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[11 A series of high-resolution seismic reflection surveys was carried out in 2008, 2010,
and 2011, providing a total of five new seismic profiles constraining the location and
character of the Meeman-Shelby Fault (MSF), about 9 km west of Memphis, Tennessee, in
the Central U.S. The MSF is the best documented fault closest to Memphis yet discovered
and shows a recurrent fault history. The fault, as imaged by the reflection profiles, is

~45 km long, strikes N25°E, and dips west-northwest ~83°, exhibiting an up-to-the-west
sense of motion with a possible right-lateral strike-slip component. The data show that on
average, the MSF offsets the Paleozoic unit ~77 m and folds the top of the Cretaceous unit
and the Paleocene-Eocene Wilcox Group ~44 and ~25 m, respectively. One seismic profile
acquired along the Mississippi River images the bottom of the Quaternary alluvium warped
up ~28 m, indicating recent activity of the MSF. Calculated vertical slip rates of the MSF
during the deposition of the Upper Cretaceous, Paleocene, Eocene, and Quaternary
sediments are 0.0022, 0.0010, 0.0004, and 0.2154 mm/yr, respectively, suggesting an
increase in fault activity during the Quaternary. Consistent with the present stress field and
the deformation of the New Madrid seismic zone fault system, we interpret the MSF as a P
shear fault in the context of a left-stepping, right-lateral constraining strike-slip fault system
under a nearly east-west oriented compressional stress field. Source scaling estimates
indicate that the MSF is capable of generating a 6.9 earthquake if rupturing in one event.
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1. Introduction

[2] The plate tectonic theory provides a framework to
interpret earthquakes located along plate boundaries, but it
fails to explain the earthquakes that occur inside the tectonic
plates, such as those occurring along the New Madrid seis-
mic zone (NMSZ), located in the central U.S. (Figure 1).
Here the present, historical, and prehistorical seismicity
[Johnston and Schweig, 1996; Tuttle et al., 2002; Chen
et al., 2006] appears to conflict with the apparent low rates
of deformation at the surface (less than ~1.4mm/yr)
[Newman et al., 1999; Calais et al. 2006; Calais and Stein,
2009; Vidale et al., 2011; Frankel et al., 2012]. A hypothesis
proposed to resolve this conflict is that deformation may be
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focused in different areas at different times and that the
present seismicity might not reflect the long-term behavior
of the seismogenic faults in the area [Pratt, 1994; McBride
et al., 2002; Crone et al., 2003; Stein and Newman, 2004;
Stein, 2007; Calais and Stein, 2009; Stein et al., 2009; Liu
et al., 2011]. One important implication of this hypothesis
is that seismogenic faults might exist outside the NMSZ,
buried beneath the sediments of the Mississippi Embayment
(Figure 1), potentially posing a seismic hazard to the region.
Evidence corroborating this hypothesis is also provided by
earthquake-induced liquefaction features observed at several
locations in the Mississippi Embayment (e.g., in the Wolf
River floodplain in Memphis, Tennessee [Broughton et al.,
2001], near Marianna, Arkansas [Tuttle et al., 2006], and
near the Arkansas-Louisiana border [Cox et al., 2007]).
The age of these venting episodes shows no correlation with
the age of large earthquakes in the NMSZ (clustered at A.D.
900, A.D. 1450, and in 1811-1812 [Tuttle et al., 2002]) and
together with their location (in some cases identified at
distances up to ~350km from the NMSZ) indicate the
existence of additional seismic sources outside the NMSZ
active during the Quaternary. As increasing evidence for
multiple faults active at different times in the central U.S.
emerges [Howe and Thompson, 1984; Howe, 1985; Crone
et al., 1995; Luzietti et al., 1995; Williams et al., 1995;
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Figure 1. Regional map of the main tectonic features in the
Mississippi Embayment. The location of the Western Reel-
foot Rift Margin and the Eastern Reelfoot Rift Margin
(WRRM and ERRM, respectively) is based on potential
field data interpretations of Hildenbrand and Hendricks
[1995]. Seismically active faults in the embayment include
the New Madrid North Fault (NMNF), the New Madrid
West Fault (NMWF), the Reelfoot Thrust, divided into the
North Reelfoot Fault (NRF) and the South Reelfoot Fault
(SRF), and the Axial Fault (AF) [Johnston and Schweig,
1996; Csontos and Van Arsdale, 2008; Tavakoli et al.,
2010; Pratt, 2012]. Additional relevant faults imaged by
high-resolution surveys include the Bootheel Fault (BHF),
the Crittenden County Fault Zone (CCFZ), and the
Meeman-Shelby Fault (MSF) [Schweig and Marple, 1991;
Crone et al., 1995; Guccione et al., 2005; Luzietti et al.,
1995; Williams et al., 1995; Williams et al., 2001; Odum
et al., 2010]. Dots indicate seismicity (CERI New Madrid
Earthquake Catalog 19962012, M0.2—-M4.7).

