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Chapter 1: Introduction

1.1 Motivation

The majority of seismicity on Earth occurs along the boundaries between
tectonic plates [Wilson, 1965]. Tectonic plate boundary zones concentrate seismicity
and deformation in spatially narrow bands, and are readily identifiable from global
topography by large-scale mountain belts and trenches (Figure 1-1). Recent large
magnitude earthquakes along plate boundaries include the 2013 Solomon Islands
earthquake (Mw = 8.0), the 2013 southeastern Alaska earthquake (USA, Mw = 7.5),
the 2012 Queen Charlotte Islands earthquake (Canada, Mw = 7.7), the 2012 Nicoya
Peninsula earthquake (Costa Rica, Mw = 7.6), the 2011 Tohoku earthquake (Japan,
Mw = 9.0), the 2010 El Mayor — Cucapah earthquake (Baja California, Mexico, Mw =
7.2), and the 2010 Port-Au-Prince earthquake (Haiti, Mw = 7.0).

Although less common, large and destructive earthquakes have been recorded
within the interiors of tectonic plates far from plate boundary zones [Schulte and
Mooney, 2005]. Intraplate seismicity has been recorded in stable continental regions
(beyond passive margins) of North America, South America, Eurasia (subdivided into
Europe, west of 20°E, and Russia, east of 20°E), Africa (including the Arabian
Peninsula), India, China, and Australia [Schulte and Mooney, 2005; Wang, 2007,
Assumpcao et al., 2011; Holford et al., 2011] (Figure 1-1). Notable earthquakes in
these intraplate regions include the 1811 — 1812 New Madrid earthquakes along the
Mississippi River (Central U.S., M 7.0 to 7.4), the 1886 Charleston, South Carolina

earthquake (USA, Mw 7.3), the 1929 Grand Banks and 1933 Baffin Bay earthquakes
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Figure 1-1. Global intraplate seismicity
Map of intraplate earthquakes occurring in stable continental regions [Schulte and Mooney, 2005]
2005), tectonic plate boundaries [Coffin et al., 1998], and global topography and bathymetry [Amante

and Eakins, 2009]. The North American stable continental region is the site of the Mineral and
Germantown earthquakes.



(Eastern Canada, Mw =7.2 and Mw =7.4), the 1988 Tennant Creek earthquake
sequence (Northern Territory, Australia, Mw 6.3 to 6.7), the 2001 Bhuj and 2011
Talala earthquakes (India, Mw = 7.2), and the 2008 Sao Vicente earthquake (Brazil,
Mb = 5.2) [Bowman et al., 1990; Bent, 1994; Ebel et al., 2000; Assumpcao et al.,
2011; Holford et al., 2011; Rastogi et al., 2013a; Rastogi et al., 2013b; Stein et al.,
1979]. OnJuly 16, 2010, a Mw 3.4 earthquake struck near the town of Germantown,
Maryland, and was followed ~1 year later by a Mw 5.8 earthquake near Mineral,
Virginia within the North American continental plate interior in the central and
eastern U.S. (Figure 1-2). Shaking from these earthquakes in the Washington, DC,
metropolitan region and the surrounding area (and damage from the Mineral
earthquake) rekindled concern for intraplate seismicity and highlighted our limited

understanding of seismicity in stable continental regions.

1.1.1 The Mineral and Germantown earthquakes

The Mineral earthquake was one of the largest earthquakes to occur east of the
Rocky Mountains in the past century [Bollinger and Hopper, 1971; Kim and
Chapman, 2005] and offers a rare opportunity to examine the role of static stress
transfer, long-distance triggering, and aftershock decay from a moderate magnitude
intraplate event. The Germantown earthquake provides a chance to study stress
transfer from a smaller magnitude earthquake that happened only ~1 year prior to the
Mineral earthquake. Chapters 2 and 3 of this dissertation focus on understanding
earthquake triggering in intraplate North America by focusing on the Mineral and
Germantown earthquakes. Chapter 2 discusses not only stress transfer but also the

tectonic framework of the Mineral and Germantown earthquakes. Chapter 3 presents
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Figure 1-2: Location of Germantown and Mineral earthquakes

Locations and focal mechanisms for the Germantown and Mineral earthquake (Saint Louis University
and the U.S. Geological Survey). Red ellipses shown major seismic zones in the central and eastern
U.S. [Bisrat et al., 2012; Braile et al., 1982; Csontos and Van Arsdale, 2008; Dunn and Chapman,
2006; Hildenbrand and Ravat, 1997; Kelson et al., 1996; Kim and Chapman, 2005; Madabhushi and
Talwani, 1993; Mazzotti and Townend, 2010]. Historic and recorded earthquakes (all magnitudes) are
from the CEUS-SSC Earthquake Catalog Compilation (http://www.ceus-ssc.com). Topography is
from the CEUS-SCC Project basemap database and was created by the British Oceanographic Data
Centre (BODC) General Bathymetric Chart of the Oceans (GEBCQO) [2008] and has a spatial
resolution of 30-arc-seconds. Boundaries are from the North American Atlas - Political Boundaries
jointly compiled by the Government of Canada, USGS, and Instituto Nacional de Estadistica y
Geografia [2010]. Geographic Coordinate System: WGS 1983. Projection: Datum WGS 1983.



an examination of seismicity rate changes in the near-field and the far-field associated
with the Mineral earthquake.

In Chapter 2, I first compile an in-depth literature review of Cenozoic faulting,
historical seismicity, and the geologic history of the Mid-Atlantic region in order to
establish the tectonic framework for the Mineral and Germantown earthquakes. |
then employ the orientations of fault systems active during the Cenozoic, notably the
DC fault zone (Figure 1-3), Stafford fault system, Mountain Run fault zone, and
Everona fault, to evaluate to what extent slip from the Mineral and Germantown
earthquakes may have increased the risk of future failure on these or similarly
oriented fault systems by calculating Coulomb failure stress change. | also quantify
Coulomb failure stress changes on Paleozoic and Mesozoic faults in the epicentral
region and assess the spatial relationships between the mainshock and its aftershocks
with these pre-existing geologic structures. In addition, | present a numerical model
that estimates the maximum amount of permanent vertical surface deformation
expected from the Mineral earthquake (~9 cm).

The research presented in Chapter 3 statistically evaluated changes in the
near-field, the aftershock zone, and the far-field, thousands of kilometers from the
epicenter of the Mineral earthquake. In the near-field | evaluate the spatial and
temporal distribution of aftershocks, while in the far-field I assess if there is any
increase in the rate of seismicity related to the passage of seismic waves. The results
in this chapter indicate that the aftershock decay sequence from the Mineral
earthquake is occurring at a much slower rate than the 1985 Kettleman Hills and 1987

Whittier Narrows earthquakes in California which have similar magnitudes, focal
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Figure 1-3. Photographs of the DC Fault Zone

Photographs taken in 1950 [Darton, 1950] (A) and 2011 (B) of outcrop of the DC fault zone located
near the National Zoological Park at Clydesdale Place NW and Adams Mill Rd. NW in Washington,
DC. The outcrop was first identified by N.H. Darton of the United States Geological Survey who cited
it as a prime example of late-Cenozoic faulting in eastern North America and placed a cage around it to
preserve it. The fault places conglomerates deposited by the ancestral Potomac River on schist, the
local bedrock. Annotations added to both photos for clarification. The trace of the DC fault zone has
been extended by a series of en echelon faults to the southeast of this outcrop from identification of the
fault in drill cores extracted from Lafayette Square located immediately north of the White House. In
Chapter 2, | evaluate the stress change on the DC fault zone resulting from the Mineral and
Germantown earthquake.



mechanisms and depth. In the far-field, there appears to be no detectable signals of
triggering at remote distances associated with the passage of seismic waves from the

Mineral earthquake.

1.1.2 Tectonics on Mercury and the Moon

The surfaces of Mercury and the Moon exhibit no signatures of plate tectonics
and are thus considered to be one-plate bodies. However, the presence of broadly
distributed contractional landforms across their surfaces indicates that tectonic
deformation occurred on both bodies (Figure 1-4). In general, loading or global
radial contraction due to cooling are the primary processes driving tectonic
deformation on Mercury and the Moon. Examining tectonic features on the surfaces
of Mercury and the Moon, regions of intraplate deformation, may offer an analog for
understanding tectonic deformation occurring in the central and eastern U.S. within
the continental interior of North America.

On 18 March 2011 the MErcury Surface, Space ENvironment, GEochemistry,
and Ranging (MESSENGER) spacecraft transitioned from orbiting the Sun to become
the first spacecraft to orbit Mercury. Meanwhile, the Lunar Reconnaissance Orbiter
(LRO) has been orbiting the Moon since 2009, compiling a database of high-
resolution images and altimetry of the lunar surface. MESSENGER's orbital phase
returned new images and altimetry of Mercury’s northern hemisphere, where broad
expanses of smooth plains material were deformed by wrinkle ridges, contractional
tectonic features formed by thrust faulting and folding [Watters and Johnston, 2010;

Watters and Nimmo, 2010; Head et al., 2011]. Data from MESSENGER’s flybys and
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Figure 1-4. Wrinkle ridges on Mercury and the Moon

Wrinkle ridges (white lines) in A) the northern smooth plains (black line) of Mercury overlaid on a 500
m/pixel global monochrome mosaic and a MLA derived-DEM global mosaic [Hawkins et al., 2007;
Zuber et al., 2012] (orthographic projection center latitude = 66.87°N, center longitude = 43°E) and B)
the mare basins (black line) on the Moon overlaid on a 100 m/pixel global monochrome mosaic and
100 m/pixel DEM derived from stereo photogrammetric analysis of WAC images [Robinson et al.,
2010; Scholten et al., 2012] (orthographic projection center latitude = 0°, center longitude = 0°). Red
shades are high elevation and blue shades are low elevation. Mercury smooth plains boundary from
Denevi et al. [2012] and mare basins boundary digitized by Steven Koeber.



orbital phase, together with earlier observations of Mercury by the Mariner 10
spacecraft, now provide a near-global look at the planet, indicating that smooth plains
cover about 27% of Mercury’s surface [Solomon et al., 2008; Denevi et al., 2009;
Watters et al., 2009c; McNutt et al., 2010; Denevi et al., 2012]. High-incidence angle
(55-75°) images returned during MESSENGER’s and LRO’s orbital phases enable us
to produce more comprehensive global tectonic maps. High-resolution images and
altimetric data from MESSENGER and LRO offer an unprecedented opportunity to
compare quantitatively the morphology of newly detected wrinkle ridges on Mercury
with previously identified wrinkle ridges on the Moon [Maxwell et al., 1975; Watters,
1988; Strom, 1970; Solomon et al., 2008].

| use these datasets to characterize the length—relief relationships that define
the morphology of wrinkle ridges on the Moon and Mercury, and then resolve the
relative contributions of subsidence and global contraction to shortening on Mercury
and the Moon. Most wrinkle ridges on Mercury are ~2.2 times higher than those on
the Moon, suggesting a larger component of global contraction on Mercury. | then
extend my observations of the patterns of faulting on Mercury and the Moon to the

central and eastern U.S., site of the Mineral earthquake, in the synthesis (Chapter 5).

1.2 Importance

This research aims to advance our understanding of seismic activity in
intraplate regions by focusing on the following topics:
1. Cenozoic faulting in the Mid-Atlantic region: Establish a geologic context

for the July 2010 Germantown and August 2011 Mineral earthquakes by



compiling a literature review of neotectonic features in the Mid-Atlantic
regions as well as geologic history of the region.

2. Role of static stress transfer in earthquake triggering: Determine if
aftershocks occurred within the stress trigger zone produced by the Mineral
earthquake and if nearby Cenozoic faults were moved closer to failure by the
Mineral earthquake.

3. Influence of the passage of seismic waves on the regional stress field:
Evaluate if seismic waves generated by the Mineral earthquake triggered
seismicity at remote locations (spanning thousands of kilometers from the
earthquake’s epicenter), particularly in nearby seismic zones.

4. Crustal properties of intraplate regions: Compare the aftershock decay rate
of events following the Mineral earthquake to the decay rate of aftershocks
from the 1985 Kettleman Hills and 1987 Whittier Narrows earthquakes to
evaluate if differences in the geologic environment affects aftershock
triggering rate.

5. Patterns of faulting and mechanisms driving intraplate faulting: Examine
tectonic deformation on Mercury and the Moon as an analog for deciphering
factors that contribute to generating broad, spatially diffuse zones of

seismicity.

1.3 Broader Impacts

Even though intraplate regions produce only 0.2% of Earth’s seismic moment

release [McPherson et al., 2012], large, damaging earthquakes occur in intraplate
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environments and cause loss of life and property. The Charleston earthquake killed
60 people and caused $6 million in property damage (1886 dollars; $146 million in
2012 dollars) [Dutton, 1889; Schmidtlein et al., 2011]. The Mineral earthquake
caused extensive damage to the Washington Monument and National Cathedral, and
over $80 million in property damage in the epicentral region. Densely populated
metropolitan regions and the concentration of nuclear power reactors in the central
and eastern U.S. (CEUS) increase the possible loss of life and property from a large,
destructive earthquake in intraplate North America, meriting the need to improve our
understanding of seismic hazard in intraplate regions [Braile et al., 1986; Zoback,

1992; Wang, 2007].

1.4 Dissertation Structure and Content

This dissertation is divided into five chapters. The purpose of the first chapter
(this chapter) is to highlight the motivation behind the overall research in this
dissertation and the questions addressed in each chapter. Three scientific papers form
the core of the dissertation and each is included as a separate chapter (Chapters 2
through 4). The final chapter is a synopsis that provides a summary of the results
from each of the core chapters.

The research questions, methods, and results in each chapter are discussed
independently from the other chapters. | have written the core chapters in a manner

that allows each chapter to be read and understood on its own.
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1.5 Peer-reviewed publications expected from this research

Chapters 2, 3, and 4 are in various stages of the peer-review process. A
version of Chapter 2, “Tectonic framework of the August 2011 Mineral Virginia and
July 2010 Germantown Maryland earthquakes” with co-authors Laurent Montési and
Aaron Martin, has been returned from review from the Bulletin of the Seismological
Society of America. A revised version of this manuscript is presented in this
dissertation and will be submitted to a Geological Society of America Special Book
entitled “The August 23, 2011 Earthquake in Central Virginia and its Significances
for Seismic Hazards in Eastern North America” with editors Wright Horton, Martin
Chapman, and Russell Green. A version of chapter 4, “Wrinkle ridges on Mercury
versus the Moon: Morphometric Characterization, elastic dislocation modeling, and
tectonic evaluation of planetary contraction with co-authors Thomas Watters, Maria
Banks, Sean Solomon, and Aaron Martin is pending submission to the Journal of
Geophysical Research — Planets. 1 also plan to submit a version of Chapter 3,
“Seismicity rate changes in the near-field and far-field from the August 2011 Mw 5.8

Mineral Virginia earthquake” for peer-reviewed publication.
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Chapter 2: Tectonic framework and numerical modeling of the
August 2011 Mineral, Virginia, and July 2010 Germantown,
Maryland, earthquakes

2.1 Abstract

Occurring only 13 months apart, the magnitude 3.4 Germantown, MD, (16 July 2010)
and magnitude 5.8 Mineral, VA, (23 August 2011) earthquakes rocked the U.S.
national capital region, drawing renewed attention to the occurrence of intraplate
seismicity in the Mid-Atlantic region in the eastern United States. I establish a
reference for future research on the Mineral earthquake and intraplate seismicity of
the eastern U.S. by: (1) Highlighting zones of relatively recent tectonic activity
through a discussion of fault zones of the Mid-Atlantic region active during the
Cenozoic, notably the DC fault zone (DCFZ), Stafford fault system (SFS), Mountain
Run fault zone (MRFZ), and Everona fault (EF); (2) Assessing the spatial
relationships between the mainshock and its aftershocks and pre-existing geologic
structures in the epicentral region; (3) Calculating the amount of permanent vertical
surface deformation expected from the Mineral earthquake; and (4) Evaluating to
what extent slip from the Mineral and Germantown earthquakes may have increased
the risk of future failure on the DCFZ, SFS, MRFZ, and EF by calculating Coulomb
failure stress (ocr) change. The Mineral earthquake likely ruptured on a new fault,
rather than a pre-existing Paleozoic or Mesozoic fault system and is expected to have
generated a maximum of ~9 cm of permanent upward vertical surface deformation.

In general, the Mineral earthquake brought the pre-existing Cenozoic faults further

13



from failure. The Mineral earthquake loaded only the EF and the southern portion of
the MRFZ; the magnitude of the loading was very small and very unlikely to affect

changes in the occurrence of earthquakes.

2.2 Introduction

At 5:04 local time (09:04:47 UTC) on 16 July 2010 the U.S. national capital
region was awoken by a Mw 3.4 earthquake that ruptured approximately 35 km
northwest of Washington, DC, between Germantown, Maryland, and Sugarloaf
Mountain. Only 13 months later, at 13:51 local time (17:51:04 UTC) on 23 August
2011, the nation’s capital was shaken again by the larger Mw 5.8 earthquake that
ruptured approximately 135 km southwest of DC near the town of Mineral in Louisa
County, Virginia (Figure 2-1). The Mineral earthquake occurred in the Central
Virginia Seismic Zone (CVSZ), an east-west trending cluster of historic seismicity
extending from Richmond to Lynchburg, Virginia [Kim and Chapman, 2005;
Petersen et al., 2008] (Figure 2-2). The Mineral earthquake, along with a Mw 5.8
earthquake centered on the New York-Ontario border in 1944, were the largest
earthquakes in the U.S. east of the Rocky Mountains in more than a century. Ground
motion from the Mineral earthquake was felt as far west as Minnesota and from
Florida to Fredericton, New Brunswick, Canada [Hough, 2012b], over a much wider
region than most western U.S. earthquakes of a similar magnitude (Figure 2-3). The
occurrence of the Mineral and Germantown earthquakes rekindled concern about our

rather poor understanding of intraplate seismicity and offers an opportunity to
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Figure 2-2. Seismic hazard map for the Mid-Atlantic region

A) USGS probabilistic seismic hazard map for the northern Atlantic coast of the United States and
nearby regions [Petersen et al., 2008]. Seismic hazard contours indicate 10% probability of
exceedance of peak horizontal ground acceleration (%g) on a uniform firm rock site (760 m/s shear-
wave velocity in the upper 30 m of the crust) in 50 years. B) Zoom in on the Mid-Atlantic region.
Note that the Germantown earthquake occurred in a gap in the seismic hazard map. By contrast, the
Mineral earthquake occurred in a zone of moderately high seismic hazard near the CVSZ. Geographic
Coordinate System: WGS 1984. Projection: Datum WGS 1984. Location and magnitude of
earthquakes on this map were obtained from the USGS National Earthquake Information Center, Saint
Louis University Earthquake Center, and Lamont-Doherty Earth Observatory at Columbia University
(Appendix 2-A).
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reevaluate seismic hazard in the Mid-Atlantic region of the eastern United States and
intraplate environments in general.

Even though intraplate environments produce only 0.2% of Earth’s seismic
moment release [McPherson et al., 2012], large damaging earthquakes occur in
intraplate environments, causing loss of life and property [ Wilson, 1965; Braile et al.,
1982; Stein et al., 1979; 1989; Zoback, 1992; Schulte and Mooney, 2005; Li et al.,
2007; Liu et al., 2011; Wolin et al., 2012]. The Mineral and Germantown
earthquakes occurred in the interior of the North American plate, far from plate
boundaries. No damage was reported for the Germantown earthquake, however
damage from the Mineral earthquake ranged from broken chimneys in the epicentral
region to buildings in Washington, DC (Figure 2-4). The Mineral earthquake caused
extensive damage to the Washington Monument and National Cathedral and over $80
million in property damage to schools, businesses, and homes in rural Louisa County
[National Park Service, 2011; Fenster and Walsh, 2012]. Fortunately, no serious
injuries or loss of life were reported from either earthquake. Ground motion
exceeded safe operating parameters at the North Anna nuclear power reactor located
~18 km northeast of the Mineral epicenter, forcing an automatic shutdown [Dominion
Power, 2011; Fenster and Walsh, 2012]. The large number of cities and nuclear
reactors in the eastern U.S. increases the risk posed by future large-magnitude
intraplate earthquakes (Figure 2-2).

Understanding the interaction of faults and associated seismicity is vital to
improving evaluations of seismic hazard in intraplate environments [Freed, 2005; Liu

etal.,2011; Wolin et al., 2012], which is important for (1) safe siting and operation of
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Figure 2-4. Building damage caused by the Mineral earthquake

Photographs of building damage caused by the Mineral earthquake. No damage was reported after the
Germantown earthquake. A and B) Chimneys were damaged in the town of Mineral, VA. C) A large
crack in the top of the Washington Monument (Photographs by L.S. Walsh, except C, courtesy of the
National Park Service).
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nuclear power plants, (2) protecting national security, and (3) establishing mitigation
strategies to reduce the loss of life and property during future intraplate earthquakes.
In light of the Mineral earthquake, in this chapter I review our knowledge of recorded
seismicity, paleotectonics, and neotectonics in the Mid-Atlantic region (Figure 2-2). 1
highlight zones of relatively recent tectonic activity in this region through a
discussion of fault zones active during the Cenozoic, notably the DC fault zone
(DCFZ), Stafford fault system (SFS), Mountain Run fault zone (MRFZ), and Everona
fault (EF) and by determining how stress on each of these zones was affected by the
Mineral earthquake. I intend this compilation of information to be used as a reference
for further evaluation of the Mineral earthquake and more broadly for improving our

understanding of intraplate seismicity.

2.3 Historical seismicity in the eastern United States

The Mineral earthquake was not the first occasion on which the national
capital region experienced shaking from an earthquake. In 1828, President John
Quincy Adams recorded in his diary an earthquake he experienced at the White
House [Adams, 1828]. The location of this earthquake is unknown and it may have
been quite distant from Washington, DC. Damaging earthquakes, particularly the
Charleston, SC, Mw 7.3 earthquake of 1886 [Dewey and Gordon, 1984; Talwani and
Cox, 1985; Ebel, 1986; Nishenko, 1990] and the 1811-1812 New Madrid Earthquake
Sequence [Nuttli, 1987; Li et al., 2007] have also struck the eastern U.S. and were
felt in Washington, DC. The Charleston, SC, Mw 7.3 earthquake of 1886 killed 60

people and caused over $6 million (1886 dollars) in property damage [Dutton, 1889;
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Schmidtlein et al., 2011]. No event of similar magnitude has been documented in the
Mid-Atlantic region, but small or moderate earthquakes occur persistently. Larger
earthquakes, like the 1933 Baffin Island Ms 7.3 event, are possible along the eastern
margin of North America [Stein et al., 1979; Wolin et al., 2012]. At least ninety
minor earthquakes have been recorded in the Mid-Atlantic region over the last 20
years (Figure 2-2B).

The Mineral earthquake was the largest to occur in the CVSZ. Before the
Mineral earthquake, the magnitude 4.9 earthquake of 1875 was the largest recorded in
the CVSZ [Bollinger and Hopper, 1971]. A sequence of magnitude 3.9 to 4.25
earthquakes that occurred in December 2003 were the most recent historical
earthquakes (M > 2.5) recorded in the CVSZ [Kim and Chapman, 2005]. It is
possible that the CVSZ, and the Mineral earthquake itself, reflect a long lived
aftershock sequence initiated by a large magnitude prehistoric earthquake as was
proposed for other intraplate seismic zones [Li et al., 2007; Stein and Liu, 2009;
Wolin et al., 2012].

Swarms of small magnitude earthquakes (Mw 1.0 to 3.0) occurred in
Columbia, MD, in 1993 and Dillsburg, PA from 2008 to 2009 [Kim et al., 2009]
(Figure 2-2). In addition, isolated events are scattered throughout the Mid-Atlantic
region, including a Mw 2.5 earthquake that struck Manassas, VA, in May 2008 and
the Germantown Mw 3.4 earthquake of July 2010. Only one Mw 2.1 aftershock was
recorded 11 minutes after the Germantown earthquake (Figure 2-2A). Over 300

aftershocks were detected in the epicentral region of the Mineral earthquake by a
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temporary seismic network deployed by several institutions between 23 August 2011

and 2 May 2012 (Appendix 2-A).

2.4 Seismic forecasting in intraplate regions

The short duration of the seismic record and paucity of sufficiently detailed
geologic maps showing recently active Cenozoic faults make the evaluation of
seismic hazard in intraplate regions challenging. Although the Mineral earthquake
occurred in a previously identified zone of elevated seismic hazard [Petersen et al.,
2008], the CVSZ (Figure 2-2), the fault responsible for the earthquake was not
identified prior to the event as being more likely to rupture than its neighbors.

A variety of mechanisms could be responsible for triggering intraplate
seismicity in the Mid-Atlantic region [Stein et al., 1989]: topographic relaxation of
the Appalachians [Ghosh et al., 2009], loading of water and sediments in the
Chesapeake Bay and on the Atlantic margin [Calais et al., 2010], isostatic uplift from
melting of the Laurentide ice sheet from the last glacial maximum (12,000 years ago)
[Stewart et al., 2000; Calais et al., 2006; Sella et al., 2007], or ridge push generated
by the cooling of the oceanic portion of the North American plate [Zoback, 1992].

Probabilistic Seismic Hazard Assessments (PSHA) have been calculated for
the eastern U.S. by developing models of seismicity-derived hazard sources (tied to
previously recorded seismicity), estimates of the maximum expected magnitude
earthquakes on known faults, and models of ground shaking and attenuation
[Petersen et al., 2008]. Regions with high concentrations of previously recorded

earthquakes, such as the CVSZ, the Charlevoix seismic zone of Quebec and northern
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New York and the epicentral region of the 1885 Charleston earthquake stand out as
high hazard zones on the USGS seismic hazard map (Figure 2-2). The Mineral
earthquake was ~1 unit magnitude larger than previously recorded seismicity in the
CVSZ that were used to make the PSHA maps for the eastern U.S. Therefore, PSHA
in the Mid-Atlantic region needs to be revaluated.

The ground acceleration produced by the Mineral earthquake in the CVSZ
was not wholly unexpected: Figure 2-2 indicates a 10% probability of Peak Ground
Acceleration (PGA) exceeding 3% g in 50 years, where g is the acceleration due to
gravity. By contrast, the Germantown earthquake occurred in a gap in the hazard
map where seismic hazard is lower than surrounding areas, sometimes called the
Potomac-Rappahannock gap (Figure 2-2A), and alone along the Appalachian belt,
indicates a 10% probability of PGA exceeding less than 1% g in 50 years [Petersen et
al., 2008]. Juxtaposing the Mineral earthquake, which occurred in a high seismic
hazard zone, with the Germantown earthquake, which occurred in a low seismic
hazard zone, highlights the complexities of reliably forecasting earthquake activity in
intraplate environments.

While some researchers emphasize that ancient collision structures and rift
zones are pre-existing weaknesses in the crust that concentrate intraplate seismicity
[Mazzotti and Townend, 2010]. Liu et al. [2011] proposed that intraplate earthquakes
in North China migrate between fault systems and large earthquakes do not rupture
the same fault segment twice. In addition, tectonic loading in intraplate regions is
accommodated collectively by a complex system of interacting faults, which can

become active for a short period after long dormancy [Stein and Liu, 2009; Liu et al.,
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2011]. These hypotheses are consistent with the observation that the Germantown
earthquake occurred in a gap in the seismic hazard map and may presage renewed
activity at that location. Several large magnitude earthquakes have occurred in
locations mapped with a low seismic hazard or produced accelerations of ground
motion much larger than seismic hazard maps predicted, including: (1) the March
2011 Mw 9.1 Tohoku earthquake (Japan), (2) the 2008 Mw 8.0 Sichuan earthquake
(China), and (3) the 2010 Mw 7.1 Haiti earthquake [Geller, 2011; Kerr, 2011; Stein et
al., 2011; Stein and Okal, 2011].

Stein and Liu [2009] proposed that intraplate seismicity is dominated by long-
duration aftershock sequences, in which case the few centuries of available historical
records are insufficient to produce reliable estimates of seismic hazard. It is possible
that the Mineral earthquake and other recent seismicity in the CVSZ are aftershocks
from a large magnitude pre-historic earthquake that occurred in the CVSZ.
Alternatively, the Mineral earthquake could purely reflect reactivation of pre-existing
faults in the CVSZ or the creation of a newly active fault system in central Virginia.

Assuming that fairly uniform long-term seismicity is expected along coherent
tectonic entities such as the Appalachian orogen and Atlantic passive margin, seismic
hazards should be higher than predicted where no earthquake has been recorded
recently [Mazzotti and Townend, 2010]. A low seismicity area (and published
hazard) extends along the Appalachians from the Virginia - North Carolina border to
Pennsylvania near the site of the Germantown earthquake (Figure 2-2) [Petersen et
al., 2008]. It may be that this gap is present because major earthquakes have not

happened recently and that the Germantown earthquake, although too small to fill the
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gap, is a sign that seismicity will increase in this region to be comparable with nearby
areas. Alternatively, activity in the CVSZ may release stress in this portion of the
Appalachians.

Another region of low seismicity along the Appalachian Belt is present in
Connecticut (Figure 2-2A). Large faults exist in that region, particularly in the
Connecticut River Basin, a Triassic half-graben related to the opening of the Atlantic
Ocean [Brown and Oliver, 1976; Petersen et al., 2008]. If long-term seismicity is
indeed uniform along the Appalachian belt and the Eastern seaboard, this region may
be at a higher risk than implied by the USGS seismic hazard map. Of course, it
would be a mistake to entirely ignore regions of documented seismicity. In fact, the
application of cellular seismology for earthquake forecasting, which relies on the
locations of previous earthquakes, has forecasted the spatial location of subsequent
earthquakes in the Eastern U.S [Wolin et al., 2012]. The occurrence of the Mineral
earthquake in the CVSZ clearly shows that locations of previous seismic activity can
still act as hotspots for future seismicity and highlights the complexities of the

systems that drive the occurrence of intraplate earthquakes.

2.5 Geologic Setting

The lithologic assemblages in the Mid-Atlantic region record the tectonic
history of the formation and destruction of the Appalachian orogen [Poag and Sevon,
1989; Williams, 1995]. The region extending from the Appalachian Mountains to the
Atlantic Coast is typically divided into a set of physiographic provinces from west to

east: the Appalachian Plateau, Valley and Ridge, Blue Ridge, Piedmont, and Coastal
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Plain (Figure 2-1). The Piedmont, where the Mineral and Germantown earthquakes
occurred, encompasses the foothills of the Appalachians and contains numerous faults
and ductile shear zones created during Paleozoic contraction and Mesozoic extension
[Bobyarchick, 1988; Kunk et al., 2004; 2005; Southworth et al., 2006]. However,
younger fault zones active during the Cenozoic also pervade the Piedmont province
where the Mineral earthquake occurred (Figure 2-1) [Mixon and Newell, 1977;
Prowell, 1983; Pavlides, 1986; Bobyarchick, 1988; Kunk et al., 2004; 2005;
Southworth et al., 2006; Wheeler, 2006]. Here I discuss recently active fault systems
located in the Piedmont, all known to have experienced offset during the Cenozoic.
Then I focus on the region of the Mineral earthquake to discuss known geologic

structures in the local epicentral region.

2.5.1 Structures active during the Cenozoic in the Mid-Atlantic region

Some ancient fault systems in the Mid-Atlantic region created during the
Paleozoic or Mesozoic have been reactivated in the Cenozoic. Other recently active
fault systems do not correlate with the location of older Paleozoic and Mesozoic
faults, suggesting the most recent stresses acting on the lithosphere have assumed a
different orientation at these locations.

