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Abstract The crustal stress state in the Midcontinent of the United States has been a focus of research for
many years due to anomalously high rates of seismicity in the region. This interest is recently renewed
because of ongoing wastewater injection and CO, sequestration in the lllinois Basin and its potential to
induce seismicity. When fluid is injected, pore pressure increases, decreasing effective normal stress and
increasing the potential for faults optimally oriented with respect to the direction of maximum compressive
stress to slip. In order to better manage this risk, we present a study on the spatial distribution of principal
stress orientations in the lllinois Basin and surrounding region using focal mechanism solutions and in situ
measured maximum horizontal stress orientation indicators from borehole breakout, core fracture,
overcoring, hydraulic fracture, and strain gauge measurements. To invert these data for the deviatoric stress
tensor, we extend the damped-least stress inversion of Hardebeck and Michael (2006, https://doi:10.1029/
2005JB004144) with the mixed linear/nonlinear Bayesian inversion scheme of Fukuda and Johnson (2010,
https://doi:10.1111/j.1365-246X.2010.04564.x). The stress inversion provides an objective means to estimate
nonlinear parameters including the spatial smoothing parameter, unknown data uncertainties, and selection
of focal mechanism nodal planes. Results indicate a systematic rotation of the maximum horizontal stress
orientation (Symax) across a 1,000-km width of the Midcontinent. Synayx rotates from ~N60°E to ~E/W
orientation across the southern lllinois Basin. The principal stress orientations are largely consistent with the
observed pattern of strike-slip faulting and reverse faulting near the New Madrid and Wabash Valley
Seismic Zones.

1. Introduction

Stress in intraplate regions is thought to be relatively homogenous and diffuse with maximum horizontal
stress generally oriented coincident with the direction of absolute plate motion (Zoback, 1992; Zoback &
Zoback, 1980, 1989). Because of the stability of continental interiors, we would expect to find few regions
of active seismicity. The New Madrid Seismic Zone and nearby Wabash Valley and St. Genevieve Seismic
Zones located in the middle of the North American plate defy this assumption (Figure 1). This region has
generated large historic earthquakes and continues to experience high rates of seismicity despite its location
far from any active plate boundary.

For this study, we focus on an area in the Midcontinent of the United States containing the Illinois and
western Appalachian basins (Figure 1a) and the New Madrid Seismic Zone, Wabash Valley Seismic Zone,
and St. Genevieve Seismic Zone (Figure 1b). In the New Madrid Seismic Zone, crystalline basement faults
are associated with the Reelfoot Rift, a Cambrian-aged failed rift system that has experienced Holocene reac-
tivation. Seismicity in this zone occurs along steeply dipping, northeast trending faults reactivated in a right-
lateral strike-slip sense with a northwest trending compressional step-over experiencing reverse faulting
(Csontos & Van Arsdale, 2008; Gomberg, 1992, 1993). Multiple Mw 7+ events have been documented from
paleoliquefaction studies and historical records (Kelson et al., 1996; Tuttle & Schweig, 1996). The most notable
of these events occurred in a sequence of Mw 7-8 earthquakes in 1811-1812 causing severe ground shaking
and damage to communities residing in the Midcontinent (Johnston & Schweig, 1996; Tuttle, 2001; Tuttle &
Schweig, 1996). In close proximity to the New Madrid Seismic Zone is the Wabash Valley Seismic Zone,
located in southeastern lllinois. The Wabash Valley Seismic Zone has produced numerous Mw 5+ earth-
quakes with the most recent occurring in 1968, 1987, and 2008 (Hamburger et al, 2011; Hamburger &
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Figure 1. Study area and locations of focal mechanisms and in situ orientation indicators used in the inversion. (a) Study area including sedimentary basins and
faults. Also shown is an outline of the Reelfoot Rift located in the modern Mississippi River Embayment (adapted from Lahann et al., 2017). (b) Locations of focal
mechanisms used in the study. The color represents faulting style: red shows reverse faulting, green strike-slip, and blue normal faulting. The dashed boxes show
approximate outlines of the New Madrid Seismic Zone (NMSZ), the Wabash Valley Seismic Zone (WVSZ), and the St. Genevieve Seismic Zone (SGSZ). (c) In situ
maximum horizontal stress orientation indicators. The colors represent different sources. The red colors are borehole breakouts, the dark blue colors are from core
fractures, the green colors are hydrofractures, the purple colors are found from overcoring, the light blue colors are found using strain gauges, and the yellow color
shows orientation from Hurd and Zoback (2012a) stress inversion.

Rupp, 1988; Nuttli, 1979). Faults in this zone also extend into the Precambrian basement and are reactivated
as strike-slip and reverse faulting earthquakes (Bear, 1998; Pavlis et al., 2002). Both zones continue to produce
Mw 3-5 seismic events. In the St. Genevieve Seismic Zone, strike-slip faulting occurs along northwest
trending faults (Nelson, 1991; Yang et al., 2014).

The goal of this study is to evaluate the stress state in the Midcontinent by examining faulting style and orien-
tation of maximum horizontal stress (Symax). A number of studies have examined the contemporary state of
stress in the Midcontinent using borehole breakout measurements (Mazzotti & Townend, 2010; Zoback &
Zoback, 1989); focal mechanism P axis (Hurd & Zoback, 2012a, 2012b; Zoback, 1992; Zoback & Zoback,
1980); other in situ measurements such as overcoring, core fractures, hydrofractures, and field observations
such as dike intrusions and slickensides (Zoback & Zoback, 1980, 1989); and formal focal mechanism
inversions (Hurd & Zoback, 2012a; Mazzotti & Townend, 2010). These studies have found a regional NE-SW
orientation of maximum compressive stress in the Midcontinent (Zoback & Zoback, 1980) with slight rota-
tions near the New Madrid Seismic Zone to ENE-WSW (Hurd & Zoback, 2012b; Mazzotti & Townend, 2010)
and a nearly E-W rotation near the Wabash Valley Seismic Zone (Hurd & Zoback, 2012a; Mazzotti &
Townend, 2010). Additionally, some work has been done to characterize the relative magnitudes of principal
stresses in the Midcontinent, finding that Symax is generally greater than the vertical stress (S,), which is
greater than the minimum horizontal stress (Symin) except in the region surrounding the New Madrid

CARLSON ET AL.

3872



~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Journal of Geophysical Research: Solid Earth 10.1002/2017JB015158

Seismic Zone, which shows S, nearly equal to Spmin (Hurd & Zoback, 2012a). Analyses of maximum compres-
sive stress orientations have often focused either on regional orientations or on particular seismic zones. In
this study, we jointly invert focal mechanisms and in situ orientations both within and outside of the three
major midcontinent seismic zones to show how the orientation of maximum compressive stress varies within
and surrounding these regions. We show that Symay is oriented ENE-WSW across the Midcontinent, with the
largest deviations found in the Wabash Valley Seismic Zone and western Kentucky, where the orientation of
maximum compressive stress rotates to approximately E-W. We expand on the work done by the previous
studies to show that in the northern New Madrid Seismic Zone as well as in the Wabash Valley Seismic
Zone, there exists highly concentrated zones of compression, where we find a reverse faulting stress regime,
and the relative values of S,min and S, are nearly equal.

