.59 37.914 -77.995 0.5 -0.58
2011/09/05 14:39:39.33 37.948 -77.973 4.5 -0.48
2011/09/05 14:40:48.97 37.940 -77.985 3.7 -0.44
2011/09/05 14:52:32.83 37.922 -77.980 5.3 -0.06
2011/09/05 14:58:22.34 37.957 -77.960 4.7 0.24
2011/09/05 15:03:46.35 37.970 -77.975 4.7 -0.66
2011/09/05 15:07:48.72 37.923 -77.989 4.2 -0.65
2011/09/05 15:26:59.64 37.935 -78.017 2.1 -0.92
2011/09/05 15:39:12.74 37.948 -77.980 3.2 -1.09
2011/09/05 15:54:20.32 37.957 -78.001 0.4 -0.34
2011/09/05 16:00:30.70 37.922 -77.989 4.0 -0.49
2011/09/05 16:04:20.09 37.941 -77.986 3.3 -0.38
2011/09/05 16:18:21.57 37.953 -77.985 2.7 0.20
2011/09/05 16:38:22.33 37.916 -78.018 0.5 -0.55
2011/09/05 16:54:24.51 37.948 -77.969 5.5 2.79
2011/09/05 16:56:32.90 37.948 -77.968 5.3 -0.62
2011/09/05 16:57:27.76 37.966 -77.931 5.9 -0.75
2011/09/05 17:00:01.27 37.948 -77.969 5.9 0.50
2011/09/05 17:01:29.03 37.948 -77.968 5.5 -0.80
2011/09/05 17:06:11.88 37.948 -77.970 5.6 1.13
2011/09/05 17:26:14.17 37.921 -77.990 4.7 0.81
2011/09/05 17:31:07.91 37.935 -77.986 4.1 -0.58
2011/09/05 17:39:05.51 37.949 -77.968 5.5 -0.66
2011/09/05 17:43:24.49 37.898 -77.972 8.4 -0.34
2011/09/05 17:47:52.95 37.936 -77.983 3.7 -0.67
2011/09/05 18:21:45.27 37.923 -77.993 3.6 0.08
2011/09/05 18:53:34.75 37.933 -77.983 4.6 -0.51
2011/09/05 19:42:42.22 37.939 -77.989 4.3 1.64
2011/09/05 20:15:00.78 37.939 -77.966 5.3 -0.95
2011/09/05 20:18:50.75 37.943 -78.018 0.7 -0.54
2011/09/05 20:46:49.78 37.959 -77.957 4.4 -0.99
2011/09/05 20:47:08.62 37.948 -77.969 5.4 -0.45

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 175

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/05 20:52:26.85 37.912 -77.997 4.3 -0.23
2011/09/05 21:33:59.12 37.961 -77.962 3.6 -0.92
2011/09/05 21:42:50.76 37.969 -77.925 5.9 -0.76
2011/09/05 21:56:49.97 37.886 -77.970 8.3 -0.64
2011/09/05 21:56:51.87 37.887 -77.973 -0.2 -0.68
2011/09/05 22:01:14.24 37.948 -77.968 5.6 -0.29
2011/09/05 22:13:10.15 37.949 -77.968 5.7 -0.02
2011/09/05 22:17:15.33 37.932 -77.985 3.9 0.33
2011/09/05 22:27:30.30 37.948 -77.970 5.9 -0.77
2011/09/05 22:27:31.51 37.947 -77.966 1.2 -0.94
2011/09/05 22:51:31.30 37.929 -77.989 4.2 0.31
2011/09/05 22:54:58.98 37.948 -77.973 4.4 -1.41
2011/09/05 22:55:00.05 37.945 -77.976 1.0 -1.07
2011/09/05 23:10:06.30 37.928 -77.986 4.3 -0.61
2011/09/05 23:40:39.18 37.948 -77.958 6.1 -0.71
2011/09/05 23:41:04.04 37.948 -77.969 5.8 0.81
2011/09/06 00:17:38.96 37.933 -77.972 5.9 -0.69
2011/09/06 00:17:40.24 37.930 -77.975 1.9 -0.89
2011/09/06 00:26:56.59 37.946 -77.989 2.1 -1.03
2011/09/06 00:30:05.33 37.903 -78.001 5.1 0.76
2011/09/06 00:33:03.54 37.959 -77.948 6.1 -0.53
2011/09/06 00:40:06.70 37.954 -77.977 2.6 -0.91
2011/09/06 00:56:14.08 37.933 -77.984 4.0 1.31
2011/09/06 01:08:47.27 37.948 -77.968 5.4 0.40
2011/09/06 01:14:35.83 37.939 -77.987 4.0 -0.22
2011/09/06 02:05:24.19 37.957 -77.965 4.2 0.20
2011/09/06 02:13:44.13 37.929 -77.970 6.0 0.20
2011/09/06 02:16:29.51 37.951 -77.962 6.0 -0.64
2011/09/06 02:30:47.41 37.948 -77.969 5.4 0.82
2011/09/06 02:33:53.09 37.914 -78.009 0.6 -1.12
2011/09/06 02:48:27.60 37.912 -77.922 0.4 -0.33
2011/09/06 02:49:23.17 37.912 -78.009 2.9 -1.06
2011/09/06 03:08:38.74 37.918 -78.007 -0.2 -0.97
2011/09/06 03:10:20.85 37.943 -77.975 5.2 -0.77
2011/09/06 03:24:49.15 37.958 -78.000 0.4 -0.75
2011/09/06 03:28:07.14 37.921 -77.995 3.3 -0.52
2011/09/06 03:29:08.02 37.910 -78.000 4.0 -0.97
2011/09/06 03:29:08.99 37.911 -78.001 0.8 -0.99
2011/09/06 03:37:03.10 37.941 -77.987 3.7 0.18
2011/09/06 04:22:26.18 37.948 -77.956 6.9 -0.32