The Stafford fault system (SFS)

The Stafford fault system (SFS) accommodated extension during the
Mesozoic opening of the Atlantic Ocean and then was reactivated in the late
Cenozoic [Pavlides et al., 1994; Crone and Wheeler, 2000; Davis et al., 2001;
Southworth et al., 2002; Mixon et al., 2005; Southworth et al., 2007]. Mixon and

Newell [1977] regard the SFS as a rare example of late Cenozoic faulting on the east
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coast. The SFS displaces strata moderately, ranging from 6 to 61 meters, and is
characterized by a series of right-stepping, en-echelon, northeast-striking, northwest-
dipping, near-vertical reverse faults near the Piedmont-Coastal Plain boundary in
northeastern Virginia [Mixon and Newell, 1977; Mixon et al., 2005] (Figure 2-1).
The SFS continues at least 56 km parallel to the Fall Zone, a series of knickzones
where stress cross the Piedmont-Coastal Plain interface. The correlation between a
northeast-trending reach of the Potomac estuary and the strike of the SFS suggests the
river course may have been tectonically influenced (Figure 2-1) [Mixon and Newell,
1977; Mixon et al., 2005]. Similarly, local structural features and lithologic contacts
are thought to accentuate major knickzones at the Fall Line along the Susquehanna
and upper reach of the Potomac River at Great Falls [Hack, 1973; Pazzaglia and
Gardner, 1993].

The Mountain Run fault zone (MRFZ) and Everona fault (EF)

The Mountain Run fault zone (MRFZ) is a northeast-striking series of faults
located near Culpeper, VA, in the central Appalachians (Figure 2-1). This fault zone
juxtaposes the Laurentian outer continental margin and Ordovician accretionary
complexes in the western Piedmont province with metamorphosed and deformed
Laurentian terranes in the Blue Ridge province [Bobyarchick, 1999; Bailey et al.,
2007]. The MRFZ accommodated ductile deformation and retrograde metamorphism
between the late Ordovician and Jurassic. However, two northwest-facing scarps
indicate that brittle reverse faulting events overprint ductile fabrics in the MRFZ
[Pavlides, 1986; Bobyarchick, 1999; Crone and Wheeler, 2000]. Although the

MRFZ is thought to have been active primarily during the Paleozoic contraction and
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Mesozoic extension episodes, these scarps are Quaternary in age and probably
tectonically influenced, according to analyses of the topography and eroded soil
horizons [Pavlides, 1986; Pavlides et al., 1994]. These scarps may have controlled
the northeasterly flow direction of the Mountain Run and the alignment of its
associated northeast-trending valley, observations that also support their Quaternary
age [Drake and Pavlides, 1993].

The MRFZ strikes northeast and dips 55° to the southeast. The southeast dip
of the MRFZ comes from the subparallel dip of the regional primary foliation.
Approximately 1 km to the west of the MRFZ, offset colluvial deposits identified in
outcrop indicate a possibly related Tertiary or Quaternary fault that also strikes
northeast but dips 20° to the northwest, known as the Everona fault (EF) [Crone and
Wheeler, 2000]. The opposing dip of the EF makes it antithetic to the MRFZ. True
slip for the EF based on gravel offset in outcrop is 1.5 m and the fault throw is 60 cm
(Bobyarchick, 2012, personal communication). These faults are described as one
collective fault system, the Everona fault — Mountain run fault zone because of their
geographic closeness and evidence of Cenozoic offset [Crone and Wheeler, 2000].
The DC fault zone (DCFZ)

The DC fault zone (DCFZ) is a prime example of late Cenozoic faulting
[Darton, 1950; Prowell and Christopher, 2004; Prowell, 2010]. Portions of the fault
zone were first recognized in 1891 by N.H. Darton from outcrops at Clydesdale and
Adams Mill Road and on Calvert Street NW in Washington, DC [Darton, 1950]
(Figure 2-1). These faults are oriented at N28°E, 64°NW and N17°W, 68°SW and

place Precambrian Piedmont metagreywake on top of Cretaceous Coastal Plain river
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conglomerate [Darton, 1891; 1950]. Similar faults nearby cut Miocene sedimentary
rocks, therefore the faulting is thought to be post-Miocene [Darton, 1891; 1950].
Later, the fault was recognized at the junction of 18™ St., NW and California St., NW
in Washington, DC, and from four U.S. Geological Survey cores extracted from
Lafayette Square [Mueser, 1967; Prowell and Christopher, 2004; Prowell, 2010].
The DCFZ accommodated approximately 12 m of vertical displacement in its
northern reaches and about 7 m of displacement in Lafayette Square, suggesting that
fault displacement diminishes towards the south [Darton, 1950; Prowell and
Christopher, 2004; Prowell, 2010]. The fault projects underneath the East wing of
the White House. There is no evidence that the DCFZ is a reactivated ancient
structure. Instead, the DCFZ probably formed during the activity period that resulted

in the current displacement. When this activity occurred is not precisely known.

2.5.2 Local geology in the epicentral region of the Mineral earthquake

Geologic contacts and mapped faults in the epicentral region

Figure 2-5 presents the location of the Mineral earthquake’s epicenter and
aftershocks on a 1:500,000 scale local geologic map modified from the digital
representation of the 1993 Geologic Map of Virginia [Pavlides, 1989; Drake and
Pavlides, 1993; Lampshire et al., 1994; Aleinikoff et al., 1996; Johnson, 1999; Coler
et al., 2000; Owens and Tucker, 2003; Virginia Department of Mines, 2003; Bailey et
al., 2004; Spears et al., 2004; Horton et al., 2010; Owens et al., 2010; Hughes et al.,
2012; Martin, 2012]. The epicenter of the mainshock is located east of the
Chopawamsic thrust and west of the Spotsylvania fault within the Chopawamsic

terrane of the Piedmont (Figure 2-5). The Chopawamsic terrane is composed of the
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Figure 2-5. Local geologic map of epicentral region

Local geologic map of the region of the Mineral earthquake modified from the 1993 Virginia
Department of Mines1:500,000 digital geologic map [Pavlides, 1989; Drake and Pavlides, 1993;
Lampshire et al., 1994; Aleinikoff et al., 1996; Johnson, 1999; Coler et al., 2000; Owens and Tucker,
2003; Virginia Department of Mines, 2003; Bailey et al., 2004; Horton et al., 2010; Owens et al., 2010;
Spears et al., 2004; Hughes et al., 2012; Martin, 2012]. The location of the mainshock and
aftershocks was provided by the Saint Louis University Earthquake Center. Geographic Coordinate
System: WGS 1984. Projection: Datum WGS 1984.
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Mississippian — Pennsylvanian Falmouth intrusive suite, Ordovician Chopawamsic Formation,

Ordovician Quantico Formation, and the Ordovician Ta River Metamorphic Suite all of which
are interpreted as having formed in an island arc environment (Figure 2-5). The
Chopawamsic Formation is composed of interlayered felsic and mafic metavolcanic
rocks, the Ta River Metamorphic Suite primarily consists of amphibolites and
amphibole-bearing gneiss and schist, the Quantico formation contains slates and
porphyroblastic staurolite, kyanite, and garnet biotite muscovite schists, and the
Falmouth intrusive suite is composed of granite, quartz monzonite, granodiorite, and
tonalite intrusives [ Virginia Department of Mines, 2003].

The Spotsylvania fault places biotite gneisses of the Goochland terrane
(Maidens gneiss) on the Elk Hill Complex, Pegmatite Belt, and Chopawamsic terrane.
Although the Department of Mines map shows these gneisses as Middle Proterozoic,
recent zircon U/Pb isotopic dating indicates that the igneous protoliths of at least
some of the Goochland gneisses cut by the Spotsylvania fault crystallized in the
Devonian [Owens et al., 2010]. Structural analyses indicate that the Spotsylvania
fault zone is a transpressional high-strain zone with a complex history, including
thrusting and right-handed strike-slip faulting [Bailey et al., 2003; 2004; Mixon et al.,
2005]. The Chopawamsic thrust is interpreted as an early Paleozoic fault that placed
the Chopawamsic terrane on the Mine Run Complex melange zone of the western
Piedmont [Pavlides, 1986; Virginia Department of Mines, 2003] (Figure 2-5).

Other smaller-scale faults mapped within the Chopawamsic terrane are the
Long Branch fault zone, Little Fork Church fault, Lakeside fault, and an unnamed
fault that traverses the North Anna nuclear power plant site, herein referred to as the

North Anna fault zone (NAFZ) (Figure 2-5). The Long Branch fault zone delineates

31



a northeast striking boundary between the Quantico formation and Chopawamsic
formation [Virginia Department of Mines, 2003; Mixon et al., 2005]. Previous
studies of the Long Branch fault system indicate it accommodated predominately
thrust sense motion [Pavlides, 1990; 1995], however more recent field mapping
indicates the possible presence of late strike-slip movement [Mixon et al., 2005].
Kinematic studies of mylonitic fabrics associated with the Long branch fault zone
await future analysis. There is no evidence for recent activity on the fault.

Geologic and seismologic investigations documented in the Site Safety
Analysis Report for Unit 3 of the North Anna nuclear power plant indicate that
seismicity in the epicentral region is not associated with any of the known faults
mapped at the surface [Dominion Nuclear North Anna, 2006]. The NAFZ was
discovered in site excavations and mapped in trenches on-site. Based on direct
evidence of no displacement of saprolitic soils, the absence of geomorphic
expression, and K-Ar ages on undeformed chlorite ranging from 214-303 Ma, the
fault is considered not active (Figure 2-5). Recent aerial and field reconnaissance and
air photo interpretation did not reveal any evidence for an off-site extension of the
fault [Dominion Nuclear North Anna, 2006; Fenster and Walsh, 2012].

Ground motion at the North Anna reactor due to the Mineral earthquake
exceeded the safe operating parameters (0.12g) for operating units 1 and 2 causing
both units to shut down safely as designed [Fenster and Walsh, 2012]. Note that
because the earthquake rupture did not reach the surface, it cannot be associated

directly with the faults currently identified in the vicinity of the power plant.
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Rupture plane of the Mineral earthquake

The orientation and location of the rupture plane of the Mineral earthquake
does not match previously mapped Paleozoic and Mesozoic faults in the epicentral
region at the surface (Figure 2-5). The USGS/SLU regional moment tensor solution
for the Mineral earthquake indicates predominately thrust sense motion (Figure 2-6).
Aftershocks define a 1 km-thick southeast dipping tabular cluster ranging from ~3 to
7.5 km depth that corresponds to the north- northeast striking nodal plane of the focal
mechanism, suggesting it was the mainshock’s rupture plane (NP2: strike=177°,
dip=39° SE, rake = 66°) (SLU, aftershock monitoring) (Figures 2-5, 2-6, and 2-7).
Two clusters of aftershocks situated 4 and 8 km east of the rupture plane suggest
activation of nearby faults in the epicentral region following the mainshock (Figure
2-7) [Horton, 2012; Horton et al., 2012]. Empirical relations on fault geometry
[Wells and Coppersmith, 1994] suggest that the rupture plane for the Mineral
earthquake was ~38 times longer by ~18 times wider and accommodated 35 cm more
thrust slip than the July 2010 Germantown earthquake, the most recent earthquake in
the DC metropolitan area prior to the Mineral earthquake (Table 2-1).

Seismic reflection data collected along Interstate-64 offer the opportunity to
compare the orientation of the rupture plane with geologic structures at depth in
cross-section [Harris et al., 1986] (Figure 2-8). The seismic line is only ~5.6 km
southwest of the epicentral region, so major geologic contacts and structures
detectable in the seismic data likely are present in the region of the Mineral
earthquake. The rupture of the Mineral earthquake probably dips more steeply than

mapped geologic contacts and structures. Therefore, the Mineral earthquake likely
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Figure 2-6. Earthquake focal mechanisms and Cenozoic fault orientations

Orientation of selected faults with Cenozoic motion (Figure 1) superposed on USGS/SLU focal
mechanisms for the (A) Germantown and (B) Mineral earthquakes on an equal-area lower hemisphere
projection.
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Table 2-1. Magnitude, length, displacement relations

Moment Fault Fgult Revgrse E);%eﬁtt?d Maximum
slip (cm)
Germantown | 3.4 | 1.58x10% 0.2 0.3 6 4 22.48
Mineral 5.8 6.31x10%* 7.5 54 41 -18 0.04
Difference 2.4 7.3 5.1 35 22
Factor 3994 37.5 18 562

“Expected subsurface fault plane dimensions and slip from empirical relations (cf. Wells and
Coppersmith, 1994).
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Figure 2-7. Cross-section of aftershock locations from the Mineral earthquake

Cross-section showing depth of aftershocks and their time of occurrence. Highlighted aftershocks Al
to A9 occurred within 48 hours of the mainshock. The majority of aftershocks define a southeast
dipping tabular rupture plane that matches NP2 of the mainshock’s focal mechanism. Two clusters of
aftershocks to the east of the rupture suggest activation of nearby faults [Horton, 2012; Horton et

al., 2012]. Gray ovals delineate the tabular rupture plane and the two clusters. The dashed line
approximates a rupture plane width of ~5.4 km based on empirical relations. | centered the rupture
plane on the original location and depth of the mainshock (open star) and then relocated it to the

aftershock cluster (filled star). Aftershock locations were determined by the Saint Louis University
Earthquake Center.
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Figure 2-8. Block diagram of major geologic structures in epicentral region

Block diagram depicting the major geologic structures in the region of the Mineral earthquake.
Produced by integrating the 1:500,000 scale digital representation of the 1993 Geologic Map of
Virginia [Virginia Department of Mines, 2003] and a geologic interpretation of the Interstate 64
seismic line [Harris et al., 1986]. This diagram indicates the Mineral earthquake ruptured within the
Chopawamsic terrane, between the Chopawamsic and Spotsylvania faults. It is possible shallow
aftershocks near the surface (Figure 2-5 and 2-7) may have ruptured new unmapped faults, but that
these new fault converged with older faults and reactivated them at depth (i.e. the Chopawamsic or
Spotsylvania faults). Geographic Coordinate System: WGS 1984. Projection: Datum WGS 1984.
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ruptured on a new or unmapped fault zone, rather than reactivating known preexisting
Paleozoic and Mesozoic fault systems in the epicentral region. It is worth noting,
however, that the earthquake probably occurred at 5 to 10 km depth, probably below
the penetration depth of the seismic line (6 km) and the orientation of seismically-
determined faults could be in error by as much as 10° (Vargas, personal
communication, 2011).

It is also possible that at shallow depths the earthquake ruptured a new fault,
but that this new fault connects with older faults at depth. The orientation of the
earthquake’s rupture plane is similar to the orientation of the MRFZ (Figure 2-8),
which shows evidence of Cenozoic offset. Perhaps a spatially widespread system of
faults with similar orientations is active and responsible for the Mineral earthquake
and recent seismicity in the CVSZ. These faults may be connected by a regional
structure at depth, such as the Appalachian decollément at ~10 km depth [Iverson and

Smithson, 1983].

2.6 Surface deformation generated by the Mineral earthquake

2.6.1 Liguefaction

A search for liquefication features by Obermeier and McNulty in the CVSZ in
1988 revealed (1) a few small sand dikes at one site estimated to be a few centuries
old based on radiocarbon data and a lack of weathering in surrounding sediments and
(2) a few small severely weathered sand dikes, suggesting they are older than the first
set, at a second site a few tens of kilometers away across the structural grain
[Obermeier and McNulty, 1998; Crone and Wheeler, 2000; Wheeler, 2006]. The

scarcity of liquefaction features, ages of liquefied sediments, and close spacing of

38



searched streams led Obermeier and McNulty to conclude that the CVSZ has not had
an earthquake larger than magnitude 7 in the last 2,000 to 3,000 years. These sand
dikes have not been tied to previously recorded seismicity in the CVSZ and may
indicate that faults within the seismic zone created large magnitude prehistoric
earthquakes [Kim and Chapman, 2005; Wheeler, 2006].

Following the August 2011 Mineral earthquake, geologists from the Virginia
Division of Geology and Mineral Resources (DMGR) and the U.S. Geological
Survey (USGS) searched the epicentral region for possible surface ruptures and
liquefaction features. No surface ruptures have been identified in the field; however
sand boils attributed to liquefaction during the earthquake were discovered in
Yanceyville, VA, by Jeff Munsey (Tennessee Valley Authority) and Mark Carter

(USGS) (Figure 2-9).

2.6.2 Expected vertical surface deformation

To estimate expected vertical displacement of the surface from the Mineral
earthquake, | created an elastic dislocation model using the Boundary Element
software Coulomb version 3.3 [Lin and Stein, 2004; Toda et al., 2005]. In my model,
I assumed that nodal plane 2 (NP2) from the focal mechanism corresponds to the
rupture plane (Table 2), as it is most consistent with the distribution of aftershocks
(Figure 2-7). Empirical relations [Wells and Coppersmith, 1994] predict a rupture
plane that is 7.5 km long and 5.4 km wide for a magnitude 5.8 earthquake (Table
2-1). The center of the rupture plane is placed at 6 km below the surface according to

the best estimate of the earthquake depth (SLU/USGS).
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Figure 2-9. Sandboils attributed to liquefaction from the Mineral earthquake

Photograph of sand boils attributed to liquefaction during the Mineral earthquake near Yanceyville,
VA (location: 37.938387°, -77.982666) (see Figure 3-5). Identified and photographed by Jeff Munsey
(Tennessee Valley Authority) and Mark Carter (USGS).
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My results predict ~9 cm of permanent vertical surface deformation at the
epicenter of the Mineral earthquake, decreasing rapidly to only ~ 1 mm 20 km away
from the epicenter, for an earthquake with at depth of 6 km at the center of the rupture
(Figure 2-10). Additional surface deformation may also be expected across the
region from shallow aftershocks, previously recorded earthquakes in the CVSZ, and
silent slip on Quaternary-active scarps. The maximum slip expected during
previously recorded earthquakes in the CVSZ ranges from 0 to 15 cm, based on
magnitude and length-displacement relations [Wells and Coppersmith, 1994]. Note
that the expected amount of vertical deformation at the surface increases with
decreasing earthquake depth. The depth of the earthquake (6 km) is uncertain by
several kilometers, therefore predicted surface displacement from the Mineral
earthquake could be in error by several centimeters. The small amplitude of surface
deformation could only be detected by a dense geodetic network in place before the
earthquake or with high-quality radar data, which is not available for this location.
Lines of benchmarks used to create the National Vertical Datum of 1988 (NAVD88)
offer a reference for the elevation of the surface before the earthquake, however the
maximum displacement expected at the locations of the benchmarks is less than 3 cm

and likely not resolvable from a re-leveling campaign (Figure 2-10A).
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Table 2-2. Regional Coulomb source and receiver fault orientations

Germantown earthquake Mineral earthquake
lszglljlrfse strike”/ dip / rake' strike”/ dip / rake'
NP1 195°/ 57°NW / 123° (chosen rupture plane) | 177°/ 39°SW / 66° (auxiliary plane)
NP2 325° / 45°NE / 50° (auxiliary plane) sfan/ei% SE/ 108" (chosen rupture
Receiver ok i T +
Faults strike /dip / rake strike /dip / rake
DCFZ 163° / 68°SW /93° 163°/68°SW /41°
SFS 213°/ 84°NW / 138° 213°/ 84°NW / -152°
MRFZ 40° / 55°SE / 141° 40° /55°SE / 114°
EF 260° / 20°NW / -36° 260° / 20°NW / 116°

*Strike defined using the right hand rule. 'Rake resolved on the fault plane by the stress tensor
associated with the focal mechanism for the Germantown and Mineral earthquakes (see Appendix A).
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Figure 2-10. Permanent vertical surface displacement from the Mineral earthquake

A) Map of permanent vertical displacement expected at the surface from the Mineral earthquake for a
focus depth of 6 km at the center of the rupture. Calculation is based on empirical relations for same
slip and dimensions [Wells and Coppersmith, 1994] and a Coulomb elastic dislocation model.
Benchmark locations are from the National Geodetic Survey. Geographic Coordinate System: WGS
1984. Projection: Datum WGS 1984. B) Rupture plane and corresponding displacement model for
slip generated by a magnitude 5.8 earthquake with a depth of 6 km (preferred depth). Maximum
displacement at the surface along transect B to B’ crossing the rupture is ~9 cm. C) Profile of vertical
displacement at the surface for a range of depths along B to B’.
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2.7 Coulomb stress transferred by the Mineral and Germantown earthquakes

2.7.1 Fault interaction through static stress transfer

One way faults interact is by the transfer of static stress. After an earthquake,
fault slip redistributes stress to nearby fault systems and can potentially trigger future
seismicity on these faults [Lin and Stein, 2004; Toda et al., 2005]. A fault plane’s
closeness to failure can be expressed by the Coulomb Failure Stress

GCF =1+ WAon- 6o
where 1 and on are the shear stress and normal stress (positive in tension when
unclamped) resolved on the fault plane and p’ is the effective friction coefficient,
which combines the intrinsic friction coefficient of the fault plane and the effect of
pore fluid pressure, and oo is the cohesion of the fault [King et al., 1994; Stein, 1999;
Toda et al., 2005]. The shear stress is projected along a predefined slip vector in the
fault plane.

After a fault ruptures, regions where ocr increases or decreases define stress
trigger zones and stress shadows around the earthquake hypocenter, where faults of a
given orientation have been brought closer to or further from failure [King et al.,
1994]. The westward propagation of earthquakes during the 1939 to 1992 rupture of
the North Anatolian fault in Turkey is perhaps the clearest manifestation of Coulomb
stress transfer, or static triggering of earthquakes [Stein et al., 1997]. Similarly, the
Mw 6.4 Big Bear earthquake and several aftershocks occurred in the stress trigger
zones produced by the June 28" Mw 7.3 Landers earthquake of 1992 in southern
California, which itself was likely triggered by the Mw 6.1 Joshua Tree preshock on

April 23" [Hauksson et al., 1993]. Coulomb stress transfer from the Landers

44



earthquake also promoted the Mw 7.1 Hector Mine shock that occurred in the stress
trigger zone seven years later [Stein et al., 1992; Toda et al., 2005].

The importance of Coulomb stress transfer is still being evaluated for
intraplate regions. Li et al. [2007] suggested that inherited strain energy accumulates
from large magnitude earthquakes and can become trapped in intraplate regions for
thousands of years, in contrast to plate boundaries where tectonic loading dominates.
The Coulomb stress transfer from this accumulation of strain could promote intraplate
seismicity on both new and pre-existing faults.

One major unresolved issue regarding intraplate seismicity is the importance
of static vs. dynamic stress transfer [Freed, 2005]. Although there is clear evidence
for dynamic triggering by seismic waves in the eastern U.S. [Parsons et al., 2012]
(see Chapter 3), unrelated to changes in ocr, the paucity of large magnitude
earthquakes (> 5.0) in the eastern U.S. over the last ~50 years suggests the Mineral
and Germantown earthquakes themselves are unlikely tied to the passage of seismic
waves from a larger event. The influence of dynamic triggering from a global event
remains unexplored. | restricted the analysis to regional changes in ocr that occurred
in the broad DC metropolitan region as a result of the Mineral and Germantown
earthquakes. Coulomb stress transfer and associated seismic hazard have not yet
been assessed in the CVSZ, site of the Mineral earthquake, or for the identified
Cenozoic fault systems in the Mid-Atlantic region. | calculated the change of ocron
the following Cenozoic-active fault systems: the DCFZ, SFS, MRFZ, and EF to
evaluate to what extent slip from the Germantown and Mineral earthquakes may have

transferred stress to these faults.
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2.7.2 Methods: Coulomb stress change (Accr) calculations

I identified regions where faults were brought closer to failure (stress trigger
zones) and locations where faults were moved further from failure (stress shadows)
by the Mineral and Germantown earthquakes by producing maps of changes in Gcr
using USGS Coulomb software [Lin and Stein, 2004; Toda et al., 2005]. Coulomb
stress change, Accr, is given by:

Accr = At + W Acn
where A expresses the change in the associated stress component [King et al., 1994;
Stein, 1999; Toda et al., 2005].

Coulomb stress change maps were calculated for a variety of source and
receiver fault geometries, rupture depths, and coefficients of friction. My preferred
model assumes pn’=0.8, which represents the high friction and stress drop expected in
intraplate regions [King et al., 1994; Zoback, 1992; Li et al., 2007] and in particular
for the Mineral and Germantown earthquakes [Cramer et al., 2011; Viegas, 2012], a
shear modulus of 3.2%x 103 bars and a Poisson’s ratio of 0.25, which are similar to
other Accr calculations and representative of several rock types [Toda et al., 2005].

In models of Coulomb failure stress change, the source fault slips and imparts
stress to the surrounding crust and faults within it. Receiver faults do not slip, but
receive stress transferred from the source fault. I used the rupture plane from the
earthquake’s focal mechanism as the source fault and the strike and dip of various
fault zones in the DC metropolitan region as potential receiver faults.

The USGS/SLU regional moment tensor solutions for both the Mineral and

Germantown earthquakes indicate predominantly thrust motion. I chose to use nodal
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plane 1 (NP1) as the source fault for the Germantown earthquake because its strike is
similar to Paleozoic and Mesozoic faults in the epicentral region (Appendix 2-B).
However, since the Germantown earthquake may have ruptured on a new or
unidentified fault, the auxiliary plane cannot be ruled out as the true rupture plane.
Regardless, since the Coulomb stress analysis depends only on the principal stresses
at the earthquake hypocenter (pressure - P, neutral - N, and tension - T axes), using
either NP1 or NP2 as the source rupture plane for either earthquake generates similar
results (Appendix 2-C). | chose nodal plane 2 (NP2) as the source fault for the
Mineral earthquake since aftershocks subsequently defined this plane (Figure 2-6). In
the absence of better constraints, fault dimensions were determined from the
empirical relations of Wells and Coppersmith [1994] (Table 2-1). Rupture depth,
which is poorly constrained, is set to 7 km for the Germantown earthquake and 6 km
for the Mineral earthquake, following the best depth solutions from the USGS/SLU.
The geometry of the receiver fault is an important factor in determining the
pattern of Accr [Lin and Stein, 2004] (Appendix 2-C). For this analysis, | considered
receiver faults that adopt the strike and dip representative of the DCFZ, SFS, MRFZ,
and EF (Figure 2-1 Table 2-2). The rake, or expected direction of slip on the receiver
fault surface, is unknown for these faults. If the P, N, and T axes determined in each
earthquake’s focal mechanism are taken as representative of the regional stress field,
they imply a certain long-term slip direction on each Cenozoic fault system of
interest. | used the geometry of each focal mechanism to determine a regionally
consistent slip for each receiver fault (Table 2) and assume that the long-term slip is

collinear with this orientation, giving the rake needed to calculate Coulomb failure
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stress change (Appendices 2-C, 2-D, and 2-E). For the modeling, each fault system
was mapped from pre-existing geologic maps. The orientation of the EF was
measured in outcrop at 38.301714° latitude and -77.972286° longitude (Bobyarchick,
2012, personal communication). Since the length of the EF is unknown, | arbitrarily
extend the fault ~30 km to the north along the strike of EF and MRFZ in order to
visualize changes in ocr on possible extensions of the fault system. | chose to extend
the fault system to the north of the outcrop due to the possible geologic connection

between the EF and MRFZ.

2.7.3 Coulomb stress transfer results

| present Aocr for three cases: First, | calculate the regional Accr field across
the Mid-Atlantic region generated by the Mineral and Germantown earthquakes to
visualize the stress change both on the Cenozoic fault systems of interest (DCFZ,
SFS, MRFZ and EF) and on faults across the study area with similar orientations
(Figure 2-11 and 2-12). Second, | resolved Accr generated by the Mineral earthquake
on subdivided fault plane segments for each Cenozoic fault system to evaluate the
Accr within each fault system and to view the Accr on the fault segments with
documented Cenozoic activity collectively (Figure 2-13, Table 2-3). Finally, |
calculated the local Accr field created by the Mineral earthquake across mapped
faults located within 30 km of the epicenter [e.g. the rupture plane itself, the North

Anna fault zone (NAFZ) which crosses under the North Anna reactor, the
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Figure 2-11. Stress transferred to the DC fault zone and the Stafford fault system

Regional Coulomb failure stress change (Aocr) field for receiver faults oriented like the DC Fault Zone
(DCFZ) (A and C), and Stafford fault system (SFS) (B and D) for the Germantown and Mineral
earthquakes at 7 and 6 km depth, respectively. Source and receiver fault geometries are superposed on
stereonets for each earthquake’s focal mechanism. The Mineral and Germantown earthquakes did not
affect the DCFZ, but moved faults oriented like the DCFZ near the Calvert Cliffs reactor and like the
SFS near the Surry reactor closer to failure. The Germantown earthquake did not affect the SFS, but
moved faults oriented like the DCFZ and SFS north of DC and in central Maryland, site of the 1993
Columbia, MD, earthquake swarm, closer to possible future failure. Geographic Coordinate System:

WGS 1984. Projection: Datum WGS 1984.
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Figure 2-12. Stress transferred to the Mountain Run fault zone and the Everona fault

Regional Coulomb failure stress change (Aocr) field for receiver faults oriented like the Mountain Run
fault zone (MRFZ) (A and C), and Everona Fault (EF) (B and D) for the Germantown and Mineral
earthquakes at 7 and 6 km depth, respectively. Source and receiver fault geometries are superposed on
stereonets for each earthquake’s focal mechanism. The EF and MRFZ are too far away to be affected
by the Germantown earthquake. The Mineral earthquake moved the northern segment of the MRFZ
farther away from failure, but moved the southern end of the MRFZ and the EF closer to failure.

Geographic Coordinate System: WGS 1984. Projection: Datum WGS 1984.
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Figure 2-13. Stress transferred to all Cenozoic fault systems

Change in Coulomb failure stress (Accg) generated by the Mineral earthquake for all fault segments of
the DCFZ, SFS, MRFZ, and EF. The length of EF is unknown because it was identified only in an
outcrop at the location marked with the white circle. A) Aoce resolved on a more complex model that
accounts for variation of strike and dip within each fault system and corresponding rake (Table 3). B)
Accr on simplified planes representing each fault system. Each fault segment is subdivided to reveal
stress change within the fault plane. Each subdivision on the fault planes is ~1 km by 1 km. In
general, the Accr caused by the Mineral and Germantown earthquakes moved these fault systems
further away from failure. The largest changes in ocr are on the southern portion of the MRFZ and on
the EF (positive Accr), indicating that these faults were brought closer to failure as a result of the
Mineral earthquake. The increase in ocr on the southern portion of the MRFZ depends more on
receiver fault location than azimuth.
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Table 2-3. Aocr resolved on non-divided complex fault segments (Figure 2-13A)

F?S It Description St(il)ke |?°I )p L(eknr?];h é:izrzlig é)icr;
1 So%r,flep‘;a”'t 2600 55  7.57 108 -23.10744
2 SFS 217 84 792  -154  -0.00050
3 SFS 215 84 1971  -153  -0.00128
4 SFS 212 84 1005  -152  -0.00121
5 SFS 208 84 1463  -149  -0.00195
6 SFS 226 84 480  -156  0.00016
7 SFS 213 84 1604  -152  -0.00369
8 SFS 213 84 1226  -152  -0.00470
9 MRFZ 50 55 1174 117  -0.00109
10 MRFZ 39 55 1219 114  -0.00064
11! MRFZ 74 55  7.36 114 0.00353

12 MRFZ 27 55 1197 108  -0.00147
13 MRFZ 40 55 1131 114  -0.00065
14 MRFZ 24 55 359 106 -0.00020
15 DCFZ 199 68 053 95  -0.00016
16 DCFZ 163 68 191 41 0.00006

17 DCFZ 163 68 145 41 0.00008

18 DCFZ 163 68 0.73 41 0.00009

19 DCFZ 163 68 192 41 0.00007

201 EF 163 20 2674 116 0.00098

“Resolved rakes determined using methods outlined in Appendix A.
"Fault segments with largest positive increase in ocr.
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Chopawamesic thrust (CT), Long Branch fault zone (LBFZ), and Spotsylvania fault
(SPF2)] (Figure 2-14, Table 2-4).
Coulomb failure stress change (4ocr) from the Germantown Earthquake

Because of its small magnitude, the Germantown earthquake induced only
very small changes in ocr throughout the study area, which are unlikely to
significantly alter the probably of failure on any regional fault like the SFS or the
MRFZ. Similarly, the EF was too far away to be affected by the ocr generated by the
earthquake (Figures 2-11 and 2-12). The earthquake increased ccr on putative faults
oriented like the SFS, DCFZ, and EF north of DC and in central Maryland, including
the location of the 1993 Columbia, MD, earthquake swarm. The closest Cenozoic
fault system of interest to the epicenter is the DCFZ, which is located in a stress
shadow, indicating the Germantown earthquake brought the DCFZ itself farther away
from failure.

