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GEOPHYSICS

Discriminating between natural versus induced
seismicity from long-term deformation history
of intraplate faults

Maria Beatrice Magnani,'* Michael L. Blanpied,? Heather R. DeShon,’ Matthew J. Hornbach'

To assess whether recent seismicity is induced by human activity or is of natural origin, we analyze fault displace-
ments on high-resolution seismic reflection profiles for two regions in the central United States (CUS): the Fort Worth
Basin (FWB) of Texas and the northern Mississippi embayment (NME). Since 2009, earthquake activity in the CUS has
increased markedly, and numerous publications suggest that this increase is primarily due to induced earthquakes
caused by deep-well injection of wastewater, both flowback water from hydrofracturing operations and produced
water accompanying hydrocarbon production. Alternatively, some argue that these earthquakes are natural and
that the seismicity increase is a normal variation that occurs over millions of years. Our analysis shows that within
the NME, faults deform both Quaternary alluvium and underlying sediments dating from Paleozoic through Tertiary,
with displacement increasing with geologic unit age, documenting a long history of natural activity. In the FWB, a
region of ongoing wastewater injection, basement faults show deformation of the Proterozoic and Paleozoic units,
but little or no deformation of younger strata. Specifically, vertical displacements in the post-Pennsylvanian forma-
tions, if any, are below the resolution (~15 m) of the seismic data, far less than expected had these faults accumu-
lated deformation over millions of years. Our results support the assertion that recent FWB earthquakes are of
induced origin; this conclusion is entirely independent of analyses correlating seismicity and wastewater injection
practices. To our knowledge, this is the first study to discriminate natural and induced seismicity using classical
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structural geology analysis techniques.

INTRODUCTION

A fundamental question about continental intraplate seismicity is why
it occurs where it does. Most earthquakes are associated with preexist-
ing structures post facto, but because continents contain many such
structures, it is difficult to predict which ones will become active. Hence,
it is important to know whether, over time, seismicity continues on
structures that are most active at present, or whether modern seismicity
is a rejuvenation of long-dormant faults. This issue is scientifically im-
portant, has a crucial impact on seismic hazard assessment, and has
been given new urgency because of the recent increase in the rate of
seismicity associated with subsurface wastewater injection in the
North America intraplate region (1-3).

The brittle crust in continental interiors is in frictional failure equi-
librium (that is, shear stresses are near the strength limit of the crust)
and faults are critically stressed (4, 5). Because strain rates in these regions
are generally quite low (107 s L orless) (6, 7), long-term fault slip rates
are quite slow (<<1 mm/year) (8), with the result that recurrence inter-
vals of continental intraplate earthquakes can be on the order of 10,000
to 100,000 years (9, 10) and stress can reactivate ancient faults that are
not associated with historic seismicity. Also, because strain builds slowly,
stress perturbations imparted by processes in addition to plate motion
(for example, traction from mantle flow, regional loads such as glacial
isostatic adjustment and sediment denudation, or high-pressure fluid
injection) might control deformation, with the result that intraplate seis-
micity often migrates between faults and is episodic and clustered (11, 12).

The central United States (CUS) has a record of historical seismicity
that dates back to late 1700s when felt reports were first documented in
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the midcontinent. Pre-2008 seismicity in the CUS is scattered and
dominated by two source regions: the New Madrid seismic zone
(NMSZ) in the Mississippi River valley and the east Tennessee seismic
zone along the southern Appalachian Mountains. Since about 2009,
however, the CUS has witnessed both a dramatic increase in the rate
of seismicity and a marked change in its spatial distribution (Fig. 1).
Earthquakes now occur in regions that had little or no seismicity
before 2009, whereas previously active areas have maintained nearly
constant earthquake rates (I, 13). This change is unprecedented in both
areal extent and rate, and has increased seismic hazard in the region
(14). A major fraction of this anomalous seismicity has occurred in areas
of hydrocarbon production and related wastewater injection, suggesting
that the earthquakes may be caused by industry practices (for example,
through reduction of effective stresses on faults or by stress perturbation
in the crust) [(1, 14, 15) and references therein].

The discrimination between seismic activity that is anthropogenically
induced and that which arises from natural tectonic deformation is there-
fore of critical importance, because seismic hazard resulting from human
activity can potentially be mitigated. In addition, the discrimination pro-
vides a window into the state of stress of intraplate faults and into seis-
micity in stable continental regions and the processes that drive it.

There are two possible causes for the recent seismicity in intraplate
regions like the CUS. One possibility is that it represents natural tec-
tonic activity along intraplate faults deforming at low strain rates via
infrequent (thousands of years) bursts of activity that are not fully
captured by the relatively short (tens of years) span of instrumental
monitoring or historical record. The second possibility is that human
activities are reactivating and inducing slip on long-dormant faults,
which would otherwise have remained inactive.