Stephenson et al., 1995; Schweig and Van Arsdale, 1996;
Odum et al., 1998; Williams et al., 2001; Parrish and Van
Arsdale, 2004; Baldwin et al., 2005; Bexfield et al., 2005;
Velasco et al., 2005; Bexfield et al., 2006, Harris and
Sorrells, 2006; Csontos et al., 2008; Harris, 2009; Odum
et al., 2010], it becomes crucial to understand the location,
timing, and character of these faults, whether a pattern exists
among the activity of the fault systems, and the tectonic
mechanism(s) that control the localization of deformation
along them.

[3] In order to test the aforementioned hypothesis and to
identify the faults buried beneath the unconsolidated sediments
of the Mississippi Embayment, a series of high-resolution
seismic reflection surveys were carried out along and near
the Mississippi River between 2008 and 2011 as part of the
Mississippi River Project [Magnani and McIntosh, 2009].
Here we present the results of five profiles that imaged a
~45 km long fault both on land and along the river, interpreted

as the Meeman-Shelby Fault (MSF), near Mempbhis, Tennessee.
In addition to seismic multichannel reflection data, coincident
sub-bottom profiler (CHIRP) data were acquired during the
marine survey along the Mississippi River to help constrain
the detailed shallow structure and the more recent deformation
history of the imaged MSF.

2. Geologic Setting
2.1.

[4] Our study area is located in the Mississippi Embayment,
along the southeastern margin of the failed Paleozoic Reelfoot
Rift (Figures 1 and 3). The Mississippi Embayment is a
~200-400km wide alluvial plain, representing the northern
extension of the Gulf Coastal Plains reaching into the interior
of the North American continent as far north as Cairo, Illinois.
The embayment is filled by gently southward dipping
unconsolidated Cretaceous, Tertiary, and Quaternary sediments
topped by the Mississippi River alluvium [Stearns, 1957;
Van Arsdale, 2009; Hardesty et al., 2010]. The thickness of
the unconsolidated sediments in the embayment is ~1 km near
Memphis [Van Arsdale and Ellis, 2004; Ge, 2009] and reaches
~2 km to the south, where the embayment merges with the Gulf
Coastal Plains [Stearns, 1957, Cox and Van Arsdale, 1997,
2002; Van Arsdale and Ellis, 2004]. The lower boundary
of the embayment section is marked by an unconformity of
Cretaceous sequences on lower Paleozoic rocks.

