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Abstract The mechanical behavior—and hence earthquake potential—of faults in continental interiors
is an issue of critical importance for the resultant seismic hazard, but no consensus has yet been reached
on this controversial topic. The debate has focused on the central and eastern United States, in particular,
the New Madrid Seismic Zone, struck by four magnitude 7 or greater earthquakes in 1811-1812, and to

a lesser extent the Wabash Valley Seismic Zone just to the north. A key aspect of this issue is the rate at
which strain is currently accruing on those plate interior faults, a quantity that remains debated. Here we
address this issue with an analysis of up to 14.6 years of continuous GPS data from a network of 200 sites
in the central United States centered on the New Madrid and Wabash Valley seismic zones. We find that
the high-quality sites in these regions show motions that are consistently within the 95% confidence

limit of zero deformation. These results place an upper bound on strain accrual on faults of 0.2 mm/yr and
0.6 mm/yr in the New Madrid and Wabash Valley Seismic Zones, respectively. For the New Madrid region,
where a paleoseismic record is available for the past ~5000 years, we argue that strain accrual—if any—does
not permit the 500-900 year repeat time of paleo-earthquakes observed in the Upper Mississippi
Embayment. These results, together with increasing evidence for temporal clustering and spatial migration
of earthquake sequences in continental interiors, indicate that either tectonic loading rates or fault
properties vary with time in the New Madrid Seismic Zone and possibly plate wide.

1. Introduction

Geodetic studies at plate boundaries have long shown that plate motions are accommodated by elas-
tic deformation of the Earth’s crust that accumulates at steady rates near active faults. This elastic strain
is released episodically by sudden fault slip during large earthquakes so that, over a few hundred years,
balance is achieved between the rates at which strain accumulates and is released. Whether this steady
state model—which forms the basis for probabilistic seismic hazard calculations—applies to conti-
nental plate interiors, where large earthquakes are much less frequent than at plate boundaries, is an
unresolved question.

The New Madrid Seismic Zone (NMSZ) (Figure 1) has been the focal point for this issue because it is a type
example for large intracontinental earthquakes. Four magnitude 7 or greater earthquakes struck the area
in 1811-1812 [Johnston, 1996; Hough et al., 2000], making earthquake hazard assessment a high priority in
this heavily populated area of the North American midcontinent. The neighboring Wabash Valley Seismic
Zone (WVSZ) also shows elevated seismic activity [Nuttli and Brill, 1981], with one M > 7 paleo-earthquake
dated at about 6 Ka [Obermeier, 1998]. Whether the WVSZ is independent from the NMSZ or might be

the next focus in a migratory sequence of intraplate earthquake clusters [e.g., Galgana and Hamburger,
2010] is an important question for regional seismic hazard and for understanding earthquake processes in
plate interiors.

It is classically assumed that faults in stable continental interiors behave like those at plate boundaries,
accumulating strain at a rate consistent with the seismic record so that large earthquakes occur at similar
locations and quasi-regular time intervals. There is however evidence from the paleo-earthquake record that
faults in such a setting may operate differently, with very long periods of seismic quiescence separated by
short periods of clustered activity, so that the loci of large earthquakes migrate over time among fault sys-
tems within a continent [Crone et al., 2003]. In this hypothesis, currently active seismic zones such as the New
Madrid region may represent aftershocks of large historical earthquakes rather than evidence for current
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Figure 1. (a) Location map for eastern North America. (b) Continuous GPS sites included in this study. Those identified as “NMSZ" or “Wabash" are the specific sites
focused on when considering the strain accumulation in these areas. Sites identified as “best” are the 11 sites with the longest and cleanest time series around
the NMSZ. Seismicity is taken from the CERI earthquake catalog for the Central and Eastern United States (http://www.memphis.edu/ceri). (c) The New Madrid
Seismic Zone (dashed green contour). Red circles represent the 1811-1812 earthquake sequence, taken from the USGS Historical Earthquakes Catalogue.

strain accrual [Stein and Liu, 2009]. Geodetic results showing strain accrual at rates indistinguishable from
zero in the NMSZ support this view [Calais et al., 2006; Calais and Stein, 2009]. These geodetic results are
however challenged by alternate studies arguing that strain in the NMSZ is significant [Smalley et al., 2005;
Frankel et al., 2012]. If so, current seismicity in the NMSZ may be the manifestation of present-day strain
accrual on the New Madrid faults [Page and Hough, 2014]. This strain accrual—even at slow rates—should
become measurable as geodetic networks improve and observational time series duration increase.

Assessing current tectonic activity with geodetic instrumentation in stable continental interiors is a chal-
lenge because the very low expected strain rates are close to the measurement precision. Large-scale GPS
measurements in North America and Europe show long wavelength horizontal (and vertical) deformation
caused by Glacial Isostatic Adjustment (GIA) [Nocquet et al., 2005; Calais et al., 2006; Sella et al., 20071, but
conclusive evidence for strain accumulation at regional scale on specific fault zones remains elusive. A key
criterion for identifying such tectonic deformation is a spatially coherent pattern of velocities, consistent
over several neighboring geodetic sites. Meaningful statistical sampling therefore requires a dense network
of GPS stations, which is now beginning to emerge in the Central Eastern U.S. (CEUS) (Figure 1). The recent
increase in the number of continuously recording GPS stations in this region has led to a significant increase
in the density of sites for which both accurate velocities and an estimate of the time-dependent noise (nec-
essary for reliable quantification of the uncertainties) can be obtained. Here, we analyze data from 200
continuous GPS stations surrounding the New Madrid and Wabash Valley seismic zones of the CEUS, using
data, when available, over a period extending from the start of 2000 through to mid-2014 to determine
whether resolvable strain accumulation in the these regions can be detected geodetically with confidence.

2. Large Earthquakes and Current Strain Rates in the CEUS

Between December 1811 and February 1812, the region of southeastern Missouri and eastern Tennessee
in the central United States (Figure 1c) was struck by a sequence of four significant earthquakes [Fuller,
1912; Nuttli, 1973]. Accurate magnitude estimates are difficult to obtain in this preinstrumental period, but
macroseismic estimates for the largest earthquake indicate that it likely exceeded M,, 7.1 [Hough and Page,
2011]—although earlier studies proposed that it may have reached M,, 8 [Johnston, 1996]—with three
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other earthquakes of similar magnitude occurring in a space of 4 months. These are some of the largest
earthquakes known to have occurred in a continental intraplate setting.