Discriminating between these two cases is particularly challenging
because often the causative faults are unknown or poorly known and have
no surface expression, especially if seismicity occurs on or reactivates
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Fig. 1. Post-2008 seismicity rate change in the CUS. The post-2008 seismicity
has occurred both in areas that were seismically active before 2008 (for example,
the Mississippi embayment) and in regions with no pre-2008 historical or
instrumental seismicity (for example, FWB). The two study areas are outlined
and represented in Figs. 2 and 6. Modified with permissions from Rubinstein
and Mahani (713).

ancient faults in the Proterozoic basement (2, 16, 17). Most investiga-
tions concerning the causal factors of the recent CUS seismicity are
based on observations that are limited to the few years of wastewater
injection (for example, in the case of pore pressure diffusion modeling)
(18-20) or to the few tens of years of historical and instrumental record
(in the case of seismicity) (I1-3, 16, 17, 21, 22). Although these investi-
gations contribute essential elements to the study of the relationship
between anthropogenic activity and seismicity, and to an understand-
ing of the processes involved, the long-term information on the caus-
ative faults is missing,

Here, we demonstrate how seismic reflection data, by elucidating
the existence, distribution, orientation, and dimension of faults, provide
irreplaceable information to establish fault susceptibility for reactivation
either by injection or by tectonic processes, and can be used to evaluate
the potential maximum size of an earthquake. Using classical geology anal-
ysis techniques, we show how, by evaluating displacement history over the
lifetime of the fault, seismic reflection data contribute information that
complements analyses of contemporary seismicity and, independently
of wastewater injection modeling, can help to discriminate whether
earthquake sequences have an induced or a natural origin.

To illustrate this, we evaluate fault deformation history from two re-
gions in the CUS: (i) the Fort Worth Basin (FWB) of north Texas, where
historical (~1850) seismic activity began only in 2008 (21, 23) and is spa-
tially associated with a region of intense exploitation of unconventional
oil and gas sources and of wastewater disposal (24), and (ii) the northern
Mississippi embayment (NME), where paleoseismic observations
show seismicity during the late Pleistocene (25) and the Holocene
(26) throughout the region. Both the FWB and the NME have a rich
tectonic history that dates back to the Paleozoic, are currently seismically
active, and are covered by post-Paleozoic sediments and sedimentary
rocks that conceal the causative faults. In both basins, we examine
long-term fault displacement as imaged by seismic reflection profiles
across faults currently active and quiescent. In the NME, we show that,
along faults that are currently seismically active, motion has been
occurring over many millions of years. In the FWB, along faults that
are currently seismically active, there is no evidence of previous motion
over the past millions of years, suggesting that the current earthquakes
are induced.
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Fig. 2. Earthquakes in the FWB, north Texas. The map shows the main tectonic
features of the basin, instrumental seismicity (1.8 > M,, > 4.0), and the geographical
extent of the Barnett Shale, the main oil and gas production unit. Produced brine and
wastewater associated with stimulation of unconventional reservoirs are reinjected
through deep wells (that is, saltwater disposal well; crosses in figure) in the Ellenburger
Group, below the Barnett Shale. NEFZ, Newark east fault zone; SWD, saltwater disposal.
Llano uplift, stipple pattern—Precambrian metasedimentary rocks; light gray, Ordovician
carbonates. Seismicity shows clusters around Azle (Parker County), Irving-Dallas (Dallas
County), and Venus (Johnson County). Faults from Ewing et al. (36).

RESULTS

The Fort Worth Basin

Recent seismic activity

Between 2008 and 2016, the rate of earthquakes with magnitude
greater than 3 in Texas has increased from 2 to 12 per year (22, 23, 27).
Rate changes have been highest in northeast and west Texas, regions
of intense exploitation for unconventional oil and gas sources and
large volume wastewater disposal (15, 23, 27, 28). In one of the most
active regions, the FWB of north Texas, the U.S. Geological Survey
(USGS) National Earthquake Information Center (NEIC) catalog re-
ports more than 200 earthquakes, with at least 32 events of magnitude
greater than 3 and one magnitude 4 (Fig. 2). Dedicated local seismic
networks deployed in the basin from 2013 to present have recorded
more than 1300 earthquakes of magnitude between —1.0 and 4.0 [(29),
hereafter the Southern Methodist University (SMU) catalog]. Since 2008,
there have been five well-studied earthquake sequences: 2008-2009
Dallas/Fort Worth International Airport (21), 2009 Cleburne (27),
2013-2015 Azle-Reno (19), 2014-2016 Irving-Dallas (30, 31), and
2008-2016 Venus (22, 32). Sequences occur within or nearby a region
of increased wastewater injection volumes into the Early Ordovician
Ellenburger Group (28). Hypocentral depths range from 2 to 8 km,
that is, within the Precambrian granitic basement, in contact with
the carbonates of the Ellenburger, and only with limited cases of seis-
micity in the Ordovician units (19). Causative faults in the crystalline
basement, as illuminated by seismicity, strike north-northwest
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(NNW)-south-southwest (SSW) and northeast (NE)-southwest
(SW), dip 40° to 70° to the southeast (SE) and NW, and extend for
2 to 6 km in length and 4 to 8 km in depth, resulting in fault areas
of 10 to 15 km? (19, 22, 32, 33). Focal mechanisms show consistently
normal faulting throughout the eastern [Advanced National Seismic
System (ANSS) Comprehensive Catalog] and north-central parts of
the FWB (19).