The local heterogeneities in maximum horizontal stress orientation are of particular importance to this
study area because several formations in the lllinois Basin (Figure 1a), a Paleozoic sedimentary basin filled
with layers of sandstones, limestones, and shales, are used to store large volumes of supercritical CO,, with
more sites being considered (Lahann et al,, 2017). There is also ongoing wastewater injection associated
with oil and gas production. Seismicity with the subsurface storage of fluids has been of concern recently
(e.g., Chang & Segall, 2016; Keranen et al,, 2013; Kim, 2013; Yeck et al., 2016; van der Baan & Calixto, 2017).
Induced microseismic events caused by CO, sequestration have been documented in this region by Kaven
et al. (2015) and Couéslan et al. (2014) in lllinois and from wastewater injection by Kim (2013) in Ohio.
Understanding the stress regime in this region is important in order to mitigate the risk of fault reactiva-
tion. In areas where faults are optimally oriented with respect to the direction of maximum compressive
stress, enhancing pore pressure through fluid injection decreases the effective normal stress and increases
the potential for fault failure (Zhang et al.,, 2013). An understanding of the stress field in addition to
fault orientations will help determine which faults may be subject to reactivation under increased
pore pressures.

In this paper, we examine the degree of spatial heterogeneity in the midcontinent stress field by solving for a
spatially variable stress field with optimized smoothing. We extend the damped-least stress inversion
method of Hardebeck and Michael (2006) and solve for the stress field across a regular grid. As with most
stress inversion methods, the method used in this investigation is dependent on the assumption that faults
slip parallel to the orientation of maximum shear stress, known as the “Wallace-Bott hypothesis” (Bott, 1959;
Wallace, 1951). A significant obstacle in many stress inversion methods involving focal mechanism solutions
is in the choice of the fault plane and associated slip vector. Earthquake focal mechanisms do not differenti-
ate between the fault plane, where slip takes place, and the auxiliary plane. This method works to constrain
the choice of the fault plane, thus creating a stress map with a better fit to the data and lower misfit angles
between computed shear stress and observed slip directions.

2. Data

We compiled focal mechanism solutions from the Saint Louis University North America Moment Tensor
catalog (Herrmann et al,, 2011), the Global-Centroid-Moment Tensor catalog (Ekstréom et al., 2012), and
the OIINK Catalog (Yang et al,, 2014). A detailed list of the focal mechanism solutions and references for
each data set can be found in Table 1. The focal mechanisms are plotted in Figure 1b. The second data
set was generated from in situ measurements of maximum horizontal stress orientation compiled by
Lahann et al. (2017) from various sources (Indiana Geological and Water Survey, 2015; Mazzotti &
Townend, 2010; World Stress Map, 2015). This data set includes 57 orientations from borehole breakout,
core fracture, overcoring, hydraulic fracture, and strain gauge measurements, and one from a formal stress
inversion by Mazzotti and Townend (2010) (Figure 1c). Originally, we planned to separate the in situ
measurements and objectively solve for relative weighting of each type as in Fukuda and Johnson (2010).
This produced an unstable result due to the small size and spatial distribution of the individual in situ data
sets so we resorted to combining them in to one. The types of in situ orientation measurements used in this
study are often given quality rankings of A-E (e.g., World Stress Map, 2015), with A being the most reliable
and E being the least reliable. Where quality rankings are provided, such as the orientations from the World
Stress Map, only measurements with quality rankings A-C are used. A summary of the in situ orientation
data is presented in Table 2.
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Table 1

Focal Mechanism Solutions

Latitude (°N) Longitude (°E) Depth (km) Mw Strike (°) Dip (°) Rake (°) Catalog Date (day-month-year)
36.37 —89.51 8 423 350 84 145 SLU 2-Feb-1962
36.64 —90.05 15 4.66 304 78 —28 SLU 3-Mar-1963
37.22 —89.31 2 36 280 70 —-20 SLU 14-Aug-1965
3748 —90.94 5 4.6 260 40 —-70 SLU 21-Oct-1965
37.44 —90.44 15 4.04 350 60 135 SLU 21-Jul-1967
3791 —88.37 22 5.29 0 46 79 SLU 9-Nov-1968
35.86 —89.95 16 41 220 75 150 SLU 17-Nov-1970
41.6 —89.4 13 412 170 70 160 SLU 15-Sep-1972
358 —84 13 4.08 190 70 150 SLU 30-Nov-1973
38.55 —88.07 15 434 310 70 0 SLU 3-Apr-1974
36.54 —89.68 9 3.74 85 60 —20 SLU 13-Jun-1975
35.59 —90.48 16 423 45 80 —150 SLU 25-Mar-1976
382 —84.79 15 5 203 90 180 GCMT 26-Jul-1976
38.17 —83.91 12 5.04 30 60 180 SLU 27-Jul-1980
35.17 —92.21 6 438 330 60 55 SLU 21-Jan-1982
41.64 —81.11 15 5 113 72 6 GCMT 30-Jan-1982
40.55 —84.39 4 44 20 80 —170 SLU 12-Jul-1986
38.71 —87.95 10 4.96 135 70 15 SLU 10-Jun-1987
37.16 —89.58 15 4.28 140 75 50 SLU 26-Sep-1990
36.56 —89.83 8 413 90 67 20 SLU 4-May-1991
37.36 —89.19 16 3.85 30 70 170 SLU 5-Feb-1994
35.97 —90 Ih 3.78 120 65 —-15 SLU 29-Nov-1996
41.49 —80.39 2 447 110 70 20 SLU 25-Sep-1998
41.99 —80.83 2 3.85 5 79 159 SLU 26-Jan-2001
35.19 —92.19 5 4.34 20 85 —165 SLU 4-May-2001
37.98 —87.8 17 4.49 125 90 10 SLU 18-Jun-2002
36.89 —88.99 5 4.02 165 85 15 SLU 6-Jun-2003
36.8 —91.72 5 3.71 25 80 —165 SLU 16-Aug-2003
3849 —87.86 26.9 54 295 88 1 GCMT 17-Apr-2004
3848 —87.91 21.8 48 305 84 5 GCMT 17-Apr-2004
36.73 —89.68 2 349 175 55 70 SLU 15-Jun-2004
4144 —88.96 7 415 20 90 —165 SLU 28-Jun-2004
36.86 —89.16 5 346 140 70 20 SLU 16-Jul-2004
39.61 —85.75 13 3.83 320 75 15 SLU 12-Sep-2004
35.75 —90.23 14 411 55 80 —165 SLU 10-Feb-2005
35.83 —90.15 8 422 315 60 20 SLU 1-May-2005
36.14 —89.46 15 3.89 155 65 70 SLU 2-Jun-2005
36.95 —88.96 4 36 320 80 15 SLU 20-Jun-2005
35.88 —82.8 8 3.65 90 60 —60 SLU 25-Aug-2005
41.84 —81.17 4 3.55 275 75 0 SLU 20-Jun-2006
38.1637 —90.2064 1437 1.79 32.64 58.08 —156.68 OIINK 19-Aug-2007
37.5451 —90.141 5.59 1.58 2341 84.08 178.18 OIINK 7-Sep-2007
38.1541 —90.2605 10.26 1.96 281.82 60.62 —36.98 OIINK 28-Sep-2007
38.1928 —90.6663 9.82 1.99 294.05 37.28 —49.33 OIINK 4-Oct-2007
37.8518 —90.8852 9.71 1.76 250.33 55.1 —14 OIINK 20-Feb-2008
37.6638 —89.6873 0.13 2.03 88.59 70.57 3.08 OIINK 27-Feb-2008
37.5673 —89.993 8.27 1.91 98.57 74.13 28.28 OIINK 3-Mar-2008
3848 —87.89 14 4.61 225 80 —180 SLU 18-Apr-2008
38.45 —87.89 14 5.23 25 90 —175 SLU 18-Apr-2008
38.47 —87.82 15 4 210 85 175 SLU 21-Apr-2008
3845 —87.87 13 3.72 295 80 5 SLU 25-Apr-2008
38.48 —90.41 19 2.75 105 60 30 SLU 5-May-2008
3845 —87.87 17 337 215 70 180 SLU 5-Jun-2008
41.97 —88.49 1 3.8 100 80 5 SLU 10-Feb-2010
36.79 —89.36 5 3.37 305 45 5 SLU 2-Mar-2010
4043 —85.89 14 3.82 305 65 10 SLU 30-Dec-2010
38.12 —90.93 27 3.86 100 80 25 SLU 7-Jun-2011
41.12 —80.68 3 3.69 270 85 -10 SLU 31-Dec-2011
36.85 —89.41 8 3.86 150 45 25 SLU 21-Feb-2012
37.13 —82.98 14 416 110 85 -30 SLU 10-Nov-2012
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Table 1 (continued)