Seismic activity in the region of the NMSZ continues to this day, although activity in the instrumental period
rarely exceeds M,, 4. In terms of both historical and instrumental seismicity, the NMSZ represents a sig-
nificant anomaly against the backdrop of the relatively seismically quiescent continental interior of North
America, east of the Rocky Mountains (Figure 1). Paleoseismological indicators suggest that this region has
experienced similar magnitude events over a time period extending back at least 3000 years [Kelson et al.,
1996; Tuttle et al., 2005], with earthquakes occurring within the broad New Madrid region approximately
every 500 years over that period [Tuttle et al., 2002]. Geologically, the 1811-1812 sequence and the con-
tinuing seismicity are believed to represent reactivation and inversion of a subset of faults relict from the
Cambrian Reelfoot Rift [Van Arsdale, 2009], with the majority of seismic activity limited to the upper crust,
at depths of 5-15 km [Dunn et al., 2010]. The degree to which this region represents a significant continu-
ing seismic hazard has been the subject of much debate over the past decades. Space geodesy provides an
obvious way of addressing this debate because of its ability to measure strain over regions of any size with a
millimeter to submillimeter per year precision.

The search for intraplate deformation in the stable part of North America using space geodesy started with
work by Argus and Gordon [1996] and Dixon et al. [1996], who used between nine and 20 sites in the plate
interior to establish an upper bound of 2 mm/yr for residual motions across the CEUS. Other authors later
found similar results [e.g., Newman et al., 1999; Kogan et al., 2000], although Gan and Prescott [2001] reported
elevated strain in the south-central U.S. based on results at GPS station MEM2 in the Mississippi embayment,
later discovered to be unstable. Calais et al. [2006] analyzed data from more than 300 continuous GPS sites in
the North American plate interior and showed that their horizontal and vertical velocities could be fit within
uncertainties by a rigid plate rotation combined with deformation from glacial isostatic adjustment (GIA).
They reported that the impact of GIA on horizontal strain rates was negligible south of about 45°N, with a
strain upper bound of 1.5 x 10~'% yr~! corresponding to 0.5 mm/yr when integrated over the CEUS.

These plate-wide results however did not preclude that strain might accumulate at significant rates in
regions where the density of GPS measurements was not sufficient to detect it, such as the New Madrid or
Wabash Valley seismic zones. Indeed, an early study based on a comparison of GPS and terrestrial geode-
tic measurements reported 5-7 mm/yr of deformation across the southern part of the NMSZ [Liu et al.,
1992], consistent with a steady state fault system producing one M,, 8 earthquake every 500 to 1000 years
[Johnston, 1996]. Similar measurements in the northern NMSZ were however inconclusive, with less than
3 mm/yr of motion across the fault system [Snay et al., 1994]. Early episodic GPS measurements over

the entire NMSZ found similar results, placing an upper limit of 2.5 mm/yr on deformation in the NMSZ
[Newman et al., 1999].

These results from episodic measurements were soon superseded by analyses of continuous GPS data.
Smalley et al. [2005] reported strain rates in the NMSZ “comparable in magnitude to those across active plate
boundaries,” based on 1.4 mm/yr of shortening across a 10 km long baseline spanning the Reelfoot fault.
This was later shown to result from an unexplained offset in the baseline between the two sites, while other
data showed less than 0.7 mm/yr of deformation in the NMSZ as a whole [Calais et al., 2005, 2006]. A subse-
quent reanalysis of the NMSZ continuous GPS data set led to an even smaller upper bound on site motions
of 0.4 mm/yr [Calais and Stein, 2009], with all velocities in the NMSZ consistent with a rigid plate behavior
within their 95% uncertainties. Most recently, Frankel et al. [2012] used relative site displacements to assess
regional deformation in the NMSZ. They found significant displacement (0.37 + 0.07 mm/yr) between GPS
sites PTGV and STLE, which cross the inferred deep portion of the Reelfoot Fault (Figure 1c), and argued
that this surface deformation was caused by aseismic slip at a rate of 4 mm/yr on the downdip part of the
Reelfoot Fault between depths of 12 and 20 km. This, they argue, would produce sufficient loading for one
M,, 7.3 earthquake every 500 years on the shallow portion of the fault. It remains, however, unclear whether
these geodetic results reflect an actual tectonic process, the effect of local hydrology, monument instability,
or the expected statistical behavior of a random distribution of many sites about a zero-displacement mean
[Boyd et al., 2013].

The cause of the 1811-1812 New Madrid earthquake sequence and the underlying physical process respon-
sible for large earthquakes in plate interiors remain therefore enigmatic and controversial. Whether the
present deformation reflects that observed from the geological records, how to interpret anomalous
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displacements at isolated sites, whether there is present-day strain accrual, and whether there is any strain
accrual in the surrounding regions remain questions on which there is little consensus. Recent increases in
the number of continuously recording GPS receivers in the central United States have led to a large increase
in the density of sites for which accurate velocities can be obtained, providing an opportunity to reassess
these issues. Here we analyze both previously studied and newly available continuous GPS data in the
Central and Eastern United States to determine if resolvable geodetic strain accumulation can be detected
in this controversial region.

3. Data Processing

We select openly available continuous GPS sites for a region spanning 33° to 40° latitude by —95° to
—83° longitude in the CEUS, centered on the NMSZ and also encompassing the Wabash Valley Seismic
Zone (WVSZ). This yields a total of 200 continuous GPS sites with data duration ranging from 3 months to
14.6 years. We retrieve data from the UNAVCO (http://www.unavco.org/) and CORS (http://www.geodesy.
noaa.gov/CORS/) archives, and process them using the GAMIT-GLOBK software package [Herring et al., 2013,
http://www-gpsg.mit.edu/~simon/gtgk]. We estimate daily positions along with seven daily tropospheric
delay parameters per site, two parameters for horizontal tropospheric gradients, and satellite state vectors
from doubly difference phase observations sampled at 30 s intervals. We apply automated phase ambigu-
ity resolution at this stage, along with corrections for solid Earth tides, polar tides, and time variable ocean
loading following the 2010 IERS conventions [Petit and Luzum, 2010]. We use final IGS orbits and Earth ori-
entation parameters and apply a correction for antenna phase center variations using the latest IGS tables
(Schmid et al. [ 2007], and subsequent updates).

Daily position time series for each site are visually inspected to identify any discontinuity or offsets, either
documented and due to changes in instrumentation or sometimes undocumented. We exclude sections
of some time series where they undergo apparent nonlinear deviation from the background trend due to
instrument failure—this is the case, for example, for site RLAP between October 2005 and August 2009. We
account for these discontinuities in the velocity solution by allowing for a single three-component offset
while equating velocities before and after the offset.

Detrended three-component time series for these sites are shown in Figure 2 for a subset of sites covering
the NMSZ. Although seasonal signals can clearly be seen in the position time series for a number of sites
(e.g., site BLMM, Figure 2), we make no attempt to correct for this. These signals, at approximately annual
and semiannual periods, are likely the result of unmodeled loading effects (hydrological and atmospheric)
and average out over (at least) three cycles. Minimum influence on velocity estimates is seen for half-integer
year duration time series [Blewitt and Lavallée, 2002]. Here we restrict our interpretation to time series with
a minimum duration of 3.5 years. Monument quality is variable across the set of sites selected, which were
designed for applications ranging from tectonic geodesy to structural surveying. This leads to noise charac-
teristics that are highly site dependent with, in some cases, velocities influenced by local effects unrelated
to the regional tectonics (a number of examples are discussed below). We therefore consider it impor-
tant to base the interpretation on the local to regional coherence among neighboring sites rather than on
individual velocities at single sites.