Faults oriented like the MRFZ near the region surrounding the epicenter have
in general been brought farther away from failure by the earthquake. The orientation
of the MRFZ corresponds with the predominant dip of the regional primary foliation
and Paleozoic and Mesozoic faults in the epicentral region. The decrease in ccr on
these regional structures may support the hypothesis that seismicity is migrating from
older fault systems to newer fault systems in order to adjust to current stresses acting
on the lithosphere. Note however that the locations and orientations of both pre-
existing faults and the earthquake greatly influence the pathways through which stress

may be transferred.
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Figure 2-14. Stress transferred to Paleozoic and Mesozoic faults in the epicentral region
Regional Coulomb failure stress change (Accr) field generated by the Mineral earthquake for receiver
faults oriented like the rupture plane (NP2) (A and D), the North Anna Fault Zone (NAFZ) (B and E),
and the average orientation of Chopawamsic thrust fault, Long Branch fault zone, and Spotsylvania
fault (C and F) (Table 4). Calculations are shown at the depth of the Mineral earthquake (6 km depth)
and the surface (0 km depth). The Mineral earthquake moved the NAFZ closer to failure by ~0.02 bars
at the North Anna reactor or a range of 0.1 to 0.11 bars along the fault at 6 km depth. ocgincreased by
a maximum of 1.5 bars on the Chopawamsic thrust, 2.1 bars on the Spotsylvania fault, and 0.6 bars on
the southern end of the Long Branch fault zone. The rupture plane itself generated an increase in ocr
of ~20 bars at the rupture’s edge, and ~5 bars at 5 km and 0.5 bars at 10 km from the rupture.
Geographic Coordinate System: WGS 1984. Projection: Datum WGS 1984.
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Table 2-4. Local (<30 km from epicenter) Coulomb source and receiver fault orientations

Mineral earthquake
Source Faults strike”/ dip / rake
NP1 177°/ 39°SW / 66° (auxiliary plane)
NP2 26° / 55° SE/ 108° (chosen rupture plane)
Receiver Faults strike”/ dip / rake'
NP2 26° / 55° SE/ 108° (rupture plane itself)
NAFZ 245°/ 47°NW / 126 °
CT/SPFZ/LBFZ 30°/ 45°SE / 110°

Notes: "Strike defined using the right hand rule. "Rake resolved on the fault plane by the stress tensor
associated with the focal mechanism for the Mineral earthquake (see Appendix A).
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Coulomb failure stress change (4ocF) from the Mineral Earthquake

The Mw 5.8 Mineral earthquake caused changes in ocr over two orders of
magnitude greater than the Germantown earthquake (Figures 2-11 and 2-12),
although probably still too small to have an effect on regional hazard. Changes in ocr
on the order of 1 bar extend only to about 5 km from the rupture and hardly exceed 1
mbar over the remainder of the study area. These changes also moved most of the
Cenozoic fault systems away from failure, particularly on the SFS and northern
portion of the MRFZ. Stress was essentially unchanged along the DCFZ, however
stress would be increased on faults oriented like the DCFZ south of DC and on faults
oriented like the SFS southeast and northwest of the Mineral epicenter (Figure 2-11).

Among all the faults with documented Cenozoic slip, only the EF
(~+0.00098) and southern end of the MRFZ (~+0.00353 bars) experienced an
increase in ocr from the Mineral earthquake (Figures 2-12 and 2-13, Table 2-4). The
EF and MRFZ are often described as one collective fault system, the Everona fault -
Mountain Run fault zone, because of their geographic closeness, however whether a
direct relationship exists between the two fault systems is unknown. The southern
end of the MRFZ and the EF, which is located at the southern end of the MRFZ, are
both located in the stress trigger zone produced by the Mineral earthquake. Note that
the strike of the EF and MRFZ are both northeast, but the dips are antithetic to each
other: the EF dips to the northwest and the MRFZ dips to the southeast. The
opposing dips probably explain why the spatial patterns of the regional Accr results

for the EF almost reflect those for the MRFZ.
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Figure 2-13 shows that ocr increased on the distal end of the MRFZ because
of its location in the stress trigger zone of the Mineral earthquake rather than because
this segment has a slightly different azimuth than the rest of the MRFZ (Table 3).
Therefore, any extension of the MRFZ to the south would also be at increased risk for
future seismic failure as a result of the Mineral earthquake. The stress trigger zone
for faults oriented like the EF encompasses the MRFZ. Therefore, both the outcrop
where the EF has been mapped in the field and any additional segments of the EF
fault that extend north along the MRFZ have been moved closer to failure by the
Mineral earthquake (Figure 2-13). This indicates that the Mineral earthquake moved
faults striking northeast and dipping either southeast or northwest in the region at the
southern end of the MRFZ closer to failure. Faults oriented like the EF greater than
10 km south of the outcrop of the EF would be brought farther away from failure by
the Mineral earthquake, however there is no geologic indication that the EF would
extend to the south (Figure 2-12).

Naturally, mapped faults closer to the epicenter of the earthquake had larger
changes in ocr. The Mineral earthquake moved the NAFZ closer to failure by ~0.02
bars at the North Anna reactor, 1.5 bars on the Chopawamsic thrust, 2.1 bars on the
Spotsylvania fault, and 0.6 bars on the Long Branch fault zone (Figure 2-14). The
rupture plane itself increased ocr by ~20 bars at the rupture’s edge, and ~5 bars at 5
km and 0.5 bars at 10 km from the rupture. An increase of 0.5 to 1 bars of stress
change produced by the 1992 Landers earthquake (Mw = 7.3) was attributed to have
triggered the 1999 Hector Mine earthquake (Mw = 7.1) (~20 km from the Landers

earthquake’s epicenter) [Parsons and Dreger, 2000]. Since the Mineral earthquake
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caused a change in stress of 0.6 to 2.1 bars on the Chopawamsic thrust, Spotsylvania
fault, and Long Branch fault zone it is possible that stress transfer from the Mineral

earthquake could promote seismicity on these faults.

2.7.4 Assessment of seismic hazard from Coulomb stress transfer

Stress on Cenozoic-active fault systems in the Mid-Atlantic region changed by
only minute amounts as a result of the Mineral (~+1 mbars) and Germantown (~+0.01
mbars) earthquakes. Some researchers argue that there is no lower threshold required
to trigger seismicity from Coulomb stress transfer [Ziv and Rubin, 2000] and tidal
stresses as small as 10 mbar have been shown to trigger earthquakes in some cases
[Tanaka et al., 2004; Tanaka, 2010; 2012]. Although the stress changes generated by
the Mineral and Germantown earthquakes alone are unlikely to have a noticeable
effect on the regional state of stress, except on faults that are extremely close to
failure, repetition of similar events over time may be enough to influence regional
seismicity.

In most cases, the Mineral earthquake decreased ocr on Cenozoic fault
systems in the Mid-Atlantic region. If this relation is characteristic of CVSZ
earthquakes, it is possible that activity of the CSVZ is responsible for the zones of
low seismic activity present along the Appalachian belt in and around Maryland.

Low seismic activity prevents a precise a priori identification of active fault systems
in intraplate settings. My analysis focuses on fault systems with recognized Cenozoic
motion. However, many Paleozoic and Mesozoic faults are present in the region,
some of which may share the geometry of these Cenozoic fault systems and may have

been brought closer to failure as a result of the Mineral earthquake (Figure 2-5).
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Regional Accr maps can be used to identify zones were ocr has increased on faults of
a particular orientation. For example, ocr increased by ~1 mbar on faults oriented
like the DCFZ near the Calvert Cliffs nuclear reactor and on faults oriented like the
SFS near the Surry reactor (Figure 2-11). Because of the presence of these reactors, it
is important to evaluate if such faults exist in these regions. Comparison of the
Coulomb failure stress change on the MRFZ and EF show that stress triggering in the
Mid-Atlantic region is particularly sensitive to fault dip.

The EF and southern segment of the MRFZ are the only Cenozoic faults
considered here that may have been moved closer to failure by the Mineral
earthquake, where the greatest increase in ocr (+0.00098 and +0.00353 bars
respectively) exists (Table 2-3). Extremely small (+0.0015 bars) tidally induced
shear stress change parallel to the San Andreas fault has been robustly correlated to
non-volcanic tremor activity near Parkfield, California [Thomas et al., 2009].
Therefore, it is feasible that the amount of stress transferred from the Mineral
earthquake to the EF and MRFZ could have been enough to promote future
seismicity. However, tidally induced shear stress repeatedly applies stress over time
so it is more likely that multiple earthquakes in the CVVSZ would be required to move
these faults to failure.

Stress also may have increased on possible continuations of the MRFZ south
of the currently mapped fault zone or on other Piedmont faults in that location and on
faults antithetic to the MRFZ, like the EF (Figure 2-13). The EF and MRFZ are less
than 50 km from the earthquakes in the CVSZ. Perhaps the paleo-earthquakes that

occurred in the CVSZ triggered slip on the EF and MRFZ. It is possible that
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earthquakes in the CVSZ are feeding stress to these fault systems, perhaps explaining
why they have been active in the Cenozoic.

Note there is no indication of how close to failure any of these fault systems
were at prior to 2011. The accumulation of ocr over the last several million years on
these fault systems and its effect on the state of stress is unknown, however this
accumulation is likely the main constraint on seismicity in the eastern US. My
quantification of Accr for the Mineral and Germantown earthquakes is a first step
towards evaluating the effects of stress transfer on intraplate seismicity and the state

of stress in the Mid-Atlantic region of the eastern US.

2.8 Conclusions

Based on my modeling and compilation of seismic and geologic data, | reach
the following main conclusions:

1. The maximum permanent vertical surface displacement at the epicenter of the
Mineral earthquake (focus depth at 6 km) is ~9 cm based on length-
displacement relations and Coulomb elastic dislocation modeling.

2. Overall, the Mineral and Germantown earthquakes brought the DCFZ, SFS,
and northern section of the MRFZ further away from failure. The EF and
southern portion of the MRFZ are the only locations that appear to have been
loaded as a result of these earthquakes, although by only ~1 mbar.
Accumulation of ocr on these fault systems from multiple earthquakes likely

is needed to significantly affect regional seismicity.
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3. Accumulation of stress sources in an intraplate environment can reactivate old
faults or create new faults. The rupture plane of the Mineral earthquake
occurred between the Chopawamsic thrust fault and the Spotsylvania fault
zone within the Chopawamsic Terrane of the Piedmont province and does not
match any previously mapped Paleozoic and Mesozoic fault systems in the
epicentral region on the surface or in cross-section. Perhaps the earthquake
occurred on a new fault.

4. The orientation of the Mineral earthquake’s rupture plane is remarkably
similar to the orientation of the MRFZ (~ 50 km north of the earthquake),
which shows evidence of Cenozoic offset. These structures could be
connected to each other at depth by the Appalachian décollement (~10 km).
Possibly a spatially widespread system of faults with similar orientations is
active and responsible for the Mineral earthquake and recent seismicity in the

CVSZ.

2.9 Outlook

Although the Mineral earthquake occurred in a previously identified zone of
elevated seismic hazard [Petersen et al., 2008], the CVSZ, the fault responsible for
the earthquake was not identified prior to the event as being more likely to rupture
than its neighbors [Davis et al., 2001; Southworth et al., 2007]. Furthermore, the
Mineral earthquake was about one magnitude unit larger than previously recorded
earthquakes in the CVSZ. The PSHA maps for the eastern U.S. were created using

previously recorded earthquakes, and are thus now outdated with the occurrence of
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the Mineral earthquake. The Mineral earthquake fuels the need to revisit PSHA maps
as well as policy regarding safe siting and operation of nuclear reactors in the eastern
US. Future constraints on the structure of the lithosphere and modeling of seismic
stress sources are required to improve our understanding of intraplate seismicity in
general. In addition, perhaps monitoring of Coulomb failure stress change (AccF)
after each earthquake could help quantify the accumulation and migration of stress in

the lithosphere over time and thus improve forecasts of seismicity in the eastern U.S.
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Chapter 3: Seismicity rate changes in the near-field and far-
field from the August 2011, Mineral, Virginia earthquake

3.1 Abstract

Earthquakes generate static and dynamic changes in stress in both the near-field, the
traditional aftershock zone, and the far-field, at long-distances up to thousands of
kilometers from their epicenters. On August 23, 2011 a magnitude 5.8 earthquake
struck near Mineral, Virginia, drawing renewed attention to intraplate seismicity in
the eastern Unites States. | examine changes in the seismicity rate associated with the
Mineral earthquake in both the aftershock zone and at distances spanning from the
Mississippi River to the coast of the eastern seaboard. First | characterize the Mineral
earthquake by comparing its aftershock decay rate with that of blind thrust
earthquakes with similar magnitude, focal mechanism, and depth from a variety of
tectonic settings. In particular, | compare aftershock decay relations of the Mineral
earthquake with two well-studied California reverse faulting events, the August 4,
1985 Kettleman Hills (Mw = 6.1) and October 1, 1987 Whittier Narrows (Mw = 5.9)
earthquakes. The aftershock decay rate from the Mineral earthquake is much slower
than the Californian events, supporting the hypothesis that aftershocks in active
tectonic margins typically last only a few years while aftershocks in intraplate regions
could endure for a decade or more. In the near-field of the Mineral earthquake,
aftershocks defining the Late Steep fault zone, a cluster of events occurring ~100
days after the mainshock, appear to be triggered by Coulomb stress transfer from the

Mineral earthquake. In the far-field, we observe no seismicity rates greater than the
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98% threshold in the Eastern Tennessee Seismic Zone, Middleton Place -
Summerville Seismic Zone, Wabash Valley Seismic Zone, or New Madrid Seismic
Zone. There is no clear evidence of remote triggering from the Mineral earthquake,
however, the possibility that a swarm of earthquakes that occurred near Albany, New
York, and one event in West Virginia that occurred on August 25, 2011 (two days
after the mainshock) were triggered by the passage of seismic waves from the

Mineral earthquake cannot be ruled out.

3.2 Introduction

On August 23, 2011, a Mw 5.8 earthquake, one of the largest earthquakes in
the U.S. east of the Rocky Mountains in more than a century, struck near the town of
Mineral, Virginia (Figure 1-1). Ground motion from the Mineral earthquake was felt
as far west as Minnesota and from Florida to Fredericton, New Brunswick, Canada
[Hough, 2012], over a much wider region than most western U.S. earthquakes of a
similar magnitude (Figure 2-3). The Mineral earthquake also generated landslides
and groundwater-level changes at long-distances from its epicenter (~245 km and
~560 km, respectively) [Jibson and Harp, 2012; Roeloffs, 2012] (Figure 3-1A). A
multi-institution deployment of seismometers in the epicentral region of the Mineral
earthquake has yielded the best recorded aftershock sequence in the eastern U.S.
[Horton and Williams, 2012; McNamara et al., 2013]. The Mineral earthquake offers
a rare opportunity to examine the influence of a moderate magnitude earthquake on
seismicity in intraplate North America and to gain insight into the mechanics of

earthquake triggering.
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Figure 3-1. Seismic zones in the central and eastern U.S.

Seismic zones and regions of interest in the central and eastern U.S. examined for this study. A) Long-
distance regional effects from the Mineral earthquake included (1) felt ground motion indicated by the
USGS Community Internet Intensity maps, (2) landsliding (dashed ellipse) [Jibson and Harp , 2012],
and 3) groundwater-level changes (blue squares) [Roeloffs, 2012; USGS, 2013a]. Intensity is reported
by zipcode and was obtained from the USGS event pages for the Mineral earthquake. Maximum
intensity for the region surrounding the Mineral earthquake was V11 in the epicentral region. B) Peak
dynamic strain generated by the passage of seismic waves from the Mineral earthquake (Fred Pollitz,
USGS, personal communication). Ellipses delineated by red dashed lines indicate major mining
regions known to produce blast large enough to be detected by regional seismic networks that were
removed from the catalog. Boundaries are from the North American Atlas - Political Boundaries
jointly compiled by the Government of Canada, USGS, and Instituto Nacional de Estadistica y
Geografia [2010]. Geographic Coordinate System: WGS 1983. Projection: Datum WGS 1983.
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Stress changes associated with earthquakes can induce or retard seismicity in
the aftershock zone, the near-field, and at great distances far from its epicenter, in the
far-field [Gomberg and Davis, 1996; Freed, 2005; Hough, 2007; Hill, 2008; van der
Elst and Brodsky, 2010]. Aftershocks generally occur within 1 to 2 fault lengths from
the mainshock’s epicenter [Kanamori, 1977]. The spatial distribution of aftershocks
are often controlled by the transfer of Coulomb stress from the mainshock [Lin and
Stein, 2004]. However, the zone of earthquake triggering can extend to remote
distances thousands of kilometers wider than the near-field aftershock zone
surrounding the mainshock. Remotely triggered earthquakes from the 1992 Landers
earthquake were the first instance in which the phenomenon of long-distance dynamic
triggering was widely documented [Hill et al., 1993; Bodin et al., 1994]. Increases in
both regional and global seismicity have been tied to remote triggering from
earthquakes in a variety of tectonic settings [Gomberg and Davis, 1996; Stark and
Davis, 1996; Gomberg, 2001; Glowacka et al., 2002; Hough and Kanamori, 2002;
Parsons et al., 2012; Pollitz et al., 2012]. Remotely triggered earthquakes succeeded
the 1811-1812 New Madrid earthquake sequence, the 1886 Charleston, South
Carolina, earthquake, and magnitude 4.9-6.1 events in eastern Canada, indicating that
long-distance triggering can occur in intraplate regions such as the central and eastern
U.S. (CEUS) as well as in tectonic plate boundary zones [Hough, 2001; Hough et al.,
2003; Hough, 2007].

In this chapter, I first compare the Mineral earthquake’s aftershock decay
sequence to two similar Californian earthquakes, the 1985 Mw 6.1 Kettleman Hills

and 1987 Mw 5.9 Whittier Narrows events [Linde and Johnston, 1989; Ekstrom et al.,
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1992]. Then I evaluate the role of Coulomb stress transfer in the triggering of
aftershock defined fault zones in the epicentral region of the Mineral earthquake.
Next, | assess whether or not the Mineral earthquake triggered earthquakes at remote
distances by evaluating if there was a significant change in the seismicity rate after
the Mineral earthquake in the Mid-Atlantic region of central and eastern U.S. as a

whole as well as in its major seismic zones.

3.3 Methodology

3.3.1 Reqions of interest, earthquake catalogs, and magnitude of completeness

The Mineral earthquake’s aftershock zone (near-field)

Multiple institutions including the United States Geological Survey (USGS),
Virginia Polytechnic Institute and State University (Virginia Tech), Lamont-Doherty
Earth Observatory of Columbia University, University of Memphis Center for
Earthquake and Research Information (CERI), Lehigh University, Incorporated
Research Institutions for Seismology (IRIS), and Cornell University deployed
temporary seismometers in the source region immediately following the mainshock
(Figure 3-2) [Horton and Williams, 2012]. This aftershock detection seismic network
was in place approximately three days after the mainshock and deployed through May
2, 2012, allowing a timeframe of 253 days (~8 months) to capture the characteristics
of the aftershock decay sequence. An initial catalog of detected aftershocks is
available on the USGS website for the Mineral earthquake at

http://earthquake.usgs.gov/regional/ceus/se082311a/aftershocks.php, however
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Figure 3-2. Temporary seismic station in epicentral region of the Mineral earthquake

Steve Ploetz, a field engineer, installs a temporary USGS seismic station named PTRD in Spotsylvania
County, Virginia, one of over 30 installed by a variety of organizations within three days after the
mainshock. Photo taken thanks to Alana Leeds who agreed to meet with me during the days
immediately following the mainshock in the epicentral region near the town of Mineral, VA.
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seismologists are currently using a hypocentroidal decomposition algorithm to
prepare a catalog of calibrated, relocated aftershocks spurred by the August 2011
Mineral earthquake [McNamara et al., 2013]. | used a preliminary version of this
catalog (Daniel McNamara, USGS, personal communication) to characterize the
decay rate of aftershocks in the epicentral region of the Mineral earthquake and
compare them to the aftershock decay rate produced by the California earthquakes.

I used earthquake catalogs publically available from the Northern California
Earthquake Catalog and the Southern California Earthquake Data Center (based on
permanent seismic networks) to characterize the aftershock decay rate of the
Kettleman Hills, Northern California, and Whittier Narrows, Southern California,
earthquakes for comparison to the Mineral earthquake. Tables 3-1 and 3-2 include
the basic information for each aftershock sequence’s mainshock. | only extracted
earthquakes recorded within a 15 km radius of the mainshock in order to consistently
examine the aftershock decay of regions with the same geographic extent (Table 3-3).
Comparisons of the magnitude frequency relations indicated earthquakes less than
magnitude 2.2 were not consistently detected from the temporary seismic network
deployed in the epicentral region of the Mineral earthquake and events less than ~1.8
were not detectable in the region of the Kettleman Hills and Whittier Narrows events.
Therefore | also used a Mc of 2.2 in order to consistently compare the aftershock
decay rate of the Mineral earthquake to these California events (Figure 3-3).

The Mineral earthquake’s aftershock sequence consists of four subdivisions or
named fault zones: The Quail fault zone, Fredericks Hall fault zone, Late Steep fault

zone, and North of Cuckoo fault zone [Horton et al., 2012] (Figure 3-4). The Quail
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Table 3-1. Earthquake information comparison

Earthquake Depth strike dip  rake
Name Location Date Lat. (°) Long.(°) (km) ) () @)
Mineral central - g032011  37.936 77933 6 26  55SE 108
Virginia
Ketlleman — Northern g,/ 1905 361385 -120159 101 145 25NE 110
Hills California
Whittier - Southemn 4111987 34061 -118079 146 90  2IN 90
Narrows California
Table 3-2. Earthquake moment release, stress drop, duration, and surface displacement
Maximum
Predicted Maximum
Vertical Vertical
Surface Surface
Moment Stress Source Displacement  Displacement
Earthquake Release Drop duration (modeled) (observed)
Name Mw (N.m) (MPa) (seconds) (mm) (mm)
Mineral 5.7 5.75E+17 40 -75 g 90
Keg'ﬁlns"a“ 6.1  160E+18 16 60 10.18
LT 59  7.00E417 17.5+50 38 50
Narrows
Table 3-3. Aftershock decay study parameters
Radial Distance from
Earthquake epicenter that defines Magnitude b-value c K
Name area used to extract threshold P
aftershocks
] 15 2.2 091 076 5 226
Virginia
Keg'ﬁlr:a” 15 2.2 068 113 0746 345
Whittier
NarTows 15 2.2 0.83 125 0.338 245
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x Kettleman Hills aftershocks (NCSC catalog)
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linear fit (b = 0.91)

——linear fit (b = 0.68)

—— linear fit (b = 0.83)

~
1

w

S 5¢—3¢L
M = = mmmmmm e mm e —— ===

N
1

Log, (Cumulative number of earthquakes > M)

[EY
I

Magnitude (M)

Figure 3-3. Magnitude of completeness for aftershock databases

Cumulative number of aftershocks by magnitude (M) within a 15 km radius of the Mineral, Kettleman
Hills, and Whittier Narrows earthquakes. | applied a common magnitude of completeness (M) of 2.2
to each catalog before fitting the modified Omori’s decay law curve. Corresponding b-values are
derived from linear fits over the 1.8 <M < 4.5 range. The p-values indicate that the aftershock decay
rate of the Mineral earthquake was much slower than the decay rate of aftershocks triggered by the
California earthquakes.
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Figure 3-4. Aftershock delineated fault zones in the epicentral region of the Mineral earthquake
Relocated aftershocks from McNamara et al. [2013] with aftershock fault zones delineated by Horton
etal. [2012]. Aftershocks are superimposed on the 1/9 arc-second light detection and ranging
(LIDAR) elevation data collected post-earthquake available from the National Elevation Dataset.
Geographic Coordinate System: WGS 1983. Projection: Datum WGS 1983.
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fault zone is defined by aftershocks that match the rupture plane defined by the
mainshock’s focal mechanism. The North of Cuckoo and Fredericks Hall fault zones
are located east of and perpendicular to the strike of the rupture plane. Aftershocks in
the Late Steep fault zone are shallower than those in the Quail fault zone and define a
plane that dips more steeply than the mainshock’s rupture plane (See Chapter 2,
Figure 2-7). In the following sections, | will investigate the timing and spatial
distributions of the aftershocks in each of these fault zones to assess their influence on
the aftershock decay rate from the Mineral earthquake.

Seismicity rate changes at long-distances (far-field)

I primarily used the catalog of earthquakes from the National Earthquake
Information Center (NEIC) to search for any changes in the regional seismicity rate
related to dynamic triggering from the Mineral earthquake. | subdivided the catalog
into the following regions of interest for this analysis: 1) the Central — Eastern U.S.
(without seismic zones), 2) the Central Virginia seismic zone (CVSZ), 3) the Eastern
Tennessee seismic zone (ETSZ), 4) the Middleton Place - Summerville seismic zone
(MPSSZ) near Charleston, South Carolina, 5) the Wabash Valley seismic zone
(WVSZ) and the 6) the New Madrid seismic zone (NMSZ) (Figure 3-1A). Ellipses
shown in Figure 3-1 were delineated following publications on each of these seismic
zones [Braile et al., 1982; Madabhushi and Talwani, 1993; Kelson et al., 1996;
Hildenbrand and Ravat, 1997; Kim and Chapman, 2005; Dunn and Chapman, 2006;
Csontos and Van Arsdale, 2008; Bisrat et al., 2012]. The Central-Eastern U.S.
region, with seismic zones removed, was chosen in order to examine changes in the

background seismicity in the region ranging from ~100 to 600 km outside the
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aftershock zone of the Mineral earthquake. | chose to examine each major seismic
zone in the central and eastern U.S. since these zones have been identified as possible
pre-existing zones of weakness in intraplate North America [Mazzotti and Townend,
2010], and thus may be most susceptible to triggering from the passage of seismic
waves.

Over the last 50 years, seismicity generated by man-made engineering
activities (including blasts from coal mining, waste water injection, and hydraulic
fracturing) has played a prominent role in events recorded by the regional seismic
network in the central and eastern U.S. [Simpson, 1986; Chapman et al., 1993; Eagar
et al., 2006; Ellsworth et al., 2012]. My preliminary analysis with the IRIS
earthquake catalog indicated that 25% of events recorded in the Eastern U.S. (west of
86°W) are related to mining blasts or other non-tectonic events (Figure 3-5). Many
man-made events range from magnitude 1 — 2, however mining blasts with
magnitudes as large as 3.5 have been recorded in the Eastern U.S. Some researchers
suggest human generated seismicity may have an influence on the way in which
crustal stresses are released [Simpson, 1986], therefore many include these events in
their global and regional catalogs (with the option for removal) to allow these events
to be incorporated into evaluations of seismic hazard. Since the seismicity rate in my
study area is low (typically significantly less than 1 event/day at a detection threshold
of 2.5), the presence of mining blasts in the earthquake catalog has the potential to
dramatically skew the seismicity rate per day. This artifact could lead us to interpret

periods when tectonic earthquakes and mining blasts occurred on the same day to
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Figure 3-5. Number of events associated with mining activities

Cumulative number of events by magnitude (M) > M 2.5 from the Incorporated Research Information
for Seismology (IRIS) for the Eastern U.S. (east of 86°W). Events shown are in the time period
between August 23, 2001 and January 1, 2013. Twenty-five percent of events in the catalog for the
region are generated by man-made engineering activities (i.e. coal mining blasts, waste water injection,
or hydrofracking). Blasts associated with coal mining can produce events with magnitudes as large as
3.5.
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have a seismicity rates greater than the 98% threshold and ultimately an increase in
seismicity related to long-distance triggering from the Mineral earthquake (Figure 3-
6).

I chose to use the catalog from the National Earthquake Information Center
which enabled us to filter events related to non-tectonic processes out of the catalog.
Filtering the catalog removed many non-tectonic events, however events located in
mining regions known to routinely produce blasts detectable by the seismic network
remained in the catalog. Major mining regions known to generate detectable man-
made seismicity are shown in Figure 3-1B [USGS, 2013b]. | took a conservative
approach by removing all earthquakes within the ellipses encompassing mining
regions shown in Figure 3-1B to ensure man-made events from these regions did not
skew the catalog. However, it is impossible to remove all mining events from the
catalog for this analysis because not all mining blasts are documented in the catalog.
The magnitude of completeness (M) for the NEIC catalog in each seismic zone is 2.5
(Figure 3-7). Therefore, I also cut all earthquakes less than 2.5 out of the catalog
before examining changes in the seismicity rate.

An increase in the seismicity rate from remote triggering can be subtle and
may only be reflected by small magnitude earthquakes. Therefore, I also zoom into
the New Madrid seismic zone (NMSZ), where there is a denser seismic network,
allowing a smaller magnitude of completeness to be used. The earthquake catalog
maintained by the Center for Earthquake Research and Information (CERI)
(http://folkworm.ceri.memphis.edu/catalogs/html/cat_nm.html) enabled earthquakes

with magnitudes as low as 1.6 to be detected (Figure 3-8).
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Figure 3-6. Influence of mining blasts on seismicity rate changes

Time series showing the influence of mining blasts not removed from the earthquake catalog can have
on daily seismicity frequency. Notice mining related events occurred near the time of the Mineral
earthquake. If these mining events were not removed, an artificial peak the day after the mainshock
may lead us to interpret a long-distance triggering signal when in fact the events were purely human
gererated. A similar peak likely related to mining blasts also occurs ~500 days before the mainshock.
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Figure 3-7. Magnitude of completeness for seismic zones in the central and eastern U.S.
Cumulative number of events by magnitude (M) from the National Earthquake Information Center
(NEIC) catalog within each specified region of interest. Events shown are in the time period between
January 1, 2001 and January 1, 2013. 1 applied a common magnitude of completeness (M) threshold
of 2.5 to the catalog before searching for signals of remote triggering.
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Figure 3-8. Magnitude of completeness for the New Madrid Seismic Zone (CERI catalog)
Cumulative number of events by magnitude (M) from the Center for Earthquake Research and
Information (CERI) catalog for the New Madrid Seismic Zone (NMSZ). Events shown are in the time
period between August 23, 2001 and January 1, 2013. 1 applied a common magnitude of completeness
(M,) threshold of 1.6 to the catalog before analysis. Corresponding b-value was derived from a linear
fit over the 1.5 <M <4 range.
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Local catalogs, including the CERI catalog for the NMSZ, typically take great care to
remove mining events from their catalog, therefore the mining issue was not an issue
in this region (Mitch Withers, CERI, personal communication). | used the CERI
catalog to re-evaluate changes in the seismicity rate in an ellipse encompassing the
NMSZ for events > 1.6. | also compared changes in seismicity rate in (1) the north,
central, and south sub-regions of the NMSZ and (2) along sub-ellipses surrounding
the Reelfoot fault (E1), Cottonwood Grove fault (E2), and North New Madrid fault
(E3), and the earthquake cluster east of the Reelfoot fault (E4) (Figure 3-9).

3.3.2 Aftershock decay rate calculation

The rate of aftershocks, typically smaller magnitude events following the
mainshock, tends to increase most rapidly immediately following the mainshock and
less often over time. This decay of aftershocks over time follows a power law

relationship known as Omori’s Law [Omori, 1894]:

n(t) =
(t) t+c

where n(t) is the number of aftershocks per unit time above a given magnitude (M), t
is the time measured from the mainshock, and K and c are constants [Shearer, 2009].