Tectonic setting

The FWB is a north-south elongated foreland basin that developed
during the later part of the Paleozoic along the southwest border of
the advancing front of the Ouachita fold-and-thrust belt (Fig. 2)
(34). The basin is bordered to the north and east by fault-controlled
basement uplifts (Red River and Muenster arches and the Ouachita
fold-and-thrust belt, respectively) and to the south by a crystalline
basement-cored dome (Llano uplift). To the west, the basin shallows
over a broad, north-plunging, positive structure, the Bend Arch, which
formed by flexure of the basin to the east under the Ouachita fold-and-
thrust belt (35).

The tectonic events that defined the boundaries of the FWB appear
to have also controlled the main structures of the basin. Minor and
major high-angle normal faults are interpreted from drill data and
seismic reflection profiles throughout the basin, and their orientations
vary and align with the major tectonic elements, suggesting a genetic
relationship. In the central and eastern parts of the FWB, where most
of the recent seismicity has occurred, faults trend NNE-SSW, parallel
to the Ouachita fold-and-thrust front (34, 36), suggesting a relationship
with this orogenic structure. NE-SW trending faults continue to the
southern half of the basin, following the Lampasas Arch, consistent
with the Ouachita fold-and-thrust belt trend, and are mapped on
the Llano uplift. The eastward thickening of the foreland sequences
is assisted by normal faults parallel to the leading edge of the Ouachita
belt. These faults accommodated the flexure of the platform and the
rapid subsidence that began in the Late Mississippian and continued
throughout the orogenic phase as the margin was progressively loaded
by the encroaching Ouachita fold-and-thrust belt.

Preserved sedimentary rocks in the central-eastern FWB (Fig. 3)
consist of ~1200 to 1500 m of Ordovician passive margin carbonates
(that is, Ellenburger Group, Simpson Group, and Viola Limestone)
deposited between 490 and 360 Ma (million years ago) above the Pre-
cambrian crystalline basement and the Upper Cambrian Riley Forma-
tion (which includes the highly friable Hickory Sandstone Member at
its base) and Wilberns Formation, Middle-Upper Mississippian and
Lower-Middle Pennsylvanian shales and carbonates (that is, Chappel
Limestone, Barnett Shale, and Marble Falls Limestone of the Bend
Group) ranging in ages between 360 and 310 Ma, and Pennsylvanian
siliciclastic foredeep units (that is, Bend and Strawn Groups)
deposited during the time interval of 310 to 299 Ma. Permian units
are prevalent west of the Bend Arch but not present in the eastern
FWB. Along the eastern portion of the basin, southeastward thicken-
ing Cretaceous coastal plain sediments rest unconformably over east-
ward dipping eroded Paleozoic sequences, marking the incursion of
the Early Cretaceous seas (35).

The Mississippian Barnett Shale is the main source rock for gas and
oil produced in the FWB, and it is also the main production horizon
within the Barnett Paleozoic total petroleum system (24). Production
from this horizon increased from 2000 to 2016 due to the success of
unconventional stimulation of fields through hydraulic fracturing of
tight shales (37). The flowback wastewater and the highly saline water
produced from the fracturing process have been disposed in
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Fig. 3. Generalized subsurface stratigraphic section of the central and eastern
FWB. Most of the saltwater disposal in the FWB takes place in the Early Ordovician
Ellenburger Group, close to the Precambrian basement where the majority of seis-
micity occurs. Few wells penetrate below the Ellenburger, and details of the Cambrian
stratigraphy are from the Llano uplift, central Texas. The schematic stratigraphic
column to the right shows the main horizons identified in the seismic reflection
profiles shown in Figs. 4 and 5. Modified with permissions from Pollastro et al.
(24) and Ewing (97).

increasing volumes in the basin via reinjection in deep wells that pen-
etrate the Ordovician carbonates (that is, Ellenburger) above the Late
Cambrian Hickory Sandstone Member of the Riley Formation and the
crystalline basement (15, 28).

Fault displacement history

Because of decades of extensive hydrocarbon exploration and produc-
tion, a wealth of data has been gathered in the FWB that constrains the
tectonic structure, evolution, and subsurface architecture of the eco-
nomically relevant units (for example, Barnett Paleozoic total petroleum
system). Unfortunately, however, detailed knowledge of the faults that
dissect the Paleozoic sedimentary fill and the crystalline basement relies
predominantly on geological mapping from outcrops on the Llano uplift
at the southern margin of the FWB and on proprietary two-dimensional
(2D) and 3D seismic reflection data that are rarely published (38, 39) or
available for consultation. Early published work in the basin supports
the existence of several faults identified by well-log correlations and
structural mapping at the Early Ordovician Ellenburger Group strati-
graphic level that cut basement and Lower Paleozoic rocks. Evidence
shows that these faults and associated structures formed during the
development of the Llano uplift and the FWB, with faulting extending
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upward through the limestone of the Marble Falls (Lower Pennsylvanian,
~320 Ma) (40, 41).

To our knowledge, there is no published seismic reflection data set
across the structures that host the current seismicity in the FWB that
images in detail the fault geometry and long-term deformation
history. Below, we describe two examples of proprietary commercial
2D and 3D seismic reflection data sets that image the currently active
faults near Venus and Irving-Dallas, along the eastern margin of the
FWB. Here, seismicity initiated and evolved on structures subparallel
to the Ouachita orogenic front (Fig. 2).