Once the position time series have been cleaned, we combine our regional loosely constrained daily solu-
tions, along with the global daily solutions for the whole IGS network available from the Massachusetts
Institute of Technology IGS Data Analysis Center, into weekly position solutions in order to improve signal
resolution over the noise level and to optimally tie our solution to the International Terrestrial Reference
Frame (ITRF) [Altamimi et al., 2011]. We finally combine these weekly solutions into a single position/velocity
solution using GLOBK [Herring et al., 2013, http://www-gpsg.mit.edu/~simon/gtgk], which we tie to the ITRF
by minimizing position and velocity deviations from a set of globally defined IGS reference sites common
to our solution via a 12 parameter Helmert transform (scale and scale change are not estimated). We down-
weight the variance of the height coordinates by a factor of 10 in defining the reference frame because of
the reduced precision of the vertical component in standard GPS solutions. We estimate time-correlated
noise at each site using the First-Order Gauss-Markov Extrapolation (FOGMEXx) algorithm of Herring [2003]
(see also Reilinger et al. [2006]) in order to obtain realistic velocity uncertainties, which are discussed in more
detail below. Table S1 in the supporting information presents velocity results for all sites in the Central U.S.
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Figure 2. Detrended daily GPS position time series for sites around the NMSZ (purple and blue squares on Figure 1). Horizontal components only are shown.
Vertical lines represent breaks in the time series, for which an offset is calculated in the velocity solution. Note that the scales are the same for north and east
components. Black time series correspond to those identified as “best” (blue squares, Figure 1). Grey time series are the remaining sites around the NMSZ (purple
squares, Figure 1). Time series in light grey are those with <3 years data available which, while included in the velocity solution, are subject to large uncertainties,
and so excluded from the subsequent discussion. As discussed in the text, MEM2 and PIGT are also excluded due to local site effects and apparent nonlinearity in
the time series, respectively.
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Figure 3. Velocity solution for GPS sites around the NMSZ. Velocities shown are relative to a reference frame defined by fitting a rigid plate to the GPS sites shown
in dark blue—those with the longest time series. Error ellipses represent the 95% confidence limit. Red crosses indicate sites removed due to time series <3.5
years in duration (ARBJ, MOAT, MOHT, and MOSL) or due to local site effects as discussed in the text (MEM2, MODX, and PIGT).

in the ITRF2008 reference frame. A Solution INdependent EXchange (SINEX) file with the full covariance
information can be obtained from the authors upon request.

4, Strain Accumulation in the New Madrid Seismic Zone

4.1. Velocity Solutions

We use the velocity solution described above to test for the presence of systematic deviations from a purely
rigid behavior. This will manifest as a reduced y? significantly greater than 1 and statistically significant
residual velocities showing a spatially consistent pattern when these data are fit with a rigid plate model. We
exclude from the estimation sites with < 3.5 years of data, in order to minimize the influence of seasonal sig-
nals on the velocity estimation [Blewitt and Lavallée, 2002]. In addition, we exclude 14 sites which we visually
identified as having large residuals (> 2 mm/yr) obviously inconsistent with other nearby sites. This leaves

a total of 159 sites in the study area. The least squares inversion of their velocities for a rigid plate angular
rotation (three parameters) results in a reduced y? of 2.1 and a mean RMS misfit of 0.45 mm/yr. A map view
of the residual velocities (Figure S1) shows small residuals overall, in particular, at well-determined sites (i.e.,
sites with smaller velocity uncertainties), with no discernable spatial pattern. A number of the younger sites
show large residual velocities (> 1 mm/yr) and similarly large uncertainties, resulting in the relatively large
RMS value.

While broadly consistent with little deformation within the plate interior and in agreement with previous
large-scale studies [Calais et al., 2006; Sella et al., 2007], the wholesale consideration of such a large area
may allow for localized internal deformation, possibly obscured by the statistics of the larger system. We
therefore focus on the subset of sites centered around the seismically active NMSZ (blue and purple sites on
Figures 1 and 3). Figure 3 shows that residual velocities are very small overall, much lower than 1 mm/yr at
most sites and close to zero at several sites, in particular, the sites with the smallest uncertainties.

Site MEM2, south of the Cottonwood Grove fault, shows significant motion to the west relative to other
NMSZ sites. However, it is installed on a shallow monument in loose clay (Mississippi embayment “gumbo”)
known to be sliding downslope (B. Smalley, personal communication, 2010) so that its motion cannot be
interpreted in terms of tectonics. Site PIGT shows a high degree of nonlinearity in its position time series
(Figure 2), making the determination of a single constant velocity inappropriate. The cause of this nonlinear-
ity is unknown but likely results from local site effects rather than tectonic motion, and so is also excluded
from our analysis. Site MODX has a particularly noisy time series (Figure 2) and a short observation duration
(<4 years), and we therefore discard it from the interpretation as well.
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expected if residuals are normally distributed in two dimensions witha  tions from rigid behavior at the level of

unit variance. uncertainty quoted above.

This can be further quantified by testing whether residual velocities follow a normal distribution. Figure 4
shows the cumulative distribution of residual velocities (both in north and east components) normalized
by their uncertainty for all sites considered in this and the subsequent section around the NMSZ and WVSZ.
This observed distribution is compared to the theoretical y? distribution assuming that the residuals are
normally distributed in two dimensions with a unit variance. The excellent fit between the observed and
theoretical distributions indicates that the residual velocities are well described by a random process. In
addition, the fact that the distribution of normalized residuals is approximately Gaussian validates our noise
model and indicates that our probabilistic velocity uncertainties are meaningful.

We then ask whether this conclusion is robust through time, i.e., how residual velocities evolve as the obser-
vational data time span increases. We therefore calculate a velocity field for the entire data set based on
data initially spanning a time interval from 1 January 2000 to 1 January 2004 and onward, adding incremen-
tally one further year of data each time, and then recalculating the full velocity solution. Sites are included
once they have accumulated at least 3 years of observation. We then recalculate the residuals with respect
to a rigid plate model defined using the 25 sites around the NMSZ as discussed above, for each time period
based on the velocities and their uncertainties available at the end of that time period (Figure 5). As the
observation time span lengthens, the east and north velocity residuals for these 25 sites decrease and con-
verge toward zero (note that the inclusion of sites once they accumulate 3.5 years of data results in “new”
sites with large residual appearing throughout the sequence). The RMS residual generally decreases (with
occasional increases when new sites first accumulate enough data to be included) down to 0.3 mm/yr in
mid-2014. Error estimates for individual sites, as expected, generally decrease through time as more data
become available and the determination of the time-dependent noise improves. Interestingly, many sites in
the initial periods report velocities significantly different from zero and well outside of their estimated uncer-
tainty but, as the duration of their observations lengthens, fall back to be within the uncertainty envelope
of zero residual motion. Hence, when attempting to measure submillimetric relative velocities, the reliabil-
ity of site velocities and the robustness of uncertainty estimates for sites with <10 years of data perhaps
becomes questionable.

