a USGS

science for a changing world

Advancing Geodesy in the U.S. Midcontinent: Workshop
Report

By Michael W. Hamburger, Oliver S. Boyd, Eric Calais, Nancy E. King, and Seth A. Stein

Open-File Report 2014-1169

U.S. Department of the Interior
U.S. Geological Survey



U.S. Department of the Interior
SALLY JEWELL, Secretary

U.S. Geological Survey
Suzette M. Kimball, Acting Director

U.S. Geological Survey, Reston, Virginia: 2014

For more information on the USGS—the Federal source for science about the Earth,
its natural and living resources, natural hazards, and the environment—uvisit
http://www.usgs.gov or call 1-888-ASK-USGS

For an overview of USGS information products, including maps, imagery, and publications,
visit http://www.usgs.gov/pubprod

To order this and other USGS information products, visit http:/store.usgs.gov

Suggested citation:

Hamburger, M.W., Boyd, O.S., Calais, Eric, King, N.E., and Stein, S.A., 2014, Advancing geodesy in the U.S.
Midcontinent—Workshop report: U.S. Geological Survey Open-File Report 2014-1169, 22 p.,
http://dx.doi.org/10.3133/0fr20141169.

ISSN 2331-1258 (online)

Any use of trade, firm, or product names is for descriptive purposes only and does not imply
endorsement by the U.S. Government.

Although this information product, for the most part, is in the public domain, it also may contain
copyrighted materials as noted in the text. Permission to reproduce copyrighted items must be
secured from the copyright owner.

ii


http://www.usgs.gov/
http://www.usgs.gov/pubprod
http://store.usgs.gov/
http://dx.doi.org/10.3133/ofr20141169

Contents

EXECULIVE SUMIMAIY ...ttt bbbttt 1
INEFOTUCTION ... bbbt e £t bbb bbb bbbt 2
Background @and MOTIVATION ...........ucuiueiririicccie bbbttt 2
LT oT0 L (o 1 1= 4T ST 4
Global POSItIONING SYSIBM ..ottt bbb e e et s et s s s s nee 5
Interferometric Synthetic APErUIE RAGEN ..o 5
Light Detection and RANGING ...ttt ettt 5
Anticipated Contribution to USGS Strategic PIanNning............cccooeieeiicccecceeseiss s 6
The 2011 NOrWOOA WOTKSNOP ...ttt e e 7
The 2012 EVANSION WOTKSNOP .......c.cuiiiietiiiieietcee ettt ettt sttt ettt se et et re s bt ne e e 8
ReSEAICH @NA MOGEING..........eueiiiecit bbbttt 9
Geodetic Research Targets and NEtWOrK DESIGN.........c.cuiiiiuiurirriiicieiei e 9
PropoSed NEIWOIK DESIGN ........cuiiieieiiiiece ettt ettt e et et b e ettt e e e s nens 10
GEOTELIC DA ANGIYSIS ...ttt 13
Long-Term Plan: Plate Interior ODSEIVAONY ...........ccciuiiiiiiiiisic e 13
ACKNOWIBAGMENTS ...ttt et b b s s s bR e et e sttt sttt s st bbb enene 13
RETEIENCES CIIBA.... ettt b e bR e R e e e e e et s e s e s s nens 14
Appendix 1: List of WOorkshop PartiCipants ..............ccceeiiiiieiiiiiiecisceeee ettt bbb 19
AppendixX 2: WOIKSNOP AGENUA ...ttt e sttt ns et e b st seresenns 20
Figure
Figure 1. Proposed development of midcontinent geodetic NEIWOTKS .............cverirriiicciireece s 12

il



List of Abbreviations and Acronyms

CEUS
CGPS
CORS
CusS
FAA
FEMA
GAMA
GPS
InSAR
lidar
NGS
NMSZ
NOAA
NWS
PBO
PIO
UCERF
UNVACO

Central and Eastern United States

Continuous Global Positioning System
Continuously Operating Reference Stations
Central United States

Federal Aviation Administration

Federal Emergency Management Agency
Geodetic Array Studies for Mid America

Global Positioning System

Interferometric Synthetic Aperture Radar

Light Detection and Ranging

National Geodetic Survey

New Madrid Seismic Zone

National Oceanic and Atmospheric Administration
National Weather Service

Plate Boundary Observatory

Plate Interior Observatory

Uniform California Earthquake Rupture Forecast Model
University NAVSTAR Consortium

iv



Advancing Geodesy in the U.S. Midcontinent: Workshop
Report

By Michael W. Hamburger, Oliver S. Boyd, Eric Calais, Nancy E. King, and Seth A. Stein

Executive Summary

The workshop on “Advancing Geodesy in the U.S. Midcontinent” was held from October 31 to
November 1, 2012, at Northwestern University in Evanston, Illinois. The workshop included 28
participants from academia, government, and private-sector organizations that are involved in research
on geodesy and earthquake hazards in the seismically active areas of the U.S. midcontinent (the region
of relatively undeformed crust roughly between the Great Plains and Appalachian Mountains). The
workshop was intended to provide guidance to the U.S. Geological Survey’s (USGS) internal and
external Earthquake Hazards research programs in the U.S. midcontinent. The 2012 workshop was
developed as a follow-up to the “Workshop on New Madrid Geodesy and Understanding Intraplate
Earthquakes,” held in Norwood, Massachusetts, in March 2011. The goal of the 2012 workshop was to
provide specific recommendations to the USGS on priorities for infrastructure and research investments
related to geodesy in the U.S. midcontinent. Participants were asked to share current research and
proposals for future research plans, focusing on the following basic and applied science issues:

e Fundamental processes guiding earthquake generation in the New Madrid Seismic Zone and
surrounding regions,

e Application of geodetic measurements to assessment of earthquake hazards,

e Optimization of geodetic monitoring networks to constrain crustal deformation, and

e Critical approaches in data analysis, modeling, and interpretation of geodetic data.