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 176

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/06 04:46:33.18 37.903 -78.006 5.6 -0.49
2011/09/06 04:46:34.43 37.903 -78.002 1.1 -0.45
2011/09/06 04:53:50.28 37.959 -77.946 7.3 1.39
2011/09/06 05:41:06.21 37.940 -77.992 1.9 0.06
2011/09/06 06:10:29.67 37.963 -77.993 1.5 -0.91
2011/09/06 06:16:36.20 37.909 -77.992 2.0 -0.95
2011/09/06 06:23:47.52 37.954 -77.974 3.0 -0.51
2011/09/06 06:36:41.52 37.949 -77.974 4.9 -0.46
2011/09/06 07:31:45.36 37.951 -77.966 5.3 0.82
2011/09/06 07:57:52.25 37.932 -77.989 0.6 -1.10
2011/09/06 08:07:53.12 37.921 -77.990 4.4 -0.95
2011/09/06 09:00:43.26 37.919 -77.992 4.2 0.83
2011/09/06 09:05:23.23 37.942 -77.952 6.5 -0.48
2011/09/06 09:05:24.74 37.942 -77.950 0.2 -0.72
2011/09/06 09:32:44.50 37.924 -77.987 5.0 -0.33
2011/09/06 09:48:24.55 37.953 -77.960 5.5 -0.73
2011/09/06 09:48:25.86 37.948 -77.967 1.4 -0.86
2011/09/06 09:53:03.53 37.942 -77.983 3.7 -0.59
2011/09/06 10:25:03.52 37.946 -77.986 2.8 -0.66
2011/09/06 10:43:04.37 37.934 -77.981 4.9 1.47
2011/09/06 10:52:12.71 37.952 -78.011 0.1 -0.85
2011/09/06 11:00:23.86 37.958 -77.999 0.4 -0.43
2011/09/06 11:36:24.29 37.931 -77.981 5.0 0.63
2011/09/06 11:56:35.37 37.926 -77.989 3.7 0.01
2011/09/06 12:44:47.70 37.956 -77.991 1.7 -0.67
2011/09/06 12:46:34.84 37.966 -77.935 5.6 1.06
2011/09/06 12:52:26.57 37.966 -77.974 3.6 -0.51
2011/09/06 13:15:12.06 37.932 -77.985 3.6 -0.07
2011/09/06 13:21:53.26 37.935 -77.984 3.7 0.80
2011/09/06 14:42:09.59 37.898 -77.994 8.9 0.09
2011/09/06 14:42:53.90 37.907 -77.909 0.4 -0.56
2011/09/06 14:46:33.34 37.960 -77.952 4.4 -0.58
2011/09/06 15:06:22.15 37.899 -77.998 3.0 -1.01
2011/09/06 15:24:08.96 37.963 -77.987 1.4 -0.47
2011/09/06 15:25:47.22 37.944 -77.975 2.1 -0.70
2011/09/06 15:43:23.59 37.909 -77.911 0.8 0.75
2011/09/06 15:50:44.00 37.912 -77.980 6.3 -0.02
2011/09/06 16:23:26.89 37.966 -77.935 5.6 0.18
2011/09/06 16:27:40.10 37.928 -78.001 1.7 0.35
2011/09/06 17:06:38.48 37.945 -77.989 2.3 1.98