[s] The major paleotectonic structure of the study region
is the Reelfoot Rift, a 300 km long, 70 km wide northeast-
striking crustal feature buried beneath the Mississippi
Embayment sediments. The structure has been constrained
by gravity, magnetic, and borehole data [Thomas, 1991;
Hildenbrand and Hendricks, 1995], and it is commonly
interpreted as a Late Precambrian-Early Cambrian failed rift
associated with the breakup of the supercontinent Rodinia
and the opening of the lapetus Ocean [Burke, 1980;
Johnston and Kanter, 1990; Van Arsdale, 2009; Thomas,
2010, 2011]. Studies show that the Reelfoot Rift was
reactivated during the Cretaceous, when magma intruded
the rift sequences [Ervin and McGinnis, 1975; Hildenbrand
and Hendricks, 1995; Van Arsdale, 2009]. This paleotectonic
structure appears to play a role in focusing the deformation in
the Central U.S., as the 1811-1812 New Madrid earthquakes,
with the estimated magnitude ranging from M7 to M8 [Nuttli,
1973; Johnston and Schweig, 1996; Hough et al., 2000], and
the current seismicity in the NMSZ (Figure 1) have been
attributed to the reactivation of basement faults within the
Reelfoot Rift [Braile et al., 1986; Johnston and Kanter,
1990; Parrish and Van Arsdale, 2004; Csontos et al., 2008].

[6] The NMSZ, represented by the present cluster of
seismicity within the Reelfoot Rift (Figure 1), is interpreted
as a right-lateral strike-slip fault zone with a left-stepping
restraining bend [Russ, 1982; Chiu et al., 1992; Pratt,
1994; Csontos and Van Arsdale, 2008; Tavakoli et al.,
2010]. The north-northeast-trending dextral strike-slip
Bootheel Fault [Schweig and Marple, 1991; Guccione
et al., 2005] links the two northeast-trending arms of the
NMSZ seismicity, and it has been interpreted as one of
the 1811-1812 historic earthquakes coseismic faults within
the NMSZ system, despite the lack of present seismic
activity. Additional prominent features in the study area
(Figure 3) are the Eastern Reelfoot Rift Margin (ERRM)

Main Geologic Features in the Study Area
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Figure 2. (a) Regional stratigraphy of the unconsolidated sediments in the Mississippi Embayment with

formation names and correlation (b) with seismic data in the study area, (c) with the synthetic seismogram
(left) derived from the Wilson Well 2-14 sonic log (right), and (d) with three local well logs (W1: Gamma
ray and resistivity; W2: self-potential; W3: Gamma ray). The stratigraphy column was derived from studies
in this region [Saucier, 1994; Luzietti et al., 1995; Parrish and Van Arsdale, 2004] and modified according to
the interpretations of the well logs in Figure 2d. The P wave velocity model for time-to-depth conversion of
the seismic profiles was derived from the Wilson Well 2-14 sonic log in Figure 2¢ [Langston, 2003].

and the Crittenden County Fault Zone (CCFZ) [Luzietti et al.,
1995]. The northeast-trending ERRM consists of two major
down-to-the-west normal basement faults, which show
evidence of reactivation and inversion during the Tertiary as
reverse faults [Parrish and Van Arsdale, 2004; Cox et al.,
2006]. Located along the trend of the ERRM, the CCFZ is a
northeast-striking reverse fault, with a proposed dextral
strike-slip component, that was active at least during the middle
to late Eocene and possibly during the Quaternary (probably
Holocene) [Luzietti et al., 1995; Williams et al., 1995].

[7] Along the ERRM, northeast of the CCFZ, a high-
resolution Mini-Sosie seismic reflection survey imaged the
Meeman-Shelby Fault (MSF) [Williams et al., 2001] (Figure 1
and line L1 in Figure 3), interpreted as a steep westward
dipping fault (~75°) with an up-to-the-west sense of displace-
ment. The fault offsets the Paleozoic and the Cretaceous
sections 70 and 40 m, respectively, and warps the Paleocene
and the Eocene sediments 50—-60 m. Unfortunately, this survey
failed to image the Eocene/Quaternary unconformity and the
Quaternary alluvium, leaving the Quaternary timing of the
deformation of the MSF at this location unconstrained. To
constrain the MSF trend, a higher-resolution 1.5km long

hammer-source P wave seismic survey and a 1.1km long S
wave seismic survey were carried out at the same site [Odum
et al., 2010]. This survey re-imaged the MSF, and the MSF
was interpreted as a N13°W striking fault representing the
eastern boundary of the Joiner Ridge, a subsurface uplift
located between the eastern Reelfoot Rift margin and the
intra-rift axial fault zone, proposed to represent a compres-
sional step over structure similar to the Reelfoot Fault to the
north [Csontos et al., 2008; Odum et al., 2010]. Also, this
survey failed to constrain recent (post-Eocene) history of
deformation of the MSF.