4.2. Dependence on Site Selection

While the premise of this study is to take advantage of the increased geodetic data available in the Central
U.S. to identify small geodetic signals, the quality and duration of the observational time series available is of
paramount importance in reducing the uncertainties, which is critical when we are attempting to measure
velocities of magnitude smaller than, or comparable to, their uncertainties. Hence, we split our NMSZ group
of GPS sites further, and isolate the 11 best sites—those with the longest time series (all with > 8 years,
eight with > 11 years) and the lowest noise content. These are identified on Figures 1 and 3 by the dark blue

CRAIG AND CALAIS

©2014. American Geophysical Union. All Rights Reserved. 7



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2014JB011498

Residual East Velocity (mm/yr)

2 0 1 2 2 0 1 2 2 4 0 1 2 2 A 0 1 2
L RMS = 1.68 1 [ RMS=1.19 1 FRMS=1.00 1 [ RMS=090 i
1 E \ L 1B | 1L 1 4
C T 1 F 3 f M 1 b— ]
0:47 iy 1 F = 1 QL;;&} 1 ﬁﬁ\ o
_1x‘ 1 E — = ><L[:< i 4
- ——1 I 1t 1 ]
[ 2004 ] - 2005 ] [ 2006 ] - 2007 ]
E [ RMS = 0.69 1 FRvs=os2 1 [rRvs=o044 1 FRrvs=o050 ]
= 1 F 1 b 1 b 1 b —4— 1 4
k] :(\ 1 F 7/‘—[\‘“ 1 1 F L) ]
e il muss, AN B | | |
g - 1 F 1 1 F m ]
€ - 1 N %) 1 1t 1
Z | 4F 1 b 1 b 1 b 1 4
S - 1 1t 1 ]
S [ 2008 ] - 2009 ] [ 2010 ] [ 2011 ]
ZJ P WS S N N AN I B A I B R T N WS
o
[ RMS = 0.39 ] Frvs=o036 1 [rus=o030 1 Frvs=o029 1
1k 4 F 1 F 1 F 4 1
0f 1 1 | 1 10
: 11 1t 1-
- 2012 1 | 2014 1 | 20146
2 0 1 2 2 1 0 1 2 2 0 1 2 2 0 1 2
| | |
0.0 0.2 0.4 0.6 0.8 1.0

Random Walk Noise Amplitude

Figure 5. Velocity residuals for each site around the NMSZ (purple and dark blue squares, Figure 1) as a function of observation period. All observation periods
start on 1 January 2000 and extend until the start of the year indicated on each panel. Sites are only included in the reference definition, and shown on the figure,
once at least 3.5 years of observational data are available. Each point is colored by the magnitude of the random walk noise estimated from the position time
series using the FOGMEx algorithm (explanation in the text). Error bars indicate the 95% confidence limit in the site velocity east and north components. Red
(respectively green) ellipses on each plot are the contours encompassing the 95% (respectively 39% or 15) best fit two-dimensional y?2 distribution fit to the
population of points shown. Values indicated on the top left corner of each panel are the RMS of the magnitude of the residual velocities in mm/yr.

sites, and on Figure 2 by those sites with black time series. When the analysis is limited to this subset of sites
around the NMSZ, the picture becomes markedly clearer.

Figure 6 mirrors Figure 5, but using only these 11 sites, and in a reference frame defined using only these
sites. Using data covering the 2000-2004 time period only, four of the nine sites present have a residual
velocity with 95% error bars on the EW and NS components that do not encompass zero. Once the time
period is extended to 2000-2014, all 11 sites present have a residual velocity with 95% error bars that
now encompass zero, with an RMS of the residual velocities of 0.21 mm/yr and a reduced y? of 1.48. Sites
RLAP, HCES, and CVMS are consistent outliers (indicated by their first initial on the tenth panel of Figure 6),
although their NS and EW error bars encompass zero for the whole 2000-2014 time period. RLAP is char-
acterized by a long time series hindered by a significant data gap and a number of other discontinuities
(Figure 2). The time series for HCES shows a relatively large amplitude of time variable noise, likely explaining
the increased residuals. CVMS presents a complex case for the assessment of its noise content and uncer-
tainties and is considered in detail later (see section 6). We also observe (particularly starting with the 2010
panel of Figure 6) that sites with the best quality time series, i.e., with the lowest colored noise (blue circles
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Figure 6. As in Figure 5, but limited to the best 11 sites around the NMSZ (dark blue squares, Figure 1), and in a reference frame relative to those 11 sites.

on Figure 6), have residual velocities closest to zero, while sites with higher colored noise tend to remain
outliers (e.g., sites RLAP, HCES, and CVMS).

Finally, we observe on Figure 6 that the ellipses encompassing the 95% and 1o two-dimensional y? distri-
bution fit to the population of velocity residuals decrease continuously as the time series duration increases.
This is further illustrated on Figure 7, which summarizes the dependence of the mean residuals and their
confidence limits on the duration of the observation period. The best constrained result for the 11 best sites
around the NMSZ, in a frame defined by those sites (Figure 7), has a mean residual of 0.18 mm/yr, within the
mean 1o confidence interval of zero deformation (based on averaging both the semiaxes of the individual
uncertainty ellipses), and with an upper limit to the 1o confidence interval of 0.21 mm/yr. This is similar to,
although a slight improvement on, that determined by Calais and Stein [2009] of 0.2 mm/yr, although more
sites and longer time series are used here.

The choice of sites used in the reference frame definition does not significantly influence the resulting resid-
ual velocities, for these 11 sites are not significantly different to those resulting from using the frame defined
using all the sites around the NMSZ, or all those in our CEUS network, reinforcing the initial statement of this
section that the principal motion of the large majority of our sites in the Central US can be adequately fit by
the motion of a single rigid plate.