Latitude (°N) Longitude (°E) Depth (km) Mw Strike (°) Dip (°) Rake (°) Catalog Date (day-month-year)
35.62 —90.54 10 3.67 315 75 -5 SLU 23-Feb-2013
353 —92.72 2 3.38 85 70 —-20 SLU 22-May-2013
35.57 —92.27 3.81 275 75 10 SLU 4-Jun-2014
36.05 —89.83 1 3.64 110 85 10 SLU 2-Apr-2015
42.21 —8543 5 424 120 85 0 SLU 2-May-2015
38.46 —88.36 22 333 155 60 5 SLU 30-May-2015
35.66 —89.68 14 349 110 80 -5 SLU 25-Aug-2015
36.77 —90.85 17 348 125 85 20 SLU 16-Oct-2015

Note. The catalog acronyms are defined as the following: SLU is Saint Louis University Moment Tensor Catalog (Herrmann et al.,, 2011), GCMT is the Global-
Centroid-Moment Tensor catalog (Ekstrom et al.,, 2010), and OIINK is the OIINK Catalog (Yang et al., 2014).

The computed orientations of maximum compressive stress across the study area take into account both
the earthquake focal mechanisms, largely at depths greater than 4 km, and in situ stress indicators taken
near the surface, predominantly in the upper 4 km (Lahann et al., 2017). We have no direct information
on how the stress field varies with depth, so for simplicity, we assume that the shallow stress field,
sampled by the various in situ observations, is similar to the stress field at greater depth sampled by
the focal mechanism data. It has been shown that formal focal mechanism inversions, borehole break-
outs, hydrofractures, overcores, and to a lesser extent core fracture and strain gauge measurements
can provide information about regional stress orientations (e.g., Zoback, 2007; Zoback & Zoback, 1989,
1992). Additionally, Mazzotti and Townend (2010) show that maximum horizontal compressive stress
orientations computed from focal mechanism data in the New Madrid Seismic Zone agree within 5-15°
with borehole-derived maximum compressive stress orientations. Also, in Figure 1b, it is apparent that
outside of the two seismic zones, Synax Orientations inferred from both data sets are fairly consistent with
one another, suggesting that these measurements are more likely indicative of regional rather than local
stresses (Figure 1c and section 4.2). Therefore, we believe that this simplification is acceptable as orienta-
tions derived from both in situ and earthquake focal mechanism data are likely similar and both represen-
tative of the stress field.

3. Methods

Inversion schemes for estimating the paleo-stress field from field measurements of fault striations and slick-
ensides (e.g., Angelier, 1979, 1984, 1990; Angelier et al., 1982; Armijo et al., 1982; Carey & Brunier, 1974;
Etchecopar et al.,, 1981; Michael, 1984; Reches, 1987) or the present-day state of stress from a population of
focal mechanisms (e.g., Gephart & Forsyth, 1984; Gephart, 1990a, 1990b; Hardebeck & Michael, 2006;
Michael, 1987a, 1987b, 1991) have been around for decades. The basis of these so-called stress inversions
is the Wallace-Bott hypothesis that faults slip in the direction of maximum resolved shear stress (Bott,
1959; McKenzie, 1969; Wallace, 1951). From a collection of slip directions and fault orientations, a reduced
stress tensor can be estimated. It is a reduced tensor in the sense that the full stress tensor cannot be uniquely
determined from fault slip data, and therefore, a reduced stress state, described with fewer than six compo-
nents, is estimated. The general technique in these stress inversions is to lump together a population of
diverse focal mechanisms within a geographically restricted area that is assumed to be under a uniform state
of stress and solve for the best fitting reduced stress tensor.