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 177

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/06 17:18:33.06 37.932 -77.984 4.2 0.67
2011/09/06 17:19:56.77 37.936 -77.987 3.9 -0.84
2011/09/06 17:25:21.70 37.902 -77.998 5.5 0.81
2011/09/06 17:39:41.34 37.939 -77.965 6.2 0.75
2011/09/06 17:55:36.49 37.952 -77.944 6.8 -0.20
2011/09/06 17:55:38.07 37.945 -77.947 1.4 -0.54
2011/09/06 17:55:40.85 37.967 -77.936 5.5 -0.35
2011/09/06 17:58:44.56 37.948 -77.969 5.7 -0.06
2011/09/06 18:00:21.27 37.931 -77.984 4.6 0.16
2011/09/06 18:02:17.86 37.948 -77.968 5.7 -0.48
2011/09/06 18:46:23.91 37.949 -77.974 4.9 -0.60
2011/09/06 18:51:23.16 37.946 -77.989 2.5 0.90
2011/09/06 19:05:13.44 37.949 -77.965 6.1 -0.14
2011/09/06 19:16:36.16 37.939 -78.015 -0.1 -0.73
2011/09/06 19:30:03.77 37.921 -77.993 3.3 -0.04
2011/09/06 19:40:24.55 37.919 -78.015 0.2 -0.51
2011/09/06 19:41:27.48 37.948 -77.976 4.3 -0.73
2011/09/06 19:42:05.87 37.938 -77.964 4.8 -0.77
2011/09/06 20:07:18.36 37.978 -77.942 4.7 -0.84
2011/09/06 21:08:56.05 37.922 -77.917 9.0 -0.09
2011/09/06 21:17:53.62 37.937 -77.964 6.5 1.93
2011/09/06 22:38:08.69 37.954 -77.977 2.5 -0.77
2011/09/06 22:42:23.29 37.939 -77.980 4.9 -0.73
2011/09/06 22:43:16.59 37.949 -77.967 5.6 -0.76
2011/09/06 23:14:09.29 37.935 -77.986 4.0 -0.36
2011/09/07 00:06:01.67 37.925 -77.987 4.2 0.35
2011/09/07 00:08:45.40 37.946 -77.981 3.4 -0.76
2011/09/07 00:21:04.15 37.930 -77.982 3.6 -1.26
2011/09/07 00:23:12.25 37.918 -77.994 1.3 -1.17
2011/09/07 01:08:35.67 37.958 -78.002 0.3 -0.00
2011/09/07 01:46:00.93 37.933 -77.989 0.9 -0.79
2011/09/07 01:46:23.31 37.935 -77.986 3.8 -0.55
2011/09/07 02:04:49.35 37.914 -77.995 4.0 -0.77
2011/09/07 02:07:05.55 37.914 -77.923 0.5 -0.48
2011/09/07 02:34:05.50 37.968 -77.933 6.7 1.78
2011/09/07 02:42:33.92 37.948 -77.968 5.8 1.18
2011/09/07 02:47:31.07 37.927 -77.985 3.4 0.06
2011/09/07 03:19:23.03 37.956 -77.999 0.2 -1.25
2011/09/07 03:49:25.10 37.931 -77.973 1.3 -0.87
2011/09/07 03:53:10.87 37.967 -77.978 3.6 -0.80

* z0 = −0.4 km



High-quality Aftershock Sequence of the 2011 Virginia Earthquake 178

The AIDA Backprojection Earthquake Catalog

Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/07 05:08:16.53 37.930 -77.985 4.3 -0.84
2011/09/07 05:12:33.10 37.919 -77.919 0.6 -1.00
2011/09/07 05:22:04.99 37.957 -77.983 2.8 -1.05
2011/09/07 05:45:00.26 37.902 -77.973 8.9 0.59
2011/09/07 05:56:43.64 37.958 -77.946 6.4 1.96
2011/09/07 06:10:49.71 37.944 -77.969 5.4 -0.77
2011/09/07 06:10:50.99 37.941 -77.970 1.0 -0.85
2011/09/07 07:30:28.09 37.949 -77.978 3.2 -0.85
2011/09/07 08:06:10.37 37.948 -77.965 5.7 -0.28
2011/09/07 08:30:42.45 37.955 -78.001 0.3 -1.11
2011/09/07 09:54:18.99 37.921 -77.997 3.1 -0.44
2011/09/07 10:14:10.90 37.936 -77.961 5.9 -0.96
2011/09/07 10:14:12.16 37.934 -77.965 2.3 -0.90
2011/09/07 10:27:58.90 37.944 -77.991 2.2 -0.14
2011/09/07 10:34:17.40 37.950 -77.965 5.7 -0.19
2011/09/07 10:36:47.11 37.938 -77.952 6.6 -0.41
2011/09/07 10:49:44.44 37.909 -77.994 5.0 1.17
2011/09/07 11:13:24.38 37.952 -77.966 1.2 -0.81
2011/09/07 11:19:42.09 37.939 -77.973 2.2 -0.81
2011/09/07 11:24:54.89 37.944 -77.976 4.7 -0.86
2011/09/07 11:24:55.90 37.943 -77.978 1.8 -0.94
2011/09/07 11:28:14.88 37.943 -77.980 3.6 -0.27
2011/09/07 11:42:57.56 37.921 -77.991 4.1 0.11
2011/09/07 11:56:05.02 37.965 -77.946 5.0 0.47
2011/09/07 12:02:30.62 37.974 -77.974 4.8 1.05
2011/09/07 12:04:02.56 37.926 -77.992 3.8 -0.96
2011/09/07 12:32:27.45 37.935 -77.983 4.1 -0.24
2011/09/07 12:54:27.82 37.957 -77.964 3.7 -0.21
2011/09/07 13:13:08.09 37.909 -77.917 4.8 -0.91
2011/09/07 13:35:20.81 37.930 -77.981 5.1 -0.13
2011/09/07 13:49:39.34 37.944 -77.991 2.2 -0.35
2011/09/07 13:50:05.85 37.958 -77.954 5.3 -0.08
2011/09/07 14:38:04.09 37.949 -77.974 4.7 -0.58
2011/09/07 15:20:37.55 37.915 -77.995 3.9 -0.53
2011/09/07 15:28:24.23 37.952 -77.960 6.1 1.02
2011/09/07 15:28:41.94 37.951 -77.960 6.2 -0.27
2011/09/07 15:34:44.87 37.942 -77.982 3.5 1.88
2011/09/07 16:17:09.00 37.934 -77.982 4.4 -0.32
2011/09/07 16:28:38.37 37.926 -77.990 4.0 -0.87
2011/09/07 16:46:45.40 37.949 -77.972 4.6 -0.76