This relationship is often generalized to the modified Omori’s law [Utsu et al., 1995]:

"= o

which permits a more general power law relation where the exponent p is typically
close to 1. The p value reflects the decay rate of the aftershock sequence, where
values greater than 1 would have relatively rapid decay rates and values less than 1

would have relatively slower decay rates. K is the aftershock productivity and is
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Figure 3-9. Map of seismicity in the New Madrid Seismic Zone

Spatial patterns of seismicity patterns in the New Madrid seismic zone (NMSZ). All events have
magnitudes > 1.6 and are from the CERI catalog. Ellipse encompassing the seismic zone defines
region used in seismicity rate analysis (also shown in Figure 3-6). Locations, fault lengths, and
magnitudes of the largest New Madrid earthquakes of 1811 and 1812 are from Hough [2004] and
Figure 8.10 (page 114) in Stein [2010]. Paleoliquefaction features (+) are from the CEUS-SSC project
[Tuttle and Hartleb, 2012]. Boundaries are from the North American Atlas - Political Boundaries
jointly compiled by the Government of Canada, USGS, and Instituto Nacional de Estadistica 'y
Geografia [2010].
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dependent on the total number of events in the sequence and the parameter c relates to
the rapid decrease in aftershocks immediately following the mainshock compared to a
simple uniform power law decay. The c value marks the transition from the
mainshock to the aftershock sequence and can thus provide information about the
underlying mechanisms that control the aftershock occurrence [Peng et al., 2006].

I used Matlab scripts based on the earthquake statistics program ZMAP
[Wiemer, 2001] to fit modified Omori’s law curves to the Mineral, Kettleman Hills,
and Whittier Narrows aftershock sequences using a Mc of 2.2 and time elapse of 253
days after the mainshock. The script is designed to bootstrap a curve with the
modified Omori’s decay law constants for 1 day time intervals. ZMAP is freely
available from the ETH Zurich Earthquake Statistics Group at
http://www.earthquake.ethz.ch/software/zmap. The scripts used for this analysis were
extracted from ZMAP and compiled by Brendan Sullivan, J. Luis, Zhigang Peng, and
others in the Geophysics group at Georgia Institute of Technology and are available
at
http://geophysics.eas.gatech.edu/people/bsullivan/tutorial/Statistical Seismology.htm.
The scripts are accompanied by instructions, a tutorial, and explanations for their use

on the website.

3.3.3 ldentification of seismicity rate changes in the far-field

Time frame used and moving average windows
I examined a time frame from one decade before the Mineral earthquake
(beginning on 8/22/2001) to ~1 year and 4 months after the mainshock (ending

1/1/2013). In order to remove the bias of the timing of an earthquake within each day
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(for example, if one earthquake occurs at 11 PM and another occurs the next day at 2
AM), | applied varying moving average windows to each dataset. | calculated the
average number of earthquakes per day over 3, 10, 30, and 100 days starting with the
day of interest, added the seismicity rate for the number of specified days following
the day of interest, and then divided by the number of days. This method of
averaging enabled possible remotely triggered events to be identified in the days
preceding the triggering. | also examined the seismicity rate per day with no
averaging applied in conjunction with the averaged time series to identify the exact
dates elevated rates of seismicity occurred and their associated geographic location.
Threshold for examining seismicity rate changes

I used a 98% threshold in order to assess increases in seismicity after the
Mineral earthquake were larger than fluctuations due to random variation in the
background seismicity rate. First, I first examined changes in seismicity that occurred
in each region of interest over the last decade. | used the catalog of events for the
decade preceding the Mineral earthquake to 1) determine the average number of
events per day or background seismicity over the last decade, 2) average seismicity
rate in days immediately preceding and following the Mineral earthquake, and 3)
identified the rate of seismicity corresponding to the 98" percentile to isolate time
periods with the greatest seismicity rates. These time periods were characterized by
seismicity rates falling within the 98" to 100" percentiles, thus encompassing 2% of
the dataset, and allowed me to access the time periods in which the seismicity was
especially elevated within the decade proceeding the earthquake as well as the time

following the earthquake.
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Dates in which the seismicity rate was greater than or equal to the seismicity
rate corresponding to the 98" percentile were compared to with worldwide and local
earthquake catalogs to test whether the increase in seismicity was triggered by a large
magnitude global earthquake (M > 7) or a local moderate magnitude earthquake in
the central and eastern U.S. (M > 4). | also explored if increases in seismicity were
localized in a particular geographic location with similar magnitudes to assess the

possibility that the increased rate was associated with swarm activity.

3.3.4 Frequency-Periodicity Analysis

In order to further characterize oscillations in the seismicity rate in the NMSZ,
where the dense seismic network permits a lower Mc threshold (1.6), I transformed
the seismicity rate time series with a 10 day moving average to the frequency-period
domain via a Fourier Transform (Appendix 3-A). The purpose of this transformation
is to assess if there is any significant periodicity in the seismicity rate in the NMSZ.

For this aspect of the analysis, the moving average was centered on the date of
interest rather than calculated from the day of interest to the number of days in the
window as in the long-distance triggering part of this study. The catalog was
extended from January 1, 2001 to January 1, 2013. Ten days were removed from
each end of the time series to remove any averaging affects from the database before
the Fourier Transform. | present here only preliminary results and the significance of

any peaks from the transform will not be evaluated.
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Figure 3-10. Aftershocks following the Mineral, Kettleman Hills, and Whittier Narrows
earthquakes

Time series showing the number of aftershocks per day following the Mineral Virginia (black),
Kettleman Hills (red), and Whittier Narrows (blue) mainshocks. The temporary seismic network in the
Mineral region was not in place until ~3 days after the mainshock, therefore assumed large numbers of
aftershocks immediately following the mainshock were not detected. Plot A shows each sequence
with the y-axis scaled to 70 events per day. Plot B shows the same dataset with the y-axis scaled to 10
events per day. Plot C rescales the x-axis to zoom in on the first 50 days of the aftershock sequence.
Plot D shows Global CMT focal mechanism solutions for each event which indicate thrust sense
motion and similar dip magnitudes. Solid lines represent rupture planes associated with each
earthquake and auxiliary planes are dashed (Table 3-1) [Grohmann and Campanha, 2010; Grohmann
etal., 2011].

85

50



3.4 Results

3.4.1 Seismicity rate changes in the near-field (aftershock zone)

Figure 3-10 shows the number of aftershocks per day following the Mineral
(Virginia) and Kettleman Hills (Northern California), and Whittier Narrows
(Southern California) mainshocks [Grohmann and Campanha, 2010; Grohmann et
al., 2011]. The rate of aftershocks in the Californian aftershock sequences decrease
to two or fewer aftershocks per day twenty days after the mainshock. In contrast, the
rate of seismicity reflected in the aftershock sequence of the Mineral earthquake
decreases in a power law decay fashion within 10 days after the mainshock, but then
increases to more than two earthquakes per day ~25 and 100 days after the
mainshock.

The modified Omori’s law curves | fit to each observed aftershock sequence
are shown in Figure 3-11. Each curve’s defining parameters are Table 3-3. The p-
value for the Mineral earthquake’s sequence was significantly lower (p = 0.76) than
the p-values for the California events (Kettleman Hills, p = 1.13; Whittier Narrows, p
= 1.25). This is also visually apparent by comparing the shape of the decay curves in
(Figure 3-11). The aftershock decay rate associated with the Mineral earthquake
appears to have occurred at a much slower rate than demonstrated by the Californian
events. There are also instances when the modeled aftershock decay rate for the
Mineral earthquake does not closely match the observed number of aftershocks. For
example, from ~6 to 28 days after the mainshock fewer aftershocks occurred than
predicted. Conversely, from ~55 to 216 days after the mainshock there were

significantly more aftershocks than predicted by the model. In particular, the
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Figure 3-11. Omori’s curve for aftershock decay rate of the Mineral, Kettleman Hills, and
Whittier Narrows Earthquakes

Cumulative number of aftershocks versus time after the mainshock for the Mineral, Kettleman Hills,
and Whittier Narrows events. Solid line is the predicted cumulative modified Omori’s Law decay
curve and the dashed lines show the actual observed aftershock decay.
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observed rate of aftershocks 100 days or more after the Mineral earthquake far
exceeded the predicted number of aftershocks by 15 to 30 events per day.

Figure 3-12 shows the number of aftershocks per day following each
mainshock alongside the magnitude of each event and total moment release each day.
Most events in each aftershock sequence have magnitudes close to two. There are
instances during both the Virginian and Californian aftershock sequences when
events with magnitudes greater than two occur causing a sharp, temporary, increase in
the moment release rate. However, these spikes in moment release do not appear to
correspond with any increases in the number of aftershocks per day other than the
moment release from the mainshock (Figure 3-12).

The majority of recorded aftershocks that immediately followed the Mineral
mainshock occurred on the Quail fault zone. Most seismicity in the Fredericks Hall
fault zone, located to the east perpendicular to the mainshock, occurred ~25 days after
the mainshock. Seismicity on the Late Steep fault zone, which is defined by a plane
that dips more steeply than the rupture plane, occurred predominately ~100 days after
the mainshock (Figures 3-4 and 3-13). Events in the North of Cuckoo fault zone and
regions outside the delineated aftershock zones occurred approximately randomly

throughout the time period examined.

3.4.2 Seismicity rate changes in the far-field (remote triggering zone)

Here | discuss changes in the seismicity rate observed at remote distances by
examining time series (10 day moving average) for each seismic zone (Figure 3-14).
The figures in Appendix B show the time series in each region of interest for all

moving average windows. The only regions | examined in the far-field where there
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Figure 3-12. Aftershock frequency, magnitude, and moment release for Mineral versus
California events

Aftershock frequency, magnitude, and moment release rate over time for the Mineral, Kettleman Hills,
and Whittier Narrows aftershock sequences. Aftershocks ranging from magnitudes 3 to 4 occurring
fifty or more days after the mainshock generated significant increases in the moment release rate. The
change in moment release over time does not appear to explain major differences shown by the
aftershock decay curves in Figure 3-11.
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Figure 3-13. Number of events per day in each aftershock defined fault zone

Time series showing number of aftershocks per day in the aftershock zone and each named aftershock
fault zone shown in Figure 3-4 [Horton et al., 2012]. The majority of recorded aftershocks

occurred on the Quail Fault zone immediately following the mainshock, while the aftershocks that
define the Fredericks Hall fault zone and Late Steep fault zone occurred ~25 and ~100 days,
respectively, after the mainshock.
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Seismicity rate per day calculated over 10 day moving window average
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Figure 3-14. Decadal seismicity rate changes in specified regions

Seismicity rate per day (over a 10 day moving window average) for the decade before the Mineral
earthquake through January 1, 2013 in specified regions of interest. The statistical significance of days
with high seismicity rates occurring in the New Madrid Seismic Zones and Central — Eastern U.S.
region (without seismic zones) after the Mineral earthquake are examined in Figure 3-16. Seismicity
rate changes over time for no moving average and moving averages of 3, 30, 100, and 300 days for
each region of interest are shown in the Figures in Appendix 3-B.
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was an increase in the rate of seismicity within the 98" to 100" percentile after the
occurrence of the Mineral earthquake on August 23, 2011 was in the Central —
Eastern U.S. region (without seismic zones) and in the New Madrid Seismic Zone
(Figures 3-14, 3-15, and 3-16). In the Central — Eastern U.S. region (without seismic
zones) the seismicity rate exceeded 0.3 events per day on August 25, 2011 (two days
after the mainshock) and in the New Madrid Seismic Zone the seismicity rate
exceeded 0.9 events per day on February 21, 2012 (182 days after the mainshock)
(Figure 3-17). This increase in seismicity was comprised of 4 events that all occurred
on August 25" in West Virginia near the Virginia border and in eastern New York
near Albany (Table 3-4, Figure 3-1B).

In the Central — Eastern U.S. region (without seismic zones) there was one
other instance in the last decade in which the rate of seismicity exceeded 0.3 events
per day. The seismicity rate exceeded 0.3 events per day on July 17, 2007, which
coincides with the occurrence of two events on July 18, 2007 near Augusta, GA and
Rochester, NY and two events July 24, 2007 near Albany, NY that are spaced only
five days apart. Inthe NMSZ, the largest peak in seismicity in the last decade
corresponds to 15 events that occurred between October 12" and 22nd in 2006.

No moderate events > Mw 4 occurred in the central and eastern U.S. or large
events > Mw 7 occurred worldwide in the month preceding the events in the Central —
Eastern U.S. region (without seismic zones). However, a Mw 3.4 event on October
18, 2006 and Mw 4.1 event on February 21, 2012 occurred in the NMSZ preceding
the peaks in the seismicity rate in the NMSZ on October 12-22, 2006 and on February

21, 2012. The seismicity frequency time series for the north, central, and south
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Figure 3-15. Decadal seismicity rate changes in the New Madrid seismic zone

Seismicity rate per day (over varying moving window averages) for the decade before the Mineral
earthquake through January 1, 2013 in the New Madrid Seismic Zone. The time series shown in these
plots use earthquake catalog data from the Center for Earthquake Research and Information (CERI) for
events > M 1.6). The time series with a moving average of 10 days is used to identify statistically
significant events (see Figure 3-16).

93



Seismicity rate per day calculated
over 10 day moving window average

|2001 2002 ikl 2004 gl 2006 ppdderg 2008 il 2010 |pdckiiy 2012
I I

0.4 - NEIC Catalog (Mw > 2.5)

03 -

02

0.1

1.5

0.5

0

New Madrid Seismic Zone (NMSZ)
CERI Catalog (Mw > 1.6)

-3500 -3000 -2500 -2000
Time (days after the mainshock)

3000

2500

2000

1500

Frequency

1000

500

100

[=2] o]
o o

S
o

Cumulative Frequency
Confidence (%)

Ny
o

Figure 3-16. 98% threshold of seismicity rate changes
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Seismicity rate over time in the Central — Eastern U.S. region (without seismic zones) (NEIC catalog)
(A) and the New Madrid Seismic Zone (NMSZ) (CERI catalog) (B). Dates with seismicity rates
greater than the 98% threshold, 0.3 events/day in the Central — Eastern U.S. region (without seismic
zones) (C) and 0.9 events/day in the NMSZ (D), are considered to be periods of elevated seismicity in
the time period spanning one decade before the Mineral earthquake through January 1, 2013.
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Figure 3-17. Zoom in to seismicity rate changes

Seismicity rate changes in the Central — Eastern U.S. region (without seismic zones) (A and B) and the
New Madrid Seismic Zone (C and D) for 200 and 400 days, respectively, preceding and following the
mainshock. Plots A and C show the number of events per day calculated over a 10 day moving
window. The gray horizontal line shows the mean number of events per day over the last decade. The
green dashed line shows the mean seismicity in the 200 or 400 days preceding the mainshock and the
purple dashed line shows the mean seismicity in the 200 or 400 days following the mainshock. Plots B
and D show the total number of earthquakes per day with no moving average applied. In the Central —
Eastern U.S. region (without seismic zones), there was an elevated rate of seismicity on August 25,
2013 (2 days after the mainshock) located in West Virginia and near Albany, New York (Table 3-4).
An increase in the rate of seismicity within the 98" to 100" percentiles is also present at ~182 days
after the Mineral earthquake in the NMSZ.
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Table 3-4. Events associated with elevated seismicity rate in the Central-Eastern U.S. following
Mineral VA earthquake

Origin

Date Time '-i‘t' Loon g Depth Mw Region
ot O O km)

8/25/2011 5:59:13 37.92 -80.21 12 2.7 West Virginia

8/25/2011 13:32.2 42.68 -74.09 18 2.8 New York (Albany)
8/25/2011 920:55:53 42.69 -74.09 20 2.7 New York (Albany)
8/27/2011 14:38:40 42.69 -74.09 22 2.9  New York (Albany)
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regions of the NMSZ indicate that the majority of the seismicity occurred in the
central part of the seismic zone surrounding the Reelfoot Rift (Figure 3-18). There is
a subtle increase in the rate of seismicity in the days immediately following the
Mineral earthquake in the southern part of the seismic zone along the Cottonwood
Grove fault, but this increase is not significant compared to the seismicity rate record
for the decade preceding the Mineral earthquake. No other seismicity rates above the
98% threshold are apparent in any of the other sub-regions of the NMSZ after the
occurrence of the Mineral earthquake.

The Fourier transform of the NMSZ seismicity rate time series does not reveal
any significant periodicities; but the transform of the moment release reveals a
possibly significant peak a periodicity of ~1 year (364 days) (Figure 3-19). However,
other peaks from the Fourier transform at 19, 28, 38, 104, 230, 623, and 873 days
(some with similar power magnitudes) indicate that the ~1 year periodicity isn’t the
only significant periodicity in the dataset. Further analyses including hypothesis
testing by comparison to randomly generated earthquake catalogs would be needed to
truly verify if there is any periodicity related to geologic processes present in the time
series. | present these results here for completeness, but do not interpret them further

in this chapter.

3.5 Numerical modeling

In order to further evaluate the significance of my results, | developed the
models described in the subsequent sub-sections to evaluate the role of Coulomb

stress transfer in the near-field (aftershock zone) and compared them to the
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Geographic regions of the New Madrid Seismic Zone - CERI catalog (Mw > 1.6)
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Figure 3-18. Seismicity rate changes in geographic regions and along faults in the New Madrid
seismic zone

Seismicity rate changes in A) geographic regions (north, central, and south) and B) along major faults
in the New Madrid Seismic Zone (E1 — Reelfoot fault, E2 — Cottonwood Grove fault, E3 — North New
Madrid Fault, and E4 — Cluster east of Reelfoot fault) (Figure 3-9).
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New Madrid Seismic Zone (NMSZ) - CERI catalog (Mw > 1.6)
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Figure 3-19. Fourier transform of seismicity rate changes and moment release in the New
Madrid seismic zone

Time series of daily seismicity rate (A) and moment release rate (C) the ellipse defining the New
Madrid Seismic Zone for the time period between January 1, 2001 and January 1, 2013. Rates are
average values calculated using a 10 day moving window. Plots B and D show power spectra resulting
from a Fourier transform of the seismicity rate (B) and moment release (D).
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approximate amount of peak dynamic strain generated by the passage of seismic
waves in the far-field (remote triggering zone) from the Mineral earthquake (Pollitz,

2013, personal communication).

3.5.1 Coulomb stress transfer in the aftershock zone

I identify regions where faults were brought closer to failure (stress trigger
zones) and locations where faults were moved further from failure (stress shadows)
by the mainshock in the aftershock zone by producing a model of changes in ccr
using USGS Coulomb software [Lin and Stein, 2004; Toda et al., 2005] software.
Coulomb stress change, Accr, is given by:

Accr = At + p’Aon
where A expresses the change in the associated stress component [King et al., 1994;
Stein, 1999; Toda et al., 2005]. See Chapter 2 for more details on calculating the
Coulomb stress change.

I use a coefficient of friction of u’=0.8, which represents the high friction and
stress drop expected in intraplate regions [King et al., 1994; Zoback, 1992; Li et al.,
2007] in particular for the Mineral earthquake [Ellsworth et al., 2011], a shear
modulus of 3.2x10° bars and a Poisson’s ratio of 0.25, which are similar to other Accr
calculations and representative of most rock types [Toda et al., 2005]. In models of
Coulomb failure stress change, the source fault slips and imparts stress to the
surrounding crust and faults within it. Receiver faults do not slip, but receive stress
transferred from the source fault. For this model, I use the rupture plane from the
earthquake’s focal mechanism as the source fault and the receiver fault. Therefore

the model in Figure 3-20 shows the Accr for faults in the aftershock zone with a
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Figure 3-20. Coulomb stress transfer from the mainshock to aftershock clusters in the epicentral
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Regional Coulomb failure stress change (Accr) produced by the Mineral earthquakes mainshock.

Stress is resolved for receiver faults oriented like the rupture plan of the Mineral Virginia mainshock in

the local aftershock zone. Aftershocks that occurred ~100 days after the mainshock that define the
Late Steep fault zone reside in a stress trigger zone produced by the mainshock. The large increase in

Coulomb failure stress (5 — 6 bars) in the region of the Late Steep fault zone may explain the triggering

of aftershocks in this location. Aftershocks that propagated from the rupture area towards the surface
following the mainshock may also be explained by stress transfer.
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similar strike and dip as the mainshock rupture plane with aftershocks relocated by

McNamara et al. [2013] superimposed.

3.5.2 Strain from passage of seismic waves

Figure 3-1B shows the peak dynamic strain imparted by the Mineral
earthquake’s mainshock during seismic wave propagation at 600 seconds after the
mainshock (well after the passage of seismic waves from the event). The seismic
wavefields used to generate the peak dynamic strain grid were calculated by Fred
Pollitz at the USGS - Menlo Park using the direct Green’s function method of
Friederich et al. [1995] on the Ibrahim and Nuttli [1967] layered Earth model.
Regional seismic wavefields were calculated using a point source approximation of
the August 23, 2011 mainshock from the source epicenter, depth, and moment tensor
of the SLU moment tensor solution.

The actual rupture of the Mineral earthquake and structure of the lithosphere
in the central and eastern U.S. is likely much more complex. However, this
simplified model captures the first-order characteristics of the regional seismic
wavefield produced by the Mineral earthquake, therefore enabling us to extract the
approximate amount of peak dynamic strain generated by the passage of the seismic
waves in each seismic zone of interest in this study. While triggering after the
Mineral earthquake was not observed in many of the seismic zones, this model allows
us to begin to characterize a possible minimum amount of dynamic strain required to
promote remote triggering in these locations (Figure 3-21, Table 3-5). Since no

signals of remote triggering were confirmed, the actual amount of dynamic strain
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Figure 3-21. Mean peak dynamic strain in each seismic zone from the passage of seismic waves
from the Mineral earthquake

Mean peak dynamic strain from the passage of seismic waves from the Mineral earthquake for seismic
zones in the central and eastern U.S. Values are extracted from regions shown on map in Figure 3-1B.
Table 3-5 shows all statistics for each region.
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Table 3-5. Peak Dynamic Strain (microstrain) for seismic zones of interest

Seismic Minimum 1St. Median  Mean 3rd- Maximum Staqda}rd number
Zone quartile Quartile Deviation
Central -0.142 0215 0268 0553  0.050 13.676 1.386 166
Virginia
Eastern 0.032 0039 0042 0044 0.350 0.063 0.007 310
Tennessee
Charleston 0.027 0.028  0.028 0028 0.028 0.029 0.000 23
Wabash 0.024 0.027  0.030 0.030 0.027 0.034 0.003 230
Valley
. 0.019 0.021  0.025 0024 0.033 0.028 0.003 437
Madrid ' ' ' : ; : '
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needed to spur long-distance triggering exceed these values possibly by several orders

of magnitude.

3.6 Interpretations

3.6.1 Seismicity rate changes in the near-field (aftershock zone)

The Kettleman Hills and Whittier Narrows earthquakes have p-values that fall
within a range of 0.85 to 1.3, the expected range of p-values for Californian
earthquakes [Reasenberg and Jones, 1989; Reasenberg and Matthews, 1990].
Reasenberg and Jones [1989] compared the aftershock sequences from sixty-two
mainshocks in California and give a p-value of 1.08 for a “generic California”
aftershock sequence. Previous aftershock sequences from the following intraplate
earthquakes have p-values ranging from 0.74 to 1.29: the 1982 magnitude 5.7 event
near Miramichi, Canada, the 1983 magnitude 5.1 event near Goodnow, NY, the 1988
magnitude 6.8 event near Tennant Creek, Australia, the 1978 magnitude 5.7 event
near Swabian Jura, Germany, the 1984 magnitude 5.4 event near Lleyn, Wales, and
the 1994 magnitude 5.8 event near Roermond, Netherlands [Ebel et al., 2000].

The p-values from these intraplate environments previously indicated that in
general the p-values from intraplate environments overlap with the range expected
from Californian aftershock sequences [Ebel, 2009; Ebel et al., 2000]. The p-value
from the Mineral earthquake’s aftershock sequence (p = 0.76) falls on the minimum
end of this p-value envelope. The aftershock sequence of the Goodnow, NY,
earthquake is the only event in the preceding list that had a p-value less than 0.95 (p =

0.74), making it the aftershock sequence with the most similar p-value as that of the
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Mineral earthquake. Figures 3-22 and 3-23 compare the p versus b-values for
aftershocks sequences in intraplate regions from Ebel et al. [2000] and the Mineral
earthquake to those in intraplate China and within convergent (Japan, Alaska,
Taiwan) and transform (California, New Zealand, Turkey) boundary regions
[Ebertart, 1998; Wang, 1994; Wiermer et al., 2002; Bayrak and Osturk, 2004;
Shcherbakov et al., 2005]. Many aftershock sequences in intraplate China have
relatively low p-values (~0.5 to 0.8), making them comparable to the decay rate of the
Mineral earthquake [Wang, 1994].

The rate at which aftershocks decayed in response to the Mineral, Virginia,
earthquake was much slower than the events from the Kettleman Hills and Whittier
Narrows events in California, despite the similarity in their depths, magnitudes, and
focal mechanisms. The delayed occurrences of aftershocks in the Fredericks Hall
(~25 days after the mainshock) and Late Steep fault zones (~100 days after the
mainshock) (Figures 3-4 and 3-13) appear to be the proximal causes for the slow
decay rate of aftershocks from the Mineral earthquake. My modeling of Coulomb
stress change indicates that the Late Steep fault zone falls in a stress trigger zone
produced by the Mineral earthquake. The transfer of stress from the Mineral
earthquake may have promoted failure in the region between the surface and the tip of
the blind rupture from the mainshock, thus triggering the aftershocks that define the
Late Steep fault zone (Figure 3-20). The dip of the Fredericks Hall fault zone is not

well defined by aftershocks, therefore we do not know its orientation. The
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Figure 3-22. p-values versus b-values (aftershock decay parameters) for intraplate, convergent,
and transform regions

Plot of p-value and b-value for aftershock decay sequences in intraplate, convergent, and transform
regions [Ebertart, 1998; Wang, 1994; Ebel et al., 2000; Wiermer et al., 2002; Bayrak and Osturk,
2004; Shcherbakov et al., 2005]. Filled symbols represent the aftershock decay parameters associated
with the Mineral (black circle) and Whittier Narrows (green square) events presented in Figure 3-11 or
Table 3-3. The Mineral earthquake has a relatively average b-value, but a relatively low p-value
compared to these populations.
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Figure 3-23. Box and whisker plots of p and b-values of aftershock decay sequences

Box and whisker plots showing the distributions of p-value (A) and b-value (B) parameters associated
to aftershock decay sequences in intraplate, convergent, and transform regions [Wang, 1994; Ebertart,
1998; Ebel et al., 2000; Wiermer et al., 2002; Bayrak and Osturk, 2004; Shcherbakov et al., 2005].
The box represents the interquartile range (which represents the middle 50% of the data). The vertical
ends of the box are the 25" and 75™ percentiles, the whiskers extend to the 95% of the data, and the X
symbols represent outliers. Mean values are shown as diamonds and the median values as horizontal
lines. These distributions indicate that the majority of aftershock sequences in intraplate sequences
have lower p-values, or slower aftershock decay rates, than those in convergent or transform boundary

regions.
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aftershocks defining the Fredericks Hall fault zone fall within the transition zone
between positive and negative Coulomb stress for faults oriented like the mainshock’s
rupture, indicating that it is unlikely stress transfer from the mainshock alone

triggered these aftershocks.

3.6.2 Seismicity rate changes in the far-field (remote triggering zone)

There are no apparent increases in the rate of seismicity after the occurrence
of the Mineral earthquake in the Eastern Tennessee, Charleston South Carolina, or
Wabash Valley seismic zones. The Mw 3.4 earthquake on October 18, 2006 and the
Mw 4.1 earthquake on February 21, 2012 that occurred in the NMSZ could explain
the increased rate of seismicity observed on October 12-22, 2006 (before the Mineral
earthquake) and on February 21, 2012 (after the Mineral earthquake). Since the peak
in the NMSZ was 182 days after the Mineral earthquake it is unlikely this event is
related to long-distance triggering from the Mineral earthquake but is instead a local
effect from seismicity in the seismic zone.

The increase in seismicity in the Central — Eastern U.S. region (without
seismic zones) on August 25, 2011 (two days after the mainshock) may be related to
dynamic triggering from the Mineral earthquake. The earthquake swarm that
occurred near Albany, New York, on August 25" has previously been attributed to
possibly being triggered from the passage of seismic waves from the Mineral
earthquake [Jacobi et al., 2012]. However, the occurrence of a high rate of seismicity
(greater than 98% threshold) on July 17, 2007, before the Mineral earthquake, is
unexplained. The two events associated with this peak occurred in Albany, NY. One

of the events occurred in Augusta, GA, and the other north of Rochester, NY beneath
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Lake Erie. It is possible that the four events that occurred on July 17 occurred on
the same date by random chance.

The other issue with tying the earthquake swarm near Albany, NY, and West
Virginia on August 25" to the Mineral earthquake is the two day delay. Many well
documented cases of remote triggering occur instantaneously, or during the period in
which seismic waves passed over an area [Gomberg et al., 2004; Antonioli et al.,
2006]. However, the timing and physics of the earthquake nucleation process is not
well understood [van der Elst and Brodsky, 2010], especially in intraplate
environments. Tape et al. [2013] documented a case in which a Mw 3.9 earthquake
was triggered in central Alaska from the passage of seismic waves from the April
2012 Mw 8.6 Sumatra earthquake and then followed by a slow, creep-like nucleation
phase. A two day nucleation of seismicity in New York and West Virginia following
the passage of seismic waves from the Mineral earthquake is plausible, therefore the
possibility that these events were triggered by the Mineral earthquake cannot be ruled
out.

The mean peak dynamic strain in each seismic zone from the passage of
seismic waves is shown in Table 3-5 (Figure 3-1 and 3-21). The largest amount of
strain, ~0.6 microstrain, associated by the passage of seismic waves was closest to the
epicenter in the CVSZ. The mean peak dynamic strain in the ETSZ, CSSZ, NMSZ,
and WVSZ range from 0.024 to 0.044 microstrain (Table 3-5). Remote triggering
from the April 2011 Indian Ocean earthquake (Mw =8.6) required a peak dynamic
strain of ~0.4 microstrain to trigger global remote events [Pollitz et al., 2012]

however, peak dynamic strain associated with remote triggering tend to range from
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0.15 to 3 microstrain [Hill et al., 1993; Anderson et al., 1994; Prejean et al., 2004;
Brodsky and Prejean, 2005; Hill and Prejean, 2007], but has also been discerned at
strain changes as small as 3 nanostrain (~0.003 microstrain) [van der Elst and
Brodsky, 2010]. These values suggest that it is plausible to have remote triggering in
these seismic zones. However, | observed no signals of long-distance triggering with
seismicity rates greater than the 98% threshold from the Mineral earthquake in any of

these seismic zones.

3.7 Discussion

3.7.1 Triggering in the aftershock zone

Triggering of the Late Steep fault zone by stress transfer is expected as slip on
a surface-cutting thrust tends to drop stress in the adjacent crust whereas slip on blind
thrusts can increase stress on nearby zones, particularly up dip of the source fault. In
fact, the Kettleman Hills and Whittier Narrows events triggered aftershocks in a
similar fashion in the region between the blind thrust and the surface [Lin and Stein,
2004]. While Coulomb stress transfer can explain the geographic location of the Late
Steep zone, there is still no clear explanation for the delay of its occurrence. All
aftershock clusters triggered by stress transfer from the Whittier Narrows and
Kettleman Hills events occurred within 1 month (~30 days) of the mainshock, but the
aftershock cluster that defines the Late Steep fault in the Mineral earthquake’s
epicentral region was triggered ~100 days later.

Structural heterogeneities, stress, and temperature in the crust have all been

cited as factors responsible for causing variations in the p-value [Kisslinger and
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Jones, 1991; Utsu et al., 1995; Enescu and Ito, 2002]. The crust in the central and
eastern U.S. has often been characterized as having older, colder, and drier crust than
tectonically active regions [Wu, 1997; Dixon et al., 2004]. Ellswoth et al. (2011)
resolved a stress drop between 50 and 75 MPa (500 to 750 bars) for the Mineral
earthquake’s mainshock, which is over an order of magnitude higher than the normal
range of 3-5 MPa commonly found in tectonically active areas. A high stress drop of
this magnitude require a nearly complete stress drop for a crust in frictional
equilibrium with a coefficient of friction of 0.6 [Ellsworth et al., 2011]. The higher
viscosity of the crust in the central and eastern U.S. compared to active tectonics
regions such as California [Dixon et al., 2004], may explain both the high stress drop
and prolonged aftershock decay rate from the Mineral earthquake.