Among the outcomes of the workshop was a consensus recommendation for expanding the
density, quality, and duration of geodetic observations in the New Madrid Seismic Zone and
surrounding regions of active intraplate seismicity in order to better understand processes driving
seismogenesis. The recommendations focus on short- and intermediate-term expansion of continuous
Global Positioning System (GPS) monitoring of crustal deformation in the midcontinent region,
developed in three principal approaches (fig. 1):

Development of a roughly 10-station local continuous GPS (CGPS) network densified/extended across
the New Madrid Seismic Zone

Expansion of the regional CGPS network by roughly 40 stations covering the seismically active areas
outside the New Madrid Seismic Zone, including

a. Expansion of geodetic observations into the Wabash Valley/Illinois Basin Seismic Zone,

b. Expansion of geodetic observations into the southern New Madrid region, in and around
Marianna, Arkansas, and

c. Development of a sparse regional network designed to capture regional deformation
rates.



d. Development of a midcontinent-wide backbone network of highly reliable CGPS
stations, drawing from existing Continuously Operating Reference Stations (CORS) and
Plate Boundary Observatory (PBO) sites. This can be done at relatively low cost by
leveraging existing efforts.

In addition to these short- and intermediate-term recommendations, the group recommends
development of a long-term strategic plan directed toward a “Plate Interior Observatory” (P10O) that
comprises over 100 stations and will be extended to include active deformation from the eastern
seaboard to the Great Plains. This plan will leverage support from major funding agencies in
collaboration with other earth science consortia (for example, EarthScope, UNAVCO). The networks
may make use of existing CGPS networks (for example, navigation, transportation, or geodetic control
networks) and may include transformation of existing campaign geodetic sites to CGPS observation, or
development of new CGPS networks. Given the low rates of intraplate deformation in the central United
States (CUS), a commitment to a long duration of observation will be required to ensure reliable
detection of geodetic signals. Although the focus of the “Advancing Geodesy in the U.S. Midcontinent”
workshop was primarily on GPS as a tool for measuring crustal deformation, this report briefly reviews
other tools and their potential applicability to geodetic problems in the U.S. midcontinent.

Introduction

This report summarizes discussions that took place at a community workshop on “Advancing
Geodesy in the U.S. Midcontinent” that was held October 31 to November 1, 2012, at Northwestern
University in Evanston, Illinois (Ill.). The workshop, which included 28 participants from academia,
government, and private sector organizations involved in research on geodesy and earthquake hazards in
the seismically active areas of the U.S. midcontinent, was convened to provide guidance to the U.S.
Geological Survey’s (USGS) Earthquake Hazards Program for both its internal and external research
programs on earthquake hazards in the U.S. midcontinent. This report summarizes those discussions and
presents some specific recommendations for research priorities for research on active crustal
deformation in the U.S. midcontinent. As a working definition, we take the “U.S. midcontinent” to
include the relatively undeformed segment of the North American craton extending from the
Appalachians to the Great Plains and from the Ouachita orogen to the Great Lakes.

Background and Motivation

The August 2011 M5.8 Mineral, Virginia earthquake, which shook large areas of the east coast
and damaged structures in Washington, D.C. (including the Washington Monument), demonstrated how
little is known about the causes of earthquakes in the central and eastern United States and the hazards
they pose. At present, no comprehensive model exists to explain such earthquakes. Taken at its simplest,
the issue is how forces that we largely do not understand cause motion on faults that have not been
identified and create hazards that we cannot easily assess. The earthquakes along these structures can be
large. The best known in modern times, the 1929 M7.2 earthquake on the Grand Banks of
Newfoundland, caused a large landslide of thick continental slope sediments, which cut trans-Atlantic
telegraph cables and generated a tsunami. The resulting 28 fatalities include most of Canada’s known
deaths from earthquakes. Other notable events include the 1933 M7.3 Baffin Bay earthquake, the 1755
M~6 Cape Ann, Massachusetts (Mass.) earthquake, the 1811-1812 New Madrid sequence of three
M~7+ earthquakes, and the 1886 M~7 Charleston, South Carolina earthquake.

We do not know whether the presently active zones are active for extended periods of time but
lack clear geomorphic expression, or simply represent loci of activity that migrate (Stein and others,



2009) with individual faults active for short intervals and dormant for long ones (Newman and others,
1999; Crone and others, 2003). This question makes it particularly difficult to assess the extent to which
the instrumental record for continents indicates the location of future damaging earthquakes. On one
hand, the locations of past small earthquakes are good predictors of the locations of future ones (Kafka,
2007). On the other hand, some models predict that aftershock sequences for large continental
earthquakes should continue for hundreds of years (Stein and Liu, 2009). Thus, some present
concentrations of seismicity may be “echoes” of large prehistoric earthquakes. However, in the case of
the 1811-1812 New Madrid earthquakes, the study by Page and Hough (2014) argues that this is not the
case.

Geodesy is a natural approach to exploring these issues. Because it provides an independent
measurement of the accumulation of tectonic strain in continental interiors, geodesy may provide direct
evidence of the basic cause of intracontinental earthquakes. The feasibility of capturing tectonic strain in
continental interiors is illustrated by recent studies using GPS data to map the effects of glacial isostatic
adjustment (GIA) (Calais and others, 2006; Sella and others, 2007). The results show that GIA is the
predominant deformation process in eastern North America. GPS can resolve even the small motions
south of the “hinge line” (approximately at the latitude of the Great Lakes) separating uplift to the north
from subsidence to the south. This result also implies that a good knowledge of the GIA signal is
necessary in order to extract tectonic deformation from a geodetic velocity field that reflects the
combination of both GIA and tectonic deformation. Therefore, the search for regional tectonic signals in
the eastern United States requires measurements over a much broader region in order to separate them
from the GIA signal.