Mean residual velocities first decrease as a function of time as the observational time series for many of
the newer sites around the NMSZ are augmented by new data, but then appear to flatten out at around
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0.2 mm/yr after ~10 years of observation
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Figure 7. Mean residuals and confidence limits for deformation

across the NMSZ as a function of observation period duration, for “ml_t is challenging, although the best set
the best 11 sites around the NMSZ, relative to a rigid plate defined of sites used does continue to show an
using only these sites. Black circles indicate the mean residual rela- increase in precision with time, though at
tive to behavior as arigid plate, the dark grey bars indicate the mean  a decreasing rate (Figure 7). That longer
1o uncertainty interval, and the light grey bars the mean 95% uncer-  +ime series and more sites do not signifi-
tainty interval. The horizontal red line highlights zero deformation.

The x axis indicates the end of the observation period. cantly improve the uncertainty suggests

that we are at the detection limit of what is

possible to achieve after 14 years of obser-
vations within our current understanding of the noise content in GPS time series and of the influence of
nontectonic (e.g., seasonal hydrological) deformation on our data. It is interesting to note that the inclusion
of large numbers of new sites, while greatly improving the spatial coverage of such geodetic surveys, does
not impact upon the best limit achievable, which is derived using only those sites local to the study area
with the longest time series, in their own self-defined reference frame. This emphasizes that the most pre-
cise constraints on strain are derived from using limited higher-quality sites, with >10 years of observational
data and that, for local applications, the realization of a simple local reference frame is sufficient.

4.3. Baseline Length Changes

We have shown so far that there is no systematic pattern in GPS velocities in the NMSZ that could indicate
a significant deviation from purely rigid behavior and that, on the whole, current deformation does not
exceed 0.2 mm/yr. While this lack of regional deformation limits any large-scale strain, extremely localized
strain arising from a focused geodynamic influence remains a possibility. For instance, Frankel et al. [2012]
assessed east and north relative motion between individual site pairs and concluded that there was resolv-
able localized motion between site STLE and four other continuous GPS sites in the broad New Madrid
region (CJTR, MACC, MAIR, and PTGV) at rates up to ~0.4 mm/yr. The possibility of localized deformation
therefore remains, with the potential to add an extra constraint to the various suggested models to explain
the occurrence of seismicity in the NMSZ.

To test this possibility, we calculate the rates of horizontal baseline length change between all sites in the
NMSZ network and between the 11 best sites around the NMSZ (Figure 8). Baseline lengths are invariant to
a rigid rotation of the network, whereas the north and east components of the baselines are not and should
therefore be used with caution when interpreting strain within a network. While the differencing of posi-
tions for a site pair in principle increases the noise content of the resulting baseline time series relative to
the position time series of each individual site, it also effectively removes spatially correlated signals in the
time series (such as those likely to result from long-wavelength hydrological loads) when the site spacing is
small relative to the spatial wavelength of the common signal. All baseline lengths and rates shown and dis-
cussed herein are for horizontal motions only, and do not incorporate the vertical component. We calculate
the rates of baseline length change by fitting the best linear trend to the baseline time series, allowing for
offsets at times when instrumentation changes or obvious discontinuities in the time series occur. Examples
are shown in Figures 8 and S4.

We expect that some baseline length rates-of-change will be nonzero, either as a result of tectonic or non-
tectonic processes. If they result from a regional tectonic processes rather than a site-dependent issue,
then a spatially systematic pattern should emerge. This will manifest as a non-Gaussian, noncentered

CRAIG AND CALAIS

©2014. American Geophysical Union. All Rights Reserved. 10



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2014JB011498

9100 0030 _90°00" 800" a0'00"
9100 9030 9000 8930 8900 2000 2002 2004 2006 2008 2010 2012 2014
37°00' ‘ ‘ ‘ T T T T T T T
10 -0{15 mm/yr | 10
5 5
Bens Siede s gl Bl 4L o i 1
o IR PEEN K oanindi . 1A AT ity 0
ﬁ'J:&g:. o
-5 -5
36'30" o * -10 |-MACC-STLE ‘ L
- " T T T T T T T T T T T T ™
10 K -0.13 mm/yr - 10
5 | 4 s
Vot d
ﬂ__&& Sl - Y .
0 5 = el PO e Lo a0
-5 - -5
36°00" I
P
Q
o
(o]
=}
=4
o
QU
w0
o
=
o
[a}
o >
35'30' o 3
Q
(0]
3
Y 3
2
T T T T T T T T T T T T T T “i
o e e 10m -0.06 mm/yr - 10| <=
CJTR o 1
(T ! 5 | 4 s
£ ! ZME1
35'00 T 0 0
. - LR B P B B g | | |
R 70 470 : 1 s
E 0.8 F 1 I E
£ 60 | 60 _10 | PTGV-STLE ‘ ‘ R
p oa F f . . I . . L . I . .
= 50 | < 50 T T T T T
< S ] 10 b 10
< F E|
] 40 | - 40
o 0.0 g 1 5[ 5
£ g 1
g 30 | 4 30 , .
@ | et
s 04 4| 20 I OTHEE = oE-
° Bl Poesd ¥ e Ll q1 -5
2 10 [ E g A 1
o -0.8 -10 |- GJTR-STLE ‘ ‘ ‘ an ‘ B
0 L M L 0 L L
2 1 0 1 2 2000 2002 2004 2006 2008 2010 2012 2014
Rate of baseline change (mm/yr) Date (yrs)
ate (yrs

Figure 8. (a) Map showing baseline rates of change for all site pairs between the best 11 NMSZ sites. Rates are indicated by the coloring of the line connecting
sites. Selected examples are shown in Figures 8c-8g and in Figure S3. (b) Histogram of all baseline rates of change for all site pairs in the NMSZ subnetwork with
at least 3 years of data. Black bars are for those site pairs where both sites are included in the 11 best sites. (c)-(g) Variations in baseline length between STLE and
five sites used in Frankel et al. [2012]. In each case, the mean baseline length has been subtracted. MACC is located to the NNW of the NMSZ, and CJTR to the SW,
off the map in the directions indicated. Black points are baseline lengths, with grey bars indicating the 95% confidence level. Blue points are the best fit linear
trend, with vertical red lines indicating breaks in the time series, where an unconstrained offset in the time series is applied during the determination of the rate.
Labels indicate the site pair and the rate of length change.

distribution of the baseline length rates-of-change. Conversely, a Gaussian distribution centered on zero
reveals a lack of systematic pattern and disproves, at the uncertainty level of the distribution, the existence
of strain within the network. As Figure 8b shows, the full distribution of baseline length rates of change
shows a Gaussian distribution centered on zero, with a slightly larger standard deviation when considering
all sites (grey bars) than only the 11 best ones (black bars). Only two of the baselines between the best 11
sites show length changes greater than 0.4 mm/yr (NWCC-RLAP and HCES-RLAP). This is however an artifact
of their low-quality differenced time series, as shown on Figure S4, lower left panels. Therefore, no consis-
tent pattern “emerges” from this analysis of baseline length rates-of-change, a reference frame-independent
quantity. This is corroborated by the visual inspection of the baseline map on Figure 8.