* z0 = −0.4 km
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Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/07 17:03:01.92 37.943 -77.939 8.2 -0.36
2011/09/07 17:18:16.71 37.933 -77.989 4.0 -0.97
2011/09/07 17:18:18.78 37.911 -77.924 0.4 -0.45
2011/09/07 17:19:33.26 37.930 -77.986 4.1 -0.78
2011/09/07 17:27:42.05 37.921 -77.990 4.5 -0.69
2011/09/07 17:29:38.00 37.944 -77.977 1.2 -1.20
2011/09/07 17:55:21.59 37.962 -77.993 1.2 -1.11
2011/09/07 17:55:44.58 37.930 -77.910 4.1 0.17
2011/09/07 18:33:14.35 37.930 -77.986 4.1 -0.51
2011/09/07 18:35:17.50 37.898 -77.987 0.5 -0.94
2011/09/07 18:41:52.67 37.957 -77.967 3.1 0.85
2011/09/07 18:45:56.07 37.963 -77.992 1.4 -0.83
2011/09/07 18:55:24.92 37.912 -77.923 0.1 -0.65
2011/09/07 19:29:38.23 37.916 -77.920 0.3 -0.11
2011/09/07 19:30:07.78 37.919 -77.914 -0.2 -0.67
2011/09/07 19:33:43.17 37.915 -77.922 0.2 -0.38
2011/09/07 19:38:49.63 37.919 -77.916 0.3 -0.96
2011/09/07 20:08:34.83 37.941 -77.985 3.1 -0.32
2011/09/07 20:13:57.88 37.920 -77.917 0.7 -0.88
2011/09/07 20:19:32.85 37.947 -77.944 6.6 -0.73
2011/09/07 20:19:34.39 37.946 -77.944 0.4 -0.81
2011/09/07 20:38:42.13 37.939 -77.975 4.8 -0.49
2011/09/07 20:38:43.27 37.941 -77.975 1.4 -0.78
2011/09/07 21:23:17.96 37.953 -77.960 5.2 -0.56
2011/09/07 21:23:19.17 37.948 -77.967 1.8 -0.80
2011/09/07 21:47:53.38 37.957 -77.908 0.3 -0.82
2011/09/07 22:04:06.42 37.921 -77.990 4.6 0.37
2011/09/07 22:19:40.64 37.957 -77.907 -0.2 -0.70
2011/09/07 22:28:27.35 37.900 -77.965 4.5 -0.94
2011/09/07 22:28:28.32 37.900 -77.970 2.6 -0.82
2011/09/07 22:31:36.67 37.948 -77.941 7.2 -0.86
2011/09/07 23:42:01.34 37.905 -77.989 6.7 -0.69
2011/09/08 00:19:28.59 37.939 -77.989 4.2 1.66
2011/09/08 00:43:17.27 37.914 -77.957 9.0 -0.75
2011/09/08 00:43:19.06 37.916 -77.959 4.5 -0.89
2011/09/08 01:25:34.82 37.942 -77.968 5.8 -0.69
2011/09/08 01:25:36.12 37.941 -77.970 1.9 -1.03
2011/09/08 01:29:13.22 37.926 -77.991 3.9 -0.78
2011/09/08 01:41:21.23 37.933 -77.985 4.1 -1.09
2011/09/08 02:15:51.85 37.948 -77.975 4.5 -0.06