2.2. Stratigraphy

[8] The shallow (~1.5 km deep) stratigraphy of the study area
records the evolution of this portion of the North American
continent from the end of the Paleozoic rifting to the modern
alluvial plain and consists predominantly of sediments, deposited
both in marine and continental environments.

[¢] The Ordovician limestones and dolomites at the base
of the stratigraphic column are separated from the overlying
Upper Cretaceous marls and sandy limestones by a regional
unconformity (Figure 2), recording extensive denudation
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Figure 3. Topography map of the study area showing the
extent of the MSF (heavy black line) as imaged by the five
new seismic profiles and the existing seismic data (L1). CCFZ:
Crittenden County Fault Zone; ERRM: East Reelfoot Rift
Margin [Hildenbrand and Hendricks, 1995]. Heavy dashed
lines indicate land and marine multichannel seismic reflection
lines. Dots show seismicity in the area (CERI New Madrid
Earthquake Catalog 1974-2012, M1.3—-M3.0). Focal mecha-
nism solutions by Chiu et al. [1997]: event 19810429 (strike
N83°E, dip N51°W, rake 137°, right-lateral strike-slip fault
with thrust component, 6.3km depth, M3.0); event
19930103 (strike N49°E, dip N51°W, rake 126°, right-
lateral strike-slip fault with thrust component, 17.3 km depth,
M2.7). Hollow hexagons represent boreholes (W1-3). Stars
show surface projections (P1-7) of the MSF. Squares
represent surface projections of the secondary eastward-
dipping fault (thick gray line), the West Meeman-Shelby Fault
(WMSF). The thin gray lines with numbered labels are the
interstate and U.S. routes.

that removed all the late Paleozoic and early Mesozoic strata
[Van Arsdale, 2009; Thomas, 2010]. Another unconformity
separates the Upper Cretaceous section from the Tertiary
units, consisting of the Paleocene Midway Group (clays), the
Paleocene-Eocene Wilcox Group (sands and clays), and the
Eocene Claiborne Group (sands, silts, and clays) [Saucier,
1994; Parrish and Van Arsdale, 2004; Velasco et al., 2005;
Van Arsdale, 2009]. Additional secondary unconformities
within the Tertiary units record the Paleocene regression and
the Eocene marine transgression from the south. At the top
of the stratigraphic sequence, the Quaternary sediments lie
unconformably over the Eocene Claiborne Group.

[10] The stratigraphy of Quaternary sediments changes
from the uplands, east of the bluff line, to the alluvial plain,
west of the bluff line (Figure 3). East of the bluff line, the
Quaternary units contain the Pliocene-Pleistocene Upland

Complex (sands and gravels) and the Late Pleistocene loess
(silts). The Upland Complex (also called Lafayette gravel) is
a sand and gravel alluvial terrace of the ancestral Mississippi
River that is erosionally inset into the underlying Tertiary
units [Fisk, 1944; Saucier, 1994; Van Arsdale et al., 2007].
West of the bluff line in the alluvial plain, the Quaternary
stratigraphy mainly consists of Pleistocene river terraces
and Holocene meander belt deposits (clays, silts, and sands)
[Autin et al., 1991, Saucier, 1994; Parrish and Van Arsdale,
2004; Velasco et al., 2005; Rittenour et al., 2007]. Although
the basal alluvium has not been dated, it has been suggested,
based on the Late Pleistocene river valley evolution and on
wells in proximity of the Mississippi River channel [Fisk,
1944; Autin et al., 1991; Saucier, 1994; Blum et al., 2000;
Van Arsdale, 2000; Calais et al., 2010], that the base of
the Quaternary section near Memphis is probably no older
than Late Pleistocene or perhaps even as young as Holocene.
The Quaternary alluvium, which consists of a basal sand and
gravel floodplain and upper sand, silt, and clay floodplain
facies [Fisk, 1944; Saucier, 1994; Rittenour et al., 2007],
directly overlies on the Eocene upper Claiborne Group in
the area of the survey lines (Figure 3).