The mathematical relationship between stress tensor components and the direction of maximum shear
stress on a fault (or direction of slip) is nonlinear. A number of different nonlinear inversion techniques
have been adopted in the literature. Comparisons between different stress estimation algorithms show
that the results from various methods are quite consistent (e.g. Balfour et al, 2005; Hardebeck &
Hauksson, 2001a; Kastrup et al., 2004; Sherburn & White, 2005). However, as discussed by Arnold and
Townend (2007), the estimated uncertainties in stress parameters can differ substantially (Balfour et al.,
2005; Hardebeck & Hauksson, 2001b) and might be attributed to the different methods used to distinguish
the nodal planes of each focal mechanism or the assumed error model. Arnold and Townend (2007) devel-
oped a Bayesian stress inversion to place robust estimates of uncertainties on estimated stress
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Table 2
In Situ Maximum Horizontal Stress Orientation Data
Latitude (°N) Longitude (°E) Azimuth (°N E) Data type Ref
36.4 —82.92 71 Borehole breakout World Stress Map (2015)
35.898 —90.034 73 Borehole breakout World Stress Map (2015)
39.2 —81 85 Borehole breakout World Stress Map (2015)
38.07 —89.92 76 Borehole breakout World Stress Map (2015)
38 —88.95 99 Borehole breakout World Stress Map (2015)
38.02 —89.21 119 Borehole breakout World Stress Map (2015)
38.16 —89.17 72 Borehole breakout World Stress Map (2015)
38.28 —88.35 50 Borehole breakout World Stress Map (2015)
38.5 —88.65 73 Borehole breakout World Stress Map (2015)
38.55 —-87.7 88 Borehole breakout World Stress Map (2015)
38.65 —88.3 56 Borehole breakout World Stress Map (2015)
38.74 —87.78 89 Borehole breakout World Stress Map (2015)
389 —-87.8 65 Borehole breakout World Stress Map (2015)
38.32 —87.46 96 Borehole breakout World Stress Map (2015)
38.27 —87.73 85 Borehole breakout World Stress Map (2015)
38.28 —87.82 101 Borehole breakout World Stress Map (2015)
37.32 —87.5 99 Borehole breakout World Stress Map (2015)
37.55 —87.82 91 Borehole breakout World Stress Map (2015)
37.73 —87.42 94 Borehole breakout World Stress Map (2015)
37.23 —83.15 51 Borehole breakout World Stress Map (2015)
36.72 -83 55 Borehole breakout World Stress Map (2015)
39.46 —82.44 58 Borehole breakout World Stress Map (2015)
39.35 —82.04 60 Borehole breakout World Stress Map (2015)
35.34 —-91.82 75 Borehole breakout World Stress Map (2015)
38.669 —86.885 125 Borehole breakout IGWS PDMS
40.24 —85.172 75 Borehole breakout IGWS PDMS
40.1 —85.475 80 Borehole breakout IGWS PDMS
38.496 —89.662 73 Borehole breakout New to Lahann et al. (2017)
38.003 —89.227 35 Borehole breakout New to Lahann et al. (2017)
38.04 —88.993 102 Borehole breakout New to Lahann et al. (2017)
38.635 —87.756 88 Borehole breakout New to Lahann et al. (2017)
38.996 —87.863 72 Borehole breakout New to Lahann et al. (2017)
38.133 —89.247 76 Borehole breakout New to Lahann et al. (2017)
38.87 —82.13 75 Core fracture World Stress Map (2015)
38.86 —81.88 60 Core fracture World Stress Map (2015)
38.08 —82.16 65 Core fracture World Stress Map (2015)
37.97 -83 65 Core fracture World Stress Map (2015)
37.77 —82.42 63 Core fracture World Stress Map (2015)
39.153 —89.433 62 Hydrofracture New to Lahann et al. (2017)
41.861 —88.331 60 Hydrofracture New to Lahann et al. (2017)
39.3 —89.35 62 Hydrofracture World Stress Map (2015)
4242 —89.9 48 Hydrofracture World Stress Map (2015)
395 —82.5 64 Hydrofracture World Stress Map (2015)
38.14 —82 60 Hydrofracture World Stress Map (2015)
40.05 —82.53 62 Hydrofracture World Stress Map (2015)
40.64 —83.92 70 Hydrofracture World Stress Map (2015)
38 —814 64 Overcoring World Stress Map (2015)
39.515 —89.509 73 Overcoring New to Lahann et al. (2017)
41.77 —87.854 72 Overcoring New to Lahann et al. (2017)
38.404 —87.806 101 Overcoring New to Lahann et al. (2017)
38.346 —87.872 85 Overcoring New to Lahann et al. (2017)
37.891 —88.551 78 Overcoring New to Lahann et al. (2017)
39.189 —89.885 57 Overcoring New to Lahann et al. (2017)
37918 —88.817 76 Strain gauge New to Lahann et al. (2017)
37.984 —88.941 112 Strain gauge New to Lahann et al. (2017)
39.134 —88.889 70 Strain gauge New to Lahann et al. (2017)
41.835 —87.869 75 Strain gauge New to Lahann et al. (2017)
36.12 —89.67 82 Stress inversion Mazzotti and Townend (2010)

Note. All sources cited in the table and in the references. IGWS PDMS refers to the Indiana Geological and Water Survey Petroleum Database Management System.
Where quality rankings are provided, only A-C rankings were used.
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components. This method accounts for uncertainties in the focal mechanism parameters and the nodal
plane ambiguity. Vavrycuk (2014) selected the nodal plane that is nearest to optimal orientation according
to Mohr-Coulomb friction.

While many inversion methods solve for a single stress tensor from a population of earthquake focal
mechanisms, Hardebeck and Michael (2006) use the linearized formulation of Michael (1984) to solve
for a spatially varying stress state, assuming that the stress field varies smoothly in space (damped least
squares). The advantage of this method is that one does not have to decide a priori, or as part of the
inversion algorithm, which subsets of the entire focal mechanism population can be attributed to a single
stress tensor. Although an estimate of the uncertainties in the individual estimated stress tensor compo-
nents by propagation of errors in the Hardebeck and Michael (2006) inversion could be determined, the
focal mechanism errors are unknown and the uncertainty in selection of the nodal plane is not considered.
The Arnold and Townend (2007) method is designed precisely to remedy this problem. However, it is a
computationally expensive method to estimate the reduced stress tensor components on a large number
of points in space connected through a spatial smoothing prior as in Hardebeck and Michael (2006). In this
paper, we build on the methods outlined above to construct an inversion of spatially heterogeneous focal
mechanisms for the 2-D or 3-D spatial distribution of the reduced stress tensor. The method is designed to
efficiently combine the relative strengths of Hardebeck and Michael (2006) damped linear least squares
inversion and the Arnold and Townend (2007) nonlinear Bayesian inversion. We combine aspects of these
two approaches with the mixed linear/nonlinear Bayesian inversion scheme of Fukuda and Johnson
(2010). Yang et al. (2013) used a similar Bayesian method for objectively determining spatial smoothing
in an inversion for absolute deviatoric stress state in northern Japan, but did not incorporate nodal
plane selection.

3.1. Linear Inversion

Michael (1984) proposed a linearized stress inversion for a normalized deviatoric stress state using a set of
focal mechanisms. Hardebeck and Michael (2006) extended the Michael (1984) method to invert for a
spatially varying stress field as a damped least squares inversion. For a fault plane with normal
vector, n = [ny, Ny, n3’, the shear traction vector, 1, on the fault under stress tensor, o, is

T =on — [(en)-n|n. (M

Michael (1984) assumed that the fault slips in the direction of maximum shear stress on the fault. In this case,
the unit slip vector, s, can be written

Szm (2)

where |t| is the magnitude of shear stress. Equations (1) and (2) together give a linear relationship between
the components of the unit slip vector, s, and the stress tensor, ¢, normalized by the magnitude of the shear
stress. In order to establish a linear relationship between the components of the stress tensor and the
components of the unit slip vector, Michael (1984) assumed that the magnitude of the shear stress, ||, is
the same on all faults, regardless of orientation. Although this is seemingly a poor assumption, given that
magnitude of the shear stress is of course dependent on orientation of the plane relative to the principal
stress directions, the method has been accepted because it has been demonstrated to give reasonable
results. Because the orientation of maximum shear stress on a surface is insensitive to mean stress, Michael
(1984) assumed, for simplicity, 633 = —(677 + 032).