Delays in earthquake triggering from Coulomb stress transfer have been
explained by considering the importance of viscoelastic processes in the triggering
process [Pollitz and Sacks, 1995; 1997; Freed and Lin, 1998; 2001; Deng et al., 1999;
Lin and Freed, 2004]. For example, Coulomb stress transfer from the 1992 Landers
Mw 7.3 earthquake is thought to have triggered the 1999 Mw 7.1 Hector Mine
earthquake of southern California 7 years later [Hauksson et al., 1993]. Three-
dimensional viscoelastic modeling by Freed and Lin (2001) suggested that post-
earthquake lower-crustal or upper mantle flow may have led to postseismic stress
increases of 1 + 2 bar at the location of the Hector Mine epicenter. It has been
suggested that seismicity in intraplate regions is spatially migrating, so that no major
earthquake ruptures the same fault segment twice [Liu et al., 2011] and that recent

earthquakes in these reflect long aftershock sequences from previous large magnitude
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earthquakes [Stein and Liu, 2009]. The interaction between faults in intraplate
environments as well as the characteristics of its crust may explain the delayed
triggering of aftershock clusters in the epicentral region of the Mineral earthquake
and thus the slow decay rate. Therefore, aftershocks might continue for a decade or
more in the epicentral region of the Mineral earthquake [Liu et al., 2011; Stein and

Liu, 2009].

3.7.2 Lack of remote triggering in the far-field

It is possible that the energy release associated with the magnitude of the
Mineral earthquake (Mw = 5.8) was too small to produce seismic waves with
sufficient amounts of strain to generate remote-triggering from the passage of seismic
waves. However, the phenomenon of long distance triggering has been observed
before in southeastern Canada from similar, moderate magnitude earthquakes
[Hough, 2007]. The lack of long-distance triggering from the Mineral earthquake is
perhaps due to the poor density of seismic stations in the eastern U.S. If | were able
to consistently detect earthquakes with magnitudes less than 2.5, perhaps | would
have been able to observe a long-distance triggering affect. Another possibility is that
faults in the central and eastern U.S. were not sufficiently close enough to failure for
triggering to occur. Some researchers suggest that strain may be localized in pre-
existing zones of weakness, such as pre-existing seismic zones [Mazzotti and
Townend, 2010]. Perhaps known seismic zones were too far away from the Mineral
earthquake’s epicenter to generate large enough amounts of strain to bring faults in
these zones to failure. Finally, | emphasize that the influence of mining blasts on the

earthquake catalog for the central and eastern U.S. may significantly skew the rate of
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seismicity before and after the Mineral earthquake. Even though | removed major
mining regions from the catalog, it is impossible to remove all mining blasts. This
will continue to be a challenge in searching for long-distance triggering affects and
other analyses of the seismology in the central and eastern U.S.

The strain generated by the passage of seismic waves from the Mineral
earthquake likely added to the overall stress field in the central and eastern U.S. The
component of stress from the Mineral earthquake is a small addition to the overall
stress field. Additional components of stress are be needed to bring faults to failure.
The lack of observable remote triggering suggests that the Mineral earthquake did not
generate any immediate increase in the seismicity rate in surrounding seismic zones,
but | expect that the stress generated by the earthquake in the near-field and the far-
field contributes to the magnitude and spatial distribution of stress in the central and
eastern U.S. Liu and Stein [2011] suggest that earthquakes can cluster and migrate
between faults. The Mineral earthquake occurred ~10 km northeast of the CVSZ
(Chapter 2, Figure 2-2). If we expect earthquakes to migrate spatially over time,
perhaps the next large magnitude earthquake in the central and eastern U.S. will occur

outside the CVSZ.

3.7.3 Implications for seismic hazard evaluation

The triggering of the Late Steep fault zone by the Mineral earthquake provides
additional evidence that aftershocks can be triggered by stress transfer in any tectonic
environment, including both tectonic plate boundary and intraplate regions [Lin and

Stein, 2004]. Stress triggering by Coulomb stress transfer in the aftershock zone of
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the Mineral earthquake implies that building stress transfer into seismic hazard
assessment in the central and eastern U.S. is crucial.

The lack of an observable signal of triggering in the far-field further highlights
the possibility that remote triggering doesn’t occur in intraplate regions, faults were
not sufficiently close to failure to be triggered by a moderate magnitude earthquake,
or that there is a need to add more stations to the seismic network in the central and
eastern U.S. in order to detect the phenomenon of remote triggering. Continued study
and observations of intraplate seismicity is essential for improving our understanding
of the mechanisms responsible for triggering seismicity and thus our ability to

mitigate the loss of life and property from large magnitude intraplate earthquakes.

3.8 Conclusions

Our examination of seismicity rate changes in the near-field and the far-field
of the August 2011 Mineral earthquake reveals the following conclusions:

1. The decay of aftershocks from the Mineral earthquake was significantly
slower than the decay rate of the Kettleman Hills and Whittier Narrows
earthquakes in California.

2. The transfer of Coulomb stress from the Mineral earthquake’s mainshock can
explain the geographic location of the aftershocks that define the Late Steep
fault zone.

3. There were no observable increases in the rates of seismicity above the 98%

threshold at long distances associated with the passage of seismic waves from
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the Mineral earthquake in the Eastern Tennessee, Charleston South Carolina,
Wabash Valley, or New Madrid Seismic Zones.

. The possibility that the earthquake swarm that occurred in Albany, New York,
and in West Virginia near the Virginia border on August 25, 2011 (2 days
after the mainshock) were triggered by the passage of seismic waves from the

Mineral earthquake cannot be ruled out.
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Chapter 4: Wrinkle ridges on Mercury and the Moon -
Morphometric characterization, elastic dislocation modeling,
and tectonic evaluation of planetary contraction

4.1 Abstract

Wrinkle ridges are structural anticlines formed by thrust faulting and folding
resulting from crustal shortening and are found on all the terrestrial planets.
MESSENGER has returned new high resolution imagery and altimetry data of the
northern hemisphere of Mercury where there are large expanses of smooth plains
deformed by wrinkle ridges. Recently obtained Lunar Reconnaissance Orbiter
(LRO_ imagery and altimetry for lunar mare wrinkle ridges offer an excellent
opportunity to compare their morphology and scale with newly imaged wrinkle ridges
on Mercury. | evaluate the similarity and differences of wrinkle ridges on Mercury
and the Moon by (1) locating and characterizing the morphology of 300 wrinkle
ridges on Mercury (n = 150) and the Moon (n = 150), (2) producing statistical
comparisons of maximum length and relief relations that define wrinkle ridge
dimensions in different environments, and (3) estimate the depth of faulting of the
largest wrinkle ridges using elastic dislocation modeling. Wrinkle ridges on Mercury
are ~2.2 times higher and ~1.8 times longer in mean relief and length than wrinkle
ridges on the Moon. Large relief wrinkle ridges in Mercury’s northern smooth plains
exceed ~600 m and may be attributed to a significant component of global
contraction on Mercury (~1 to 2 km). Global contraction on the Moon is an order of
magnitude smaller than on Mercury, therefore lunar wrinkle ridges were most likely

formed primarily by flexure induced subsidence and contraction of mare basalts.
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4.2 Introduction

On March 18, 2011 the MErcury Surface, Space Environment, Geochemistry,
and Ranging (MESSENGER) spacecraft transitioned from orbiting the Sun to being
the first spacecraft to orbit Mercury. Meanwhile, the Lunar Reconnaissance Orbiter
(LRO) has been orbiting the Moon since June 2009. Crustal shortening on Mercury
and the Moon is reflected by three tectonic landforms: lobate scarps, high-relief
ridges, and wrinkle ridges [Watters et al., 2009a; Watters and Johnston, 2010;
Watters and Nimmo, 2010]. Recently obtained orbital imagery and altimetry data
from both LRO and MESSENGER offer an unprecedented opportunity to
characterize the morphology of these tectonic features. This study focuses on a
morphometric characterization of wrinkle ridges, contractional tectonic features
found in mare basalts on the Moon and smooth plains volcanic material on Mercury,
formed from thrust faulting and folding [Strom, 1970; Maxwell et al., 1975; Strom et
al., 1975; Solomon and Head, 1979; Plescia and Golombek, 1986; Watters, 1988;
Watters et al., 2009c; 2010].

Images obtained by Mariner 10 and from MESSENGER’s three flybys [Head
et al., 2009; McNultt et al., 2010; Watters et al., 2009c] showed that a significant
amount of Mercury’s surface is covered by smooth plains. Global image mosaics
generated from MESSENGER’s orbital phase indicate that smooth plains cover
almost 27% of Mercury’s surface [Solomon et al., 2008; Denevi et al., 2009; Watters
et al., 2009c; Denevi et al., 2012; McNutt et al., 2010]. High spatial resolution (250

m/pixel), high-incidence angle (55 to 85°), mosaics enable us to more accurately
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identify and characterize tectonic features. The greatest expanse of smooth plains
material on Mercury is in the northern high-latitudes, covering ~6% of the surface
(Figures 4-1 and 4-2A) [Head et al., 2011]. In parallel, the Lunar Reconnaissance
Orbiter (LRO) has been orbiting the Moon since 2009, compiling a database of high-
resolution images and altimetry of the lunar surface covering lunar wrinkle ridges
located in the mare basins. New data from the MESSENGER and LRO spacecrafts
offer an excellent opportunity to quantitatively compare the morphology of wrinkle
ridges on Mercury with previously detected wrinkle ridges on the Moon (Figure 4-3).
In this chapter, I characterize the morphologies of wrinkle ridges on the Moon and
Mercury though (1) statistical comparison of ridge dimensions, (2) the length-relief
relations of underlying faults, and (3) elastic dislocation modeling of the fault depth
and geometry. Examination of wrinkle ridges on Mercury and the Moon allows us to
evaluate the influence of differences in tectonic setting and global radial contraction

in the formation of these landforms.

4.3 Background on wrinkle ridges

Wrinkle ridges are one of the most ubiquitous tectonic features found on the
terrestrial planets and are characterized as structural anticlines formed by folding and
thrust faulting resulting from crustal shortening [Plescia and Golombek, 1986;

Watters, 1988; Golombek et al., 1991; Watters and Schultz, 2010]. A broad, low
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Figure 4-1. Tectonics and gravity on Mercury and the Moon

Free-air gravity and tectonics of Mercury (A) and the Moon (B) on a Mollweide equal area projection
of a shaded relief map merged with a global MDIS or LROC WAC monochrome mosaic. Positive
gravity anomalies correspond to mascon basin environments. The gravity model from Mercury is from
radio tracking of the MESSENGER spacecraft [Smith et al., 2012]. Lunar gravity model is from the
Lunar Prospector LP150Q gravity model [Konopliv et al., 2001] available from
http://www.ipgp.fr/~wieczor/Crustal ThicknessArchive/Crustal Thickness.html. Tectonic features are
wrinkle ridges (white) | digitized for this study, previously mapped features from the MESSENGER
flybys [Watters et al., 2009c], and newly mapped features from MESSENGER’s orbital phase [Watters
et al., 2011]. Mercury smooth plains boundary from Denevi et al. [2012] and mare basins boundary
digitized by Steven Koeber.
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Figure 4-2. Locations of wrinkle ridges on Mercury

Locations of 97 wrinkle ridges in the northern smooth plains of Mercury (A) and 53 wrinkle ridges in
the Caloris basin region (B) that | measured for this study (stars, see Table 4-B1). Stars are colored
based on their measured relief. Smooth plains boundary from Denevi et al. [2012]. Wrinkle ridges
(white lines) from both Watters et al. [2009¢] and newly mapped wrinkle ridges from this analysis are
shown on these maps. A) Wrinkle ridges are plotted on a north polar projection of a 250 m/pixel
combined high-incidence angle and monochrome global mosaic of MDIS images overlaid with a DEM
created from MLA tracks [Zuber et al., 2012]. Northern topographic rise from Klimczak et al. [2012].
B) Wrinkle ridges are plotted on a Equirectangular projection of the MDIS mosaic overlaid with a
stereo derived DEM created from M1 Flyby imagery (1 km?) [Oberst et al., 2010; Preusker et al.,
2011], a stereo derived DEM created from orbital imagery created by DLR (~500 m?), and the USGS
DEM (~2.7 km?) [Becker et al., 2012]. The transparency of the elevation DEMs is set to 50% in Map
A and 70% in Map B. Brighter colors in Map B indicate locations where DEM sources overlap.
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Figure 4-3. Locations of wrinkle ridges on the Moon

A) Locations of 150 wrinkle ridges in the mare basins of the Moon that | measured for this study (stars,
see Table 4-B2) plotted on a 1:125,000,000 Equirectangular projection of a 100 m/pixel monochrome
global mosaic of 400 m/pixel WAC images overlaid with a global LROC WAC stereo derived DEM
[Scholten et al., 2012]. Stars are colored based on their measured relief. Mare basin boundaries were
digitized by Steven Koeber. B) Concentric wrinkle ridges in Mare Serenitatis, a mascon-basin
environment where wrinkle ridge formation is attributed to subsidence. The LROC WAC stereo DEM
has been clipped to the basin boundary to highlight the topography within the basin. Map scale is
1:20,000,000. C) LOLA tracks and elevations overlaid on a WAC image of a wrinkle ridge in
southwestern Mare Serenitatis.
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relief arch and a superimposed ridge are typical morphologic elements of wrinkle
ridges [Watters, 1988; Schultz, 2000] (Figure 4-4). Wrinkle ridges are typically
found on topographically smooth material in two physiographic settings: (1) the
interior of large impact basins, and (2) on broad expansive plains [Watters, 1988;
Watters and Johnston, 2010; Watters and Nimmo, 2010]. Crustal shortening
responsible for wrinkle ridge formation can be generated by a variety of processes,
including load induced subsidence, regional or local contraction, and global
contraction [Maxwell and Gifford, 1980; Solomon and Head, 1980; Freed et al.,
2001; Watters et al., 2009c; 2010].

Wrinkle ridges were first recognized and mapped from Earth-based telescopic
observations of the lunar maria [Fielder, 1961; Baldwin, 1965; 1970; Gilbert, 1893;
Watters and Johnston, 2010]. On the Moon, wrinkle ridges are concentrated
predominately on the nearside in basin-localized tectonic zones associated directly
with the lunar maria (Figure 4-3). Wrinkle ridges are well mapped on the Moon from
Apollo era and Lunar Reconnaissance Orbiter Camera (LROC) imagery and are
confined to mare material known to be composed of basalt [Watters, 1988]. Wrinkle
ridge rings and basin-concentric ridge patterns, such as those present in Mare
Serenitatis (Figure 4-3B), have been cited as evidence that subsidence, cooling and
contraction of the mare basalts played a key role in their formation [Wilhelms and
McCauley, 1971; Maxwell et al., 1975; Wilhelms, 1987]. Previous studies also tie the
origin of the smooth plains on Mercury where wrinkle ridges occur to volcanism
[Melosh and McKinnon, 1988; Head et al., 2008; Solomon et al., 2008]. Mercurian

wrinkle ridges imaged by Mariner 10 occur in the interior smooth plains material of
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Figure 4-4. Example of a wrinkle ridge on the Moon and Mercury

Cross-section and imagery of wrinkle ridge in Mare Frigoris on the Moon (A) and in the
northern smooth plains of Mercury (B) show the broad arch and superimposed ridge
morphology typical of most wrinkle ridges. The 1:1 scale cross-section of the mercurian
wrinkle ridge (C) demonstrates that in reality changes in topography across wrinkle ridges are
subtle. The largest change in relief corresponds to a slope of only 10°. More examples of
wrinkle ridges with the broad arch and superimposed ridge morphology, as well as the single
ridge and complex morphologies, can be found in Appendix 4-A.
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the Caloris basin and the exterior annulus of smooth plains [Strom et al., 1975;
Melosh and McKinnon, 1988; Watters et al., 2005; Fassett et al., 2009; Watters et al.,
2009a; 2009b; 2009c; Watters and Nimmo, 2010] (Figure 4-2B).

While imagery from Mariner 10 and the MESSENGER flybys returned
imagery coverage for almost 98% of Mercury, very few observations existed in
Mercury’s north polar region until MESSENGER’s orbital phase. The maximum
reliefs of fourteen wrinkle ridges imaged by Mariner 10 were estimated using poorly
constrained shadow measurements [Watters, 1988]. Earth based radar altimetry was
used to measure the reliefs of seven wrinkle ridges in the smooth plains of Tir Planitia
revealed arch-like structures with reliefs ranging 200 to 730 m and lengths up to 130
m long [Harmon et al., 1986; Watters, 1988; Watters and Nimmo, 2010]. Wrinkle
ridges also appear to occur in basalt plains on Mars and Venus, and on Earth in the
continental flood basalts of the Columbia Plateau in the Pacific Northwest [Plescia
and Golombek, 1986; Watters, 1988; Watters, 1991; Watters and Nimmo, 2010;
Watters and Schultz, 2010]. Previous measurements of martian and mare wrinkle
ridges indicate lower relief ridges and arches than wrinkle ridges on Mercury

[Watters, 1988; Golombek et al., 1991; Watters, 2004; Watters and Nimmo, 2010].

4.4 Methods — Morphometric comparison

| measured the length and maximum reliefs of 150 wrinkle ridges on Mercury
and 150 wrinkle ridges on the Moon using imagery and altimetry data obtained by the
MESSENGER and LRO spacecrafts. On Mercury, | measured the maximum length-

relief dimensions of wrinkle ridges in the northern smooth plains and the smooth

125



plains interior and exterior to the Caloris basin (Figure 4-2, Table 4-B1). | sampled
wrinkle ridge dimensions from all of the major mare basins on the Moon, including:
Mare Serenitatis, Mare Crisium, Mare Imbrium, Mare Frigoris, and Oceanus
Procellarum. | also extracted profiles across wrinkle ridges in Mare Fecunditatis,
Mare Tranquillitatis, Mare Nubium, Mare Orientale, Mare Humorum, Mare
Cognitum, Mare Nectaris, and Mare Smythii, Vitello Crater, Kugler Crater, Karrer
Crater, and Grimaldi Crater (Figure 4-3, Table 4-B2). Ten profiles were extracted
across wrinkle ridge — lobate scarp transitions. Wrinkle ridge — lobate scarp
transitions are locations where the morphology changes from a wrinkle ridge in the
mare basalts to a lobate scarp in highland materials reflecting a difference in
mechanical properties (e.g. the presence or absence of layers). | excluded wrinkle
ridges obviously influenced by the presence of ghost craters from the analysis [Head
et al., 2011; Klimczak et al., 2012; Watters et al., 2012a]. In the following sections, I
describe in detail the data sources, data extraction procedures, and measurement

techniques used in this analysis.

4.4.1 Length measurements from imagery

The locations and lengths of wrinkle ridges on Mercury and the Moon were
digitized and measured from global mosaics in an ArcGIS environment. | used a 250
m/pixel mosaic of Wide-angle Camera (WAC) and Narrow-angle Camera (NAC)
monochrome images obtained by the Mercury Dual Imaging System (MDIS)
[Hawkins et al., 2007] to digitize the lengths of wrinkle ridges on Mercury.
Additional orbital imagery collected at large solar incidence angles ranging ~60° to

85°from nadir provided optimum lighting conditions for identifying and mapping

126



wrinkle ridges in Mercury’s northern smooth plains [Watters et al., 2013]. On the
Moon, | digitized wrinkle ridges using primarily a WAC 100 m/pixel global mosaic
from the Lunar Reconnaissance Orbiter Camera (LROC) on LRO. The LROC NACs
provided additional very high-resolution imagery, up to 0.5 m-scale panchromatic
images over a combined 5-km swath, for mapping wrinkle ridges [Robinson et al.,
2010]. On both Mercury and the Moon, I digitized wrinkle ridges continuously when
their trend appeared to be unbroken in the imagery. In cases when the wrinkle ridge
was segmented | digitized only the segment in which | measured the relief.
Uncertainties of the lengths of digitized wrinkle ridges, determined by zooming into
the 100 m/pixel LROC WAC and 250 m/pixel MDIS WAC mosaics and assessing
possible digitization choices, are up to 2 km for lunar wrinkle ridges and 5 km for
wrinkle ridges on Mercury. The uncertainty associated with using different resolution
imagery for digitizing wrinkle ridges and then measuring and comparing their lengths

is discussed in detail in Appendix 4-C.

4.4.2 Relief measurements from topographic profiles

I primarily used data from the Mercury Laser Altimeter (MLA) [Smith et al.,
2012; Zuber et al., 2012] and the Lunar Orbiter Laser Altimeter (LOLA) [Smith et al.,
2010] to measure the maximum relief wrinkle ridges on Mercury and the Moon,
respectively, where the altimeter tracks traverse the wrinkle ridges at orthogonal or
near orthogonal angles (60° to 90° from strike). | preferred to extract elevation data
directly from MLA and LOLA altimetry tracks when data was available because

altimeter tracks 1) provided the densest and most accurate elevation profiles across
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features and 2) allowed detailed viewing of the major morphologic elements of the
wrinkle ridge (e.g. abroad arch with superimposed ridge) (Figure 4-4).

MLA illuminates surface areas averaging between 15 and 100 m in diameter,
spaced ~400 m apart along the altimeter ground track, with radial precision of
individual MLA ranging measurements less than 1 m [Zuber et al., 2012]. Spacing
between elevation data points is closer at the north pole and becomes more widely
spaced approaching the equator due to MESSENGER’s eccentric, near-polar orbit.
Altimetry tracks were available for a variety of orientations over the smooth plains in
Mercury’s high northern latitudes, allowing us to measure reliefs of many wrinkle
ridges (Figure 4-2A, Table 4-Al).

The LOLA instrument transmits 5 beams, returning the mean elevation of a 5-
m spot from a 50-km altitude orbit. LOLA tracks are comprised of five parallel
profiles, ~12 m apart, with individual observation points in each profile separated by
~56 m [Smith et al., 2010]. LOLA ranging has a vertical precision of £0.1 m. LRO’s
polar orbit enabled reliefs of only east-west trending wrinkle ridges, with sufficient
coverage, in my study area on the Moon to be measured using LOLA (Figure 4-3A,
Table 4-A2). LOLA elevation data were acquired using the Lunar Orbital Data
Explorer (http://ode.rsl.wustl.edu).

Where altimetry tracks were not available, | extracted elevation profiles
perpendicular to the structure from gridded digital elevation models (DEMS). For
wrinkle ridges in Mercury’s northern smooth plains (north of ~40°N), | used a ~500
m/pixel DEM derived by interpolating elevation points from MLA tracks (n = 46).

For wrinkle ridges south of ~40°N in the Caloris interior and exterior smooth plains,

128



where MLA data points are widely spaced, | measured the relief from DEMs derived
from stereo photogrammetry of MESSENGER orbital or flyby images with spatial
resolutions from 500 m/pixel to ~2.7 km/pixel and with vertical precision £135 m (n
= 55) [Oberst et al., 2010; Preusker et al., 2011]. The USGS produced a 2.7
km/pixel global DEM by using camera pointing errors from the MDIS imagery
metadata [Becker et al., 2012]. Those data enabled a radius measurement at imagery
control points to be constrained, and thus the global DEM to be produced. While the
USGS DEM is coarser in resolution, it enabled me to make relief measurements at
some wrinkle ridges that had no elevation data from MLA or the stereo-derived
DEMs in the Caloris Basin region (Figure 4-C1).

I measured the relief across north—south-trending wrinkle ridges on the Moon
by extracting elevations from a global 100 m/pixel DEM derived from stereo
photogrammetric analysis of WAC images (n = 111). The LROC WAC stereo-
derived DEM has a vertical precision of + 10 m [Scholten et al., 2012]. | compared
DEMs available on Mercury and the Moon from a variety of sources to assess the
most reliable data for elevation measurements (Figure 4-5). The details concerning
variation in relief measurements depending on the chosen elevation data source are
discussed in detail in Appendix 4-C.

The lateral limits of the ridges were identified using major inflection points in
the profiles and checked by comparison with rectified images [Watters, 1988]. Relief
was measured by taking the difference between the maximum elevation on the profile
and the elevation at the major inflection point on the vergent side of the ridge. For

wrinkle ridges located on regional slopes, relief was measured using detrended
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elevation profiles. Profiles were detrended by subtracting a least squares linear fit
from the elevation data across the wrinkle ridge. | report the greatest relief measured
for each wrinkle ridge, however, note that this is not necessarily the maximum relief
as MLA and LOLA profiles do not always provide continuous coverage across the
entire length of each wrinkle ridge. When measuring relief from DEMs, it is possible
to extract profiles across the entire length of the wrinkle ridge, which allowed the
maximum relief to be determined. Therefore, relief measured from MLA or LOLA
profiles is described as “greatest measured relief” while relief measured from DEMs

is described as “maximum relief” [Banks et al., 2012] (See Tables 4-B1 and 4-B2).

4.4.3 Statistical sub-sampling

I sub-sampled the total population of wrinkle ridges on Mercury and the Moon
to examine the statistical difference between wrinkle ridges located in basin
environments with mascons, dense concentrations of mass identifiable by positive
gravity anomalies, to wrinkle ridges in regions with no mascon-like gravity anomalies
[Maxwell et al., 1975; Solomon and Head, 1980; Konopliv et al., 2001; Watters et al.,
2005; Smith et al., 2012] (Figure 4-1). Lunar mascons tend to correlate with major
impact basins (e.g. Mare Serenitatis, Imbrium, and Crisum) and are interpreted to be
regions of thickened crust due to flood volcanism associated with the impact
[Konopliv et al., 2001; Watters and Johnson, 2010]. Basins with mascon signatures
generally exhibit basin-concentric and basin-radial wrinkle ridges that are interpreted
to have formed in response to localized contraction driven by flexure of the
lithosphere and subsidence from the superisostatic loading of thick sequences of mare

basalt [Solomon and Head, 1979; Freed et al., 2001] (Figure 4-3B).
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On the Moon, | compared the dimensions of wrinkle ridges in mascon
environments (Mare Serenitatis, Mare Crisium, and Mare Imbrium) to wrinkle ridges
in non-mascon like environments (Oceanus Procellarum and Mare Frigoris). Wrinkle
ridges in Oceanus Procellarum and Mare Frigoris generally are not concentric, but
instead traverse each basin in a variety of orientations implying a complex history of
deformation [Schultz et al., 2010; Watters et al., 2010; 2012; Banks et al., 2011,
Williams et al., 2012]. The Caloris basin interior plains and northern smooth plains
and Caloris basin exterior plains on Mercury provide analogs for comparison to
mascon and non-mascon environments on the Moon, respectively [Smith et al., 2012]
(Figure 4-1).

These populations of wrinkle ridges are further subdivided to examine
differences in the relief and length of wrinkle ridges by lunar basin. On Mercury, we
subdivide wrinkle ridges into (1) the Caloris basin interior and (2) the Caloris exterior
plains (Figure 4-2B). Near the center of Mercury’s northern smooth plains there is a
topographic rise, termed here as the northern rise [Klimczak et al., 2012; Zuber et al.,
2012] that coincides with a positive gravity anomaly [Smith et al., 2012]. | also
subdivided the wrinkle ridges in the northern smooth plains into wrinkle ridges on the
rise and outside the rise to search for any statistical differences in measured relief and

length.

4.5 Results — Relief and length statistics

The tables in Appendix 4-B list the relief and length for each wrinkle ridge

measured for this analysis. The relief - length measurements for each wrinkle ridge
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population are plotted as box and whisker plots, where the box represents the
interquartile range (which represents the middle 50% of the data). The vertical ends
of the box represent the 25" and 75" percentiles, the line through the box represents
the median of the data, the whiskers extend to 95% of the data and X symbols
represent outliers (Figure 4-6). Plotting the data in this manner enables the
distribution of the data, whether it is normal or non-normal to be visualized. Box and
whisker plots showing the aspect ratio (length/relief) for each population are shown in

Appendix 4-D.

4.5.1 Comparison of dimensions of wrinkle ridges on Mercury and the Moon

The relief of wrinkle ridges measured on Mercury ranges from ~112 to 961 m
with a mean relief of ~404 m (median = ~353 m, n = 150) and the lengths of these
wrinkle ridges range from ~27 to 362 km with a mean length of ~94 km (median =
~80, n = 150) (Figure 4-6A, Table 4-1). Wrinkle ridges on the Moon range in relief
from ~33 to 590 m with a mean relief of ~187 m (median = ~157 m, n = 150) and in
length from ~10 to 241 km with a mean length of ~53 km (median = ~45 km, n =
150).

The mean relief of wrinkle ridges on Mercury is ~2.2 times higher than the
mean relief of wrinkle ridges on the Moon (Table 4-1, Figures 4-6A and 4-7). The
mean length of wrinkle ridges on Mercury is ~1.8 times longer than the mean length
of wrinkle ridges on the Moon. There is a population of wrinkle ridges on Mercury
that are taller (> 600 m) than any lunar wrinkle ridges and a population of wrinkle
ridges on the Moon that are shorter (< 100 m) than any mercurian wrinkle ridges

(Figure 4-7).
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Figure 4-6. Box and whisker plots of wrinkle ridge relief-length on Mercury and the Moon

Box and whisker plots showing the relief and length of wrinkle ridge populations in the following
regions: A) the Moon and Mercury, B) mascon and non-mascon basin environments, C) specified
location. The box represents the interquartile range (which represents the middle 50% of the data).
The vertical ends of the box are the 25™ and 75" percentiles, the whiskers extend to the 95% of the
data, and the X symbols represent outliers. Mean values are shown as diamonds and the median values
as horizontal lines. The aspect ratio (length/relief) for each population is shown in Appendix 4-D
(Figure 4-D1).
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Table 4-1. Comparison of wrinkle ridge statistics on Mercury and the Moon

Location Minimum 5% 25% Median Mean 75% 95% Maximum n (#)
All wrinkle ridges on Mercury

Relief (m) 112 179 257 353 404 503 802 961 150
Length (km) 27 35 56 80 94 111 203 362 150
L/R aspect ratio 55 86 145 228 266 326 487 1434 150
All wrinkle ridges on the Moon

Relief (m) 33 63 109 157 187 241 408 590 150
Length (km) 10 15 27 45 53 65 121 241 150
L/R aspect ratio 33 97 152 269 371 453 798 6616 150
Dimensions of mercurian divided by lunar wrinkle ridge measurements

Relief (m) 3.39 284 236 2.25 216 209 197 1.63 1
Length (km) 2.70 233 207 1.78 177 171 1.68 1.50 1
L/R aspect ratio 1.7 0.9 1.0 0.8 0.7 0.7 0.6 0.2 1
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Figure 4-7. Relief - length relationships of wrinkle ridges on Mercury and the Moon

A) Plot of relief and length of 300 wrinkle ridges on Mercury and the Moon. The dimensions of
wrinkle ridges on Mercury are ~2.2 times and ~1.8 times larger in mean relief and length than wrinkle
ridges on the Moon (stars). Boxes extend from the 25" to 75™ percentiles of each population,
representing 50% of the dataset, and indicate that the reliefs of wrinkle ridges on Mercury and the
Moon are statistically significantly different. B) Wrinkle ridge dimensions on Mercury and the Moon
subdivided by location. Mascon basin environments are indicated by open symbols.
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Wrinkle ridges on Mercury fall within an interquartile envelope ranging from
~257 to 503 m in relief and ~56 to ~111 km in length. On the Moon, wrinkle ridges
fall within an interquartile envelope ranging from ~109 to 241 m in relief and ~27 to
65 km in length (Figure 4-7). The relief ranges defining these interquartile envelopes
do not overlap, indicating that the majority of the wrinkle ridges on Mercury have are
taller than most wrinkle ridges on the Moon. Clearly, there is some overlap in length
for the interquartile range defining wrinkle ridges on Mercury and the Moon.
However there is a population of wrinkle ridges on Mercury with relatively longer

lengths than those on the Moon.