Analysis of high-resolution seismic reflection data

Venus, Texas, area

Seismicity in the Venus area (Johnson County) occurs in a county
with long-term, high-volume wastewater disposal (28). The area
experienced a M, (moment magnitude) 4.0 on 7 May 2015, the largest
magnitude instrumental and historical reported earthquake in the
FWB as of 2017. The moment tensor for this event indicates normal
faulting, and hypocenters, limited to the basement within a depth of
4 to 8 km, identify a west-dipping nodal plane striking ~230°N as the
causative fault (32). Waveform template matching analysis indicates
that seismic activity on this fault extends back to 2008 and that max-
imum magnitude increases with time, suggesting an ongoing seismic
sequence and evolving slip rather than a mainshock-aftershock
sequence (32).

Structural control and geometry (for example, length, dip, and
strike) of the faults hosting the seismicity in the Venus area are con-
strained by three proprietary 2D seismic lines totaling 32 km (Fig. 4).
The data were shot in 1964 and 1974 using a dynamite source and
recorded to a maximum length of 7 s. Originally processed to time stack
domain, in 2015 the data were reprocessed to prestack time migration.
We subsequently depth-converted using a 1D velocity function cali-
brated on the stratigraphy derived from nearby well logs. The tops of
the stratigraphic units were projected from wells onto the seismic pro-
files and correlated with main reflectors. The seismic data image the
top of the crystalline basement, the Early Ordovician Ellenburger
Group, the Mississippian-Lower Pennsylvanian shales and carbonates,
and the Pennsylvanian clastic foreland units, which are all identified as
the sequences downlapping onto the regional contact between the
Bend Group (Atokan age, circa 310 Ma) sequences above and the
Marble Falls Limestone below (Fig. 4). The base of the Lower Cretaceous
coastal plain sediments is intermittently traceable at the top of all seis-
mic profiles. Deformation of the Ordovician through Pennsylvanian
sedimentary sequences is subtle, and two prominent oppositely dipping
faults can be identified as offsetting the top of the east-dipping basement
and penetrating the Ellenburger through the Mississippian shales. No
offset or deformation of the reflector that marks the base of the Bend
Group (~310 Ma age) and the overlying stratigraphy is resolved.

On the basis of the integrated interpretation of the three profiles,
two faults [western Venus fault (WVF) and eastern Venus fault
(EVF)] are interpreted to trend NE-SW (Fig. 4A). The WVF is inter-
preted as a west-dipping normal fault, at least 6.5 km long. Based on
the constraints from the reflection data, the fault strikes ~210°N for
about 4 km, consistent with the M,, 4.0 fault plane solution (~230°N),
and then either rotates counterclockwise to the north or terminates
northeast of line B. Most of the hypocentral locations of the Venus
sequence cluster along the portion of the WVF plane that parallels
the regional Symax (Fig. 4) (42). We interpret the lack of seismicity
to the north as a consequence of the fault becoming non-critically
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oriented within the modern stress field. Seismic reflection data show
the EVF as a 25°N striking, steep east-dipping fault, with a down-to-
the-east sense of motion. Unlike the WVF, there appears to be no seis-
micity (M > 1.0) associated with the EVF. The lack of resolved vertical
displacement on both faults above the Atokan-age units (~310 Ma)
indicates that these faults have not been active since the Pennsylvanian
and until the start of the 2008 seismic swarm.

Irving-Dallas, Texas, area

Perhaps the most enigmatic sequence in the FWB, the Irving-Dallas
earthquakes began in 2014 with a M, 2.4 on 14 April and became highly
productive with a set of five M,, 3.0+ events and a M,, 3.6 in January
2015. As with the Venus case, seismicity in the Irving-Dallas area is ex-
clusively limited to the Precambrian basement (Fig. 5A), and the SMU
catalog reports epicentral depths between 4.5 and 8 km, distributed on a
4-km-long plane striking ~39°N and dipping ~68° to the east (30).

Unlike the rest of the FWB seismic sequences, the Irving-Dallas
sequence is not readily associated with nearby wells with long-term
wastewater injection history. The nearest disposal well is located
~13 km to the northwest, and available records show fairly low
injection volumes in the past decade (28). The only well operations
near the Irving-Dallas sequence pertain to a set of inactive shale gas
production wells (API 42-113-30147 and API 42-113-30189) at the
southern end of the epicenter locations. Those two wells were drilled
on the same pad and encountered the Ouachita orogen meta-
sedimentary units under ~700 m of Cretaceous sediments before
entering the Pennsylvanian foredeep facies. Documentation for the
deepest well reports bottoming in the Ellenburger at a depth of 3070 m
after penetrating the Marble Falls, the Barnett Shale at 2870 m, and the
Viola-Simpson Group at a depth of 3014 m. Of the two wells, one
failed in 2009 because of shallow casing failure during a hydrofracking
stage and was shut in. The sole remaining producing well in the area
ceased production in 2012 because of pipeline repairs. Despite its con-
dition as a seismic outlier, Hornbach et al. (28) propose that the
Dallas-Irving seismic sequence might also be induced by wastewater
injection in light of its downslope position from Johnson County to
the southwest (Fig. 2), which reports the largest injection volumes in
the basin, directly along the basin structural axis and along the path of
NE-SW trending basement faults that could act as fluid pathways and
provide long-distance hydraulic connectivity.