Although there is general consensus about the recent history of large earthquakes in the U.S.
midcontinent, there remains considerable debate about the level of future earthquake hazards facing
residents of the CUS. The question of earthquake hazard relies on a fundamental understanding of the
processes, observations, and implications of intraplate deformation in North America’s continental
interior (for example, Newman and others, 1999; Petersen and others, 2014; Calais and Stein, 2009;
Frankel and others, 2012). Critical issues that have fueled the debate include the question of the size
(Johnston, 1996; Hough and others, 2000; Holzer and others, 2012) and return periods of earthquakes in
the New Madrid Seismic Zone (NMSZ) (Newman and others, 1999; Tuttle and others, 2002; Calais and
Stein, 2009), as well as the potential for large earthquakes in other areas of the CUS (Kelson and Swan,
1990; Braile and others, 1982, Crone and others, 1997). Earthquake-magnitude estimates for the
earthquakes in the 1811-1812 New Madrid sequence range from less than M7.0 to greater than M8.0;
recurrence estimates range from as little as 160 to as many as 10,000 or more years (yr). Paleoseismic
data from earthquake zones outside the NMSZ, such as the Wabash Valley Seismic Zone, record large
past earthquakes (Obermeier and others, 1991; Munson and others, 1997), yet the size and recurrence
intervals remain poorly constrained. These uncertainties have a profound effect on seismic-hazard
estimates (Petersen and others, 2014) and in turn affect the costs associated with adopting differing
levels of earthquake-resistant construction and the potential loss of life and extent of economic hardship
(Stein, 2010).

Because the driving force of crustal seismicity—at least at plate boundaries—is the
accumulation of tectonic strain along active faults, observations of geodetic strain are critical to
understanding earthquake-generation processes and their manifestation in the earthquake record.
Unfortunately, both the historical and paleoseismic record of seismicity remain insufficient to
reasonably constrain fault slip rates and earthquake potential in many seismically active zones. For these
reasons, we have seen considerable growth in the use of geodetic methods for improving earthquake-
hazard estimation. In other areas where geodetic techniques have been applied, zones of high crustal



strain rates are known to be associated with significant seismic energy release. Conversely, areas of low
strain tend to have lower seismic potential (for example, Savage, 1983). Where the surface strain can be
used to map strain on locked fault zones, these geodetic measurements can be specifically tied to
earthquake strain accumulation and potential for future earthquakes (for example, Blirgmann and others,
2000b; Fialko, 2006). However, the specific application of strain measurements to probabilistic seismic-
hazard assessment remains controversial, largely because of the variability in quality and distribution of
geodetic data and because its contribution to hazard estimation relies on specific mechanical models that
remain poorly constrained.

The USGS Uniform California Earthquake Rupture Forecast, Version 2 (UCERF 2) (Field and
others, 2009) and its successor, UCERF 3 (Working Group on California Earthquake Probabilities,
2011) are now explicitly incorporating geodetically determined strain rates to constrain earthquake-
recurrence intervals in the seismically and tectonically active plate boundary zone of California. The
models generally rely on kinematic inversion of observed GPS velocities to infer both fault-related and
off-fault strain accumulation. This approach is beginning to extend to other parts of the country, for
instance in the Intermontane West and Wasatch fault regions of Utah and Nevada (M. Petersen, USGS,
oral commun., 2013).

The introduction of high-precision geodetic techniques to the CUS promises a powerful,
independent observational tool to help address issues of earthquake hazard in the region. Yet, while
geodetic observations and modeling are now widely used in plate-boundary environments, they have
seen only limited application to intraplate environments, where strain rates are low and where, even
under ideal conditions, signals may be exceeded by measurement errors for long periods of observation
(Calais and Stein, 2009).

Historically, application of geodetic methods to earthquake hazards in the CUS has been
particularly problematic. Because the signals are relatively small, the geodetic noise (largely associated
with near-surface noise and poor monumentation) relatively large, and the station spacing sparse, the
history of geodetic analysis has been rife with conflicting conclusions. Initial estimates of high strain
rate (albeit with large uncertainty) in the New Madrid Zone (Liu and others, 1992) were not supported
by subsequent measurements (Weber and others, 1998; Newman and others, 1999). Measured regional
surface strains have been exceptionally low, on the order of 10™ per yr or less (Calais and Stein, 2009).
More recent analysis of the same data, however, suggests that strains local to some areas within the
NMSZ are an order of magnitude higher than seen regionally (Frankel and others, 2012). A decade of
campaign-based GPS measurements in the Illinois Basin region (Galgana and Hamburger, 2010)
suggests marginally significant strain rates, on the order of 1-2 x 10~ yr .

Such low strains, coupled with moderate amounts of noise, require some combination of dense
arrays, stable monumentation, and long periods of observation. Recent seismic studies of the NMSZ
indicate the existence of a pronounced mantle low-velocity zone (Bedle and van der Lee, 2006; Zhang
and others, 2009; Pollitz and Mooney, 2013), suggesting a volume that is weaker than the surrounding
mantle and thus may concentrate stresses. Hence, even low strains may be focused within the NMSZ,
making the measurement of these strains an even higher priority.

Geodetic Methods

The workshops described in this report addressed a number of issues critical to the success of
geodetic research in the U.S. midcontinent. Although the focus of the discussions at the Norwood and
Evanston workshops was primarily on GPS measurements and their implications for earthquake hazard
research, we briefly review the predominant geodetic methods and their applicability to midcontinent
geodynamic research.



Global Positioning System

For the past three decades, the GPS system has provided a reliable, low-cost approach for high-
precision measurements of crustal deformation (for example, Dixon, 1991; Segall and Davis, 1997). The
GPS system provides high-precision estimates of 3D surface site positions within a stable global
reference frame. Because GPS relies on satellite-generated, microwave-frequency electromagnetic
signals, it can be used under virtually any meteorological conditions and does not require inter-visibility
of neighboring geodetic sites. The relatively low cost and high precision make it ideally suited for
geodynamic studies of crustal strain. Measurement networks can be designed to maximize the number
and spatial distribution of GPS stations (typically using episodic measurements at campaign-based
networks of geodetic benchmarks) or to maximize GPS precision (typically at sparser networks of
continuously operated GPS receivers). In some cases, GPS networks can balance precision and network
density using a hybrid “semi-permanent” deployment model (Blewitt and others, 2009). Measurement
precision depends strongly on the deployment strategy, but under ideal conditions, site positions can be
estimated to an accuracy of 1-2 millimeters (mm) (horizontal), corresponding to velocity uncertainties
(depending on network observation duration and monumentation) of fractions of a millimeter per year.