We divide the region containing focal mechanisms into a number of volume cells and invert for the stress
tensor in each cell with the condition that the stress tensor components vary smoothly from one cell to a
neighboring cell. Following the notation of Hardebeck and Michael (2006), a 5 x 1 vector of stress tensor
components, 6; = (641, G2 023, oha, Gizg]T in the ith cell containing k focal mechanisms are related to the
jth fault plane normal [nj;,nj2,n;31™ and jth unit slip vector, s;= [}y, sj2, S;317, j = 1, 2, .., k, through the linearized
relationship of Michael (1984),

si=Gioi+€ 3
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where € is a vector of errors and the data kernel matrix is

3 2
N1 — N3y + NNy

2
Ny — 2n11n12

2
N3 — 254,M3

2 2
N11Ny3 — NNy,

—2n71N12N13

2 2 2 3 2 2
NiaN33 — NpNT;  Ngp— 203N —2N3iN2Ni3 N — N3, +NNfs N3 — 23,003
3 2 2 3 2 2
N3 — Ni3NP; — N3 —2N9iN2Niz Nyp — 2033010 N33 — N3Ny, — N3 N2 — 2N33N0
G = : : : : : (4)
3 2 2 2 2 2
Nkt — N +NkaNig Nz — 2Ni Nk Nk — 2NigNks N Nis — N Ny —2Nk1 N2 N3
2 2 2 3 2 2
N2 Nz — NiaNg; Nkt — 2NNkt —2NKNkeNks Nz — Nig; + NigNj; Nk — 2N N3
3 2 3 2 2
Nz — NiaNig — Nka  —2NKNKaNks Nkp — 2Ni3Nir Ny — NiaNj; — N3 Nz — 2NigNi2
For M cells,
S G1 0 (]
S2 0 Gz 0 G)
. = ) . + €. (5)
$u 0 0 0 Gu/ \ou

We rewrite equation (5) as s = Go + € and assume Gaussian errors for the focal mechanism data, €~N(0, 64°1),
where Iis the identity matrix and o, is the data variance. Hardebeck and Michael (2006) solve a damped least
squares inversion for stress by minimizing a combination of sum of squared residuals and the length of first-
derivative smoothing vector,

® = 04%||s—Go|* + p2||Do|| (6)

where || || denotes L2 norm and D is the first-derivative smoothing operator. The smoothing parameter, 3,
provides the relative weighting placed on minimizing the misfit between predicted and observed slip
vectors (first term on right-hand side) and the norm of model roughness (second term on right-hand side).
Hardebeck and Michael (2006) select the smoothing parameter from a trade-off curve.

3.2. Incorporating In Situ Data

To incorporate in situ data, we have to augment this system of equations (5). We recognize that the horizontal
component of the resolved shear traction on planes with strike parallel to Symax is zero. Let o be the orienta-
tion of Symax relative to the x; direction (Figure 2). Then the horizontal component of the shear traction, 7, on
any plane with strike parallel to Symax is

sin 2a + o1, cos 2a. (7)

Thus, for the ith cell containing k Symax Orientations, we can write

0=Hic; (8)
where
1. 1.
—sin2a; cos20q 0 —=sin2a; O
2 2
! sin 2 cos 2 0 ! sin 2 0
Hi= | 2°" " % 2o % ©)
1. 1.
ism 20 cos2ax O -3 sin20, O

Equation (8) does not alone constrain the Symax Orientation because a stress state with Synax Oriented at
angle o + 90" also satisfies these equations. That is, the equations only state that either Symax Of Shmin
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ﬁ)% has orientation of a. To remove this ambiguity and constrain Symax
to the a orientation, we note that sense of horizontal slip on a vertical
plane with strike o + 45 will be right-lateral sense only if a is the
SHmax orientation. Thus, we add the further constraint that the hori-
zontal component of slip, [s;, 55, 0" on this plane is in the direction

Hmax [ cos(a+Z), sin(a+%),0]". Again, considering the ith cell containing
k SHmax Orientations,

4) SHi:KiGi (10)

where st is a 2 kx1 vector of horizontal slip vectors,

T
cos (ou + Z)

sin( + n)
[24] —
4
s"i= ; (m
in(ac+7)
sin{ox +—
4
T
. . . . . sin{ax +—
Figure 2. lllustration of constraints on stress from Symax Orientation. Shear 4
stress is zero on any plane containing Spmayx, Oriented at angle a to the x;
direction (here shown as a vertical plane). Also shown is sense of horizontal d
component of slip on plane oriented o + 45° to the x; direction. an
3 2 2 2 2 2
Nip — Ny +NpNg3 N2 — 203012 N3 — 27,443 N11N73 — NNy, —2n71N12N43
2 2 2 3 2 2
B Ni2N33 — NiaNT;  Nqp — 203N —2N39NaN3 N2 — N3, + NaNfs Ny — 2Ng3ng,
K; = . ) . ) ) (12)
3 2 2 2 2 2
Nkt — Nig + NN Nz — 2NjNke Nz — 2Njg ks NNy — Nk N, —2Nk1 N2 Nk3
where the normal vectors to the planes are
R T
ni sin{a; + i
= T
N — cos (a,- + Z) (13)
nj3 0

Combining the focal mechanism and in situ constraints in the ith cell, and introducing variances on focal
mechanism slip vector components, o2, and in situ orientations, 62y, we can form the weighted system
of equations

1
1 —G;
—Sj Gfm I
GOfm 1
0 =| —H; |o; (14)
1 OsH
—SHi 1
GsH G_Ki
SH

Writing this augmented system of weighted equations as

S*i:G*iO'i (1 5)
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for M cells, we have the large, sparse, system of equations

5*1 G*1 0 0 01
5*2 0 G*z 0 ()]
1o o -~ | (16)
s* * o
M 0 0 0 G'u M

3.3. Bayesian Inversion of Linear and Nonlinear Parameters

We also introduce binary parameters P,, P,, ..., Px for the K focal mechanisms. The P; have a value of either 1
or 2 to represent either the first or second nodal plane. To simplify notation, let £ = [64, 63, ..., onl” be the
vector of all unknown stress tensor components, let P =[Py, P, ..., PK]T be the vector of all binary parameters,
and lets=[s], s, ..., sml’. Let Bz be the smoothing parameter for first-derivative spatial smoothing (as intro-
duced in equation (6)). We assume that the data variances,oz, and o2, are unknown. The solution to this
inverse problem is the joint posterior probability density function (PDF) of unknown parameters given s,

P(Z,P,0%m, 0%su, B*ls). 17)

The stress tensor components are related linearly to the data (equation (15)), while the other parameters are
nonlinearly related to the observations. This is therefore a mixed linear-nonlinear inversion. We adopt the
methodology of Fukuda and Johnson (2010) that combines both linear least squares methods and Monte
Carlo methods to estimate the PDF (17).