* z0 = −0.4 km
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Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/08 02:25:10.80 37.948 -77.968 5.8 -0.40
2011/09/08 02:53:20.08 37.939 -77.972 5.6 -0.97
2011/09/08 02:53:21.34 37.938 -77.974 1.6 -1.10
2011/09/08 03:02:18.32 37.952 -77.977 2.8 -1.17
2011/09/08 03:03:52.97 37.958 -78.000 0.5 -0.46
2011/09/08 03:12:09.00 37.952 -77.974 4.0 -0.75
2011/09/08 03:18:36.34 37.936 -77.976 5.2 -0.84
2011/09/08 03:19:49.89 37.950 -77.970 5.4 -0.97
2011/09/08 03:19:54.72 37.946 -78.007 0.4 -1.09
2011/09/08 03:21:16.36 37.938 -77.981 4.5 -0.99
2011/09/08 03:33:52.82 37.954 -77.973 3.3 -0.64
2011/09/08 03:54:38.68 37.925 -77.990 3.5 -1.18
2011/09/08 03:58:28.60 37.948 -77.976 4.1 -1.09
2011/09/08 04:03:51.80 37.958 -77.999 0.4 -0.61
2011/09/08 04:32:17.17 37.922 -77.989 4.5 0.65
2011/09/08 04:44:10.01 37.948 -77.973 0.8 -1.01
2011/09/08 05:21:24.31 37.927 -77.987 4.0 -0.24
2011/09/08 05:27:30.57 37.921 -77.992 3.4 0.41
2011/09/08 05:54:12.22 37.958 -77.994 0.3 -0.27
2011/09/08 06:23:47.93 37.942 -77.957 5.9 -0.82
2011/09/08 06:34:23.30 37.934 -77.985 3.7 -0.66
2011/09/08 06:42:00.02 37.939 -77.981 3.5 0.12
2011/09/08 06:43:12.00 37.906 -77.992 6.0 -0.31
2011/09/08 06:57:40.15 37.924 -77.987 4.7 -0.85
2011/09/08 07:14:10.36 37.916 -77.921 0.2 -0.97
2011/09/08 07:19:07.38 37.938 -77.964 6.0 0.23
2011/09/08 07:27:55.03 37.958 -77.993 1.8 -0.85
2011/09/08 07:47:04.42 37.948 -77.959 1.9 -0.88
2011/09/08 07:51:27.68 37.941 -77.989 3.7 0.85
2011/09/08 08:20:47.95 37.940 -77.984 4.6 0.71
2011/09/08 08:42:33.68 37.955 -77.977 2.6 -0.94
2011/09/08 08:49:41.90 37.935 -77.985 4.2 -0.54
2011/09/08 09:01:07.99 37.935 -77.986 3.6 -1.08
2011/09/08 09:35:59.03 37.943 -77.991 2.5 -0.04
2011/09/08 09:43:42.92 37.929 -77.990 4.0 -1.13
2011/09/08 09:48:03.19 37.957 -78.001 0.0 -1.06
2011/09/08 09:49:00.69 37.927 -77.982 1.5 -1.17
2011/09/08 10:11:17.00 37.923 -77.990 4.1 -0.72
2011/09/08 10:33:04.81 37.897 -77.998 5.3 -0.74
2011/09/08 10:34:48.54 37.912 -77.992 1.3 -1.16

* z0 = −0.4 km
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Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/08 10:55:43.41 37.948 -77.977 3.4 -1.06
2011/09/08 10:57:16.72 37.917 -78.000 3.4 0.16
2011/09/08 11:03:36.94 37.951 -77.949 6.5 -0.58
2011/09/08 11:06:29.92 37.918 -77.998 3.0 0.07
2011/09/08 11:15:44.76 37.921 -77.997 3.1 -0.41
2011/09/08 11:19:55.99 37.947 -78.017 0.2 -0.64
2011/09/08 11:38:17.71 37.941 -77.982 3.3 -0.18
2011/09/08 11:40:02.69 37.926 -77.989 3.9 0.95
2011/09/08 11:56:17.93 37.945 -77.993 0.2 -1.42
2011/09/08 12:02:29.47 37.948 -77.976 4.4 -0.32
2011/09/08 12:38:36.28 37.951 -77.972 5.6 -0.65
2011/09/08 12:41:34.78 37.955 -77.966 4.8 0.15
2011/09/08 13:01:19.53 37.940 -77.973 5.7 -0.90
2011/09/08 13:01:20.80 37.939 -77.974 1.3 -0.96
2011/09/08 13:20:52.32 37.955 -78.002 0.1 -0.99
2011/09/08 13:36:39.34 37.967 -77.936 5.6 0.13
2011/09/08 13:39:49.08 37.966 -77.927 5.7 0.20
2011/09/08 13:45:45.37 37.933 -77.985 4.0 -0.87
2011/09/08 13:54:38.38 37.944 -77.976 2.4 -0.96
2011/09/08 13:59:00.75 37.936 -77.986 4.3 -0.28
2011/09/08 14:27:12.42 37.946 -77.943 7.2 -0.66
2011/09/08 14:27:14.13 37.945 -77.948 0.0 -0.78
2011/09/08 15:00:41.23 37.962 -77.993 -0.1 -0.09
2011/09/08 15:16:57.90 37.912 -77.916 -0.2 -0.70
2011/09/08 15:19:17.91 37.939 -77.986 4.7 0.30
2011/09/08 15:30:54.00 37.916 -77.994 4.3 -0.11
2011/09/08 15:33:26.45 37.943 -77.950 6.0 -0.15
2011/09/08 15:44:44.07 37.948 -77.966 5.4 -0.79
2011/09/08 15:46:43.03 37.944 -77.965 5.6 -0.66
2011/09/08 15:46:44.23 37.946 -77.965 2.2 -0.63
2011/09/08 16:17:54.22 37.940 -77.944 7.2 -0.80
2011/09/08 16:17:55.93 37.939 -77.949 1.3 -0.94
2011/09/08 16:26:22.63 37.939 -77.959 6.1 -0.29
2011/09/08 16:27:27.75 37.948 -77.969 5.7 -0.27
2011/09/08 16:27:33.50 37.914 -77.995 4.1 0.74
2011/09/08 16:34:31.10 37.968 -78.028 0.3 -0.18
2011/09/08 16:55:59.02 37.930 -77.975 5.2 -0.70
2011/09/08 17:05:50.52 37.912 -77.925 -0.1 -0.79
2011/09/08 17:31:57.49 37.911 -77.919 1.0 -0.69
2011/09/08 18:04:24.56 37.912 -77.924 0.5 0.15