4.5.2 Mascon and non-mascon environments

Mercurian wrinkle ridge sub-populations

Wrinkle ridges in the interior and exterior plains of the Caloris basin range in
relief from ~141 to 961 m with a mean relief of ~425 m (median = ~380 m, n = 53)
and in length from ~27 to 362 km with a mean length of ~100 km (median = ~75 km,
n =53). In the northern smooth plains, wrinkle ridges range in relief from ~112 to
937 m with a mean relief of ~392 m (median = ~350 m, n = 97) and in length from
~27 to 282 km with a mean length of ~90 km (median = ~80 km, n = 97) (Figure 4-
6B, Table 4-2). The variation on the length-relief relations of wrinkle ridges in the
Caloris basin region extend over a larger interquartile range than those in the northern
smooth plains, indicating that there is a more diverse range of wrinkle ridge

dimensions in the Caloris basin region.
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Table 4-2. Relief and length statistics for wrinkle ridges in the Caloris basin region and

northern smooth plains of Mercury

Location Minimum 5% 25% Median Mean 75% 95% Maximum n(#)
Wrinkle ridges located in the Caloris basin region (interior plains = mascon)

Relief (m) 141 188 257 380 425 606 783 961 53
Length (km) 27 32 46 75 100 118 247 362 53
L/R aspect ratio 58 77 142 207 268 362 520 1434 53
Wrinkle ridges in northern smooth plains (non-mascon)

Relief (m) 112 174 257 350 392 475 819 937 97
Length (km) 27 39 59 80 90 110 182 282 97
L/R aspect ratio 55 109 149 229 264 318 463 1380 97
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Lunar wrinkle ridge sub-populations

The population of wrinkle ridges on the Moon were sub-sampled into mascon
and non-mascon tectonic environments. Wrinkle ridges in lunar mascons (Mare
Crisium, Mare Serenitatis, and Mare Imbrium), range in relief from ~36 to 590 m
with a mean relief of ~208 m (median = ~190 m, n = 62) and in length from ~10 to
241 km with a mean length of ~47 km (median = ~35 km, n = 62). In non-mascon
environments on the Moon (Oceanus Procellarum and Mare Frigoris), wrinkle ridges
range in relief from ~52 to 391 m with a mean relief of ~158 m (median = ~147 m, n
=69) and in length from ~13 to 156 km with a mean length of ~58 km (median = ~53
km, n = 69) (Figure 4-6B, Table 4-3). Wrinkle ridges in mascon basin environments

have a larger range of reliefs and relatively shorter lengths than those in non-mascons.

4.5.3 Comparison of statistics by region

Caloris basin interior and exterior plains

Caloris basin wrinkle ridges were sub-divided into basin interior and exterior
plains ridges. The wrinkle ridges in the Caloris basin interior range from ~186 to 832
m in relief with a mean relief of ~394 m (median = ~374 m, n = 31) and in length
from ~27 to 199 km with a mean length of ~73 km (median = ~62 km, n = 31)
(Figure 4-3, Table 4-4). Wrinkle ridges in the northern and eastern Caloris exterior
plains range from ~141 to 961 m in relief with a mean relief of ~470 m (median =
~418 m, n = 22) and ~44 to 362 km in length with a mean length of ~137 km
(median=~110 km, n = 22). Wrinkle ridges in the interior plains of Caloris have a

narrower range of reliefs and shorter lengths than those in the exterior plains.
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Table 4-3. Lunar wrinkle ridge relief and length statistics (mascons versus non-mascon regions)

Location Minimum 5% 25% Median Mean 75% 95% Maximum n (#)

Wrinkle ridges located in lunar mascons

Relief (m) 36 15 102 190 208 274 425 590 62

Length (km) 10 76 24 35 47 53 109 241 62

L/R aspect ratio 33 83 126 209 346 323 528 6616 62

Wrinkle ridges located in lunar non-mascons

Relief (m) 52 17 109 147 158 193 284 391 69

Length (km) 13 63 34 53 58 73 122 156 69

L/R aspect ratio 49 136 232 372 418 557 809 1640 69
Table 4-4. Mercurian wrinkle ridge relief and length statistics by location

Location Minimum 5% 25% Median Mean 75% 95% Maximum n (#)

Northern Smooth Plains (NSP) (non-mascon)

Wrinkle ridges located in NSP (on northern rise)

Relief (m) 149 167 227 304 287 331 399 426 15

Length (km) 30 338 47 72 68 88 92 93 15

L/R aspect ratio 123 134 174 247 249 310 369 439 15

Wrinkle ridges located in NSP (not on northern rise)

Relief (m) 112 179 262 366 412 503 167 937 82

Length (km) 28 46 65 90 110 127 38 451 82

L/R aspect ratio 61 104 163 249 308 364 689 1755 82

Wrinkle ridges located in Caloris basin region (mascon)

Wrinkle ridges located in Circum-Caloris Plains (NCCP, ECCP-OP, and SCCP)

Relief (m) 141 185 260 418 470 646 784 961 22

Length (km) 44 56 70 110 137 177 265 362 22

L/R aspect ratio 86 145 189 279 346 410 652 1434 22

Wrinkle ridges located in the Caloris Basin's interior (CB)

Relief (m) 186 191 259 374 394 497 704 832 31

Length (km) 27 30 38 62 73 99 154 199 31

L/R aspect ratio 58 68 104 162 212 268 480 573 31
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Wrinkle ridges on Mercury’s northern topographic rise

In order to evaluate any differences in length and relief, wrinkle ridges on the
northern topographic rise are compared to wrinkle ridges beyond the rise. Wrinkle
ridges on the northern rise range from ~112 to 937 m in relief with a mean relief of
~413 m (median = ~367 m, n = 15) and in length from ~28 to 451 km with a mean
length of ~111 km (median = ~91 km, n = 15). Wrinkle ridges surrounding the rise
range from ~149 to 426 m in relief with a maximum mean of ~287 m (median = ~304
m) and in length from ~30 to 93 km with a mean length of ~68 km (median = ~72
km) (Figure 4-3A and 4-6C, Table 4-4). Wrinkle ridges on the northern rise have
relatively smaller reliefs and lengths than those beyond the rise.
Lunar wrinkle ridges by location

Wrinkle ridges in Oceanus Procellarum have the narrowest range of reliefs out
of all of the lunar wrinkle ridges, ranging ~99 to 220 m (n = 53) . Lengths of wrinkle
ridges in Oceanus Procellarum range from ~15 to 156 km with a mean length of ~61
km (median = ~54 m, n = 53). Wrinkle ridges in Mare Frigoris range in relief from
~56 to 248 m (n = 16) and lengths from ~23 to 74 km (n = 16). Wrinkle ridges in
Oceanus Procellarum have relatively shorter relief ridges with longer length than
those in Frigoris.

Wrinkle ridges in Oceanus Procellarum have the largest mean length on the
Moon and in non-mascon regions at ~61 km (median = ~54 km) (Figure 4-6C, Table
4-5). The longest wrinkle ridges in a mascon basin are in Mare Imbrium with mean
lengths of ~60 km (median = ~38 km, n = 18). The interquartile range for the relief

of wrinkle ridges in Mare Serenitatis and Mare Frigoris are similar, differing by less
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than ~30 m. Wrinkle ridges in Mare Serenitatis have a mean relief of ~178 and range
in relief from ~92 to 265 km (n = 24), while wrinkle ridges in Mare Frigoris cover a
similar, but slightly wider range of reliefs (n = 16). Wrinkle ridges in Mare Crisium
and Mare Imbrium have the largest mean relief (~225 (n = 19) and 217 m (n = 18)
respectively). Wrinkle ridges located in mascon basin regions tend to have slightly
wider ranges in relief, including some of the largest relief wrinkle ridges on the
Moon, than those in non-mascon regions and are slightly shorter in length (Figure 4-
6C). However, overall the dimensions of wrinkle ridges on the Moon are fairly

similar.

4.6 Interpretation — Relief and length comparison

4.6.1 Wrinkle ridges on Mercury and the Moon

A population of wrinkle ridges on Mercury and the Moon are similar in length
and relief. The aspect ratios indicates a similar scaling relationship for wrinkle ridges
in the mascon and non-mascon environments on Mercury and the Moon, suggesting
similar processes are generating wrinkle ridges on both bodies (Figure 4-D1). Most
of the wrinkle ridges on Mercury taller and longer than wrinkle ridges on the Moon.
This is true especially in the northern smooth plains and Caloris exterior plains where
wrinkle ridge relief exceeds 400 m. There are ~20 lunar wrinkle ridges that have
slightly lower relief (only a few tens of meters) than wrinkle ridges on Mercury. A

few lunar wrinkle ridges are very slightly shorter in length than those on Mercury, by
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Table 4-5. Lunar wrinkle ridge relief and length statistics by location

Location Minimum 5% 25% Median Mean 75% 95% Maximum  (#)
Wrinkle ridges located in lunar mascons

Mare Crisium

Relief (m) 47 78 101 232 225 285 440 590 19
Length (km) 14 15 20 32 37 50 71 74 19
L/R aspect ratio 33 78 124 150 210 283 401 587 19
Mare Serenitatis

Relief (m) 36 75 104 161 178 248 307 344 24
Length (km) 10 17 21 34 45 43 94 241 24
L/R aspect ratio 70 87 137 210 480 280 446 6616 24
Mare Imbrium

Relief (m) 76 76 134 190 217 281 427 432 18
Length (km) 10 21 28 38 60 69 180 204 18
L/R aspect ratio 54 86 131 255 321 425 644 1286 18
Wrinkle ridges located in lunar non-mascons

Oceanus Procellarum

Relief (m) 52 73 119 151 159 193 270 358 53
Length (km) 15 19 37 54 61 78 127 156 53
L/R aspect ratio 123 136 234 362 411 556 807 1133 53
Mare Frigoris

Relief (m) 57 59 69 120 152 216 317 391 16
Length (km) 13 15 30 45 49 61 96 103 16
L/R aspect ratio 49 116 203 376 440 578 907 1640 16
Wrinkle ridge - Lobate scarp transitions

Relief (m) 33 54 106 175 186 197 391 426 10
Length (km) 13 18 25 35 42 58 79 93 10
L/R aspect ratio 102 116 139 180 309 478 671 798 10
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only a few meters; however this determination approaches the uncertainty level
associated with the length measurements.

I suggest that the larger dimensions of wrinkle ridges on Mercury is due to a
more significant component of global contraction. In the following sections, |
analyze the dimensions of wrinkle ridges more closely by examining wrinkle ridges

in mascon and non-mascon environments and by region on Mercury or the Moon.

4.6.2 Mascon and non-mascon environments

Mascon-basin environments are associated with large impact events. Large
impacts are expected to reset regional and global background stress fields [Freed et
al., 2009; Watters et al., 2009b]. Therefore, it is likely that contractional strain
accommodated by wrinkle ridges in the mascon-basins (i.e. the Caloris basin, Mare
Crisium, Mare Serenitatis, and Mare Imbrium) were dominated by basin-localized,
load induced subsidence generated infilling of basalt and basalt-like volcanic plains.

Wrinkle ridges in the interior plains of the Caloris basin, centered on a
positive free-air gravity anomaly, had generally smaller reliefs and lengths than those
in the Caloris basin exterior plains and northern smooth plains (with the exception of
wrinkle ridges located on the topographic rise in the northern smooth plains (Figure
4-6C). Wrinkle ridges in the northern smooth plains, which lacks any positive free-
air gravity anolamies, have generally greater mean relief and length than ridges
confined to the interior plains of Caloris. The great dimensions of the non-mascon
wrinkle ridges in the northern smooth plains, in some cases extending to over 600 m
in relief, are likely due to the combination of compressional stresses from flexural

induced subsidence and global contraction.
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Oceanus Procellarum and Mare Frigoris on the Moon lack positive free-air
gravity anomalies, typical of mascons [Konopliv et al., 2001; Watters and Johnston,
2010; Zuber et al., 2013] yet maintain similar wrinkle ridge dimensions to those in
mascon basins. In particular, the distribution of length-relief relationships of wrinkle
ridges in Mare Frigoris are similar to those in Mare Serenitatis. Since the amount of
global contraction on the Moon is small, it is most likely that the majority of wrinkle

ridges on the Moon are generated primarily by subsidence.

4.6.3 Comparison of statistics by region

Mercurian wrinkle ridges

The relief of wrinkle ridges in the northern smooth plains and Caloris exterior
plains are larger than those in the interior plains of the Caloris basin. This difference
in relief may be explained predominately by the amount of contraction contributed by
either basin-localized subsidence or global contraction. The majority of wrinkle
ridges in the Caloris exterior plains are greater in relief than those in the Caloris basin
interior. The smallest relief wrinkle ridges occur near the center of the Caloris basin
(Figure 4-2B). In contrast, ~75% of wrinkle ridges in the interior and exterior plains
have similar lengths. The small relief and basin concentric orientation of wrinkle
ridges in the interior of the Caloris basin suggest they were most likely generated by
solely subsidence related contraction [Maxwell et al., 1975; Maxwell and Gifford,
1980; Watters et al., 2009b]. | suggest that the existence of larger relief ridges in the
Caloris exterior plains reflect components of both global contraction and subsidence

associated with loading of volcanic lavas.
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The interquartile range of wrinkle ridge relief in the northern smooth plains
overlaps that of wrinkle ridges in the Caloris basin interior. This means that wrinkle
ridges with similar relief to those in the Caloris basin interior can also be found in the
northern smooth plains. However, many wrinkle ridges in the northern smooth plains
have a larger relief. More than half the population of wrinkle ridges in the Caloris
exterior plains have a similar relief to wrinkle ridges in the northern smooth plains
and a few ridges in the exterior plains have greater relief than those in the northern
smooth plains. Wrinkle ridges on the northern topographic rise in Mercury’s northern
smooth plains range in relief from ~112 to 937 m (n = 15). This range of relief falls
within a broader range of reliefs (~149 to 426 m, n = 31) for wrinkle ridges measured
outside the rise. Wrinkle ridges located near the boundary of the northern smooth
plains tend to have larger reliefs (Figure 4-2A).

Lunar wrinkle ridges

The positive free-air gravity anomalies associated with Mare Serenitatis,
Crisium, and Imbrium indicates the existence of thick layers of mare basalt [Konopliv
et al., 2001]. The loading of these dense basalts on the lithosphere cause the flexural
bending and subsidence responsible for the formation of the basin concentric and
radial wrinkle ridges that correlate with the shape of these basins (Figure 4-3B)
[Solomon and Head, 1980]. No major mascon-like gravity anomalies have been
observed in Mare Frigoris or Oceanus Procellarum, however wrinkle ridges deform
the mare basalts in this region [Williams et al., 2012].

The relief of lunar wrinkle ridges in Mare Frigoris, a non-mascon, is very

similar in average relief to those in Mare Serenitatis, a mascon basin [Maxwell et al.,
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1975; Solomon and Head, 1980] (Figure 4-6C). Yet the length of wrinkle ridges in
Mare Frigoris are ~1.8 times longer than those in Mare Serenitatis. Similarly, the
standard deviation envelopes for the relief of wrinkle ridges in Mare Crisium and
Mare Imbrium also overlap with the relief of wrinkle ridges in Mare Frigoris but the
mean relief is ~70 m higher. Approximately 56% of lunar wrinkle ridges in Mare
Imbrium and Mare Crisium are larger in relief than wrinkle ridges in the non-mascon
basins on the Moon. However, wrinkle ridges with the largest mean relief are located
in Mare Crisium (~261 m), followed by Mare Imbrium (~239 m), and then Mare
Serenitatis (~184 m). While variations in the dimensions of wrinkle ridges for each
mare basin exist, overall there are no statistically significant differences between
those in mascon and non-mascon environments. The existence of wrinkle ridges
with comparable dimensions in both mascon and non-mascon settings indicates that

significant subsidence and contraction occurred without superisostatic loading.

4.7 Elastic dislocation modeling

To evaluate how differences in relief on wrinkle ridges correspond to the
amount of displacement on associated faults in the subsurface, | used the elastic
dislocation modeling software Coulomb [Lin and Stein, 2004; Toda et al., 2005] to
predict the expected topographic expression associated with wrinkle ridges resulting
from displacement on a listric thrust in the subsurface. Elastic dislocation modeling
has been used to successfully model the subsurface geometry, amount of slip, and
depth of faulting responsible for creating wrinkle ridges on Mars [Watters, 2004],

lobate scarps on Mars, Mercury, and the asteroid 433 Eros [Schultz and Watters,
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2001; Watters et al., 2002; Egea-Gonzalez et al., 2012; Watters et al., 2011b], and
terrestrial faults [Stein and King, 1984; King et al., 1988; Stein et al., 1988; Bilham
and King, 1989; King and Ellis, 1990; Taboada et al., 1993; King et al., 1994]. |
constrained the maximum depth of faulting and amount of cumulative slip required to
produce the topographic expressions of one of the largest scale wrinkle ridges on
Mercury (M-NSP5, relief = ~843 m) and the Moon (L-FR4, relief = ~391 m) (Figure
4-8).

Although there is consensus that wrinkle ridges are compressional tectonic
features formed by folding and thrust faulting, several specific kinematic models have
been proposed for their formation [Schultz, 2000; Watters, 2004]. The proposed
geometry of faults in the subsurface include: fault-bend folding and fault-propagation
models [Suppe and Connors, 1992], multiple-fault models that involve deformation
over a blind thrust and development of a backthrust [Schultz, 2000; Golombek et al.,
2001], or an array of thrust faults that intersect a mechanically weak décollement
[Okubo and Schultz, 2003]. However, the broad low relief arch and superimposed
ridge typical of wrinkle ridge morphologies can be obtained simply by contraction on
a blind listric fault that flattens into a décollement [Watters, 2004]. For simplicity, |
chose the listric geometry for these models.

Following Watters [2004], | approximate a listric geometry by connecting
planar fault segments of varying lengths with dip angles 6 of 30°, 10°, and 5° with a
nearly flat (0.01°) final segment. Since | observed no obvious surface breaks
associated with the wrinkle ridges, the thrusts are assumed to be blind with the upper

tip 0.1 km below the surface [Schultz, 2000]. 1 fixed the upper tip of the near-surface
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Figure 4-8. Numerical models of one of the largest wrinkle ridges on Mercury and the Moon

A) One of the largest wrinkle ridges on Mercury, M-NSP5 (relief = ~843 m; 250 m/pixel MDIS WAC
monochrome mosaic; north polar projection), and B) the Moon, L-FR4 (relief = ~391 m; ~100
m/pixel LROC WAC monochrome mosaic; Equirectangular projection). C) Detrended topographic
profile across these wrinkle ridges shown with corresponding best-fit listric thrust fault models. The
listric geometry for these wrinkle ridges is approximated by fault segments with fault-plane dip
angles () ranging from 30° to 0° where the final fault segment flattens into a décollement at a
maximum depth of faulting T [Watters, 2004] (Tables 4-6 and 4-7). | varied the amount of
displacement D on each fault segment until the permanent vertical surface displacement predicted by
the model (dotted line) best fits the topography. The depth of faulting is not to scale. Vertical
exaggeration of the topography is ~ 50:1.
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thrust fault segment under the edge of the vergent side of the wrinkle ridge and the
lower tip is placed near the inner edge of the arch where the fault flattens into the
décollement (Figure 4-8). The length L, depth T, dip 8, and amount of slip D on the
fault segments are free parameters. | used a Young’s modulus E of 80 GPa, a
Poisson’s ratio n of 0.25, and a coefficient of friction of 0.4, which are comparable to
parameters used to model deformation associated with fault offset in terrestrial
continental crust and on Mercury [Burgmann et al., 1994; King et al., 1994; Freed
and Lin, 1998; Watters et al., 2002].

I used a tapered slip distribution, by accommodating smaller amounts of slip
on the uppermost segments and larger amounts of slip on lower segments that form
the listric geometry, which allows modeling of the broad arch and superimposed ridge
(major morphologic elements) of wrinkle ridges and avoids unrealistically large
concentrations of stress near fault tips predicted by uniform slip [Toda et al., 1998;
Watters, 2004]. | iteratively adjusted the amount of slip and length of the fault
segments until the modeled topographic expression of the surface best fit the
measured relief across each wrinkle ridge. All models are two-dimensional and
designed to reflect the maximum surface displacement expected along the ridge.

My best fit model for one of the largest wrinkle ridges in Mercury’s northern
smooth plains (M-NSP5), incorporated a cumulative slip of ~12 km (sum of slip on
individual fault segments) on a listric fault with a maximum depth of ~5.85 km (depth
of décollement) (Figure 4-8, Table 4-6). | used a similar fault geometry to model one
of the largest wrinkle ridges on the Moon in Mare Frigoris (L-FR4). The best fit

model | obtained for this lunar wrinkle ridge included cumulative slip of ~4.9 km on a
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Table 4-6. Parameters for the listric thrust beneath mercurian wrinkle ridge M-NSP5

Segment number L (km) 0° T (km) D (m)
1 1 30 0.677 1000
2 30 1.250 1300
3 11 10 3.190 2000
4 11 10 5.130 2250
5 8 5 5.830 2500
6 85.9 0.01 5.85 3000

Table 4-7. Parameters for the listric thrust beneath lunar wrinkle ridge L-FR4

Segment number L (km) 0° T (km) D (m)
1 15 30 0.98 200
2 0.5 30 1.255 200
3 6 10 2.315 850
4 6 10 3.375 1000
5 7 5 3.981 1250
6 85.9 0.01 4 1400
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listric fault with a maximum depth of faulting of ~4 km (Figure 4-8, Table 4-7).
Iterative modeling indicated that the large differences in relief between wrinkle ridges
on the Moon and Mercury could be accounted for using listric faults with the same
overall geometry but with proportionally smaller fault segments [Watters, 2004].
Subtle differences in morphology, or the overall shape of the wrinkle ridges, are
controlled by a combination of the amount of slip and length of each fault segment.
Note that the resolved cumulative slip represents the total accumulation of slip on the
fault segments as the structure developed over time.

My models indicated that the cumulative slip on the fault underlying the
largest wrinkle ridge on Mercury is up to ~2.5 times greater than the largest wrinkle
ridge on the Moon. The depth of faulting I constrained in these models indicated that
the maximum depth of faulting for the mercurian wrinkle ridge is ~1.5 times greater
than the lunar wrinkle ridge. The ratio of the cumulative slip to the maximum depth
of faulting is ~2 for the wrinkle ridge on Mercury and ~1.2 for the wrinkle ridge on
the Moon. Therefore, the ratio of the cumulative slip to depth of faulting is ~1.7
times greater for the largest wrinkle ridge on Mercury compared to the largest wrinkle
ridge on the Moon.

In order for faults beneath these wrinkle ridges to form, a preexisting
horizontal weakness or discontinuity must exist at the depth of the décollement
[Watters, 2004]. A likely candidate for a discontinuity for the wrinkle ridge in
Mercury’s northern smooth plains (M-NSP5) is the interface between the smooth

plains material and the underlying crust.
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Previous estimates of the thickness of the plains unit from the size of buried
impact craters indicated that the plains thickness locally exceeded 1 to 2 km in
Mercury’s northern smooth plains [Head et al., 2011]. My modeling constrains the
thickness of Mercury’s northern smooth plains to at least ~5.85 km, the maximum
depth of faulting at the depth of the décollement. Similarly, | constrain the thickness
of the mare basalt in Mare Frigoris on the Moon to ~4 km, the depth of the
décollement for my elastic dislocation model of L-FR4. Note however that these
models are non-unique and different geometries and amounts of slip could also

explain the topographic expression we observe across these wrinkle ridges.

4.8 Discussion

Wrinkle ridges that deform volcanic rocks on Mercury and the Moon, both
relatively small one-plate planetary bodies, reflect similar processes of tectonic
deformation [Maxwell and Gifford, 1980; Watters, 1988; Schultz et al., 2006; Head et
al., 2009]. In general, the populations of wrinkle ridges on Mercury and the Moon
are similar in morphology but there are statistically significant differences in length
and relief (Figure 4-6 and Figure 4-7) that reflect differences in the tectonic evolution
of each body.

The radius of Mercury is 2440 km, ~1.4 times larger than the Moon (radius =
1737.4 km). Differences in gravity or the volume of Mercury or the Moon may
account in part for these difference in wrinkle ridge dimension [Schultz et al., 2006].
Globally distributed lobate scarps on Mercury and the Moon are believed to have

formed primarily from horizontally isotropic compressional stresses resulting from
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global radial contraction [Strom et al., 1975; Solomon and Head, 1979; Watters et al.,
1998; Watters et al., 2004; Solomon et al., 2008; Watters et al., 2009c; Watters and
Nimmo, 2010; Watters et al., 2010]. The distribution of small scale lunar lobate
scarps, with maximum reliefs <100 m and proportionally smaller lengths (less than
tens of kilometers), indicate only ~100 m radial global contraction of the Moon
[Watters and Johnston, 2010; Watters et al., 2010; Watters et al., 2012a].
Conservative estimates for the amount of global contraction from thrust faults on
Mercury suggest a decrease in radius of no more than ~1 to 2 km [Strom et al., 1975;
Watters, 1988; Watters et al., 1998; 2009c; 2013], although some estimate the radius
change to be as high as ~2.4-3.6 km [Di Achille et al., 2012]. Regardless, these
estimates indicate that global contraction was at least an order of magnitude greater
on Mercury than on the Moon.

My statistical analysis indicates that wrinkle ridges in the interior of the
Caloris basin are smaller in relief and length than those in the northern smooth plains
or Caloris exterior plains. However, wrinkle ridges in the northern smooth plains and
Caloris exterior plains have similar dimensions. It is likely that the impact event that
formed the Caloris basin modified the pre-existing surface deformation, especially in
the interior of the basin [Freed et al., 2009], temporarily resetting the stress field and
isolating the basin from background global compressional stresses. Thus, the
compressional stresses that formed the wrinkle ridges in the interior plains of Caloris
were probably dominated by flexure induced subsidence [Freed et al., 2009; Watters

et al., 2009b].
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The depth and extent of the impact damage zone diminishes with increasing
radial distance from the impact center [Freed et al., 2009]. Much of the Caloris
exterior plains are probably too far away from the impact damage zone for pre-
existing deformation to have been completely reset. Wrinkle ridges in the northern
smooth plains and Caloris exterior plains are larger than those in the Caloris interior
plains because they are likely the result of a combination of compressional stresses
due to subsidence and global contraction.

The small amount of global contraction on the Moon (<100 m indicate that
compressional stresses due to flexure induced subsidence predominately formed the
lunar wrinkle ridges. Wrinkle ridges located in mascon basins, including Mare
Serenitatis, Mare Crisium, and Mare Imbrium, although slightly larger in dimension
than wrinkle ridges in non-mascon regions, Oceanus Procellarum and Mare Frigoris,
are not statistically significantly different. Although the similarity of lunar wrinkle
ridges, particularly in Mare Frigoris, to the relief of wrinkle ridges in the mascon
basins environments is puzzling, it suggests comparable compressional stresses due to

flexure induced subsidence in both mascon and non-mascon environments.

4.9 Conclusions
I reach the following main conclusions from my morphometric analysis and
numerical modeling:
1. Wrinkle ridges on Mercury are ~2.2 times higher and ~1.8 times longer in

mean relief and length than wrinkle ridges on the Moon.
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2. Wrinkle ridges on Mercury fall within an envelope ranging from ~112 to 961
m in relief and ~27 to ~362 km in length. On the Moon, wrinkle ridges fall
within an envelope ranging from ~33 to 590 m in relief and ~10 to 241 km in
length.

3. Wrinkle ridges in the northern smooth plains and the Caloris exterior plains
are larger than those in the Caloris interior.

4. Elastic dislocation modeling indicates that the amount of cumulative slip on
underlying thrust faults is ~2.5 times greater on Mercury than on the Moon for
the largest wrinkle ridges.

I suggest that varying combinations of global contraction and subsidence on

Mercury and the Moon likely explain these differences in wrinkle ridge

dimension and that the largest relief wrinkle ridges located in the northern smooth

plains and Caloris exterior plains on Mercury were generated by a combination of

compressional stresses due to subsidence and global contraction.

156



Chapter 5: Synthesis and future work

5.1 Synthesis

My comparison of relief-length relationships of wrinkle ridges on Mercury
and the Moon indicated that there is a larger component of global contraction on
Mercury (Chapter 4). Tectonic deformation on Mercury and the Moon dates back as
far as ~3.5 to 4 billion years [Boyce, 1976; Solomon et al., 2008; Watters et al., 2004;
2009¢c; Watters and Johnston, 2010; Watters and Nimmo, 2010], while the current
eastern U.S. has only been an intraplate region since the end of the early Jurassic
rifting following the Paleozoic Appalachian orogeny [Manspeizer et al., 1989; Poag
and Sevon, 1989; Williams, 1995; Weems and Olson, 1997; Kunk et al., 2004; 2005;
Southworth et al., 2006, Blackburn et al., 2013].

New imagery and altimetry data returned from the MESSENGER and LRO
spacecraft offer a unique opportunity to view an intraplate environment that has been
deforming over a longer period of time than in the central and eastern U.S. The
surfaces of Mercury and the Moon may reflect several generations of faulting,
revealing varying time periods in which the stress field changed orientation,
imprinting on top of pre-existing features. If the processes that drive tectonic
deformation in intraplate regions manifest themselves on the surface more clearly as
longer periods of time elapse, or if there is no vegetation, weathering, and erosion,
perhaps the pattern of faulting on Mercury and the Moon can provide insight into the

mechanisms driving tectonic deformation in the central and eastern U.S. on Earth.
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5.1.1 Zones of pre-existing weakness in the crust

The largest relief wrinkle ridges in the northern smooth plains imply large
amounts of stress were accommodated at these locations. The faults associated with
the largest relief wrinkle ridges could be characterized as pre-existing weaknesses in
the crust where stress is most easily accommodated. Seismicity in the central and
eastern U.S. appears to concentrate in zones where previous large magnitude
earthquakes have occurred (e.g. the site of the 1811 — 1812 New Madrid earthquakes
or the 1886 Charleston earthquake). In some cases, the sites of previous large
magnitude earthquakes or concentrations of low to moderate magnitude seismicity in
the central and eastern U.S. (i.e. the Central Virginia Seismic Zone) coincide with
lapetus rift structures [Mazzotti and Townend, 2010]. This suggests that the
occurrence of the Mineral earthquake in the Central Virginia seismic zone, a pre-
existing zone of weakness, is not unexpected. In fact, the slow aftershock decay rate
associated with the Mineral earthquake implies that earthquakes in the epicentral
region of the Mineral earthquake might continue for a decade or longer.

5.1.2 Seismicity and patterns of faulting in intraplate regions

The presence of young lunar graben, contractional lobate scarps, and wrinkle
ridge — lobate scarp transitions (perhaps 50 Myr old) could be related to shallow
moonquakes (<100 km depth) recorded during the Apollo era passive seismic
experiment between 1969 and 1977 (28 shallow moonquakes recorded), indicating
that significant tectonic activity has occurred on the Moon relatively recently
[Nakamura et al., 1979; Nakamura et al., 1981; Watters et al., 2010; Watters and

Johnson, 2010; Watters et al., 2012b]. Similarly, the presence of tectonic features on
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Mercury’s surface suggests that Mercury might have experienced recent shallow
seismicity. While seismicity on Mercury and the Moon may be tied to relatively
young tectonic features, earthquakes in the central and eastern U.S. are often difficult
to tie to previously identified faults. This poses the question: are we not able to
identify active faults in the central and eastern U.S. because they are difficult to detect
due to vegetation and human infrastructure, or do seismic events in intraplate regions
tend to activate new faults rather than re-activating previously active faults?