Interferometric Synthetic Aperture Radar

Although less precise than GPS measurements, Interferometric Synthetic Aperture Radar
(InSAR) provides a spatially continuous estimate of the surface deformation field (for example,
Biirgmann and others, 2000a). InNSAR has been widely used as one of a number of applications for non-
invasive study of earthquake, volcanic, and anthropogenic surface deformation (Snieder and others,
2007). Although it has traditionally been less applicable in areas of anthropogenic land use, a variety of
new techniques, such as persistent scatterer analysis, allows high-precision measurements to be obtained
even in areas of highly disrupted cultural land use. Because the precision of InSAR is nearly an order of
magnitude lower than that of GPS, however, it is not widely applicable to the low signal-to-noise
environment of intraplate tectonism. However, it has found significant value in analysis of coseismic
surface deformation associated with moderate or large earthquakes in intraplate zones (for example,
Schmidt and Biirgmann, 2007), and thus could have significant potential for future earthquakes in the
U.S. midcontinent. InNSAR may also be useful for separating deformation associated with regional
tectonic processes from those associated with anthropogenic sources, such as groundwater withdrawal
(Snieder and others, 2007).

Light Detection and Ranging

Light Detection and Ranging (lidar) encompasses a suite of powerful new remote-sensing
techniques that permit retrieval of surface topography, and in some cases, crustal deformation, even in
the presence of significant vegetation. Both ground-based and airborne-based lidar methods have been
applied to geodynamic research. Of particular interest is the ability to numerically remove vegetation
from imagery to produce “bare-earth” ground models. It has found widespread application to the study
of active fault zones (for example, Meigs, 2013), particularly in plate boundary environments (for
example, Borsa and Minster, 2012; Salisbury and others, 2012; Duffy and others, 2013). Following
identification of active faults in urban areas of the Pacific Northwest (for example, Haugerud and others,
2001), similar applications have been developed in the CUS. The USGS funded and coordinated the
acquisition of roughly 722 square kilometers of lidar data and derivative bare-earth ground models to
support earthquake hazard studies in the NMSZ. The study area includes coverage of the Commerce
Geophysical lineament, Crowley’s Ridge, and features in and near the St. Francis River



(http.//opentopo.sdsc.edu/gridsphere). These data are in preliminary stages of analysis, and have not yet
found their way into the scientific literature.

Anticipated Contribution to USGS Strategic Planning

The USGS Earthquake Hazards Program promotes research to improve our understanding of
earthquake hazards. This can occur through internal research programs, and through funding of external
research grants and cooperative monitoring networks. For example, the USGS Earthquake Hazards
Program provided most of the support for the Geodetic Array Studies for Mid America GPS network in
the NMSZ and has supported campaign-based GPS observations elsewhere in the U.S. midcontinent
(for example, Illinois Basin geodetic network [Hamburger and others, 2002; Galgana and Hamburger,
2010]).

Each year, the USGS Earthquake Hazards Program requests research proposals to advance our
state of understanding in specific geographic areas, such as the central and eastern United States
(CEUS), and in disciplines including earthquake effects and earthquake physics. Current significant
research problems and recommendations by the research community form the basis for USGS strategic
planning regarding earthquake hazards. For example, two themes for CEUS research that were a direct
result of the 2011 and 2012 workshops are:

e Proposals to improve the quality of geodetic data and networks in the CUS are encouraged,
particularly if they are the outgrowth of a community-based plan for the New Madrid region and
the CUS. These studies may include the development of a comprehensive set of precise geodetic
measurements that could provide: (1) baseline measurements prior to any future earthquake in
the region, (2) re-measurements of existing networks (for example, in New Madrid, Wabash
Valley, and Charleston), (3) improvement of monumentation for existing networks (for example,
CORS, National Geodetic Survey [NGS], and the Federal Aviation Administration [FAA]), and
(4) continuous monitoring of data quality at existing GPS networks.

e Development of synoptic, physical models of long-term deformation in intraplate areas including
both onshore and offshore areas of the CEUS and the NMSZ are encouraged. Proposals may
seek to address topics such as the cause of large earthquakes, regional migration of seismicity
and earthquake clustering as suggested by paleoseismological results, and interaction of known
geological structures within the tectonic stress field. Coordination with EarthScope research
projects is particularly encouraged.

We envision that results from the 2012 workshop will lead to research and recommendations that
will further shape USGS priorities with respect to geodetic monitoring and modeling, especially as they
pertain to seismic hazards in the CEUS. Although the workshop was primarily focused on scientific
targets of current and future midcontinent geodetic research, we recognize that there are many
stakeholders, both within and outside the scientific community, for whom this research may make
critical contributions. This includes other government agencies that directly or indirectly make use of
geodetic data (National Geodetic Survey, Federal Aviation Administration, National Oceanic and
Atmospheric Administration [NOAA], National Weather Service [NWS]), public- and private-sector
organizations that make use of geodetic data for surveying (for example, government and commercial
survey community), and organizations that will benefit from scientific results of geodetic research (for
example, FEMA, state and local emergency management organizations, regional planning
organizations, and insurance and engineering industry). We anticipate an increase in opportunities for
research partnerships, funding opportunities, and public-private partnerships that can enhance future
geodetic research.


http://opentopo.sdsc.edu/gridsphere

The 2011 Norwood Workshop

The controversy surrounding the question of New Madrid earthquake hazard and the potential
for new approaches through geodetic data analysis led the scientific community to organize for a review
of existing geodetic data and its meaning for continued New Madrid seismicity. In March 2011, a
geodesy workshop, organized by Oliver Boyd, Eric Calais, John Langbein, Harold Magistrale, Seth
Stein, and Mark Zoback, and funded by FM Global, took place in Norwood, Mass. A group of 26
researchers met for a one-day workshop to discuss our current state of knowledge regarding earthquake
return periods, seismic hazard, active tectonics, and geodetic infrastructure and models in the NMSZ.
Specifically, the group addressed the challenge of reconciling present-day geodetic measurements with
paleoseismically derived earthquake rates. The workshop was summarized in an £OS article (Boyd and
Magistrale, 2011) and a USGS Open-File Report (Boyd and others, 2013).