* z0 = −0.4 km
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Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/08 18:10:18.89 37.942 -77.986 3.5 -0.60
2011/09/08 18:12:20.42 37.948 -77.981 3.1 -0.45
2011/09/08 18:17:46.49 37.945 -77.976 4.6 -1.05
2011/09/08 18:17:47.42 37.946 -77.969 1.7 -1.01
2011/09/08 18:24:22.43 37.939 -77.986 4.2 -0.89
2011/09/08 18:24:23.35 37.937 -77.987 1.6 -0.95
2011/09/08 18:29:10.85 37.939 -77.987 4.3 0.95
2011/09/08 18:33:54.81 37.955 -77.937 6.9 -0.31
2011/09/08 18:34:03.50 37.939 -77.987 4.6 -0.52
2011/09/08 18:40:43.95 37.948 -77.968 5.3 0.24
2011/09/08 19:00:10.37 37.963 -77.993 1.5 -1.16
2011/09/08 19:19:18.64 37.954 -78.011 0.8 -0.88
2011/09/08 19:22:05.33 37.957 -78.005 0.0 -0.45
2011/09/08 19:32:35.44 37.957 -77.961 4.0 -0.73
2011/09/08 19:32:36.41 37.958 -77.965 -0.1 -0.82
2011/09/08 19:46:15.08 37.941 -77.981 3.9 -0.78
2011/09/08 19:48:47.06 37.903 -78.001 4.9 1.17
2011/09/08 19:49:14.58 37.903 -78.001 5.0 0.97
2011/09/08 20:14:47.47 37.903 -78.001 -0.2 -0.82
2011/09/08 20:21:20.22 37.943 -77.985 3.5 0.16
2011/09/08 20:49:38.45 37.934 -77.982 4.8 0.27
2011/09/08 21:11:17.95 37.960 -77.997 0.8 -0.51
2011/09/08 21:47:17.35 37.923 -77.990 4.4 -0.39
2011/09/08 21:56:17.96 37.959 -77.960 4.1 -0.19
2011/09/08 22:12:44.26 37.962 -77.995 1.1 -0.57
2011/09/08 22:19:42.24 37.923 -78.000 3.7 0.05
2011/09/08 22:23:40.90 37.923 -78.000 3.7 -0.24
2011/09/08 22:38:22.77 37.907 -77.990 5.4 -0.17
2011/09/08 22:39:08.13 37.925 -77.991 4.2 -0.72
2011/09/08 22:49:42.51 37.921 -77.994 3.3 -1.01
2011/09/08 22:58:12.48 37.930 -77.977 5.5 -0.86
2011/09/08 22:58:13.78 37.930 -77.977 0.3 -0.95
2011/09/08 23:02:09.62 37.922 -77.997 3.3 -0.66
2011/09/08 23:07:13.56 37.914 -77.995 3.9 -0.84
2011/09/08 23:07:14.48 37.913 -77.999 0.6 -0.90
2011/09/08 23:09:48.79 37.925 -77.987 3.7 -0.15
2011/09/08 23:14:04.45 37.926 -77.986 3.4 -0.96
2011/09/08 23:41:20.71 37.919 -77.912 0.0 -0.54
2011/09/08 23:46:27.60 37.920 -77.976 6.3 0.98
2011/09/08 23:50:44.22 37.939 -77.980 3.5 0.11