As discussed in Fukuda and Johnson (2010), the linear and nonlinear parameter in the PDF (17) can be sepa-
rated (by identity) as

P (X, P, P m, *su, B*[s) = p(Zs, P, % fm, o*st, B?) P (P, 0% fm, 0> s, B°[S). (18)

The mean and standard deviation of the Gaussian distribution, p(2| s, P, 03, oo P2), are computed using lin-
ear least squares formulas, and the non-Gaussian PDF p(P,a?m, agH, B2|s) is evalutated using Monte Carlo
Markov chain (MCMC) methods. According to Baye's theorem, the posterior PDF of the linear parameters
can be written with the proportionality

P(Z[s,P, 0% fm, 0% sh, B*) <P (5|2, P, 0% fim, 0°s1) P (ZIB°) (19)

where p(s| Z, P, 62, o5, is likelihood and p(E| B?) is the prior distribution on stress tensor components assum-
ing no prior information on the other parameters. Here we assume the prior distribution

)—SM/Z

1
p(Z|p?) = (2np? exp [— T (DZ)T(DZ)} (20)
where D is the first-derivative operator. This prior is a statement that the spatial derivative of stress compo-
nents is zero with variance [52. We have assumed Gaussian errors for the observed slip vector components
and Spmayx directions, so the likelihood is

P(s|Z,P, 0%fm, 0°sH) = (ZTEUfmz)il\‘fm/2 (27TUSI'-/2)7I\ISH/2 exp {* % (s —G(P)T) (s — G(P)z) 21

where G here is the augmented weighted kernel matrix in equation (16) and is a function of the selected
nodal plane, P. Ns,, and Ngy are the number of focal mechanisms and in situ data, respectively. Fukuda
and Johnson (2010) provide details about how to compute the target posterior PDF (17) by combining linear
least squares and MCMC methodologies. In Appendix A, we illustrate and validate this inversion method for a
2-D stress state and synthetic focal mechanism data.

3.4. Cell Size

We determined the optimal number of volume cells for our inversions empirically. We conducted a suite of
stress inversions in which we held smoothing and standard deviation parameters constant while varying only
the grid cell size. Our criteria were that the grid must be just fine enough to capture spatial heterogeneities in
SHmax Orientations with small (<30°) misfit angles between observed slip and computed shear stress direc-
tions. We found that cell size does not exert a major control over the resultant stress field after a certain
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Figure 3. Maximum horizontal stress directions and dominant faulting styles determined using both the focal mechanism and in situ data. The red shows reverse
faulting, the green shows strike slip, and the blue shows normal faulting. Depth of the color shows agreement with Anderson’s definition of faulting, the darker color
indicates a stronger match, or closer to the pure definition of faulting with one vertical and two horizontal stresses.

level of grid fineness is reached. The grid size we chose to best represent the stress field is a 30 x 30 grid with
cell dimensions of approximately 38 km x 29 km.

4, Results
4.1. Markov Chain Monte Carlo Joint Inversion

The results of the stress inversion showing faulting style and orientation of maximum horizontal stress are
shown in Figure 3. Coloring depicts dominant style of faulting with red representing reverse faulting, green
strike-slip faulting, and blue normal faulting. Following the definition of Anderson (1905, 1951), faulting style
is determined through orientation of the principal stresses (o4, 65, and o3). In Figure 3, the depth of the color
depends on the degree between 0 (dark) and 45 (white) to which the nearest to vertical stress deviates from
the vertical direction (e.g., Yang et al., 2013). A pure strike-slip or dip-slip faulting style will have one of the
three principal stresses exactly in the vertical direction (a “strong match”) and will show the darkest color.
A faulting style where the resultant principal stress orientations are not vertical and horizontal shows a lighter
color (a “weak match”) and represents a faulting regime in which multiple faulting styles are present or obli-
que faulting earthquakes dominate. The orientations of maximum horizontal stress are shown as black tick
marks. In areas where the faulting style is purely strike-slip or reverse, the direction of maximum horizontal
stress is the maximum principal stress.

The inversion results show a relatively homogenous stress field across the study area, varying between N60°E
and N8O°E, but locally can vary as much as ~E/W to N70°W/S70°E. The stress regime is nearly uniformly strike
slip (vertical intermediate compressive stress) across the study area, which is unsurprising given that the
region is dominated by strike-slip focal mechanisms. Both the New Madrid and Wabash Valley Seismic
Zones show a transition to a reverse faulting stress regime (vertical minimum compressive stress) over rather
short spatial scales (within ~40-120 km). This could occur if the intermediate and minimum principal stresses
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Figure 4. (a) Misfit angles where the best fitting nodal plane is chosen as the fault plane. Misfit angles are all below 20°, showing very good fit. (b) Misfit angles where
plane 1 is assigned as the fault plane.

Northing (km)

are nearly equal in magnitude (Sy = Spmin), as suggested for this region by Hurd and Zoback (2012a). This
anomalous zone of increased compression is located in the northern New Madrid Seismic Zone and
Wabash Valley Seismic Zone, while the remainder of the study area maintains a pure strike-slip stress
regime (Spmax > Sv > Shmin)-

Misfit angles between the computed direction of maximum shear stress and observed slip directions from
the focal mechanisms are all less than 20°, with most less than 5° (Figure 4a). Uncertainties in focal mechan-
ism orientations are typically less than 20° and often as low as 5° (e.g., Hardebeck & Hauksson, 2001b). We do
not have formal uncertainties on the focal mechanism orientation data; however, because the misfit angles
are similar to typical reported uncertainties in focal mechanism orientations, this suggests that the inversion
is not overfitting or underfitting the data.

The low misfit angles are partially a consequence of the MCMC selection of the optimally fitting nodal plane.
A comparison of the misfit angles for the inversion with fault plane selection and an inversion with fixed fault
plane is shown in Figures 4a and 4b, respectively. Although both show misfit angles typically lower than 30°, it
is clear for many mechanisms that one of the nodal planes fits significantly better than the alternate nodal

Probability That Plane 1 Is The Fault Plane

probability
1 high preference
for plane 1

0.9

0.8
0.7
0.6

0.5 no preference

0.4
0.3
0.2
. ! N i\ ! . o high preference
-600 -400 -200 0 200 400 for plane 2

Easting (km)

Figure 5. Probability that nodal plane 1 is the fault plane. Probabilities near 0.5 indicate that the inversion finds no preference for fault plane. Probabilities near one
indicate preference for plane 1, and probabilities near zero indicate preference for plane 2.
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Figure 6. Histograms of standard deviation values from the objectively determined data variances, which show relative weighting of the two data sets. (a) Histogram
of focal mechanism standard deviation. (b) Histogram of in situ standard deviation.