Baseline length time series and their rates of changes for the five site pairs reported in Frankel et al. [2012]
are shown in Figures 8c-8g. In our analysis, incorporating 4 years of extra data, only CJTR-STLE has a rate
of change significantly different to zero. Site CJTR is located on bedrock at the southwestern edge of the
Mississippi Embayment, over 200 km from the seismically active region of the NMSZ. While its motion is
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defined by fitting a rigid plate to all the GPS sites shown in Figure 1b. Error ellipses represent the formal 95% confidence
limit. (bottom) Velocity residuals for sites in the WVSZ relative to a reference frame defined using all the GPS sites shown

in Figure 1 (as in Figure 9, top). Points are colored by the magnitude of the random walk noise. Error bars indicate the
95% confidence limit. Red (respectively green) ellipses on each plot are the contours encompassing the 95% (respec-

tively 39% or 1) best fit two-dimensional »2 distribution fit to the population of points shown. Values indicated at the
top left corner of each panel are the RMS of the magnitude of the residual velocities in mm/yr.

consistent with significant extension between it and the central NMSZ (represented by STLE), it may not be

representative of the overall tectonics of the region. Notably, site ARLR, located just to the south of CJTR,

shows a velocity relative to our regionally defined plate within error of zero and significantly different to that
at CJTR, despite its proximity (Figure S1).

5. Strain Accumulation in the Wabash Valley Seismic Zone

The majority of GPS sites in the WVSZ (Figure 1b) have time series of 4 to 6 years duration (Figure S2). This

is substantially shorter than most of those available in the NMSZ, and hence, velocity uncertainties are

significantly higher (Figure 9).
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Figure 10. (a) Maps of baseline length rates of change for all sites around the WVSZ with >3.5 yrs of data. Lines linking site pairs are colored by rate. (b) Histogram
of baseline length rates of change for all site pairs with > 3.5 yrs of data. Black bars are for those site pairs including the five sites from Figure 9 with residuals
beyond their 95% confidence limit from zero (INES, KYTB, KYTC, KYRR, TN33). Example baselines are shown in Figure S4.

Using the same analysis routine, in which residual velocities for sites around the WVSZ are considered rela-
tive to a self-defined reference frame, five of the 24 sites around the WVSZ show velocities outside of their
95% confidence limit from zero (Figure 9, top). However, there is no coherent pattern present in the residual
site velocities. The full data set for the WVSZ, including these five sites, fits zero motion with a mean residual
of <0.6 mm/yr. Shifting from the regional reference frame to the local WVSZ reference frame produces only
a small (0.04 mm/yr) decrease in the RMS residual. We note that four of the five sites with residual velocities
outside their confidence interval are monumented on steel pillars anchored in masonry—a suboptimal set-
ting for the level of precision required for tectonic geodesy. Given the lack of coherent deformation and the
generally good fit to the zero-motion hypothesis displayed by the majority of sites, we ascribe the residuals
at these five sites to local monument instability, rather than regional tectonics.

The lack of coherent deformation in these results does not support earlier interpretations based on the
results of campaign GPS data, which, on the basis of a consistent subuncertainty trend in velocities, sug-
gested an overall approximately NE-SW extension across the WVSZ [Galgana and Hamburger, 2010]. No such
pattern is present in the continuous velocity solution presented here, above the level of uncertainty present
in our results. To investigate this issue in more detail, we computed horizontal baselines length changes for
all WVSZ network baselines (Figure 10). As with the NMSZ, the distribution of these measurements appears
Gaussian and centered on zero, with very few site pairs with baseline length changes in excess of T mm/yr,
other than those involving sites KYTB and INES (included in the black bars on Figure 10b). Several baselines
extending across the WVSZ from NNE-SSW show extension at very slow rates (<1 mm/yr, often <0.5 mm/yr)
such as INLN-MOJK for example (Figure S4, bottom center panel). Such baselines are however contradicted
by similarly trending ones with near-zero length changes (e.g., INPA-MAIR/MOJK, INBD-MOJK) or slight
contraction (e.g., KA14-MOPA/TN4A).

Altogether, the WVSZ data set analyzed here does not present evidence of a significant or consistent devi-
ation from a purely rigid behavior at the ~0.6 mm/yr level or significant motion with respect to the rest of
the CEUS.
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Figure 11. Uncertainties as a function of time series duration for different models. Each panel shows uncertainties for three different noise models, deter-
mined using the available time series from the start of 2000 up until the date at which the point is shown. Black points are determined using the method
described Reilinger et al. [2006], wherein noise is characterized as a combination of white noise and a random walk process. Blue crosses are for a combination of
white and flicker noise [Williams, 2008], and red points are for a combined white, flicker, and random walk noise model [Williams, 2008]. For the east component
of site CVMS, the velocity scale is different for the black and blue points (black annotations) and the red points (red annotations).

6. Influence of Noise Models on Uncertainty Estimates

We now ask whether the conclusions presented above would be altered by using a different strategy to
compute velocity uncertainties. The method employed in this study involves the extrapolation of the posi-
tion time series to an infinite duration in order to assess the time variable noise content of the time series
as a combination of white noise and a random walk using the FOGMEXx algorithm of Herring [2003]. We
compare the uncertainties estimated using this method with those calculated using the maximum likeli-
hood estimation method of Williams [2008], which explicitly fits the time series power spectra with a set of
noise models incorporating different combinations of white, flicker, and random walk noise [Williams, 2003;
Langbein, 2004].

Figure 11 shows the results of this comparison for four of the sites around the NMSZ—MAIR, CVMS, HCES,
and PTGV. In each case, we calculated uncertainties for time intervals of increasing duration and for three
noise models. Uncertainties are only calculated where enough data are present for the noise processes
to be appropriately estimated. As expected, uncertainties generally decrease as the time series duration
increases, until the estimated uncertainty reaches ~0.2 mm/yr. At this point the addition of a further year
of data can either lead to an increase or decrease of the uncertainty depending on the noise content of
that specific year, as best illustrated by sites MAIR (2007-2008) and PTGV (2008-2009) on Figure 11. The
overall agreement between the FOGMEx method used here and the explicit maximum likelihood estima-
tion of white/flicker or combined white/flicker/random walk noise is generally very good, in particular,

as the time series durations increase. When there are significant differences, our estimated uncertain-
ties are usually lower than those using an explicit noise model. Therefore, our interpretation of a lack of
detectable deformation in the CEUS would also hold, had we used an explicit colored noise model (flicker or
random walk).

While in many cases the various noise models produce very similar uncertainties (e.g., MAIR, HCES north
component, and PTGV east component), there are cases with major differences. This is illustrated by site
CVMS on Figure 11, where the difference between the white-flicker-random-walk noise model and the
other two models is a factor of ~4 on the north component, and ~8 on the east component (note the dif-
ferent scale used). We suspect that this behavior is the result of some currently unexplained site-specific
complexity in the spectral makeup of the noise content of the data at this site.