Among the observations summarized at the workshop were:

e There is a fundamental disagreement between paleoseismic estimates for recurrence of New
Madrid earthquakes (roughly 500 yr, Tuttle and others [2002]) and estimates based on regional
strain-rate accumulation, which imply a return period of at least 10,000 yr for M7 events with 2
meters of average slip (Calais and Stein, 2009).

e The relative motions between most of the 55 GPS station pairs in the NMSZ are less than
roughly 0.2 mm/yr and that the uncertainties are probably on the order of 0.2 mm/yr (Calais and
Stein, 2009).

e Two baselines within the NMSZ show potentially significant relative motions of roughly 0.3—0.4
mm/yr. There remains disagreement as to whether these signals reflect a physical process
associated with strain accumulation on New Madrid faults (for example, Frankel and others,
2012), or aberrant measurements that represent part of the statistically expected range of
geodetic noise.

e There appears to be no difference in the orientation of principal stresses in the NMSZ with that
of the surrounding region (Hurd and Zoback, 2012). Thus, the stress state in this region results
from the same large-scale geologic processes stressing the central and eastern United States.

e Active faults in the NMSZ appear to have frictional strength similar to faults throughout the
region, and limited available heat flow data do not show the NMSZ to be warmer (and thus
weaker) than its surroundings (McKenna and others, 2007).

e There is evidence for marginally significant geodetic strain accumulation in the northern
periphery of the NMSZ, including the southern Illinois Basin and the Wabash Valley seismic
zone (Galgana and Hamburger, 2010).

Models that relate low long-term strain to the occurrence of earthquakes in the NMSZ were
presented and discussed and include those that invoke mantle convection (Forte and others, 2007),
glacial isostatic adjustment (Grollimund and Zoback, 2001), crustal heterogeneity (Kenner and Segall,
2000; Pollitz and others, 2001), and erosion following retreat of the glaciers (Calais and others, 2010).
These processes may be responsible for the continued triggering of, rather than restoring the energy
needed for, repeated large earthquakes. Furthermore, some researchers hypothesize that the next large
earthquakes could occur on other faults in the region based on observations of earthquake migration in
China and models of stress evolution following the 1811-1812 earthquakes (Li and others, 2005; Liu
and others, 2011).

Although there remains considerable uncertainty as to the ultimate driving force of these
intraplate earthquakes, it is reasonable to expect that processes responsible for strain accumulation prior
to 1811-1812 are still active today. Attendees concurred that the current density of geodetic monitoring



is inadequate to address the apparent discrepancy between models inferred from geodetic and geologic
data. There was general agreement on the need for densification of geodetic monitoring in key locations
by a combination of continuous and less-expensive periodic campaign GPS deployments. Specific
configurations were discussed by John Langbein in the 2013 Open-File Report detailing the 2011
workshop (Boyd and others, 2013). In conjunction with improved geodetic monitoring, attendees argued
that new physically based models of intraplate seismogenesis and data that constrain intraplate
earthquake generation and recurrence are needed.

Although the Norwood workshop was highly successful in identifying critical scientific and
technical issues, the short duration of the meeting proved to be insufficient to lead to consensus
recommendations on implementation of geodetic infrastructure in the midcontinent region. It was this
goal that led to the continuation workshop effort in Evanston, Il1., in October 2012.

The 2012 Evanston Workshop

The U.S. Geological Survey provided support for a 2012 follow-up workshop, with a goal of
providing guidance to the USGS National Earthquake Hazards Reduction Program for both its internal
and external research programs on earthquake hazards in the Midwest. The workshop, entitled
“Advancing Geodesy in the U.S. Midcontinent” was held October 31 to November 1, 2012, at
Northwestern University in Evanston, Ill. The workshop was organized by Michael Hamburger (Indiana
University), Oliver Boyd (USGS), Eric Calais (Purdue University), Nancy King (USGS), and Seth Stein
(Northwestern University). The workshop included 28 participants from academia, government, and
private-sector organizations involved in geodesy and earthquake hazards in the seismically active areas
of the U.S. midcontinent. A list of participants is included in Appendix 1 and the workshop agenda in
Appendix 2.

Workshop participants were asked to share current research and proposals for future research
plans, focusing on the following basic and applied science themes:

Fundamental processes guiding earthquake generation in New Madrid and surrounding regions,
Application of geodetic measurements to assessment of earthquake hazards,

Optimization of geodetic monitoring networks to constrain crustal deformation, and

Critical approaches in data analysis, modeling, and interpretation of geodetic data.

The workshop was centered around four focused sessions addressing interconnected scientific
themes associated with midcontinent geodesy and deformation; participants were asked to address a
series of core scientific questions, as summarized below:

Session 1: Structural and Neotectonic Context

e What do we know about midcontinent geological evolution and structure that is
relevant to current deformation in the midcontinent?

e How does our knowledge about paleoearthquakes in the New Madrid and broader
region inform models of crustal deformation?

Session 2: Models for Intraplate Seismogenesis

e What drives midcontinent deformation and earthquakes? What do mechanical models
tell us about intraplate deformation and earthquakes in the New Madrid and broader
region? What additional constraints are needed?

Session 3: Geodetic infrastructure and observations

e What do we know about spatial and temporal patterns of deformation in the
midcontinent? What is needed to make progress?

Session 4: Geodetic Applications to Hazard Estimation



e How do current data on deformation in the New Madrid and broader region inform
earthquake hazard assessment and what additional information is needed to improve
that assessment?

The structure of the workshop was designed to encourage short, provocative presentations and
maximize time for informal group discussion of scientific and technical issues. Breakout sessions were
focused on recommendations for geodetic infrastructure to address the scientific issues raised in the
introductory sessions.