The random distribution and orientations of cross-cutting wrinkle ridges in the
northern smooth plains of Mercury are quite similar to patterns of faulting observed
in the Mid-Atlantic region of the central and eastern U.S. (Figure 5-1 and 5-2). The
Mid-Atlantic region of the central and eastern U.S. shows evidence of cases in which
pre-existing faults were reactivated (e.g. the Stafford fault zone) as well as cases in
which new faults formed in order to adapt to the current stress field (e.g. the DC fault
zone). It is probable that the preference to either re-activate a pre-existing fault or
form a new fault depended on the orientation of the stress field at the time in which
the fault formed. Reactivated faults in the central and eastern U.S. may be similar to
the largest relief wrinkle ridges on Mercury and the Moon, where underlying faults
are pre-existing weaknesses in the crust that act as conduits allowing stress to be
relieved. Conversely, if stress is acting on the crust in a direction in which there is no
pre-existing fault, eventually a new fault may form with a different orientation than

these faults in order to accommodate stress.
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Figure 5-1. Complex patterns of faulting in Mercury’s northern smooth plains

Example of a complex tectonic environment surrounding wrinkle ridge M-NSP3 (73.26°N, 76.07°W)
in Mercury’s northern smooth plains. MLA DEM overlaid on the MDIS WAC 250 m/pixel mosaic
illuminates the presence of a line of east-west trending large diameter ghost craters (~60 km) to the
south and a line of smaller diameter ghost craters (~40 m) to the north. The presence of ghost craters
near the wrinkle ridge produce complex topographic profiles that in some cases make it difficult to
distinguish the topographic expression of the wrinkle ridge from the ghost craters.
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Figure 5-2. Cross-cutting wrinkle ridges in the northern smooth plains

The density of wrinkle ridges alone may explain the complexity revealed by topographic profiles
crossing wrinkle ridges in Mercury’s northern smooth plains. However, cross-cutting relations visible
in the 250 m/pixel global monochrome mosaic (A, B, and C: north polar projection) and what appear
to be stacks of wrinkle ridges (B) may indicate multiple episodes of deformation have occurred in the
northern smooth plains. Locations of maps are shown on an orthographic projection (center latitude =
66.87°N, center longitude = 43°E) of the MLA DEM overlaying the 500 m/pixel global monochrome
mosaic. Inset in image A is one of the largest wrinkle ridges on Mercury modeled in Chapter 4.
Transects and topographic A to A’ and B to B’ are from MLA tracks.
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On the Moon, the majority of wrinkle ridges form concentric rings parallel to
basin borders, suggesting they were created due to subsidence (Figure 4-3B).
However, in some locations wrinkle ridges transition into lobate scarps cutting across
rocks in both the mare basins and in the highlands. These wrinkle ridge — lobate
scarp transitions are attributed to global contraction and are good examples of cases
when the pattern of faulting diverges from the regional pattern in order to
accommodate the current, dominant stresses. Initial analysis shows that the rupture
plane of the Mineral earthquake dips in a similar direction as pre-existing faults and
the regional foliation, but appears to have a steeper dip than any pre-existing features.
We await modern reprocessing of geophysical data collected in the epicentral region
to see if any small scale pre-existing structure existed before the Mineral earthquake,
but it is possible that the earthquake ruptured on a new fault in order to adjust to the
current day stress field.

5.1.3 Contributions to the regional stress field

By their nature, many of the components driving intraplate seismicity deform
the surface over large regions, or spatially broad zones, that span hundreds to
thousands of kilometers. Instead of concentrating stress in a narrow zone like at
tectonic plate boundaries, rocks within intraplate regions must adjust to stress over
wide, spatially diffuse, regions. A variety of mechanisms could be responsible for
triggering intraplate seismicity in the Mid- Atlantic region of the central and eastern
U.S. [Stein et al., 1989]: topographic relaxation of the Appalachians [Ghosh et al.,
2009], loading of water and sediments in the Chesapeake Bay and on the Atlantic

margin [Calais et al., 2010], isostatic uplift from melting of the Laurentide ice sheet
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from the last glacial maximum (12,000 years ago) [Calais et al., 2006; Sella et al.,
2007; Stewart et al., 2000], or ridge push generated by the cooling of the oceanic
portion of the North American plate [Zoback, 1992]. On other planets, subsidence
due to loading from thick sequences of lava and global contraction generated by
interior cooling are the largest contributors to the stresses that generate tectonic
features on the surface [Strom, 1970; Maxwell et al., 1975; Solomon et al., 2008].

5.1.4 Spatially migrating seismicity and Coulomb stress transfer

The regional extent in which stresses can act within intraplate regions may
explain why many events in the CEUS seem to occur randomly in locations far away
from any pre-existing seismic zone or known fault (e.g. the July 2010 Germantown
earthquake). Some researchers suggest that seismicity in intraplate regions is
spatially migrating, so that the same fault never ruptures twice [Liu et al., 2011].
Although I concluded that the magnitude of stress transferred from the Mineral and
Germantown earthquakes was small, static stress transfer may play a role in the
geospatial distribution of tectonic features in intraplate regions. Stress transfer from
previous earthquakes could drive spatially migrating seismicity. For example, the
stress transferred from the 2003 earthquakes in the Central Virginia Seismic Zone
may have triggered the Mineral earthquake to the northeast (Figure 2-2). Therefore,
the next earthquake may occur in a seismic gap or regions that have not yet
experienced seismicity rather than in locations were previous earthquakes have

occurred.
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5.1.5 Overall conclusions

By comparing patterns of tectonic deformation on Mercury and the Moon to
the central and eastern U.S., | can make the following conclusions about the
characteristics of intraplate regions:

1. Pre-existing zones of weakness in the crust can concentrate seismicity and

deformation for long periods of time.

2. The orientation of the stress field in intraplate regions fluctuates over time
due to the timing and duration of various factors contributing stress. The
complex patterns of faulting in intraplate regions are due, in part, to faults
accommodating changes in the stress field over time.

3. The transfer of stress from earthquakes over time may drive spatially

migrating seismicity.

5.2 Future directions of research and closing remarks

5.2.1 Coulomb stress accumulation and monitoring

Since earthquakes in intraplate regions tend to have low to moderate
magnitudes, only small amounts of stress are transferred from individual events to
nearby faults. While alone these changes in stress may seem negligible, mapping
migration of stress over time and documenting its accumulation in the crust is vital to
understanding seismicity in passive margins. Although the absolute state of stress in
intraplate North America (including the amount of stress contributed by each
component to the stress field over time) is largely unknown, we can use existing

geologic and seismic data as a starting point. Continued monitoring of stress transfer
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after moderate magnitude events occur may enable us to track the migration of stress
over time, and thus the timing and location of future intraplate earthquakes.

5.2.2 The potential of LIDAR as a tool for understanding patterns of faulting

One of the challenges of deciphering patterns of faulting in the central and
eastern U.S. is that many tectonic features are obscured by vegetation and human-
modification to the topography (e.g. city development). The emergence of high-
resolution digital elevation models produced from Light Detection and Ranging
(LIDAR) offer a new tool for finding and characterizing recently active scarps in
densely forested and metropolitan regions [Harding and Berghoff, 2000; Engelkemeir
and Khan, 2007; Sherrod et al., 2004]. High resolution LIDAR elevation data
collected in the epicentral region of the Mineral earthquake (Figure 3-4) offer an
opportunity to map and characterize active faults in the CVSZ. These new data
combined with continued geologic field mapping of pre-existing faults in the central
and eastern U.S. will enable us to improve our knowledge of periods of tectonic
deformation that shaped the landscape in the past and thus our ability to identify
regions of active deformation and possible zones of pre-existing structural weakness
in intraplate North America.

Comparison of the pattern of faulting in the central and eastern U.S. to
southeast Australia, which is located in an intraplate environment, may yield
promising results. Low erosion rates and sparse vegetation have enabled the
development of a new dataset of intraplate Quaternary active structures in Australia,
developed by Geoscience Australia [Clark, 2010; Clark et al., 2011; Quigley et al.,

2010]. This database includes information on large, surface-rupturing earthquakes,
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spanning tens of thousands of years, based on the preservation of recently active fault
scarps in the landscape [McPherson et al., 2012]. The Southeast seismic zone exists
in a tectonic domain similar to the Appalachians, Piedmont, and Coastal Plain of the
central and eastern U.S. and offers an analog for understanding intraplate seismicity
in the Central Virginia seismic zone (site of the Mineral earthquake) in particular
[Leonard, 2008]. This domain is comprised of Phanerozoic crust, including arcs and
mobile belts, which was accreted to the eastern margin of Australia during the
Paleozoic and is reminiscent of the Paleozoic contraction and Mesozoic extension
that formed the Appalachians [Williams, 1995; Clark et al., 2011].

Geoscience Australia plans to collect a high-resolution LIDAR-derived
elevation model of quaternary-active scarps in southeastern Australia (e.g. the
Avonmore scarp), which will offer the opportunity to compare the LIDAR data
collected in the region of the Mineral earthquake to another intraplate region.
Further, examination of the patterns of faulting in Australia may enable us to work
out the importance of different components to the stress field in the central and
eastern U.S., as our comparison of Mercury to the Moon helped us work out relative
contributions of global contraction and subsidence.

5.2.3 Arrival of EarthScope and need for more dense seismic network

The role of remote triggering due to the passage of seismic waves in intraplate
environments is yet to be confirmed. The arrival of EarthScope to the eastern U.S. in
2013 will temporarily improve our ability to detect smaller magnitude earthquakes
that may be associated with long-distance triggering and provide an opportunity to

characterize the regional crustal structure. Installation of more permanent seismic
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stations in the central and eastern U.S. to increase the density of the detection network
is needed to more robustly monitor seismicity rate changes, which in addition to
evaluating if the phenomena of remote triggering exists in intraplate region, may be
key to deciphering the recurrence interval of earthquakes in passive margins.

5.2.4 Opportunity to advance our understanding of tectonics on other planets

The MESSENGER and LRO spacecraft are still in orbit and continue to
provide high-resolution imagery and altimetry data of tectonic features on the
surfaces of Mercury and the Moon. Continued mapping of wrinkle ridges and other
tectonic features will enable us to more accurately estimate the amount of global
contraction on Mercury and the Moon, recount their tectonic histories, and thus
advance our understanding of tectonic deformation on other planets. Continued
morphometric characterization of wrinkle ridges on each planet and conversion of
reliefs to displacement would allow us to more accurately estimate the amount of
contraction on the faults underlying each ridge, thus enabling us to possibly resolve
the thickness of smooth plains material in which wrinkle ridges reside and estimate
the amount of regional subsidence. In particular, the effort to decipher patterns of
faults on Mercury’s surface may lead to an opportunity to understand patterns of
faulting in intraplate regions on Earth, and thus our ability to improve seismic hazard
mitigation procedures in these environments.

New measurements of wrinkle ridge relief from MESSENGER and LRO
orbital data indicate that there are larger relief wrinkle ridges on Mercury and the
Moon than recognized previously [Watters, 1988] (Figure 5-3). The range of ridge

reliefs for lunar wrinkle ridges is most similar to those on Mars. Wrinkle ridges
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Figure 5-3. Comparison of wrinkle ridges on the terrestrial planets and the Moon

Range of relief for wrinkle ridges on Mercury, Earth, the Moon, and Mars. Grey bars are from Watters
[1988] and blue (Mercury) and red (the Moon) bars are from this study. Notice larger relief wrinkle
ridges than previously measured were found on Mercury and the Moon using new orbital data from the
MESSENGER and LRO spacecraft. All bodies contain a population of wrinkle ridges ranging from
~190 to 460 m in relief. Differences in wrinkle ridge relief are likely caused by varying contributions
of load induced subsidence and global contraction due to interior cooling.
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located in the basalts of the Columbia River Plateau in the Pacific Northwest on Earth
have the narrowest range of reliefs. While there are subtle differences in the
dimensions of wrinkle ridges on an each body, notice that there is a population of
wrinkle ridges ranging from ~190 to ~460 m in relief on all the terrestrial planets and
the Moon.

I suggest that the subtle differences in relief exist due to varying contributions
of load induced subsidence and global contraction. The amount of subsidence due to
loading on the lithosphere is most likely controlled by the basin size, as well as the
thickness of smooth plains material and their composition. Similarly, the contribution
of global radial contraction due to interior cooling is probably caused by a
combination of planet radius, internal structure, and composition. Comparing the
dimensions of wrinkle ridges on Mercury and the Moon allowed the dominant
components of the stress field to be resolved. Therefore, perhaps a similar
comparison of tectonic features in the central and eastern U.S. to those in
southeastern intraplate Australia would enable components of the stress field in
intraplate environments on Earth to be constrained.

5.2.5 Seismic hazard re-evaluations for the central and eastern U.S.

The occurrence of the Mineral earthquake has spurred the need for seismic
hazard re-evaluation in the central and eastern U.S. The next step would be to
integrate the results of this research into the new ongoing seismic hazard re-
evaluations for the central and eastern U.S. led by government agencies, particularly

the Nuclear Regulatory Commission, and ongoing research in the geologic consulting
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industry regarding safe siting and operation of nuclear reactors and construction of
new critical facilities including bridges, dams, tunnels, and hospitals.

My analysis of stress transfer in the aftershock zone demonstrates that stress
transfer plays a role in the triggering of earthquakes in intraplate environments and
should therefore be incorporated in the seismic hazard evaluations. The recent
release of the databases in the CEUS-SSC project (http://www.ceus-ssc.com/) is a
good starting place for re-evaluating seismic hazard in the central and eastern U.S.
However, the influence of the Mineral earthquake, which occurred after the release of
this project, needs to be incorporated into seismic hazard re-evaluation. Continued
monitoring and analysis of earthquakes in the central and eastern U.S. will advance
our understanding of the mechanisms that trigger seismicity in intraplate regions, as
well as in tectonic plate boundary zones, and thus our ability to mitigate the effects of

the next large magnitude earthquake.
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Appendices

Appendix 2-A: Data and Resources for Chapter 2

The Aftershock data for the region of the Mineral earthquake are available from
Saint Louis University Earthquake Center who deployed a temporary seismic
network in the region between 23 August 2011 and 2 May 2012 at
http://www.eas.slu.edu/eqc/eqc_significant/2011_Virginia/aftershock.html (last
accessed September 2012).

The location of the 23 August 2011 Mineral earthquake’s mainshock is available
from the USGS at
http://earthquake.usgs.gov/earthquakes/recenteqsww/Quakes/se082311a.php. The
USGS/SLU Moment Tensor Solution for the Mineral earthquake is available at
http://earthquake.usgs.gov/earthquakes/eqarchives/fm/se082311a_rmt.php (last
accessed September 2012).

The location of the Germantown earthquake and its aftershock were acquired
from the USGS at
http://earthquake.usgs.gov/earthquakes/recenteqsww/Quakes/us2010yua6.php and
the IRIS earthquake browser at http://www.iris.edu/servlet/eventserver/map.do.
The relocated location of the Germantown mainshock was provided by Lamont-
Doherty Earth Observatory at Columbia University at
http://www.ldeo.columbia.edu/LCSN/recenteqs/Quakes/Id60020503.html. The
USGS/SLU Moment Tensor Solution for the Germantown earthquake is available

at
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http://earthquake.usgs.gov/earthquakes/eginthenews/2010/us2010yua6/neic_yuab
_rmt.php (last accessed September 2012).

The location and magnitude of earthquakes that occurred between 1973 and 2011
shown in figure 2 were obtained for each state from the USGS National
Earthquake Information Center (NEIC) significant earthquake database at
http://earthquake.usgs.gov/earthquakes/states/state_largest.php. The location of
historic earthquakes that occurred between 1774 and 1984 were obtained from
http://earthquake.usgs.gov/earthquakes/states/historical_state.php (last accessed
December 2011).

Intensity derived from USGS “Did you feel it?” surveys and USGS/SLU focal
mechanism information are from the USGS pages for these earthquakes: Mineral
earthquake:
http://earthquake.usgs.gov/earthquakes/recenteqsww/Quakes/se082311a.php;
Trinidad earthquake:
http://earthquake.usgs.gov/earthquakes/recenteqsww/Quakes/usc0005idz.php (last
accessed September 2012).

GIS data and a digital representation of the 1993 Geologic Map of Virginia is
available at http://mrdata.usgs.gov/geology/state/state.php?state=VA (last
accessed September 2012).

The location and orientation of the Everona fault was measured by Andrew
Bobyarchick at the University of North Carolina at Charlotte (personal

communication, July 2012).
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The map of the DC fault zone was provided by David Prowell of the USGS
(personal communication, January 2012).

The photographic of the crack in the Washington Monument is available from the
National Park Service at
http://www.nps.gov/wamo/photosmultimedia/washington-monument-earthquake-
damage-photos.htm (last accessed September 2012).

The software Coulomb version 3.3 used in our analysis is publically available at
http://earthquake.usgs.gov/research/modeling/coulomb/ (last accessed September
2012).

Report from Dominion Power (2011) titled “Dominion Power Wants to Restart
Nuclear Reactors Shut Down During Quake” is available at
http://www.nbcwashington.com/news/local/Dominion-Wants-to-Restart-Nuclear-
Reactors-Shut-Down-During-Quake-132314903.html (accessed October 24,
2011).

All other data used in this paper came from published sources listed in the

references
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Appendix 2-B: Location of the Germantown earthquake

This appendix includes a map (Figure 2-B1) showing the location of the July

16, 2010 Germantown, Maryland, earthquake and its aftershock and a table with the

location, depth, magnitude, and time of the mainshock and aftershock.

Table 2-B1: Information for the Germantown earthquake and aftershock

Earthquake Date Time (UTC) Lat'ot — Longoltude D] Magnitude
IR () )  (km)
Mainshock | 7/16/2010 9:04:48 39.261 -77.41 7 3.4
Aftershock | 7/16/2010 9:16:08 39.204 -77.299 5 2.1

(from LCSN - Lamont-Doherty Earth Observatory)
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Figure 2-B1. Germantown earthquake location

Earthquake epicenters and uncertainty ellipses from Lamont-Doherty Earth Observatory (LCSN) and
the U.S. Geological Survey (USGS) for the Germantown earthquake and its aftershock superimposed
on local modified geologic map [Mixon and Newell, 1977; Prowell, 1988; Davis et al., 2001,
Southworth et al., 2002; Southworth et al., 2007]. The error circle for the LCSN solution has a radius
of approximately 3 km. The USGS earthquake location was prominently used in media releases after
the earthquake’s occurrence. The error ellipse for the USGS location has axes of 13.3 km and 6.8 km.
USGS and Lamont mainshock epicenters are ~ 17 km apart. Note also the location of the aftershock on
the map (Table 2-B1). The depth of the earthquake is not well constrained. Important ancient faults
near the earthquakes epicenter are shown on the map. Faults in the vicinity of the earthquake epicenter
generally strike N25°E to N40°E.
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Appendix 2-C: Coulomb stress change (Accrs) parameter input tests

Description of a variety of input parameters tests | performed to gauge the uncertainty
of my Accrs calculations. Plan view maps are made at 7 km depth in all figures

except Figure 2-C7.

1. Source fault

I selected NP1 from the Germantown earthquake’s focal mechanism to use as
the source fault in my Aocrs calculation. Here | used the orientation of the DCFZ
(163°, 68°, 93°) as the receiver fault for this test to compare Accrs results for NP1
versus NP2. Using either rupture plane as the source fault does not change the pattern
of Accrs (Figure 2-C1). The nodal planes from the earthquake’s focal mechanism
have an uncertainty of £10° (Bob Herrmann, personal communication). | tested the
effect of A) using the preferred orientation of NP1 - 195°, 57°, 123°, B) adding 10° to
the strike of NP1 - 205°, 57°, 123°, and C) adding 10° to the dip of NP1 - 195°, 67°,
123°. The uncertainty of the nodal plane orientation produces only minor changes in

the Accrs patterns produced in this analysis (Figure 2-C1).

2. Receiver fault

The orientation of the receiver fault determines the pattern of Accrs. Rake
can vary due to uncertainties associated with calculating the P, N, and T axes. Strike
and dip can vary due to uncertainty from field measurements. Strike and dip values

for fault systems were extracted from the geologic maps for the SFS and AFS,
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whereas the orientation for the DCFZ was recognized and measured in the field.
Uncertainties for strike, dip, and rake can vary up to at least 10°, therefore | tested
these variations by changing each of these variables and examine how each parameter
affects the pattern of Accrs. | used NP1 as the source fault.
2.1 Strike

For simplicity, for the receiver fault | used the orientation of a hypothetical
thrust fault striking north (0°) and dipping 45°E. | compared differences in the Accrs
pattern for thrust faults dipping 45° and with a strike ranging from 0° to 360° in
increments of 45° (Figure 2-C2). 1 also examined smaller variations in strike, on the
order of £10°, which might be expected from error in measurements of strike in the
field or measurements from a geologic map. For this test, | used the DCFZ (163°,
68°, 93°) as the receiver fault and varied the strike of the DCFZ from 1° to 10° in
increments of 2° (Figure 2-C3). | found no noticeable variation in the pattern of
Accrs for a strike variance £10°. Variations greater than £15° started to show minor
changes in the Accrs pattern. More noticeable changes started to appear with
variations £20° (e.g. strike = 183°). Variations in strike greater than 45° change the
location and size of stress trigger zones and stress shadows in the Accrs pattern.
2.2 Dip

I used the hypothetical thrust fault striking 0° from the previous test again to
compare differences in the Accrs pattern created when dips vary from 10° to 90° in
increments of 10° (Figure 2-C4). Dip has a much greater influence than strike on the
pattern of Accrs in plan view. Variations in dip £10° change the location and size of

the stress shadows and trigger zones more than £45° changes in strike. Similarly,
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smaller variations in strike affect the pattern of Accrs in cross-section view. | also
examined smaller variations in dip, on the order of £10°, which might be expected
from error in measurements of strike in the field or measurements from a geologic
map. Here | present differences in Accrs created by small variations in the dip of the
receiver fault. We again use the DCFZ (163°, 68°, 93°) as the receiver fault for this
test to allow comparison to my analysis. | varied the dip of the DCFZ from 1° to 10°
in increments of 2° (Figure 2-C5). Minor variations in dip make only subtle
differences in the pattern of ACFS.
2.3. Rake

I computed Accrs for each of the end-members of slip (thrust: rake = 90°,
normal: rake = -90°, left-lateral: rake = 0°, and right-lateral: rake =180°). | also
examined smaller variations in rake, on the order of +£10°, which might be expected
from error in calculating the expected slip vector. | used the DCFZ (163°, 68°, 93°)
as the receiver fault for this test to allow comparison to my analysis. | varied the rake
in increments of 2° from +1 to 10°. Note there is significant variation in the Accrs
pattern created for rakes varying by £90°), however there is only minor variation
created by small changes in rake (Figure 2-C6).
2.4 Summary

Dip has a much greater influence than strike on the pattern of Accrs in plan
view. Variations in strike produce a greater effect on the pattern of Accrs in cross-
section view. The orientations of strike, dip, and rake control the pattern of Accrs.
However, these tests show that small variations in strike, dip, and rake (on the order

of £10° for strike, £5° for dip, and £5° for rake), as expected from measurement
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uncertainty in the field or on a geologic map, have little effect on patterns of Accrs.
Strikes, dips, and rakes ranging -1° to -10° from preferred dip produce a similar

variation as strikes, dips, and rakes ranging +1° to +10°.

3. Earthquake rupture depth

The hypocenter depth, 7 km, is not well constrained. Here | explore the
influence of using different proposed depths for the Germantown earthquake (3, 5, 7,
and 18 km) on patterns of Accrs (Figure 2-C7). The depth of the earthquake has a
moderate effect on the expression of Accrs near the surface where there are known

mapped faults.

4. Coefficient of friction (n’)

Different coefficients of friction (u”) produce noticeable differences in
patterns of Accrs in both plan view and cross-section view. | suggest Accrs
calculations that use a u’ = 0.8 are more representative of static stress transfer
occurring in intraplate regions [Zoback, 1992; King et al., 1994; Li et al., 2007;
Viegas, 2012]. However, we include Accrs results for p” = 0.4, which an average

coefficient of friction for comparison (Figure 2-C8).

179



Coulomb stress change (bar)

ie} o~ ©

= @ © % ~ o -
o o©o o 1

7 T 1 T T
a
A)NP1 (195%/57°/123°)  PA o A NP1 (195°/ 57°/123°)

L Jy—-

S

Down~-dip distance (km)

20 30
Distance (km)

38.

-78.5

B) NP2 (325°/45°/50°) o B) NP2 (325°/45°/50°)

B
=
[}
z 2
]
@
o
2
hel
<
=
o
[a]

. 20 30

A Distance (km)

QNP1 (2057, 577,1237) with strike +10° ) NP1 (205°,57°,123°) with strike +10°
0;

B
<
@
4 2
IS
@
o
2
=]
<
2
o
a

20 30

A Distance (km)

D) NP1 (195°,67°,123°) with dip +10° D) NP1 (195° 67° 123°) with dip +10°

a.
Down-dip distance (km)

20 30
Distance (km)

Figure 2-C1. Changes in patterns of oces for different rupture planes from focal mechanism
Comparison of Accrs patterns calculated using A) NP1 and B) NP2 for the earthquake’s focal
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The DCFZ is used as the receiver fault.
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Appendix 2-D: Example of calculation of slip vector on a fault surface

I resolved the slip vector consistent with the Mineral and Germantown
earthquakes focal mechanisms on each receiver fault. using the strike Ar and dip ¢ of
the fault plane of interest (e.g. DCFZ, SFS, MRFZ, or AFS) to define the normal

vector Nt and the trace Ns of the fault plane

cosAfsinSf
Ny = —sinAfsin6f
c056f

co-sAf
—smAf
0

Ng =

The orientation of the P, N, and T axes are taken from the focal mechanism and

gathered in a rotation matrix R.

R =|—sindpcosdp —sindycosdy —sinArcosdr

cosApcosdp cosAycosdy  cosArpcosdy ]
sindp sindy sindr

Where A and ¢ stand for azimuth and dip and the subscript P, N, and T refers to the
associated stress axis for either the Mineral or Germantown earthquake. If the stress
tensor in the principal reference frame is defined as
Ao -1 0 O
op= 0 0 O
0 0 1

with Ac an arbitrary stress amplitude, the stress tensor in the geographic reference
frame is given by

gy = RayR’
Slip is then assumed to be collinear with the traction T from this stress tensor resolved

on the fault plane
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and

T, = T — TN,

Fault slip is assumed to be collinear to the shear traction vector. The rake of the slip
vector, following the convention of Aki and Richards (1980), is given by

N - T,

rake = arccos —————
NG| Tl

sin[T(3)]
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Appendix 2-E: Matlab script for rake calculation

% Example calculation — resolving expected slip vector (rake)
expected for DC fault zone (DCFZ) receiver fault

% definitions of fault plane

df=deg2rad(68);

af=deg2rad(163);

% Normal to the fault
nf=[cos(af)*sin(df);-sin(af)*sin(df);cos(df)];
nf**nf; %check its norm is 1.

% Trace of the fault

ns=[sin(af);cos(af);0];

% definitions of P-axis

dp=deg2rad(7);

ap=deg2rad(262);
np=[sin(ap)*cos(dp);cos(ap)*cos(dp);-sin(dp)];
np*"*np; %check its norm is 1.

% definitions of N-axis

dn=deg2rad(27);

an=deg2rad(356);
nn=[sin(an)*cos(dn);cos(an)*cos(dn);-sin(dn)];
nn"*nn; %check its norm is 1.

% definitions of T-axis

dt=deg2rad(62);

at=deg2rad(159);
nt=[sin(at)*cos(dt);cos(at)*cos(dt);-sin(dt)];
nt**nt; %check its norm is 1.

% Rotation matrix

A=[np nn nt];

% Stress tensor
s=A*[-1,0,0;0,0,0;0,0,1]*A";

T=s*nf;
Tn=nf"*T;
Ts=T-Tn*nf;

rake=acos(dot(ns,Ts)/(norm(ns)*norm(Ts)))*sign(Ts(3));

disp(sprintf("Rake is %g degrees”,rad2deg(rake)))
disp(sprintf(“Normal stress coefficient is %g”,Tn))
%%

figure(1);clT;

nd=cross(ns,nf);

L=5;D=-3;

plot3(L*[1,1,-1,-1,1],L*[1,-1,-
1,1,1]1,0*[1,1,1,1,1], k", "linewidth",2);hold on;
plot3(L*[1,1,-1,-1,1],L*[1,-1,-
1,1,1],b*[1,1,1,1,1],"k", " linewidth",2);hold on;
plot3(L*[1,1],L*[1,1],[-D,D], k", " linewidth",2);
plot3(L*[1,1],L*[-1,-1],[0,D], k", " linewidth*",2)
plot3(L*[-1,-1],L*[-1,-1],[0,D], "k","linewidth",2)
plot3(L*[-1,-1],L*[1,1],[0,D], k", "linewidth",2);
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axis equal;

%

Lf=5;Ld=2;

F=[Lf*ns,Lf*ns+Ld*nd, -Lf*ns+Ld*nd, -LTf*ns,Lf*ns];
FillI3(F(1,:),.F(2,:).F(8,2),"y");

quiver3(0,0,0,nf(1),nf(2),nf(3), k", "linewidth",4);
quiver3(0,0,0,ns(1),ns(2),ns(3), "k","linewidth",4);

% Plot principal stress directions
quiver3(-2,-2,0,np(1),np(2),np(3), "b", " linewidth",2);
quiver3(-2,-2,0,-np(1),-np(2),-np(3), "b","linewidth",2);
quiver3(-2,-2,0,nt(1),nt(2),nt(3), "r*, " linewidth",2);
quiver3(-2,-2,0,-nt(1),-nt(2),-nt(3), "r", " linewidth",2);
quiver3(-2,-2,0,nn(1),nn(2),nn(3),"g", " linewidth",2);
quiver3(-2,-2,0,-nn(1),-nn(2),-nn(3),"g", "linewidth",2);

quiver3(nd(1),nd(2),nd(3)+0.2,T(1),T(2),T(3),"b", "linewidth",4);
quiver3(nd(1),nd(2),nd(3)+0.2,Ts(1),Ts(2),Ts(3),"g", "linewidth",2);
quiver3(nd(1)+Ts(1),nd(2)+Ts(2),nd(3)+0.2+Ts(3),Tn*nT(1),Tn*nf(2),Tn
*nf(3),"b", " linewidth",2);

quiver3(nd(1),nd(2),nd(3)+0.2,ns(1),ns(2),ns(3), "k","linewidth*,2);
quiver3(nd(1),nd(2),nd(3)+0.2,nd(1),nd(2),nd(3), "k", " linewidth",2);
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Appendix 3-A: Fourier Transform Matlab script

%Import .csv File with julian date in first column and seismicity
rate or

%moment release in second column to the matrix M in Matlab.