As mentioned in section 4.1, the position time series for site MODX is visually noisier (Figure 2), with a much
greater velocity uncertainty than other sites. To test the degree to which this noise can influence our veloc-
ity solutions and, in particular, the uncertainty estimates, we redetermined uncertainties using noise models
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incorporating white/flicker, white/flicker/random walk, and white/random walk noise by maximum likeli-
hood estimation [Williams, 2008]. With each noise model, the estimated uncertainty was at least a factor of 2
greater than that estimated using the routine method outlined above, and in the case of the white/random
walk model, exceeded 5 mm/yr. As a result, we feel justified in excluding this site from our analysis until
further data become available to better constrain the noise model required and the resultant velocity.

7. Discussion

7.1. Detectable Deformation in the NMSZ and WVSZ?

We have established above that the level of currently available GPS data in the NMSZ shows no demonstra-
ble evidence for internal deformation at rates above 0.2 mm/yr, corresponding to a maximum strain rate

of < 1072 yr' over the width of the NMSZ, consistent with the earlier findings of Calais and Stein [2009].
These values represent an upper bound, as both the velocity across the region is an upper bound and the
scale over which it takes effect is a lower bound. We were however unable, with four additional years of
data, to confirm the results presented in Frankel et al. [2012] of significant motion between selected GPS
sites in the NMSZ. For the WVSZ, we also find indiscernible deviation from rigid behavior (0.6 mm/yr) with
present-day strain rates limited to <1-2 x 107° yr~'. The latter result is similar to the findings of Hamburger
et al. [2002] and Galgana and Hamburger [2010], who also found little evidence for significant internal defor-
mation based on three campaign GPS measurements spread over a period of 11 years, at levels greater than
their uncertainties.

We further test the null hypothesis that the data fit a model with zero strain rate by generating simulated
time series for the 11 best NMSZ sites based solely on their noise content (white + time dependent, as deter-
mined using the FOGMEx method discussed above; [Herring, 2003; Reilinger et al., 2006]), with a zero-velocity
background at all sites. We sample these synthetic time series at the epochs of the actual observations for
each site and estimate a velocity using a least squares fit to the resulting simulated time series. We com-
pute 1000 such simulated time series for each site and test whether the observed velocities (based on the
final epoch of Figure 6) can be distinguished from measurement noise. As shown on Figure 12, observed
velocities are in all but one case within the 95% confidence interval defined by the noise-only simulations
(the single marginal exception being for site ARPG). We therefore conclude that the currently available GPS
data in the NMSZ does not allow us to confidently detect motions different from zero at the precision level
of the data.

As longer time series become available, it may be possible to improve the precision of the GPS measure-
ments below the current limit of 0.2 mm/yr, as shown on Figure 7 which in turn may allow for the detection
of deformation in the NMSZ. However, this will require more high-quality sites in order for (1) a spatially
coherent pattern indicative of actual tectonic deformation to emerge from the measurement noise and (2)
statistics to confidently show that the null hypothesis of purely rigid behavior can be discarded.

7.2. Implications for Intraplate Seismicity

The absence of resolvable deformation across the NMSZ—a region that has experienced a sequence of
large earthquakes in the past few thousand years—poses a number of questions. Is the historical seismicity
as well as the currently recorded activity evidence for present-day strain accrual in a fault system that is at
steady state in the Holocene [Hough and Page, 2011]? In that case the rate of strain accrual measured geode-
tically should be consistent with the Holocene rate of strain release by earthquakes. Or has a recent change
in the regional stress field triggered the release of strain that accumulated some time in the geological past
[Calais et al., 2010] with fault systems behaving in a time-dependent manner? That hypothesis would be
consistent with a mismatch between the rates of strain accrual and release during the Holocene and with
current seismicity in the NMSZ being a long-duration aftershock sequence of the 1811-1812 events [Stein
and Liu, 2009], rather than the result of present-day strain accrual, as suggested by Page and Hough [2014].

To address this issue, one can compare the (upper bound) rate of strain accumulation determined above
with the rate at which strain would need to be released by earthquakes of a given magnitude over a given
area, should the system be at steady state. This is classically done for deforming regions using Anderson’s
[1979] relation between strain rate and seismic moment rate for an areal zone and assuming that seis-
micity follows a Gutenberg-Richter distribution. Here instead of assuming the area over which strain is
accumulating—an unknown quantity unless the strain accumulation mechanism process is known—we
vary it to find the range of resulting recurrence times permitted by the data (Figure 13a).
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Figure 12. Velocities at the 11 best NMSZ sites (black points) from 1000 simulated time series that assume zero velocity
and the white and colored noise content estimated from the actual time series. The green dashed contour is calculated
to encompass 95% of the simulated velocities. The colored bars show the velocities estimated from the actual data
(Figure 3) with respect to a rigid plate estimated form the best NMSZ sites (red) and the entire CEUS network processed
here (blue).

Paleoliquefaction events in the NMSZ region indicate that the area has experienced severe seismic shak-
ing approximately every 500 years during the late Holocene [Tuttle et al., 2002, 2005]. Taking this recurrence
time for the New Madrid area, a strain rate of 10=° yr~! implies, for M, 6.8-7.0 earthquakes [Hough et al.,
2000], an area of 40,000-100,000 km?2. This is consistent with Hough and Page [2011] who assumed an area
of 20,000-40,000 km? on the basis that it was the domain size in the flexural postglacial rebound model

of Grollimund and Zoback [2001]. If we use instead the area over which horizontal strain caused by Glacial
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Figure 13. (a) Recurrence time as a function of the area over which strain is accumulated. Lines are calculated using the method of Anderson [1979] for different
maximum magnitudes, as indicated by their labels. The grey region indicates the recurrence time determined by paleoseismic studies of liquefaction in the New
Madrid region. (b) Recurrence time as a function of strain accumulation rate, for earthquakes of different coseismic slip. Lines are calculated for the slip on the
fault during an earthquake, as indicated by their labels, which are given in meters. The grey-shaded area indicates the recurrence interval from paleoseismic
studies. The blue-shaded area indicates the strain accumulation rate permitted by geodetic observations.

Isostatic Adjustment is actually observed in the Central and Eastern U.S. [Calais et al., 2006; Sella et al., 20071,
~ 6 X 10% km?, we then obtain a recurrence time less than 50 years, inconsistent with observations of seis-
micity across the same areal extent. Conversely, invoking a local process such as strain accumulation on the
Reelfoot Fault [Frankel et al., 2012] would imply a recurrence time of several thousands of years, inconsistent
with paleoseismological observations. Finally, using the area over which strain is currently released by earth-
quakes in the NMSZ (~10,000 km?) leads to a recurrence time of 2,000-4,000 years for M,, 6.8-7.0 events,
again inconsistent with paleoseismological observations.