We interpreted proprietary, unpublished, and processed 3D seis-
mic reflection data acquired in 2008 with a Vibroseis source around
the production wells. Data were interpreted in 3D, and faults were
identified as reflector terminations/truncations and mapped in the
data volume. The interpretation shows two southeast-dipping faults
penetrating the base of the Barnett Shale, the Viola Limestone, and
the Ellenburger Group with a down-to-the-east sense of motion
(Fig. 5B). The faults displace the top of the basement reflector and
are sealed at the top by the reflector, marking the upper part of the
Marble Falls, as constrained by the well log at the center of the 3D
volume footprint. Reflectors of the Pennsylvanian foredeep facies of
the Bend Group, which show a characteristic prograding pattern with
direction of transport from ESE to WNW, are continuous in the seis-
mic data. Additional small-displacement west-dipping faults are vis-
ible at the top of the basement. These minor faults do not appear to
penetrate the top of the Ellenburger. Horizontal time slices at the top
of the basement show that basement structures (folds and faults) trend
~N40°E, parallel to the fault plane illuminated by the hypocentral loca-
tions (Fig. 5C) and consistent with the regional N20°E Sy, Vector
(42). Basement structures in the Dallas-Irving area trend parallel to
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Fig. 4. Seismic reflection data in the Venus, Texas, study area. (A) Location map of seismic reflection profiles near Venus, Texas, Johnson County (for location, see Fig. 2),
showing interpreted faults at the top of the crystalline basement, the 2008-2016 relocated seismicity (colored circles) (32), the ANSS moment tensor location of the 2015
M,, 4.0 event (location uncertainty + 4.5 km). Spymax Orientation from Lund Snee and Zoback (42). Squares are saltwater disposal wells with production well numbers [American
Petroleum Institute (API)]. (B) Unmarked time-migrated, depth-converted seismic reflection profiles. (C) Interpreted seismic reflection profiles. Red rectangles on wells show
saltwater disposal injection depth intervals. Hypocentral locations (green circles) were projected only along line A. See Fig. 3 for corresponding stratigraphy in the FWB.
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those currently active identified in the Venus area and, like in Venus,
appear favorably oriented for failure in the current stress field. The con-
tinuity of post-Marble Falls reflectors above the faults, which displace
the top of the Ellenburger and of the basement, indicates inactivity along
these faults since the deposition of the Bend Group (circa 310 Ma) and
until the recent earthquake occurrence.

The northern Mississippi embayment

Tectonic setting and seismicity

The Mississippi embayment is a southwest-dipping trough filled with
Upper Cretaceous and Cenozoic clastic sediments that unconformably
lie on Upper Cambrian to Ordovician sedimentary rocks and a Pre-
cambrian crystalline basement (43, 44). The basin is a long-lived, fun-
damentally weak zone in the North American plate, and it has been
the location of repeated crustal extension, compression, and
continental rifting since at least the end of the Proterozoic, with several
episodes of reactivation and magmatic activity (45). The Reelfoot
rift (Fig. 6), today buried under the Mississippi valley sediments,
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represents the backbone of the basin (46) and is defined by a system
of intracratonic faults that displace the top of the crystalline base-
ment by more than 2 km along the rift margins (47, 48). The rift hosts
the current, historical, and prehistorical seismicity of the NMSZ,
whose earthquakes are rupturing and reactivating faults of the Paleo-
zoic aulacogen (47, 48).

The NMSZ, one of the most notorious deviations from plate rigid-
ity, was the most seismically active area in the continental United States
east of the Rocky Mountains until 2008. The zone is the site of the four
largest intraplate earthquakes in the United States, the 1811-1812
sequence with estimated magnitudes of 7.0 to 7.6 (49-51). Today,
instrumental seismicity outlines four main arms that extend for more
than 200 km from west of Memphis, Tennessee, into southern Missouri
(Fig. 6). On the basis of focal mechanisms (52), the active faults are
interpreted as a right-lateral strike-slip fault zone with a left-lateral
restraining bend (53-55). According to this interpretation, the two
right-lateral strike-slip faults in the NMSZ system, the 120-km-long,
near-vertical Axial fault and the New Madrid North fault, are
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connected by the southwest-dipping, 67-km-long Reelfoot thrust,
which accommodates the transfer of deformation and the shortening,
acting as the restraining bend (Fig. 6).

Next, we describe the deformation of two major faults in the NMSZ
system (the Reelfoot thrust and the Axial fault), as imaged by seismic
reflection profiles, and compare them to the example of a seismically
quiescent but Holocene active fault outside the NMSZ (the Meeman-
Shelby fault). These are just few of the examples emerging from three
decades of high-resolution seismic exploration that reveal a pattern of
long-lived Quaternary and Tertiary deformation accommodated on
faults distributed across the NME (56-64).