Research and Modeling

The workshop addressed a number of issues critical to the success of geodetic research in the
U.S. midcontinent. Research to better understand the link between processes driving seismogenesis and
observed crustal deformation is needed to help guide the acquisition of data. Several synoptic models
exist to explain ongoing earthquakes in the NMSZ (for example Kenner and Segall, 2000; Grollimund
and Zoback, 2001; Pollitz and others, 2001; Forte and others, 2007; Calais and others, 2010), but
additional research is needed to relate crustal deformation resulting from these models and observed
motions.

Geodetic Research Targets and Network Design

The workshop also examined a number of issues critical to the success of geodetic experiments
in the U.S. midcontinent. The focus of the discussions was on approaches to maximize the scientific
value of future investments in GPS infrastructure and research. Given the primary emphasis on
measurement of tectonic deformation as it relates to earthquake potential, two critical concerns are: (1)
selection of geodetic measurement sites where one expects the greatest probability of measuring a
tectonic deformation signal and (2) choosing a benchmark location and configuration that maximizes
geodetic signal and minimizes noise. Tectonic deformation can result from several processes occurring
within and beneath the crust. Forces acting from the sides and below, such as slab pull, ridge push, and
mantle drag, can lead to broad continent-wide deformation (Zoback and others, 1989), which can be
modulated by heterogeneities of crustal strength and heterogeneities in boundary forces. Viscous forces
within the upper mantle, for example, caused by the sinking of remnant subducted lithosphere (Forte
and others, 2007), can generate broad regional deformation signals on the Earth’s surface. Unstable
density anomalies within the lithosphere, under appropriate conditions (Pollitz and others, 2001), can
lead to relatively localized deformation at the Earth’s surface. Earth-surface processes, such as the
melting of glaciers (Grollimund and Zoback, 2001) and rapid erosion of sediment (Calais and others,
2010) can cause regional and relatively localized crustal strain that can persist for thousands of years.
Lastly, the stressing of preexisting basement faults, formed as a result of late Precambrian and early
Paleozoic tectonic activity, may be manifested as a complex of conjugate normal, reverse, and strike-
slip structures at depth (Van Arsdale and Cupples, 2013). These faults may creep at depth yielding a
measureable strain rate signal at the surface (Frankel and others, 2012). When the faults fail in an
earthquake, the surrounding rock is stressed and will relax over time (Li and others, 2005). This leads to
measureable surface strain.

Considering these geodynamic processes, the workshop examined a number of scenarios in
which to place stations to maximize the success of geodetic experiments. Stations could be placed: (1)
across boundaries of significant crustal heterogeneity and within regions of weak crust, (2) in broad
transects across regions of proposed significant lateral deformation due to mantle-driven deformation,



(3) in arrays that capture proposed deformation signals from Earth surface processes, and (4) across
active faults.

Attendees concurred that the current density of high-quality stations in the NMSZ is inadequate
to properly estimate motions on finite sections of faults that may be creeping at depth (see “Proposed
Network Design” section). Other regions recognized as sites of prehistoric earthquakes, for example,
Wabash Valley, southern New Madrid (near Marianna, Arkansas), have few or no geodetic stations of
appropriate quality with which to analyze surface strain. Attendees suggested that CGPS stations could
be added by adopting stations from CORS and upgrading the quality of the geodetic monumentation.
Ideally, stations would be located on bedrock, but this is not possible within the Mississippi embayment.
With evidence that high-frequency geodetic noise represents a combination of uncorrelated (white) and
correlated (flicker and random-walk) noise (for example, Langbein and Johnson, 1997; Mao and others,
1999), a combination of increased station density and extended observation periods is needed to yield
more reliable estimates of long-term site velocities and spatial variations in surface strain (Boyd and
others, 2013).

Network design may also be informed by models of crustal heterogeneity based on newly
available geophysical data sets. EarthScope’s USArray is providing an unprecedented volume of
seismic data with which to image the lithosphere beneath the United States. For example, this data set
could be used to estimate the depth of the Moho and lithosphere-asthenosphere boundaries from
receiver functions (for example, Kumar and others, 2012) and seismic wavespeed and attenuation from
tomographic methods (for example, Buehler and Shearer, 2012). In conjunction with existing
aeromagnetic, gravity, and magnetotelluric data sets, a relatively detailed model of lithospheric strength
could result. Given boundary forces, a model of expected crustal strain could then be developed, and, if
warranted, stations placed to test and refine this model. Improved modeling of local sources of
loading—including the role of deglaciation (Grollimund and Zoback, 2001), intracrustal heterogeneity
(Kenner and Segall, 2000; Pollitz and others, 2001), erosion of surficial sediment (Calais and others,
2010), and shorter term hydrological loading (for example, Costain and Bollinger, 2010)—are critically
needed to inform the design of geodetic networks. Additional CGPS sites in the region are also of
interest to study these loading processes. These observations can, in turn, be used to infer rheological
properties of the lithosphere in the region.

Proposed Network Design

The primary outcome of the workshop was a consensus recommendation for expanding geodetic
observations in the New Madrid and surrounding regions of active intraplate seismogenesis. The
recommendations focus on expansion of CGPS monitoring of crustal deformation in the midcontinent
region, developed in three principal approaches (fig. 1):

1. Development of a roughly 10-station CGPS network densified/extended across the NMSZ.

2. Expansion of the regional CGPS network by roughly 40 continuous stations expanded to
seismically active areas outside the NMSZ, including:

e Expansion of geodetic observations into the Wabash Valley/Illinois Basin seismic
zone,

e Expansion of geodetic observations into the southern New Madrid region, and

e Development of a sparse regional network designed to capture regional deformation
rates.
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3. Development of a midcontinent-wide backbone network of highly reliable CGPS stations,
drawing from existing CORS and PBO sites, and augmenting with new sites where necessary.

This can be done at very low cost by leveraging existing efforts.

In addition to these short- and intermediate-term recommendations, the group recommends
collaborative development of a long-term strategic plan directed toward a PIO that comprises over 100
stations and will be extended to include active deformation from the Eastern Seaboard to the Great
Plains, leveraging support from major funding agencies in collaboration with other earth science
consortia (for example, EarthScope and UNAVCO).