* z0 = −0.4 km
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Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/09 00:29:09.77 37.936 -77.985 3.9 -0.07
2011/09/09 00:35:50.92 37.922 -77.991 3.5 0.45
2011/09/09 01:02:17.15 37.917 -77.923 0.2 -0.45
2011/09/09 01:43:28.27 37.958 -78.000 0.4 -1.07
2011/09/09 01:50:48.81 37.960 -77.995 0.9 -0.01
2011/09/09 01:59:09.62 37.949 -77.957 1.7 -1.02
2011/09/09 02:44:35.65 37.929 -77.967 5.7 -0.16
2011/09/09 02:47:33.29 37.929 -77.986 4.0 0.99
2011/09/09 03:45:29.92 37.916 -78.017 -0.2 -1.19
2011/09/09 04:23:18.35 37.943 -77.975 5.2 -0.41
2011/09/09 04:30:27.73 37.948 -77.967 5.2 -0.75
2011/09/09 04:32:46.84 37.927 -77.989 4.0 -1.09
2011/09/09 04:41:24.28 37.902 -78.000 5.5 -0.33
2011/09/09 04:58:42.82 37.908 -77.992 4.7 -0.68
2011/09/09 05:36:05.87 37.950 -77.964 5.8 1.54
2011/09/09 05:38:35.40 37.949 -77.964 5.6 0.94
2011/09/09 05:49:29.17 37.929 -77.986 4.4 -0.76
2011/09/09 05:52:26.67 37.909 -77.990 5.5 0.01
2011/09/09 06:27:50.82 37.937 -77.949 6.6 -0.97
2011/09/09 07:11:06.26 37.928 -77.990 3.9 -0.33
2011/09/09 07:47:04.84 37.938 -77.981 4.4 -0.26
2011/09/09 08:03:13.48 37.917 -77.992 4.2 0.07
2011/09/09 08:23:33.77 37.948 -77.974 4.8 0.53
2011/09/09 08:25:38.95 37.940 -77.992 1.9 -1.39
2011/09/09 08:55:06.32 37.921 -77.992 3.9 -0.51
2011/09/09 09:05:28.08 37.947 -78.007 1.7 -1.45
2011/09/09 09:16:24.90 37.954 -77.939 6.6 -0.91
2011/09/09 09:16:26.66 37.951 -77.956 0.2 -1.04
2011/09/09 09:24:07.55 37.921 -77.994 3.3 -1.15
2011/09/09 09:53:54.59 37.932 -77.976 5.5 -0.14
2011/09/09 10:32:04.19 37.962 -77.993 0.0 0.17
2011/09/09 10:37:49.26 37.927 -77.989 4.1 -0.56
2011/09/09 11:07:36.25 37.939 -77.987 4.0 -0.77
2011/09/09 11:51:46.85 37.950 -77.965 5.5 -0.89
2011/09/09 11:53:33.47 37.946 -77.990 2.1 -0.29
2011/09/09 12:16:10.09 37.902 -77.999 0.9 -0.99
2011/09/09 12:23:55.31 37.947 -77.974 4.3 -0.35
2011/09/09 12:28:25.27 37.943 -77.968 5.3 -0.74
2011/09/09 12:28:26.50 37.944 -77.969 1.3 -1.04
2011/09/09 12:49:53.99 37.933 -77.985 4.2 -0.14

* z0 = −0.4 km
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Date Time Latitude Longitude Depth Magnitude
(YYYY/MM/DD) (HH:MM:SS) (○N) (○E) (km) (MBPI)

2011/09/09 12:52:43.06 37.914 -78.002 2.9 -0.03
2011/09/09 14:00:45.54 37.939 -77.989 3.4 -0.96
2011/09/09 14:07:40.62 37.939 -77.987 4.2 -0.80
2011/09/09 14:08:37.88 37.939 -77.987 4.1 0.14
2011/09/09 14:10:01.17 37.905 -77.986 5.9 -0.52
2011/09/09 15:10:03.87 37.911 -77.966 8.0 -0.57
2011/09/09 15:16:35.31 37.905 -77.959 8.4 -0.57
2011/09/09 15:19:13.48 37.901 -77.949 8.5 -0.54
2011/09/09 15:21:29.14 37.901 -77.948 8.7 -0.58
2011/09/09 15:24:39.87 37.903 -77.953 8.5 -0.45
2011/09/09 15:27:06.11 37.902 -77.951 6.4 -0.66
2011/09/09 15:39:02.13 37.916 -78.000 7.0 -0.99
2011/09/09 15:40:26.24 37.930 -77.993 5.5 -0.71
2011/09/09 15:45:14.11 37.974 -77.952 5.9 -0.58
2011/09/09 15:49:40.53 37.961 -77.989 7.0 -0.82
2011/09/09 15:50:27.46 37.967 -77.975 8.7 -0.40
2011/09/09 15:53:16.92 37.940 -77.989 3.4 -0.11
2011/09/09 16:09:47.05 37.894 -77.953 8.0 -0.71
2011/09/09 16:10:20.20 37.898 -77.952 6.9 -0.85
2011/09/09 16:10:24.50 37.901 -77.951 8.9 -0.96
2011/09/09 16:11:04.66 37.901 -77.952 4.6 -0.37
2011/09/09 16:33:09.50 37.900 -77.955 8.5 -0.60
2011/09/09 16:45:46.75 37.908 -77.953 8.3 -0.54
2011/09/09 16:53:02.35 37.921 -77.943 8.1 -0.58
2011/09/09 17:00:22.28 37.923 -77.959 8.7 -0.54
2011/09/09 17:30:31.60 37.924 -77.966 5.3 -0.80
2011/09/09 17:33:29.75 37.935 -77.969 8.8 -0.71
2011/09/09 17:36:41.83 37.938 -77.940 8.8 -0.16
2011/09/09 18:08:36.20 37.976 -78.001 0.6 -1.77
2011/09/09 18:26:07.02 37.966 -77.968 8.2 -0.43
2011/09/09 18:27:07.61 37.970 -77.968 7.2 -0.66
2011/09/09 18:27:08.52 37.948 -77.993 2.0 -1.21
2011/09/09 19:59:58.48 37.915 -77.945 8.6 -1.23

* z0 = −0.4 km
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Chapter 2 shows that EM responses due to spatially correlated, fine scale heterogeneities

do not correspond to any classical half-space’s response. These responses exhibit an fBm

behaviour agreeing with the findings of previous observations, which suggests that not nec-

essarily self-similar, but rather a wider class of spatially correlated heterogeneities may pro-

duce fractal-like EM responses. Moreover, degree of the spatial correlation, the contrasts

in ground conductivity, and the preferred orientation of multiscale heterogeneity control the

fBm behaviour. In addition, β spectral exponent values (1 <) correlates with higher degree

of geological roughness and thus may characterize stochastic geologic medium in a compact

manner. As a result, there is a need of more observational to confirm the aforementioned

results as well as to improve our understanding of the fBm behaviour of observed electro-

magnetic responses.