(a)

plane. For some of the mechanisms, the misfit is reduced by up to 25° when the fault plane is not arbitrarily
fixed, substantially improving the fit to the focal mechanism data. Figure 5 quantifies this by plotting the
probability that the first nodal plane, which is an arbitrary designation, is selected as the fault plane. The
red indicates that the first nodal plane is highly preferred, the blue indicates that the second nodal plane
is highly preferred, and the green indicates no preference. Many mechanisms show strong nodal plane
preference, largely concentrated near the Midcontinent Seismic Zones.

The relative weighting of the two data sets is expressed as data variances (as introduced in equation (17)).
Figure 6 shows histograms of standard deviation values (the square root of the data variances) for the two
data sets, which are objectively determined in the inversion. The standard deviation value for the focal
mechanism solutions is o5, = 0.016, an order of magnitude smaller than the in situ orientations, which have
a value of o5 = 0.230. The focal mechanism solutions are weighted more heavily in the inversion than the in
situ data because they have a smaller standard deviation (and variance) value.

Angular uncertainties for the computed Spmax Orientations derived from the inversion are shown in Figure 7a,
with 95% confidence limits denoted by the circular wedges centered on the mean derived Symax Orientation.
Figure 7b shows the 95% confidence range in degrees. Regions with little or no data, such as the corners of
the study area, show higher uncertainties. Regions where data density is high show smaller uncertainties.
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Figure 7. (a) 2-sigma uncertainties in maximum compressive stress orientations displayed as semicircles with mean maximum horizontal stress orientation in the
center. (b) 2-sigma standard deviation in degrees from orientation of maximum compressive stress.
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Figure 8. (a) Comparison of computed maximum horizontal stress orientations using only focal mechanism data with in situ orientations (colors as in Figure 1c).
(b) Orientation of maximum horizontal stress orientations in degrees derived from inversion of focal mechanism and in situ data. (c) Orientation of maximum
horizontal stress orientations in degrees derived from focal mechanism data only.

4.2. Comparison of Focal Mechanism Only Inversion to Combined Inversion

To examine the degree to which the estimated principal stress orientations are controlled by the two differ-
ent data sets, we conducted an inversion using only focal mechanism solutions. This solution compared to
the in situ orientations and the inversion that combines both data sets is shown in Figure 8. Figure 8a shows
the computed Symax Orientations using an inversion of only the focal mechanism data overlain by in situ
observations. While the general pattern of the inverted Symax Orientations agrees with most of the observa-
tions, there are systematic differences of up to about 20° near the tristate region of Indiana, lllinois, and
Kentucky (—200 km east, 100 km north) and also in portions of eastern Kentucky and western West
Virginia (300 km east, 100 km north).

Figures 8b and 8c show the azimuth of maximum horizontal stress orientations for the two inversions.
Comparing the orientations of maximum horizontal stress derived using both the focal mechanism data
and the in situ data (Figure 8b) with the inversion using only the focal mechanism data (Figure 8c) reveals
where in the study area the in situ data most influences the determination of the stress field. Deviation from
the dominant N60°E-N70°E orientation is slightly higher and covers a broader area in the inversion with both
data sets than in the focal mechanism-only inversion, particularly in southern Indiana and western Kentucky
where the majority of the in situ orientations are found. Additionally, in the focal mechanism-only inversion,
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N75°E-N80°E is the dominant orientation across the entire eastern section of the study area. In the inversion
that considers both data sets, the maximum horizontal stress orientation is N60°E-N70°E in the area further to
the east. After incorporating the in situ orientations, we can see that the nearly E-W rotation in maximum
compressive stress is highly concentrated in the Wabash Valley and northern New Madrid Seismic Zones.
The additional data, especially in the eastern half of the study area where there are fewer focal mechanisms,
better constrain the region where the rotation in the stress field occurs.

The largest rotation in maximum compressive stress is an ~N70°W orientation located in southern Indiana
(—80 km east, 180 km north). Due to poor data coverage in this region, we suspect that the orientation
may be controlled by a single borehole breakout located in southern Indiana (38.669 latitude, —86.885
longitude) with an azimuth of 125°. To test this, we removed this in situ orientation and conducted the same
inversion as before. Removing this data point did alter the orientation of maximum horizontal stress in the
cell containing the borehole breakout measurement, but only slightly modifies the regional stress distribu-
tion. This result can be found in Figure S1.

5. Discussion

Across the Midcontinent, the maximum horizontal stress is oriented between N60°E and N80°E, as summar-
ized in Figure 9. The average regional trend of Syymay is ~N60°E-N70°E; however, there is a systematic rotation
of Shmax t0 ~E-W in the southern lllinois Basin, northern New Madrid Seismic Zone, Wabash Valley Seismic
Zone, and in the vicinity of the Rough Creek Graben in western Kentucky (Figure 9). The largest deviation
from the regional trend is a N70°W Syax Orientation located in southwestern Indiana; however, this may
be controlled by a single borehole breakout measurement.

Areas of reverse faulting stress regime occur in the New Madrid and Wabash Valley Seismic Zones. Although
absolute magnitudes of the principal stresses cannot be determined using this stress inversion, we can use
this information to speculate about the relative magnitudes of the principal stresses. The transition from
strike-slip to reverse faulting stress regime in the New Madrid and Wabash Valley regions shows that the
vertical stress alternates between the intermediate and minimum principal stresses, indicating that the
vertical stress and the minimum horizontal stress are likely similar in magnitude. This relationship appears
to be highly concentrated in this zone. Outside of the northern New Madrid and Wabash Valley Seismic
Zones, the faulting style is purely strike slip, indicating that the vertical stress is greater than the minimum
horizontal stress. Relative magnitudes of the principal stresses are used to describe the faulting regime
and are often expressed using the A, parameter (Simpson, 1997). A plot showing the spatially varying Aq,
parameter is included in Figure S2.

Reactivation of faults associated with the Rough Creek Graben, adjacent to and of similar age as the Reelfoot
Rift in western Kentucky has not been observed. Faults in this zone are steeply dipping, graben-bounding
normal faults generally striking E-W (Soderberg & Keller, 1981). Although there are only two in situ stress
orientation measurements in the vicinity of the Rough Creek Graben (latitude 37.32, longitude —87.5 and lati-
tude 37.55, longitude —87.82) and no focal mechanisms, the smoothed nature of the stress inversion allows
us to interpolate across cells lacking data. In western Kentucky, where the strike of the faults associated with
the Rough Creek Graben are ~E-W, Symax is oriented approximately parallel to the strike of faults, implying
low resolved shear stress on faults, which is consistent with the lack of observed seismicity. Although data
density is low and there may be other reasons for the lack of observed seismicity near the Rough Creek
Graben (different frictional or structural properties, for example), the agreement between fault orientation
and Symax Orientation with a lack of seismicity in this region provides additional support for our interpolated
SHmax Orientations.