High priority was given to expansion of the current New Madrid GPS network (Approach 1
above). Additional, high-quality CGPS sites are needed to help confirm or refute the presence of
significant geodetic signals associated with strain accumulation along the New Madrid fault system.
Particular attention will need to be paid to monumentation to minimize near-surface geodetic noise. The
networks may also benefit by maximizing use of existing CGPS networks (for example, navigation,
transportation, or geodetic control networks), upgrading existing CGPS networks, and transforming
existing geodetic monuments to CGPS observation.

An expansion of GPS networks should be designed to address earthquake potential in areas
adjacent to the NMSZ. The primary focus of this expansion would be to provide improved geodetic
coverage of areas of current seismic activity (for example, Wabash Valley Seismic Zone), areas of
proposed recurrent basement faulting (for example, Reelfoot South Fault Zone [Csontos and others,
2008; Van Arsdale and Cupples, 2013), Meeman-Shelby Fault Zone (Odum and others, 2010; Hao and
others, 2013]), and areas with demonstrated history of paleoseismic events (for example, Wabash Valley
Seismic Zone [Munson and others, 1997], Marianna, Arkansas zone [Tuttle and others, 2006], and
Saline River Fault Zone [Cox and others, 2010]). Because the records of both basement faulting and
paleoseismicity are incomplete, the group also recommended inclusion of a sparse, regional network to
capture background regional strain and possible localized strain outside of known target areas. The
group recommended, as a lower priority, continued monitoring of existing campaign GPS networks (for
example, New Madrid and Illinois Basin networks) and exploration of ‘hybrid’ networks that
incorporate the benefits of high-quality monumentation and the flexibility and low-cost of episodic or
‘semi-permanent’ GPS observations (for example, Blewitt and others, 2009). Improvements in analysis
of stability of geodetic monumentation in areas of thick unconsolidated sediment (for example, Mattioli
and Jansma, 2007) are critically needed to advance the reliability of geodetic measurements in the New
Madrid region. Taking advantage of the expertise attained through the PBO project, a partnership with
the UNAVCO consortium could play a key role in ensuring quality in installation, status monitoring,
data integrity, and data processing. An example of a possible configuration of an expanded midcontinent
GPS network, including a 10-station New Madrid network and a 40-station regional GPS network, is
shown in figure 1.
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Figure 1.  Proposed development of midcontinent geodetic networks. Solid blue and red triangles show existing
continuous GPS (CGPS) stations operated as part of the Continually Operating Reference Stations (CORS)
and Geodetic Array Studies for Mid America (GAMA) networks, respectively. Red and yellow stars show
generalized distribution of proposed sites for CGPS in Phase | (New Madrid densification) and Phase ||
(regional strain monitoring) respectively. Ellipses show generalized areas proposed for network expansion: red
= New Madrid region; blue = Wabash Valley Seismic Zone; yellow = southern New Madrid extension; green =
regional strain monitoring network. Base-map is 3-arc second topography available from the USGS at
http.//ned.usgs.gov/index.html.
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Geodetic Data Analysis

An essential component of any future expansion of geodetic networks in the U.S. midcontinent
is a plan for geodetic data archiving and analysis. Because the signal of intraplate deformation is so
small, the introduction of systematic errors in GPS data processing could have significant potential
impact on the results and interpretation (for example, Stein, 2007). For that reason, it would be
beneficial to subject all midcontinent geodetic data to multiple streams of analysis. Large-scale data-
processing centers offer the benefit of consistent data processing, in the same reference frame, and
potentially provide daily time series, short-term kinematic results, and average station velocities in
numerical and graphical form. Among the data-analysis centers that could potentially provide this
service are the USGS Earthquake Hazards Program (http.//earthquake.usgs.gov/monitoring/gps/), the
UNAVCO PBO data processing facility (http.//pbo.unavco.org/data/gps), the Scripps Orbit and
Permanent Array Center (http.//sopac.ucsd.edu/processing/), and the Nevada Geodetic Laboratory
(http.//geodesy.unr.edu/). Any of these network processing centers could be easily adapted to add new
stations to the system and process them at minimal cost. In addition, it is important that a rigorous
comparison of complementary data-analysis products be performed, with a thorough investigation of
position time series, in order to reduce ambiguity in identifying the signals of tectonic origin. This post-
processing stage should benefit from solutions from the large-scale data-processing centers mentioned
above as well as from solutions from individual investigators. The end product would be a verified,
combined, velocity solution expressed in a well-defined geodetic frame.

Long-Term Plan: Plate Interior Observatory

A long-term strategy that was supported by participants at the Evanston Workshop is a goal to
develop a CGPS PIO that comprises over 100 stations (comparable to the EarthScope PBO) which
would provide the necessary infrastructure to study active deformation from the eastern seaboard to the
Great Plains. Such an effort could leverage support from major funding agencies in collaboration with
other earth science consortia (for example, EarthScope and UNAVCO) and NOAA/NGS. The resulting
data would have much better resolution of the anticipated slow deformation than possible with present
NOAA CORS sites. PIO and CORS data could be processed as part of the PBO data analysis, providing
a publicly available, consistent velocity field. CORS and PBO sites will give insight into the quality of
CORS data. As the GIA studies show, using careful quality control to reject poor data yields high
quality velocity fields from the CORS data.