Chapter 3 overviews the backprojection method and the influence of the seismic array, noise,

and velocity model. The real data examples show the important advantage of the backpro-

jection method over the single-seismogram detection algorithms by improving the signal-to-

noise ratio of the weak aftershocks through stacking and enabling event detection that can

not be achieved by analyzing individual seismograms. To overcome real data issues including

aliased station spacing, inadequate array aperture, inaccurate velocity model, low signal-to-

noise ratio, large noise bursts, and varying waveform polarity, four pre-processing methods

are evaluated via a systematic comparison to auto-backproject large volumes of data. The

comparison results indicate a remarkable success of the use of kurtosis characteristic function

on auto-backprojection; however, to estimate magnitudes and additionally to refine spatial

resolution, a second backprojection is required using noise-filtered raw waveforms to achieve

the best of all criteria. The results also point out that gaps between the array arms, station
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spacing, and temporal sampling all limit the spatial resolution of source images; moreover,

to improve the velocity model over a complex geology, denser spacing and larger aperture

might be required.

Chapter 4 shows the results of the 12-day aftershock catalog derived from the AIDA array

and automated back-projection imaging. The AIDA backprojection catalog indicated that

the dense array data enables to significantly lower the detection threshold (∼ an order of

magnitude) and the backprojection imaging improves the signal-to-noise ratio of weak events

that cannot be detected on single seismograms. This resulted in an impressive magnitude

completeness of M–1.0. A quantitative comparison with the catalog obtained from the co-

deployed, unusually large temporal traditional network is presented. The comparison results

shows that the dense array catalog indicates a more detailed image of seismicity in the

epicentral region and also revealed additional details. The aftershock activity comprising

smaller magnitudes do not show a significant change for the frequency-magnitude (b-value)

relation and the temporal decay of the sequence; however, these statistics are different at

shallow and greater depth, and for different completeness periods. Finally, Chapter 3 and 4

highlight the benefits and capacities of dense aftershock arrays on producing a more complete

earthquake catalog.

5.1 Future Research Plan

A recent study (Milliner et al., 2016) indicates that the along-strike co-seismic slip variability

is not random; in contrast, it correlates with zones of geometrical fault complexity at all

scales. Based on the inferences discussed in Chapter 2, I propose a CSEM data collection



Future Research Plan 188

along a fault zone to assess “b-value” variations to test whether there is a correlation between

the b-value variability and the fault heterogeneity. This analysis would enable us to better

understand the heterogeneity in the stress field.

In Chapter 2, the geoelectrical models do not take account of vertical correlation which would

result in variations in signal penetration depth. I propose to evaluate the EM responses of a

two-layered conductivity model consisted of a top layer with a spatially-correlated conduc-

tivity distribution and a bottom layer with a constant conductivity, to examine the effects of

fine-scale heterogeneity on signal penetration depth in rough geological environments. Fur-

thermore, conductivity models that comprise both vertical and horizontal spatial correlations

with different degree of spatial correlations, demonstrating a fracture network, can also pro-

vide a better understanding of the correlation between the roughness of EM responses and

the roughness of fracture network.

Recently, there are studies that focus on stress drops and rupture velocities of small magni-

tude induced earthquakes (∼M 2, e.g. Tomic et al., 2009); however, there is no study that

shows the rupture of a tectonic earthquake at small magnitudes. The inefficient temporal

and cross-line sampling rates of AIDA do not enable to reveal rupture histories of the largest

events (∼M2.5 - 3.8) in the catalog. On the other hand, a recent study of Wu et al. (submit-

ted) suggests that some earthquakes in the 2011 Virginia aftershock catalog show low stress

drops that may result in larger slip areas. Based on this new finding, I propose to attempt

to image a few of these low stress drop events to obtain their slip histories. The AIDA

backprojection resolution may become sufficient to image these earthquake sources on their

fault planes through adequate time periods that allow to calculate their rupture velocities.
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A successful attempt would substantially contribute to our understanding of source scaling.

Finally, I propose a study that uses both dense seismic array and CSEM monitoring for

a seismically active zone for sufficient time periods with adequate spatial sampling rates.

While dense array data can be used to locate earthquakes at very small magnitudes and

illuminate fault zones in detail, monitoring temporal changes in fractal properties of EM

signals may provide complementary information about the propagation of the aftershocks

and the fault zone heterogeneity. Both will enable a better understanding of stress and strain

evolution, earthquake triggering, earthquake mechanisms.
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