Fault displacement history and analysis of high-resolution
seismic reflection data

Reelfoot thrust

The first of these features, the Reelfoot thrust (Fig. 6), is the only seis-
mogenic fault in the NMSZ with surface deformation, represented by
a scarp and a regional uplift, a composite topographic, and structural
high located on the hanging wall of the thrust. The fault crosses the
meandering Mississippi River and has been mapped intermittently at
the surface for ~32 km (65). At depth, hypocentral locations define a
southwest-dipping fault that extends to 25 km with a dip varying from
30° to 45° along strike (66, 67). The thrust was active in the New Madrid
earthquake sequence of 1811-1812 and is interpreted to be the source
of the 7 February 1812 event (M,, ~ 7.5) (68). The displacement
history of the fault, derived from trenching and dating of the land-
forms over the thrust (65, 69) and through the interpretation of the
numerous seismic reflection surveys (70-74), reveals a long-lived
history of deformation dating back to the Late Cretaceous. In partic-
ular, seismic reflection data show that geologic units in the NME, from
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the Paleozoic rocks through the Cenozoic sediments, are vertically
offset by the thrust and displacements increase with increasing strat-
igraphic age. This evidence, integrated with trenching data, indicates
that the Reelfoot thrust has been reactivated through time since the
Cretaceous (75).

Axial fault

The Axial fault (70) is the longest fault in the seismic zone. It extends
in a northeast direction for ~120 km along the axis of the Reelfoot rift.
Seismicity along the Axial fault occurs between depths of 3 and 15 km
on a near-vertical plane with predominant right-lateral strike-slip
movement (52, 54, 67). At shallower depths, deformation is accommo-
dated by two parallel faults, the Axial fault and the Cottonwood Grove
fault, both imaged by high-resolution reflection profiles (Fig. 7) (74, 76).
On the basis of several lines of evidence (50, 77), the Axial fault is
interpreted to have ruptured during the first (16 December 1811,
M,, 7.3) and possibly the second (16 December 1811, M,, 7.0) of the
1811-1812 earthquakes (78). Although no surface rupture has been
identified for these events, they have left behind subtle vertical and
large-scale horizontal deformation that resulted in sunken lands along
the trace of the fault (77). Geomorphological evidence shows this to be
the most recent deformation that began in the later part of the Pleisto-
cene and continued through the Holocene (77). High-resolution
marine seismic reflection data acquired along the Mississippi River
image the faults as they deform the sedimentary sequences of
the NME from the Quaternary alluvium to the Paleozoic rocks
(Fig. 7). As with the Reelfoot thrust, the Axial fault and the Cottonwood
Grove fault exhibit increasing displacement with increasing age of
geologic units, indicating a prolonged history of activity during the
Cenozoic (74).

Reelfoot rift margin

Along the eastern margin of the Reelfoot rift, ~75 km south of the
NMSZ and about 10 km west of Memphis, Tennessee, high-resolution
seismic reflection data image the ~45-km-long, 25°N striking Meeman-
Shelby fault (79). The fault repeatedly crosses the meandering Mississippi
River, offsets the Paleozoic rocks, and folds the overlying sediments
with an up-to-the-west sense of motion. Similar to the NMSZ faults,
deformation across the Meeman-Shelby fault decreases upward,
suggesting repeated reactivation since the Late Cretaceous. The base
of the Quaternary alluvium, marked by the upper Eocene/Quaternary
contact, is folded by 28 m above the fault with a consistent sense of
motion. The base of the Quaternary alluvium along the fault
hanging wall was drilled, sampled, and dated at 14.3 + 0.50 ka
(thousand years ago) (80), confirming the recent age of fault move-
ment. Despite its recent activity, the fault has no surface manifesta-
tion, likely due to its position within the Mississippi River meander
belt that does not favor preservation of surface morphology over the
long term.

DISCUSSION

The most significant result of this study is that in the FWB, a region of
intense recent seismic activity and commercial wastewater injection,
analysis of fault displacements expressed in seismic reflection data
finds no evidence of previous active faulting for the past ~300 My (that
is, after Middle Pennsylvanian deformation).

By contrast, analysis of seismic reflection data in the NME, a region
where historical natural earthquakes with M, 7+ have occurred,
shows that fault displacements have been ongoing for the past ~65 My
throughout the Tertiary and possibly the Cretaceous.
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Together, these results support the assertion that recent earthquake
activity in the FWB is anthropogenic. This conclusion contrasts with
the interpretation by some (81, 82) that recent seismicity in the FWB
reflects tectonic deformation of faults that have remained active since
the Paleozoic, in a fashion similar to what is observed in other intraplate
regions where tectonic seismic activity appears to be episodic, migra-
tory, and/or clustered (9, 11, 12).

The lack of displacement in units younger than the Early Pennsylvanian
can be explained in either of two ways: (i) fault displacement since the
Early Pennsylvanian is null or negligible, or (ii) fault displacement
since the Early Pennsylvanian has occurred, but cumulative vertical
slip is less than the vertical resolution of the seismic reflection data
and therefore is not resolved by the data. Considerations of the seismic
data sampling rate (2 ms), dominant frequency content (~60 Hz), and
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seismic velocity of units above the top of the Ordovician limestones
with Vp (P-wave velocity) ~3.45 km/s based on the interval velocity
reported by the Trigg well no. 1 (Geotechnical Corporation) (21, 83)
indicate a vertical resolution on the order of 15 m for the data ana-
lyzed here.

The latter option—that faults have remained active since the
Pennsylvanian—can be explored by taking recent seismicity as a guide
to the deformation style of the faults. Assuming that the recent seismic
sequences that occurred in the FWB (that is, Azle-Reno, Venus, and
Irving-Dallas) are representative of the style of recurrent deforma-
tion along the associated faults, the amount of displacement accu-
mulated in these latest sequences can be calculated, and from that,
a minimum return interval for each sequence can be derived such
that the cumulative slip along each fault does not exceed an upper
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bound imposed by the minimum vertical resolution of the seismic
data (~15 m).