The velocity field, together with earthquake, geological, and geomorphological data (for
example, Pazzaglia and others, 2010) would be analyzed using a new generation of tectonic models (for
example, Ghosh and Holt, 2012) to constrain the dynamics of short- and long-term local and regional
deformation processes. The practicality of doing so is shown by the fact that the GPS velocities are
already being used to improve models of mantle viscosity (Peltier and Drummond, 2008), which
controls the response to ice loads. We believe that such a large-scale effort is essential to provide both
the spatial coverage and geodetic resolution necessary to resolve fundamental scientific problems
associated with the generation of earthquakes in North America’s continental interior.
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Appendix 2: Workshop Agenda

October 30

Advancing Geodesy in the U.S. Midcontinent
October 31 — November 1, 2012
Northwestern University, Evanston, Illinois

Workshop Agenda

Afternoon/Evening: Participants arrive, check in at Orrington

8:30 - 10:00 PM
October 31
7:30 - 8:30 AM
8:30 AM

8:30 — 8:45 AM
8:45-9:15

8:45 -9:30

Informal Icebreaker Globe Café Den,

Cash bar at Globe Café Orrington Hotel
Continental Breakfast Norris Center, Room 202
Meeting registration Northwestern Room
Workshop begins Norris Center Room 202

Northwestern Room

Introduction: Meeting organization and goals
e Welcome from organizing committee, USGS
e Review meeting agenda and logistics
e Large-scale goals of workshop

Organizational Context
e USGS goals for geodetic research and infrastructure (Blanpied/King)
e Role of NSF in Midcontinent Geodesy Research (Chuck Estabrook)
e Review of Boston workshop findings (Boyd)

Session 1: Structural and Neotectonic Context
o  What do we know about midcontinent geological evolution and structure
that is relevant to current deformation in the midcontinent?
e How does our knowledge about paleoearthquakes in the New Madrid and
broader region inform models of crustal deformation?
Introduction: Rob Williams
Steve Marshak - Basement Topography of the Midcontinent, USA: A Visual
Signature of Fault-Related and Epeirogenic Crustal Displacement
Walter Mooney: Continental Intra-Plate Earthquakes: Correlation with
Lithospheric Structure.
Roy Van Arsdale: Structure and Paleoseismology of the New Madrid Seismic
Zone
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9:30 - 10:15

10:15 -10:30

10:30-11:15

11:15-12:00

12:00 - 1:30

1:30 - 2:15

Fred Pollitz: Mantle Origin for Stress Concentration at the New Madrid
Seismic Zone?
Michael Hamburger: Could the next New Madrid earthquake be in the
Wabash Valley Seismic Zone?
Discussion — Leaders: Miguel Merino, Rob Williams

Break

Session 2: Models for Intraplate Seismogenesis
e What drives midcontinent deformation and earthquakes? What do
mechanical models tell us about intraplate deformation and earthquakes
in the New Madrid and broader region? What additional constraints are
needed?
Introduction: Paul Segall
'William Holt: Intraplate stress and strain in the North American plate
inferred from global dynamic models.
Susan Hough: Moment accrual versus moment release: the NMSZ and
Beyond.
Stephane Mazzotti: Can we constrain maximum strain rates and seismicity
rates in midcontinent US from rheology models?
Eric Hetland: Reloading of non-plate boundary faults: the potential role of
stress reservoirs.
Oliver Boyd: Relaxation and creep in the New Madrid Seismic Zone.
Discussion — Leaders: Main Liu, Paul Segall

Lunch Norris Center Room 202
Northwestern Room

Session 3: Geodetic infrastructure and observations
o  What do we know about spatial and temporal patterns of deformation in the
midcontinent? What is needed to make progress?
Introduction: Eric Calais
Chuck Meertens: EarthScope Geodesy in the midcontinent and eastern U.S.
'Giovanni Sella: CORS Network and its contribution to assessing the stability
of the North American Plate.
Bob Smalley: Examining deformation of plate interiors with GPS: Application
to the Central US.
Bill Hammond: Using GPS Geodesy to Assess Very Low Strain Rates in the
North American Mid-Continent.
Ksenia Dmitrieva: Network Noise Estimator (NENE) for time-dependent
noise in GPS velocities in Intraplate regions.

'Giovanni Sella and Bill Holt were unable to attend the meeting due to weather-related delays (Hurricane Sandy).
These presentations were not given but are retained in the agenda to show that they were considered in the

workshop planning.
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2:15-3:00
3:00 —3:15
3:15-3:45
3:45 - 4:30
4:30-5:00
6:30 — 8:00
November 1
7:30 - 8:30 AM
8:30 — 8:45 AM
8:45 -10:00 AM
10:00 -10:15
10:15-11:15
11:15-12:00
12:00 — 1:00
1:00 — 2:30

John Langbein: Improving geodetic infrastructure to test models of
deformation in the New Madrid Seismic Zone
Discussion — Leaders: Nancy King, Eric Calais
Break

Session 4: Geodetic Applications to Hazard Estimation
e How does current data on deformation in the New Madrid and broader
region inform earthquake hazard assessment and what additional
information is needed to improve that assessment?
Introduction: Michael Blanpied
Yuehua Zeng: Western US GPS observation and application to the national
seismic hazard mapping project.
Main Liu: Roaming earthquakes with long aftershock sequences in China
highlight earthquake hazard in mid—continents.
Seth Stein: Using GPS to improve New Madrid hazard mitigation and tectonic
investigations.
Discussion — Leaders: Harold Magistrate, Michael Blanpied

Summary Discussion

Dinner Dave’s Italian Kitchen

Continental Breakfast Norris Center Room 202
Northwestern Room

Morning Logistics

Organization of breakout session

Breakout sessions Room 103 Chicago Room
e Geodetic targets: location and density Room 207 Rock Room
¢ Infrastructure recommendations:
Continuous/campaign GPS
e Analysis/Modeling
e Hazard Assessment applications

Break

Report from breakout groups/discussion
Closing discussion/recommendations
Box lunch; participants depart

Organizing committee drafts outline for report

22



	Contents
	List of Abbreviations and Acronyms
	Executive Summary
	Introduction
	Background and Motivation
	Geodetic Methods
	Global Positioning System
	Interferometric Synthetic Aperture Radar
	Light Detection and Ranging

	Anticipated Contribution to USGS Strategic Planning
	The 2011 Norwood Workshop
	The 2012 Evanston Workshop
	Research and Modeling
	Geodetic Research Targets and Network Design
	Proposed Network Design
	Geodetic Data Analysis
	Long-Term Plan: Plate Interior Observatory
	Acknowledgments
	References Cited
	Appendix 1: List of Workshop Participants
	Appendix 2: Workshop Agenda