Similar failed rift systems exist in the United States, and undoubtedly, many faults in the region are optimally
oriented to the direction of maximum compressive stress; however, few produce seismic events at the same
rate or magnitude as the closely spaced New Madrid, Wabash Valley, and St. Genevieve Seismic Zones. There
are many theories as to why we have large-magnitude events and high rates of seismicity in the
Midcontinent, including a weak zone in the lower crust and upper mantle causing stresses to concentrate
(Chen et al, 2016; Kenner & Segall, 2000; Pollitz & Mooney, 2013), glacial isostatic readjustment
(Grollimund & Zoback, 2001), unloading due to increased Holocene erosion rates in the Mississippi River
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Figure 9. Summary of Sy ax Orientation in tectonic context. The blue lines are streamlines of estimated Spynax Orientation. Background figure same as Figure 1a. The
dots show locations of earthquake focal mechanisms.

Valley (Calais et al., 2010), or aftershocks from the 1811 to 1812 earthquakes (Stein & Liu, 2009). Many models
of intraplate earthquakes incorporate a weak zone below the Reelfoot Rift (e.g., Grollimund & Zoback, 2001;
Kenner & Segall, 2000), and if this were to exist, it might explain the slight rotations in Synax across the central
and eastern portions of the North American Craton and increased compression in the New Madrid and
Wabash Valley Seismic Zones.

This study was undertaken to better understand the orientation of principal stresses in the Midcontinent.
Such information is of value to effectively manage the risks associated with subsurface injection, including
carbon sequestration efforts in the lllinois Basin (Lahann et al., 2017). Seismic events in response to fluid injec-
tion are not completely understood, particularly for basement faults located outside of the intended storage
formation (Chang & Segall, 2016; Zhang et al., 2013). Pore pressures can propagate through fractures within
the intended storage formation and into basement rock if there is no confining layer between the intended
reservoir and the basement, leading to slip along faults optimally oriented with respect to the direction of
maximum compressive stress (Chang & Segall, 2016; Zhang et al., 2013). The stress orientation information
generated in this study could be useful for assessing the probability of fault slip as it relates to the angle of
faults relative to Symax- As shown by Darold and Holland (2015), ranking the risk of slip on mapped faults
favorably oriented for reactivation with respect to the direction of maximum horizontal stress can be a useful
tool for predicting potential fault slip and associated seismicity before, during, and after injection of fluid.

6. Conclusions

Stress field data for the Midcontinent were inverted to create a gridded array of maximum horizontal stress
orientations. The damped-least stress inversion of Hardebeck and Michael (2006) was extended with the
mixed linear/nonlinear Bayesian inversion scheme of Fukuda and Johnson (2010) to objectively estimate
the degree of spatial smoothing, uncertainties in slip vectors, and the selection of nodal planes.

We find the stress field in the Midcontinent to be relatively homogenous. The regional trend of Symax is
~N60°E; however, the maximum horizontal stress rotates clockwise to ~E-W across the southern lllinois
Basin. Because the stress regime favors strike-slip faulting, the maximum horizontal stress (Figures 3 and 8b)
is also the orientation of the maximum principal stress. Localized deviations from the regional trend of
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SHmax orientation occur in the northeast corner of the New Madrid Seismic Zone and the Wabash Valley
Seismic Zone. Also, in the northeast corner of the New Madrid and Wabash Valley Seismic Zones, we see a
change in the dominant faulting style from strike-slip to reverse. This indicates that in this region, the most
vertical principal stress alternates between the intermediate and minimum principal stresses.

Appendix A

To illustrate and validate the stress inversion with fault plane selection, we generate a synthetic focal
mechanism data set and invert for stress tensor components in 2-D. First, the “true” stress state is assumed
with most- and least-compressive principal stresses oriented as illustrated in Figure Ala. The intermediate
principal stress is assumed to be perpendicular to the plane (plane stress), which is imagined to be a vertical
cross section in this case. We then randomly place 100 focal mechanism centroids in the plane. The fault
plane orientations at the 100 centroids are selected randomly from a Gaussian distribution with mean strike
perpendicular to the plane with standard deviation of 60° and mean dip of 45° with standard deviation of 60°.
Synthetic slip vectors are then constructed using equation (3) and the assumed fault orientations and stress
state. The associated auxiliary nodal planes and slip vectors are also constructed as part of the synthetic data
set, and no prior preference for the true fault plane or the auxiliary fault plane is provided. Random noise from
a Gaussian distribution with standard deviation of 0.1 units is added to the true and auxiliary unit slip vectors.
In the inversion, we assume the identity matrix for the data covariance matrix so that the estimated data
weight, o, should be the standard deviation of the noise added to the synthetic signal.

Figure A1b shows the estimated posterior distribution of principal stresses.
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Figure A1. Results of synthetic stress inversion. (a) True principal stress directions. (b) Posterior distribution of principal stress directions. (c) Posterior probability of
nodal plane. Plot shows probability that the true nodal plane is selected plotted in order from least to highest probability. (d) Joint posterior probability distribution of
data weight, 6, and smoothing parameter, f. (e) Trade curve showing plot of misfit vs. roughness for different values of B. Gray vertical line is the Bayesian estimate.
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To generate the posterior distributions of principal stress orientations, 1,000 stress states are selected from
the posterior distribution of the stress tensor and the principal orientations of the 1,000stress tensors are
computed and plotted. The true principal stresses (Figure A1a) lie within the posterior distributions, illustrat-
ing the ability of the inversion to recover the true values. Figure A1c shows the probability that the correct
nodal plane was selected. The correct plane was selected more than 50% of the time for about 90% of the
focal mechanisms, indicating that the inversion can usually identify the true fault plane. Figure A1d shows
the joint posterior probability distribution of the data standard deviation, o, and the smoothing parameter,
B, as well as the true value of the data standard deviation.

Hardebeck and Michael (2006) use trade-off curves, a common approach in damped inversions, to select a
smoothing parameter. Figure Ale compares the optimal smoothing parameter from our inversion with a
trade-off curve. The trade-off curve plots the trade-off between the two vector norms minimized in equation
(6). Recall that D is the first-derivative operator, and thus, [IDell is a measure of spatial smoothness, and
lls — Goll is a measure of misfit between observed, s, and computed, Go, slip directions. Here we have intro-
duced o, which is simply the inverse of smoothing parameter, p. To reduce computation time, this trade-off
curve is computed with nodal planes fixed to the true fault planes. The optimal smoothing parameter from
the Bayesian inversion is slightly smaller (corresponding to smoother stress state) than the value in the bend
of the trade-off curve. However, the trade-off curve value is subjective in that the choice of parameters to plot
in the trade-off curve is arbitrary and the geometry of the curve and the location of the bend in the curve will
depend on the scaling of the plot (e.g., Fukuda & Johnson, 2008).
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