For the purposes of this calculation, two simplifying assumptions
will be made: first, that faults have accumulated slip uniformly since
the Pennsylvanian (that is, over the past 300 My), and second, that
recent seismic sequences are representative of those that have
occurred in the past along the faults. Recent seismicity is characterized
by seismic swarms lasting a few months to a few years (29, 33), with
earthquake magnitudes not exceeding M,, 3.5 to M,, 4.0 (see table S1)
and hypocenters distributed over fault areas that extend between 10
and 15 km?, based on the SMU earthquake catalog (19, 29, 32, 33).

We evaluated the accumulated fault displacement XD associated
with observed earthquake activity by summing the scalar moments
of earthquakes on these faults. To calculate scalar moment (M,) for
an earthquake, we assume that local magnitude (M;) and M,, are
equivalent, which is approximately true for events with My of 3.0
(84, 85). To determine M,, we use the equation that defines M,, in
terms of M, (86):

logM, = 1.5M,, + 16.0 (1)

Then, we sum the scalar moments to determine XM, the accumu-
lated scalar moment associated with these earthquakes. Then, from
the definition of scalar moment (87):

M, = uDA (2)

we determine the accumulated fault displacement XD; here, 1 is
the rigidity of the crust (3.0 x 10" dynes/cm? for relatively stiff
continental crust) (88), D is the average slip on the fault, and A is
the fault area. For the Azle-Reno, Irving-Dallas, and Venus sequences,
this translates into a fault displacement of approximately 4 mm per
sequence (Table 1). For repeated sequences of this type to have accu-
mulated no more than 15 m in the past 300 My, each sequence could
not have occurred more frequently than every 60,000 years on average.
It is worth mentioning that fault areas as imaged by reflection data and
by hypocenter distribution permit magnitudes larger than those
experienced since 2008. Larger magnitudes translate to larger displace-
ments and to longer return intervals. Therefore, we consider our
estimate of return intervals using the actual magnitudes and not the
maximum allowed magnitudes as a minimum value. Return intervals
of ~60,000 years or more are not incompatible with strain rates in the
order of 1077 s™" typical of intraplate regions (10), although they are a

reminder of the rarity of each of these events. The 2D seismic data allow
an unresolved component of strike-slip offset. However, any such
component is likely minor, given that recent FWB seismicity is almost
purely dip-slip and—as we argue below—faulting has occurred within
a stress field that is likely unchanged over the past 200 My or more.

It is reasonable to assume that these three seismic sequences are
occurring independently, and that earthquakes in one sequence are
not triggering those in a different sequence through static stress
changes, considering that the average fault rupture length (~6 km)
is one order of magnitude shorter than the distance between the se-
quences (~50 to 60 km). If each independent sequence recurs every
60,000 years, then the probability of any one of these sequences to de-
velop in the past 10 years (or since 2008) is ~0.017% (that is, 1 in 6000).
The probability drops to 1 in 6 x 107 for two sequences to occur
independently and concurrently within 10 years, and the occurrence
of three sequences during the same time period is even less likely. Since
2008, the FWB has witnessed the occurrence of, at minimum, five
well-documented sequences producing M,, 3+ earthquakes on differ-
ent faults (19, 21, 27, 28, 32), which represent an exceedingly unlikely
occurrence even for intraplate regions. These probabilities would be
even lower if recurrence intervals are longer than our calculated max-
imum of ~60,000 years.

On the basis of these observations, we must reject the hypothesis
that these earthquake swarms are being triggered by tectonic forces.
Rather, the data indicate that the FWB faults have experienced a
remarkable lack of deformation in the past ~300 My, until the recent
2008 surge in seismicity, and independently confirm the interpreta-
tion by other authors of the recent seismic sequences in the FWB as
induced rather than natural.

Zoback (89) has suggested that recent industry operations are sim-
ply accelerating the occurrence of earthquakes that would have natu-
rally occurred over hundreds or thousands of years. This hypothesis
stems from the work of Zoback and Townend (5), who argued that
some amount of continual faulting is necessary to maintain sufficient
permeability to equilibrate crustal fluid pressures at the observed hydro-
static levels. Zoback’s hypothesis is compatible with our observations
in the NME, where faults are seen to have been active over millions of
years. However, it is incompatible with our observations for the
FWB, where the faults responsible for recent seismicity appear to
have been mostly to entirely inactive since the Pennsylvanian. The
seismic data do not reveal how far these faults lie from failure: Our
only insight comes from the fact that they failed recently, and there-
fore, they must have been close to failure, a conclusion that aligns with

Table 1. Recurrence interval calculation for currently active FWB seismic sources. Fault dimensions were derived from the SMU earthquake catalog and
detailed studies (79, 32). Seismic moment for each sequence was calculated using NEIC catalog local magnitudes (M, |5) (see table S1). Note that fault areas
allow for larger maximum magnitudes than those recorded by the current seismic sequences (98). Larger magnitudes would translate into larger slip/sequence
and therefore into longer return intervals for each seismic sequence. Therefore, by assuming that current seismic sequences are representative of past slip

occurrences, our estimates for return times can be considered minimum values.