M = csvread("Your_file name here.csv®);

%Reassign julian date to matlab date
for j = 1:size(M,1)
iT(M(J,1)>2012000) % We are in 2012
startdate = datenum(2012,1,1) - 1;
M(g,1) = M{,1) - 2012000 + startdate;
elseif(M(,1)>2011000) % We are in 2011
startdate = datenum(2011,1,1) - 1;
M(d,1) = M{(,1) - 2011000 + startdate;
elseitf(M(jJ,1)>2010000) % We are in 2010
startdate = datenum(2010,1,1) - 1;
Md,1) = M(,1) - 2010000 + startdate;
elseif(M(J,1)>2009000) % We are in 2009
startdate = datenum(2009,1,1) - 1;
Mg ,1) = M{,1) - 2009000 + startdate;
elseit(M(J,1)>2008000) % We are in 2010
startdate = datenum(2008,1,1) - 1;
Mg ,1) = M{,1) - 2008000 + startdate;
elseif(M(jJ,1)>2007000) % We are in 2007
startdate = datenum(2007,1,1) - 1;
Mg ,1) = M ,1) - 2007000 + startdate;
elseif(M(J,1)>2006000) % We are in 2006
startdate = datenum(2006,1,1) - 1;
Mg ,1) = M{,1) - 2006000 + startdate;
elseif(M(J,1)>2005000) % We are in 2005
startdate = datenum(2005,1,1) - 1;
M(d,1) = M{J,1) - 2005000 + startdate;
elseif(M(jJ,1)>2004000) % We are in 2004
startdate = datenum(2004,1,1) - 1;
Md,1) = M{,1) - 2004000 + startdate;
elseif(M(,1)>2003000) % We are in 2003
startdate = datenum(2003,1,1) - 1;
Mg ,1) = M{,1) - 2003000 + startdate;
elseit(M(J,1)>2002000) % We are in 2002
startdate = datenum(2002,1,1) - 1;
Mg ,1) = M{,1) - 2002000 + startdate;
elseif(M(jJ,1)>2001000) % We are in 2001
startdate = datenum(2001,1,1) - 1;
M(d,1) = M{(,1) - 2001000 + startdate;
end
end

%Commands for Fourier Transform

% Create windowing function

Frac = 0.1; % Fraction of all points that will have taper applied
them

b = tukeywin(size(M,1),Frac);

% Calculate Fourier Transform
ftv = FFre((M(:,2)) -*b);
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% Sampling frequency
f_sample = M(2,1)-M(1,1); % 1 sample per day

% Increment in frequency
df = 1/(f_sample*size(M,1)); % 1 / total length of time series

% Maximum frequency
fmax = f _sample/2; % Nyquist Frequency

frequencies = 0:df:fmax;
power = conj(ftM).*ftM;

%Plot time series versus seismicity frequency
figure;

bar((M(:,1)),(M(=,2)));

set(gca, "yscale","linear”, "xscale","linear");
YLABEL("moment release rate (dynes*cm/day)®);
XLABEL("day");

% Plot frequency versus power

figure;
plot(frequencies,power(1l:length(frequencies)));
set(gca, "yscale”,"linear”, "xscale","log");
YLABEL( " power®);

XLABEL( " frequency®);
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Appendix 3-B: Time series with moving average windows for each seismic zone

Figures 3-B1 through 3-B6 show time series from the NEIC catalog with the
following moving average windows: none, 3 days, 10 days, 30 days, 100 days, and
300 days. Figures 3-B7 through 3-B9 show the moving average windows above for
the north, central, and south segments of the New Madrid Seismic Zone (NMSZ)
using the CERI catalog. Figures 3-B10 through 3-B13 show the moving average

windows for major fault zones in the NMSZ.
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Seismicity rate per day calculated over specified moving window average

Central Virginia Seismic Zone (CVSZ) - NEIC catalog (Mw > 2.5)
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Figure 3-B1. Time series of seismicity rate in the Central Virginia Seismic Zone (CVSZ), site of the
Mineral, Virginia earthquake, for a variety of moving window averages.
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Eastern Tennessee Seismic Zone (ETSZ) - NEIC catalog (Mw > 2.5)
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Figure 3-B2. Time series of seismicity rate in the Eastern Tennessee Seismic Zone (ETSZ) for a
variety of moving window averages.
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Seismicity rate per day calculated over specified moving window average
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Figure 3-B3. Time series of seismicity rate in the Middleton Place - Summerville Seismic Zone near
Charleston, SC (MPSSZ) for a variety of moving window averages.
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Wabash Valley Seismic Zone (WVSZ) - NEIC catalog (Mw > 2.5)
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Figure 3-B4. Time series of seismicity rate in the Wabash Valley Seismic Zone (WVSZ) for a variety
of moving window averages.
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New Madrid Seismic Zone (NMSZ) - NEIC catalog (Mw > 2.5)
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Figure 3-B5. Time series of seismicity rate in the New Madrid Seismic Zone (NMSZ) for a variety of
moving window averages.
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Central - Eastern U.S. Region (without seismic zones) - NEIC catalog (Mw > 2.5)
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Figure 3-B6. Time series of seismicity rate in the Central — Eastern U.S. region (without seismic
zones) for a variety of moving window averages.
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Seismicity rate per day calculated over specified moving window average

New Madrid Seismic Zone (NMSZ) - North - CERI catalog (Mw > 1.6)
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Figure 3-B7. Time series of seismicity rate in the northern region of the New Madrid Seismic Zone
(NMSZ) for a variety of moving window averages.
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Seismicity rate per day calculated over specified moving window average
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Figure 3-B8. Time series of seismicity rate in the central region of the New Madrid Seismic Zone
(NMSZ) for a variety of moving window averages.
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Seismicity rate per day calculated over specified moving window average

New Madrid Seismic Zone (NMSZ) - South - CERI catalog (Mw > 1.6)
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Figure 3-B9. Time series of seismicity rate in the southern region of the New Madrid Seismic Zone
(NMS2Z) for a variety of moving window averages.
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New Madrid Seismic Zone (NMSZ) - E1 - CERI catalog (Mw > 1.6)
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Figure 3-B10. Time series of seismicity rate along the Reelfoot fault (E1) of the New Madrid Seismic
Zone (NMSZ) for a variety of moving window averages.
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Seismicity rate per day calculated over specified moving window average

New Madrid Seismic Zone (NMSZ) - E2 - CERI catalog (Mw > 1.6)
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Figure 3-B11. Time series of seismicity rate along the Cottonwood Grove fault (E2) of the New
Madrid Seismic Zone (NMSZ) for a variety of moving window averages.
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Seismicity rate per day calculated over specified moving window average
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Figure 3-B12. Time series of seismicity rate along the North New Madrid fault (E3) of the New
Madrid Seismic Zone (NMSZ) for a variety of moving window averages.
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Seismicity rate per day calculated over specified moving window average

New Madrid Seismic Zone (NMSZ) - E4 - CERI catalog (Mw > 1.6)
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Figure 3-B13. Time series of seismicity rate along the Cluster east of the Reelfoot fault (E4) of the
New Madrid Seismic Zone (NMSZ) for a variety of moving window averages.
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Appendix 4-A. Additional examples of wrinkle ridge MLA and LOLA profiles
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Figure 4-Al. Topographic profiles across a selection of wrinkle ridges on the Moon (A) and Mercury
(B) with the following morphology classifications: broad arch and superimposed ridge (classic), single
arch, and complex. C) Bar graph showing a comparison of the percentage of wrinkle ridges in each

morphology class.
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Appendix 4-B: Wrinkle ridge locations and relief and length measurements

Table 4-B1. Mercurian wrinkle ridge locations and relief and length measurements
Mercurian wrinkle ridge ~ Longitude  Latitude Relief  Length Topographic data

ID (informal)® (°E) (°N) (m) (km) source
Wrinkle ridges located in the northern smooth plains (NSP)

M-NSP1 27.15 62.54 352 82 MLA altimetry track
M-NSP2 -70.84 71.12 257 75 MLA altimetry track
M-NSP3 -76.07 73.26 343 139 MLA altimetry track
M-NSP4 113.18 78.95 390 107 MLA altimetry track
M-NSP5' -43.49 73.59 843 133 MLA altimetry track
M-NSP6 134.45 75.10 547 126 MLA altimetry track
M-NSP7 -32.20 68.14 510 63 MLA altimetry track
M-NSP8 64.84 82.11 508 52 MLA altimetry track
M-NSP9 1.08 57.71 689 136 MLA altimetry track
M-NSP10 24.09 55.03 537 134 MLA altimetry track
M-NSP11 89.74 74.13 280 59 MLA altimetry track
M-NSP12 -92.91 70.00 776 92 MLA altimetry track
M-NSP13 14.38 80.76 384 162 MLA altimetry track
M-NSP14 88.74 78.18 593 175 MLA altimetry track
M-NSP15 76.73 65.57 379 185 MLA altimetry track
M-NSP16 35.12 65.86 387 75 MLA altimetry track
M-NSP17 -4.13 74.04 435 154 MLA altimetry track
M-NSP18 -25.64 63.13 611 97 MLA altimetry track
M-NSP19 51.15 64.33 304 86 MLA altimetry track
M-NSP20 68.91 59.48 282 103 MLA altimetry track
M-NSP21 -97.61 78.22 639 282 MLA altimetry track
M-NSP22 -15.59 57.16 344 112 MLA altimetry track
M-NSP23 39.04 62.04 312 68 MLA altimetry track
M-NSP24 24.06 57.13 352 44 MLA DEM
M-NSP25 -30.86 75.21 598 89 MLA DEM
M-NSP26 -17.84 78.87 484 166 MLA altimetry track
M-NSP27 -31.84 82.01 193 79 MLA DEM
M-NSP28 -74.11 66.39 458 60 MLA altimetry track
M-NSP29 29.53 77.62 371 111 MLA altimetry track
M-NSP30 -90.00 66.89 276 39 MLA DEM
M-NSP31 126.35 73.27 273 83 MLA altimetry track
M-NSP32 50.21 61.64 718 87 MLA altimetry track
M-NSP33 54.63 79.74 217 57 MLA altimetry track
M-NSP34 53.99 77.24 175 46 MLA altimetry track
M-NSP35 42.61 70.53 314 29 MLA DEM
M-NSP36 51.99 67.31 223 43 MLA altimetry track
M-NSP37 30.16 81.49 230 92 MLA DEM
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M-NSP38
M-NSP39
M-NSP40
M-NSP41
M-NSP42
M-NSP43
M-NSP44
M-NSP45
M-NSP46
M-NSP47
M-NSP48
M-NSP49
M-NSP50
M-NSP51
M-NSP52
M-NSP53
M-NSP54
M-NSP55
M-NSP56
M-NSP57
M-NSP58
M-NSP59
M-NSP60
M-NSP61
M-NSP62
M-NSP63
M-NSP64
M-NSP65
M-NSP66
M-NSP67
M-NSP68
M-NSP69
M-NSP70
M-NSP71
M-NSP72
M-NSP73
M-NSP74
M-NSP75
M-NSP76
M-NSP77
M-NSP78
M-NSP79
M-NSP80

-5.35
32.36
-28.17
41.95
44.87
-38.54
-50.15
6.31
10.71
-0.75
10.74
-1.98
6.20
-3.66
77.70
77.18
76.88
68.16
70.79
113.49
113.76
-93.82
-100.81
-70.34
-86.17
37.70
43.57
41.27
41.70
39.79
46.39
-69.99
-19.77
29.33
134.89
39.32
5.70
-10.29
-26.94
-22.64
-11.40
-43.96
-35.15

83.28
52.28
55.93
56.49
55.11
75.01
75.62
34.97
37.41
38.41
51.24
55.51
61.55
54.45
1.05
6.98
4.49
7.09
-0.57
77.89
75.65
79.92
73.94
67.44
74.99
46.53
41.48
40.23
44.68
50.06
60.05
72.35
71.47
67.13
71.18
66.44
76.27
78.60
68.82
70.00
71.57
72.12
67.52
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298
187
391
318
426
306
829
149
367
345
404
366
116
937
382
347
475
726
784
489
415
224
421
170
331
180
473
232
238
249
237
189
287
201
464
326
252
350
239
112
418
544
358

46
59
115
42
57
70
84
206
84
95
74
151
79
52
137
221
122
83
229
110
57
56
105
72
95
72
66
83
91
80
75
86
27
46
52
85
53
123
37
75
66
69
68

MLA altimetry track
MLA DEM
MLA DEM
MLA DEM
MLA DEM
MLA DEM

MLA altimetry track

M2 DEM flyby
M2 DEM flyby
M2 DEM flyby
MLA DEM
MLA DEM
MLA DEM
MLA DEM
M3 DEM flyby
M3 DEM flyby
M3 DEM flyby
M3 DEM flyby
M3 DEM flyby

MLA altimetry track

MLA altimetry track

MLA altimetry track
MLA DEM

MLA altimetry track

MLA altimetry track
MLA DEM
MLA DEM

MLA altimetry track

MLA altimetry track
MLA DEM

MLA altimetry track

MLA altimetry track

MLA altimetry track

MLA altimetry track
MLA DEM
MLA DEM
MLA DEM

MLA altimetry track
MLA DEM
MLA DEM
MLA DEM
MLA DEM
MLA DEM



MLA DEM
MLA DEM
MLA DEM
MLA DEM
MLA DEM
MLA DEM
MLA DEM
MLA DEM
MLA DEM
MLA DEM
MLA DEM
MLA DEM
MLA DEM
M3 DEM flyby
M3 DEM flyby
M3 DEM flyby
M3 DEM flyby

MLA altimetry track
MLA altimetry track
MLA altimetry track
MLA altimetry track

M-NSP81 50.36 58.85 285 86
M-NSP82 61.59 59.32 593 105
M-NSP83 92.68 75.75 268 64
M-NSP84 95.54 79.02 488 68
M-NSP85 120.08 73.18 249 36
M-NSP86 109.79 70.29 298 44
M-NSP87 67.27 56.83 252 48
M-NSP88 62.11 56.79 179 77
M-NSP89 48.18 39.42 262 50
M-NSP90 -80.17 63.67 262 73
M-NSP91 39.04 57.21 336 38
M-NSP92 29.62 57.71 149 60
M-NSP93 31.05 54.98 413 46
M-NSP94 70.05 4.82 824 110
M-NSP95 81.49 37.18 886 182
M-NSP96 78.16 44.70 817 111
M-NSP97 78.78 41.86 354 80
Wrinkle ridges located in northern Caloris exterior plains (NCCP)
M-NCCP1 -166.15 52.32 782 238
M-NCCP2 -159.05 57.65 444 67
M-NCCP3 -152.39 56.11 606 121
M-NCCP4 136.52 51.07 784 67
M-NCCP5 -148.11 60.99 257 108
M-NCCP6 -175.96 52.84 141 62
M-NCCP7 131.31 52.32 237 44
M-NCCP8 120.42 50.74 369 56
M-NCCP9 159.99 55.89 653 111
M-NCCP10 176.95 60.33 767 103
M-ECCP-OP1* -164.02 21.64 961 362
M-ECCP-OP2* -157.81 17.03 623 200
M-ECCP-OP3* -151.29 16.70 185 265
M-ECCP-OP4* -156.55 14.28 395 93
M-ECCP-OP5* -174.34 24.08 190 69
M-ECCP-OP6* -166.05 33.36 252 116
M-ECCP-OP7* -160.71 19.38 267 177
Wrinkle ridges located in southern Caloris exterior plains - (SCCP)
M-SCCP1* -176.51 10.91 440 88
M-SCCP2* 177.38 9.18 725 261
M-SCCP3* -174.42 3.16 380 177
M-SCCP4* -172.32 -0.39 613 156
M-SCCP5* -176.98 14.00 313 75
Wrinkle ridges located in Mercury's Caloris basin interior (CB)
M-WR-CB1 157.56 21.27 276 158
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MLA DEM
MLA DEM
MLA DEM
MLA DEM
MLA DEM
MLA DEM
USGS DEM
USGS DEM
USGS DEM

USGS DEM
USGS DEM
USGS DEM
USGS DEM

USGS DEM
USGS DEM
USGS DEM
USGS DEM
USGS DEM

DLR Orbital DEM



M-WR-CB2 156.57 28.11 208 43 DLR Orbital DEM

M-WR-CB3 155.88 25.20 524 113 DLR Orbital DEM
M-WR-CB4 156.25 23.87 411 199 DLR Orbital DEM
M-WR-CB5 154.44 26.04 377 145 DLR Orbital DEM
M-WR-CB6 160.26 24.20 186 38 DLR Orbital DEM
M-WR-CB7 161.09 25.23 433 35 DLR Orbital DEM
M-WR-CB8 161.76 24.36 402 29 DLR Orbital DEM
M-WR-CB9 159.95 28.66 207 48 DLR Orbital DEM
M-WR-CB10 158.85 30.92 264 34 DLR Orbital DEM
M-WR-CB11 157.86 31.64 254 33 DLR Orbital DEM
M-WR-CB12 163.92 32.21 190 31 DLR Orbital DEM
M-WR-CB13 148.62 31.31 606 95 M1 DEM flyby
M-WR-CB14 144.40 30.18 470 40 M1 DEM flyby
M-WR-CB15 143.70 26.62 740 74 M1 DEM flyby
M-WR-CB16 146.50 23.28 832 72 M1 DEM flyby
M-WR-CB17 148.44 25.23 243 51 M1 DEM flyby
M-WR-CB18 154.95 19.10 282 103 M1 DEM flyby
M-WR-CB19 167.65 17.80 400 62 M1 DEM flyby
M-WR-CB20 171.22 24.34 265 64 M1 DEM flyby
M-WR-CB21 176.23 24.60 318 151 M1 DEM flyby
M-WR-CB22 177.84 23.45 193 85 M1 DEM flyby
M-WR-CB23 -179.67 30.65 602 73 M1 DEM flyby
M-WR-CB24 178.46 30.89 326 46 M1 DEM flyby
M-WR-CB25 179.93 34.89 565 36 M1 DEM flyby
M-WR-CB26 171.64 30.47 667 39 M1 DEM flyby
M-WR-CB27 176.94 40.14 642 118 M1 DEM flyby
M-WR-CB28 176.44 37.81 347 111 M1 DEM flyby
M-WR-CB29 171.63 38.86 284 84 M1 DEM flyby
M-WR-CB30 154.47 46.27 253 27 M1 DEM flyby
M-WR-CB31 153.31 42.80 437 41 M1 DEM flyby

aWrinkle ridges are unofficially named for the purposes of this study using abbreviations based on their
locations in basin or smooth plains material.

TCumulative slip and depth of faulting constrained with elastic dislocation modeling

*Wrinkle ridges previously identified from Mariner 10 and MESSENGER flyby imagery [T R Watters
et al., 2009c]
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Table 4-B2. Lunar wrinkle ridge locations and relief and length measurements

Lunar wrinkle ridge 1D Longitude Latitude Relief  Length Topographic
(informal)? (°E) (°N) (m) (km) data source

Mare Crisium (CR)

L-CR1 56.20 21.96 144 45 LOLA
L-CR2 60.45 21.11 100 39 WACDEM
L-CR3 62.96 21.62 420 14 WACDEM
L-CR4 64.85 19.15 92 17 LOLA
L-CR5 64.86 18.71 233 29 LOLA
L-CR6 65.11 15.93 232 61 WACDEM
L-CR7 63.65 13.86 590 58 WACDEM
L-CRS8 60.87 13.32 81 48 WACDEM
L-CR9 57.20 11.68 257 75 LOLA
L-CR10 53.75 13.21 239 36 WACDEM
L-CR11 52.04 15.74 313 71 WACDEM
L-CR12 52.03 18.87 424 53 WACDEM
L-CR13 54.96 12.73 226 32 WACDEM
L-CR14 55.77 12.57 96 27 WACDEM
L-CR15 52.79 13.96 232 23 WACDEM
L-CR16 59.77 22.31 135 18 WACDEM
L-CR17 53.40 21.54 101 15 WACDEM
L-CR18 53.95 19.98 47 17 WACDEM
L-CR19 52.69 20.14 320 26 WACDEM
Mare Serenitatis (S)

L-S1 9.52 26.18 127 28 LOLA
L-S3 11.88 24.19 106 30 WACDEM
L-S4 11.50 21.53 176 62 LOLA
L-S5 12.85 19.06 74 11 LOLA
L-S6 13.56 19.73 36 253 LOLA
L-S7 14.18 18.46 127 44 LOLA
L-S8 23.95 20.52 292 36 WACDEM
L-S10 28.65 23.73 305 35 WACDEM
L-S12 25.40 25.15 344 99 WACDEM
L-S13 24.85 29.19 275 58 WACDEM
L-S14 23.61 30.55 212 20 LOLA
L-S15 22.03 32.14 212 23 WACDEM
L-S16 21.39 32.43 261 21 LOLA
L-S17 20.47 33.71 84 21 WACDEM
L-S18 18.49 33.98 241 43 WACDEM
L-S19 15.01 30.59 98 35 WACDEM
L-S20 18.72 28.21 165 77 WACDEM
L-S21 25.54 27.04 244 46.65 WACDEM
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L-S22
L-S23
L-S24
L-S25
L-S26
L-S27
L-11
L-12
L-13
L-14
L-15
L-16
L-17
L-18
L-19
L-110
L-111
L-112
L-113
L-114
L-115
L-116
L-117
L-118
L-NE1
Oceanus Procellarum (OP)

L-OP1
L-OP2
L-OP3
L-OP4
L-OP5
L-OP6
L-OP7
L-OP8
L-OP9
L-OP10
L-OP11
L-OP12
L-OP13
L-OP14
L-OP15
L-OP16
L-OP17

24.04
8.46
24.67
25.33
18.95
22.74
-25.58
-20.15
-12.93
-4.73
-8.25
-7.67
-12.43
-22.77
-24.51
-28.19
-29.45
-30.85
-22.38
-19.29
-27.46
-29.58
-31.29
-19.76
38.54

-53.18
-67.70
-70.67
-63.31
-69.11
-73.49
-61.16
-65.43
-60.38
-54.33
-61.15
-73.85
-61.37
-59.06
-59.91
-57.44
-57.01

34.01
29.22
22.95
30.64
19.87
18.10
44.70
47.27
46.29
45.15
40.97
2242
29.23
29.15
29.22
31.77
31.64
37.54
46.92
46.11
41.77
39.11
35.82
24.26
-16.65

50.89
52.28
46.39
46.59
45.10
44.53
4417
40.75
38.23
36.77
36.38
34.10
34.65
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32.16
30.40
28.62
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113
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L-OP18
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L-OP36
L-OP37
L-OP38
L-OP39
L-OP40
L-OP41
L-OP42
L-OP43
L-OP44
L-OP45
L-OP46
L-OP47
L-OP48
L-OP49
L-OP50
L-OP51
L-OP52
L-OP53
Mare Frigoris (FR)

L-FR2
L-FR3
L-FR4'
L-FR5
L-FR6
L-FR7

-57.43
-56.61
-52.76
-38.33
-64.33
-61.20
-55.89
-57.05
-50.60
-50.19
-61.15
-61.66
-60.79
-60.69
-59.33
-57.90
-57.13
-54.99
-56.23
-57.58
-55.35
-50.62
-51.59
-50.77
-49.52
-48.82
-48.52
-48.43
-44.93
-51.54
-50.71
-49.17
-35.32
-32.17
-34.06
-54.86

-20.92

-16.99

-14.33
-3.74
-3.75
2.99

26.76
25.57
19.05
18.93
19.20
16.44
11.94
10.14
9.09
8.52
5.85
4.46
4.34
3.49
4.00
1.52
0.76
-0.61
-1.53
-3.24
-3.18
5.36
4.19
3.06
3.75
5.13
2.89
1.25
0.48
-0.30
-1.52
-2.81
-1.07
-2.79
-5.38
4.80

59.81
62.28
61.10
59.42
58.18
57.61
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150
255
100
193
79
222
109
146
154
205
210
102
162
268
157
210
172
52
147
102
186
204
146
64
130
82
147
110
358
63
193
136
156
232
143
178

256
204
391
70
252
114

85
146
114
163

64
125

61

45

49

48
108

19

25

81
120

61

50

29

58

62
45

94

21

54

35

19

20

34

79

37

28

78
121

31

73
41

22
78
105
73
172
126

WACDEM
WACDEM
WACDEM
LOLA
WACDEM
LOLA
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM
WACDEM

LOLA
LOLA
LOLA
LOLA
LOLA
LOLA



L-FR9 25.03 56.02 89 55 LOLA

L-FR10 24.99 54.83 292 96 LOLA
L-FR11 35.53 54.46 126 108 LOLA
L-FR12 35.54 53.87 57 132 LOLA
L-FR13 35.54 53.54 146 78 LOLA
L-FR14 -1.73 56.77 63 41.72 WACDEM
L-FR15 -18.60 55.50 60 32 WACDEM
L-FR16 -14.64 56.22 146 25.84 WACDEM
L-FR17 -25.94 58.60 66 15.45 WACDEM
L-FR18 -19.32 59.34 99 20.24 WACDEM
L-FE1 49.43 -1.04 343 91 LOLA
L-FE2 52.58 -4.41 481 111 WACDEM
L-GC1 -66.88 -6.12 175 22 WACDEM
L-NU1 -10.19 -23.79 300 65 WACDEM
L-NU2 -24.75 -25.56 224 66 WACDEM
L-O2 -97.65 -18.88 284 108 WACDEM
L-SM1 90.25 2.70 117 32 LOLA
L-T1 28.44 2.78 144 46 LOLA
L-T2 22.08 3.79 351 68 WACDEM
Wrinkle ridge - Lobate scarp transitions

L-CO1 -18.36 -3.24 131 24 WACDEM
L-FRO1 -26.77 60.86 98 91 WACDEM
L-FROS 10.64 55.45 199 41 WACDEM
L-H1 -39.54 -38.57 348 65 WACDEM
L-KAC1 -142.41 -52.19 192 28 WACDEM
L-KUC1 103.66 -53.33 426 46 WACDEM
L-S1 8.12 23.43 171 27 WACDEM
L-S8 28.94 21.22 33 13 WACDEM
L-S10 28.95 24.51 79 64 WACDEM
L-V1 -36.96 -33.28 179 98 LOLA

aWrinkle ridges are unofficially named for the purposes of this study using abbreviations based on their
basin location or nearby craters.
TCumulative slip and depth of faulting constrained with elastic dislocation modeling
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Appendix 4-C. Resolution of imagery and elevation data sources and resulting
uncertainty on length and relief measurements

The varying imagery and elevation data sources available from MESSENGER
(Figure 4-C1) and LRO for Mercury and the Moon solicit concern for any influence
these different data sources may have on the relief and length measurements and
ultimately the comparison of wrinkle ridge dimensions presented in this analysis
(Tables 4-C1 and 4-C2). Therefore, in this appendix | detail the influence of imagery
resolution on my length measurements as well as use of varying elevation data
sources on my relief measurements. Figure 4-C2A shows the relief — length
relationships of all measured wrinkle ridges colored by the elevation data source used

to measure the relief.

Table 4-C1. Length measurement uncertainties from different imagery data sources
Length uncertainty
(horizontal precision)

Location Imagery

Table 4-C2. Relief measurement uncertainties from different elevation data sources
Number of
Location Elevation data source measurements

W)

Relief uncertainty
(vertical precision)
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Figure 4-C1. Visual comparison of DEM sources available for Mercury

A) When MLA tracks were not available, the relief of wrinkle ridges located north of ~40°N (primarily
in the northern smooth plains on Mercury) were measured from a ~500 m/pixel DEM interpolated
from MLA tracks [Zuber et al., 2012]. B) Relief across wrinkle ridges located south of ~40°N
(primarily in the Caloris Basin region) was measured using ~500 m/pixel DEMs produced from stereo
photogrammetry of images from MESSENGER flyby and orbital imagery [Oberst et al., 2010;
Preusker et al., 2011]. C) In cases when MLA tracks, the MLA DEM, or stereo-derived DEMs from
the MESSENGER flyby or orbital imagery were not available, the relief across wrinkle ridges was
measured using a ~2.7 km/pixel global DEM produced by the USGS using imagery metadata [Becker
etal., 2012]. All DEMs are shown on a Mollweide equal area projection of Mercury centered at 0°

longitude.
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Figure 4-C2. Relief — length relationships of wrinkle ridges on Mercury and the Moon colored
by elevation data source used to measure relief

A) Plot of relief and length of 300 wrinkle ridges on Mercury (shades of blue) and the Moon (shades of
red). The dimensions of wrinkle ridges on Mercury are ~2.2 times and ~1.8 times larger in mean relief
and length than wrinkle ridges on the Moon (stars). Boxes extend from the 25" to 75" percentiles of
each population, representing 50% of the dataset. Symbols are colored by the elevation data source
used to measure the relief measurement. B) Plot of relief and length of 95 wrinkle ridges on Mercury
and 150 wrinkle ridges on the Moon (excluding wrinkle ridges measured using MESSENGER flyby
and orbital stereo-derived DEM and USGS DEM shown in A and Figure 4-7. The dimensions of
wrinkle ridges on Mercury are ~2.1 times and ~1.6 times larger in mean relief and length than wrinkle
ridges on the Moon (stars). Notice that the overall interpretation that most of the wrinkle ridges on
Mercury are taller than those on the Moon still stands without the inclusion of these data.
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1. Length measurement from different resolution global mosaics

Wrinkle ridges were digitized in an ArcGIS environment from either the 100
m/pixel LROC WAC for wrinkle ridges on the Moon or the 250 m/pixel MDIS
imagery mosaic for wrinkle ridges on Mercury. By assessing possible digitization
choices from the imagery, | found that the length could vary by up to 2 km for lunar
wrinkle ridges and up to 5 km for wrinkle ridges on Mercury. Because the global
mosaic for the Moon is ~2.5 times higher in resolution than the global mosaic for
Mercury, some very small scale wrinkle ridges (<1 km) can be observed on the Moon
and not on Mercury.

I used a 500 m/pixel LROC WAC global mosaic in addition to the 100
m/pixel LROC WAC global mosaic when identifying and then digitizing digitize
wrinkle ridges on the Moon. The majority of wrinkle ridges | digitized on the Moon
are visible in both the 500 m/pixel and 100 m/pixel LROC WAC global mosaics. The
100 m/pixel global mosaic allowed the shape of the wrinkle ridge in map view to be
more accurately mapped and whether the wrinkle ridge was continuous or segmented
to be discerned. In addition, Figure 4-C2A shows that there is only a very limited
range (<30 km) of wrinkle ridges on the Moon with shorter lengths than any of the
wrinkle ridges on Mercury. The lack of very short length wrinkle ridges on the Moon
indicates that the difference in resolution between the global mosaic used for Mercury
and the Moon did not influence my length measurements and thus the comparison of

lengths presented in this analysis.
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2. Relief measurements from different elevation data sources

The relief of wrinkle ridges on Mercury were measured from MLA altimetry
tracks (n = 46), MLA DEM (n = 49), Flyby and orbital stereo-derived DEMs (n = 43),
and the USGS DEM (n = 12). Relief across lunar wrinkle ridges was measured using
either LOLA altimetry tracks (n = 39) or the WAC stereo-derived DEM (n = 111)
(Figure 4-C2A). The uncertainty associated with elevation measurements that
comprise these elevation data sources is shown in Table 4-C2. Since measuring the
relief requires subtraction of two elevation data points, uncertainty associated with the
elevation measurements is doubled. Therefore, the uncertainty associated with relief
measurements is twice that of the elevation data used. For example, elevation data
points comprising LOLA altimetry tracks have a vertical precision of £10 cm.
Therefore, the uncertainty associated with measuring the relief of a wrinkle ridge
doubles to £20 cm.

Altimetry tracks (LOLA or MLA) provided the most detailed view of wrinkle
ridges in cross-section (Figure 4-Al) and the smallest uncertainty in vertical
precision. Since the vertical precision is £10 cm for LOLA and +1 m for MLA, the
uncertainty associated with relief measurements for wrinkle ridges measured using
LOLA or MLA altimetry tracks or the MLA DEM is smaller than the symbol size
(~25 m in the relief dimension) on the relief-length plot (Figure 4-7). The vertical
precision of the WAC stereo-derived DEM is also quite small, only £10 m. Therefore
the uncertainty accompanying relief measurements from the WAC stereo derived

DEM (£ 20 m) is also smaller than the symbol size.
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Elevation data comprising the MESSENGER flyby and orbital stereo-derived
DEMs and the USGS DEM respectively have a vertical precision of £135 m (270 m
in relief) and £276 m (552 m in relief). Note however, that these are the worst case
uncertainties and that in some cases profiles extracted across wrinkle ridges visible in
the imagery did not exhibit any measureable reliefs. The stereo-derived DEMs and
USGS DEM use MLA elevation data as control points when possible to help reduce
the uncertainty associated with these elevation datasets. Since | cannot avoid these
large uncertainties, I chose to regard measurements from the MESSENGER stereo-
derived DEMs and USGS DEM with caution when making my interpretations.

Figure 4-C2B demonstrates that excluding wrinkle ridges where relief was
measured from the MESSENGER stereo-derived DEMs and USGS DEM from my
dataset does not change the core interpretation presented in this analysis, that wrinkle
ridges on Mercury are taller than those on the Moon. When excluding the
MESSENGER stereo-derived DEMs and USGS DEM relief measurements, wrinkle
ridges on Mercury are ~2.1 times taller and ~1.6 times longer in mean relief and mean
length (compared to ~2.2 times taller and ~1.8 times longer in mean relief and mean
length with entire dataset). Also, the interquartile ranges still do not overlap in the
relief dimension indicating that the majority of wrinkle ridges on Mercury are larger

in relief than most wrinkle ridges on the Moon.
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Appendix 4-D. Aspect ratio graphs
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Figure 4-D1. Box and whisker plots of aspect ratio (length/relief) of wrinkle ridges

Box and whisker plots showing the aspect ratio (Iength/relief) of wrinkle ridge populations in the
following regions: A) the Moon and Mercury, B) mascon and non-mascon basin environments, C)
specified location. The box represents the interquartile range (which represents the middle 50% of the
data). The vertical ends of the box are the 25" and 75" percentiles, the whiskers extend to the 95% of
the data, and the X symbols represent outliers. Mean values are shown as diamonds and the median
values as horizontal lines. There is an outlier in the lunar non-mascon population has an aspect ratio of
1132 and in Mare Serenitatis that has an aspect ratio of 6616, however these plots are scaled from 0 to
1800 to show variation in the rest of the dataset.
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