Such scenarios, and many others possible, can be justified either a priori (because it relies on a plausible
strain accumulation process) or a posteriori (because it leads to the observed late Holocene recurrence
time). However, none of them is satisfactory since Anderson’s [1979] equation assumes that the volume over
which strain is released is the same as the volume over which it is accrued. It also assumes that the fault sys-
tem is at steady state, as observed at plate boundaries. The validity of these assumptions in the case of the
CEUS is uncertain because we do not know the size of the region that is currently straining or the length
scale of the process loading faults, and because the steady state behavior of intraplate faults such as the
New Madrid system remains to be demonstrated, as discussed below.

7.3. Evidence for Time Variable Deformation

An alternate way to compare strain accumulation and release is to make the simple assumption that inter-
seismic far-field motions (a maximum of 0.2 mm/yr for the NMSZ) result in strain accrual on a single fault,
with no creep, to be released in earthquakes of a given magnitude. This reasoning is often used at plate
boundaries to determine the potential earthquake magnitude on a given fault segment knowing the strain
accumulation rate (usually termed “slip rate”) and the time since the last major earthquake on that segment.
As shown on Figure 13b, a fault that steadily accrues strain at 0.2 mm/yr should, in steady state, release one
M7 earthquake every 3000 years or more. Estimates of the magnitude of the 1811-1812 earthquakes vary,
with the most recent work favoring the range 7.0-7.5 [Hough et al., 2000] while earlier results favored mag-
nitudes 7.8-8.1 [Johnston, 1996]. In that latter case, 0.2 mm/yr of deformation in the NMSZ would imply an
earthquake repeat time greater than 10,000 years.

Liquefaction features triggered by ground shaking show that earthquakes similar in magnitude and location
to the 1811-1812 events occurred at 1450 + 150 C.E. (Common Era), 900 = 100 C.E., 300 + 200 C.E., and
2350 + 200 B.C.E. (before the Common Era) [Tuttle et al., 2005]. This amounts to an average occurrence time
of 500 years for the past three cycles, an order of magnitude shorter than predicted for a steady state fault
loaded at the maximum rate allowed by the geodetic data. Further back in time, geomorphic studies show
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that the course of the Mississippi river was straightened by an earlier sequence of events between about
2200 and 1600 B.C.E. [Holbrook et al., 2006]. Liquefaction features indicate a 2350 + 200 B.C.E. event [Tuttle
et al., 2005], coincidental with the beginning of the straightening sequence. If all these events were similar
in magnitude to the 1811-1812 earthquakes, the average repeat time since the Middle Holocene would
be on the order of 900 years (assuming a minimum of one event per cluster), still much shorter than what
the geodetic data require at steady state. If some large events have been missed in the paleoseismological
record, the discrepancy between paleoseismological and geodetic estimates of earthquake repeat times
would be even greater.

However, the comparison between earthquake recurrence from paleoliquefaction observations and from
geodetic measurements of strain accumulation rates must however account for the fact that the liquefac-
tion data do not precisely determine the spatial extent of each earthquake rupture. In addition, several
earthquakes closely spaced in time may appear as a single liquefaction event. As such, two liquefaction
events recorded at the same site may in fact record earthquakes on consecutive segments of fault, rather
than a repeat earthquake on the same fault segment. This being the case, the comparison of such paleoseis-
mological data with geodetic estimates of present-day strain and subsequent interpretation in terms of slip
rate estimates on specific faults, must be treated with caution.

The simplifying assumption used above, that strain would accrue on a single NMSZ fault, is of course
improbable given observations of recent faulting elsewhere in the midcontinent. Paleoseismological
records indicate shifts in the locus of the largest earthquakes from the Fluorspar Area fault complex in
southern lllinois to the NMSZ in the past several 10,000 years [Potter et al., 1995; McBride et al., 2002].

The Saline River fault in SE Arkansas shows evidence for multiple large earthquakes in the Holocene [Cox

et al., 2000] as does the Meers fault in Oklahoma, with two surface-rupturing earthquakes in the past

3000 years [Crone and Luza, 1990]. Distributed faulting, as indicated by the paleoseismological record, would
however imply a recurrence interval even longer than 3000-10,000 years assuming steady state behavior of
midcontinent faults.

Strain in the NMSZ is therefore accumulating at present at a rate that is too low to account for the known
large earthquakes of the past ~5000 years. Taken together, the geodetic and paleoseismological data there-
fore exclude steady state fault behavior over that time period. This implies that either the rate at which the
NMSZ is loaded, its mechanical strength, or both, vary with time. This time dependence of the fault behav-
ior may explain the apparent “clustered and migrated” nature of earthquakes in plate interiors [Crone et al.,
2003], a feature previously recognized in the CEUS [Wheeler and Crone, 2001].

8. Conclusions

The analysis of continuous GPS data collected over a 14.6 year interval in the Central Eastern United States
shows no detectable geodetic strain above the level of uncertainty in the data. Around the NMSZ, sites
with the longest observational record show no significant deviation from the behavior of a rigid plate
with a mean residual of 0.17 mm/yr. This is equivalent to an upper bound of $107° yr=! on the present
day strain rate across the NMSZ. Around the WVSZ, continuous GPS observations limited to a 4-6 year
time period show a similar behavior with a mean residual of ~0.6 mm/yr. Consideration of baseline length
rates of change between stations in the NMSZ or WVSZ similarly shows no coherent or significant pattern
of deformation.

Geodetic and paleoseismological data, when taken together, show that the (maximum) rate at which strain
currently accumulates in the NMSZ is much lower than the rate at which it has been expended in large
earthquakes during the Holocene. This conflict between the rates of strain accrual and release excludes
the possibility of steady state fault behavior and implies that fault loading, fault strength, or both must
vary with time. For instance, stress changes caused by erosional unloading is a mechanism capable of trig-
gering earthquakes on faults with favorable orientations [Calais et al., 2010]. Hydrological processes have
also been shown capable of triggering significant earthquakes by increasing pore fluid pressure either
naturally [Bollinger et al., 2010] or as the result man-made fluid injections [Keranen et al., 2013]. Alternate
mechanisms may bring intraplate faults to failure, such as fault stressing by aseismic slip in the lower crust
[Frankel et al., 2012], a process yet to be documented directly. Stress changes due to GIA likely play a role
in intraplate faulting, but at higher latitudes, as their magnitudes decay rapidly away from the former ice
margin and are too small to single-handedly account for faulting in the NMSZ [Wu and Johnston, 2000].
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The very low strain rates found here in the NMSZ, although insufficient to load individual faults at a rate
consistent with the observed recurrence of large Holocene earthquakes, however, do not rule out the pos-
sibility of large earthquakes on other faults in the midcontinent, as the Quaternary paleoseismological
record indicates.
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