Strike of  Dip of Along-strike Down-dip Faulted LD OCH . Gasls . Maximum Minimum
Sequence 2 sequence displacement in  number of recurrence
fault fault extent (km) extent (km) area (km?®) .
(dynes x cm) sequence (cm) sequences interval (years)
Azle 225 70 35 43 149 2.11 x 102 0.39 3804 78,866
Irving 39 68 3.5 43 15.1 1.49 x 10% 0.28 5454 55,003
Venus 220 56 5.5 24 13.3 1.18 x 10?2 0.25 6068 49,440
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evidence showing that many intraplate faults are stressed close to
criticality (5).

Last, a note should be added regarding the time scale of changes of
the regional stress field responsible for fault offsets. Although the faults
analyzed in this study are favorably oriented for failure in the modern
stress field, it is likely that this stress field did not persist unchanged for
the past 300 My. The state of stress in the earth’s lithosphere is the result
of the superposition of forces deriving from many different processes.
In general, however, the dominant forces responsible for broad stress
patterns are best explained by plate tectonic forces (90), and the stress
fields derived from these forces change over time periods comparable
to those between major plate reorganizations. For example, along the
Atlantic Coastal Plain, the consistent style of observed fault offsets
along this passive margin suggests a similar stress field for the past
~110 My (91, 92), whereas in areas near plate boundaries, such as
the western United States, the stress field may change as often as the
relative plate motion or plate boundary configuration. For north Texas
and the FWB, as well as for the northern Gulf of Mexico continental
margin and Coastal Plains, the main post-orogenic (Ouachita) stress
field change is associated with the breakup of Pangea (48, 93), which
led to the rifting of the Gulf of Mexico starting in the Late Triassic
(~228 to 210 Ma) (94, 95) and ending in the Late Jurassic-Early Cre-
taceous (~154 to 149 Ma) (94, 95). Today, Sgmax along the Gulf coast of
southern Texas, Louisiana, and eastern Mexico is subparallel to the
coastline, where growth faulting accommodates extension of the
post-Jurassic sedimentary sequences into the Gulf of Mexico (42, 96).
From this, we conclude that the state of stress acting on the faults of
the FWB has persisted for at least the last 200 My.

In summary, a comparison between seismic reflection data across
active faults in the CUS intraplate region shows that faults in areas
where deformation is unequivocally caused by tectonic processes
(for example, the NMSZ in the NME and surrounding region) display
resolvable deformation of Cenozoic and Quaternary units. In some
cases, fault offsets increase with stratigraphic age, documenting a
long-lived tectonic activity of the fault. In contrast, seismic reflection
images across seismically active faults in the FWB, north Texas, ana-
lyzed in this study show that faults displace the top of the Precambrian
crystalline basement and the overlying Early Ordovician Ellenburger
Group through the Lower Pennsylvanian Marble Falls Limestone, in-
cluding the Mississippian Barnett Shale, but extend no higher in the
section. No post-Early Pennsylvanian deformation is resolved by the
seismic reflection data on currently active faults. Specifically, any ver-
tical displacements in the post-Early Pennsylvanian units are below
the vertical resolution of the seismic data at these depths (~15 m),
far less than expected had these faults accumulated deformation over
the long term. Assuming that current seismicity recorded in the FWB
is representative of past seismic sequences, a cumulative vertical
displacement equal to or less than 15 m along the currently active
faults implies an average recurrence interval of 60,000 years or longer,
based on the average displacement/sequence derived from cumulative
seismic moment calculations of current seismicity. These exceptionally
long time intervals are at odds with the increasing number of faults
reactivated in the basin (five identified and seismically monitored
seismic sequences since 2008).

Our analysis indicates that faults in the FWB have been inactive for
the past ~300 My, until the recent 2008 surge in seismicity. The results
are consistent with previous studies and inconsistent with a suggested
sustained, significant Mesozoic and Cenozoic activity in the basin along
these faults. Rather, the results, solely based on structural analysis of
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seismic reflection data and largely independent of recent seismicity
and correlation with wastewater injection, strongly suggest that the
recent seismicity in the FWB is highly anomalous and therefore more
likely induced than natural. The alternative, unlikely case that the
modern seismicity observed in the FWB is the effect of the exceptionally
long rupture cycle of naturally active intraplate faults calls into question
industry strategies that involve injections of large volumes of fluid at
high rates near favorably oriented, critically stressed, active faults.

MATERIALS AND METHODS

Seismic reflection profiles in the Venus, Texas, region were provided
by the USGS Earthquake Hazards Program. Seismic reflection data in
the Irving, Texas, region are proprietary. Seismic reflection data in the
NME were downloaded from the University of Texas Institute for
Geophysics seismic data portal. Class IT underground injection control
(UIC) saltwater disposal API well identification number, location, and
injection depth interval data were provided by the Texas Railroad
Commission. The USGS NEIC earthquake database provided the
earthquake locations and magnitudes used in this study for the recur-
rence calculations.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/11/e1701593/DC1

table S1. USGS NEIC earthquake catalog.

table S2. Seismic reflection data parameters for lines A, B, and C in Johnson County, Texas, and
Irving, Texas.
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