[11] The stratigraphy used for the interpretation of the
seismic profiles (Figure 2) was derived from regional strati-
graphic studies [Fisk, 1944; Saucier, 1994; Luzietti et al.,
1995; Parrish and Van Arsdale, 2004], as well as interpreta-
tions of three well logs of self-potential, resistivity, and
Gamma ray located in proximity of the seismic lines.
Time-to-depth conversion of seismic profiles was performed
using a P wave velocity model derived from the Wilson 2-14
Well sonic log (Figure 1) [Langston, 2003].

3. Seismic Data Acquisition and Processing

3.1.

[12] The marine seismic reflection data presented here were
acquired as part of the Mississippi River Project during two
field campaigns, in the summer of 2008 and 2011. The 2008
campaign acquired multichannel seismic reflection data, while
the 2011 campaign acquired coincident multichannel and
CHIRP reflection data. Below we describe the acquisition
and processing of these data sets.

3.1.1. Multichannel Reflection Data

[13] The 2008 and 2011 high-resolution marine seismic
surveys were carried out along the Mississippi River to take
advantage of marine seismic acquisition (time-efficient, low
cost compared to land acquisition) to image a large portion of
the Mississippi Embayment, while avoiding the pitfalls of land
acquisition (e.g., source generated noise such as “ground roll”)
and statics problems. However, acquiring seismic reflection
data along the Mississippi River is a challenging task due to
the strong and changing current, the heavy ship traffic, and
the presence of in-channel man-made barriers and structures
(dikes), and bank erosion control features (revetments) along
the narrow navigable channel. Only one survey [Shedlock and
Harding, 1982] attempted a regional profile along the
Miississippi River in 1981 and achieved consistent penetration
of 0.8-1.0s two-way travel time (TWT), imaging with fairly
good continuity the top of the Paleozoic and the Cretaceous
sections and intermittently the Tertiary sediments. The 1981
survey had mixed results with imaging the shallow Cenozoic
units, precluding any attempt to document recent faulting

Marine Seismic Surveys
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Table 1. Acquisition Parameters of the Seismic Surveys

Parameters Mississippi River Project 1981 USGS? River Survey 2010 Land Survey
Source Airgun, Sercel Mini GI/15/15 in®, 13.79 MPa Airgun, Bolt 40 in® 9990 kg Mini Vibe, 20-220 Hz, 12 s, upsweep
Shot interval 2-6.5m, 9m° 5-10m 10m
Receiver Streamer: 75 m long, Streamer: 120 m long, Geophone: 40 Hz, vertical, 720 m long,

24 channels

Receiver interval 3.125m
First receiver offset 3-6m
Sampling interval 0.5ms
Samples per trace 3000, 4000
Stacking fold 6-16, 8
CDP? interval 1.6m, 3.125m

Survey line length 300km, 420 km

12 channels 144 channels

10m Sm

61m 10m
0.5ms I ms

2000 2000 (correlated)
6-12 36
5-10m 2.5m
240 km 10km

#USGS, U.S. Geological Survey; CDP, common depth point.

PLeft (2-6.5m) and right (9 m) values refer to the 2008 and 2011 campaigns, respectively; same as the rest of the data.

associated with ongoing deformation. To meet the goal of the
Mississippi River Project (i.e., understanding the long-term
distribution of Quaternary deformation in the Mississippi
Embayment), the 2008 and 2011 surveys were acquired with
a different geometry than the Shedlock and Harding [1982]
survey and used a more advanced seismic source (Table 1).
The geometry of the river acquisition was designed to achieve
high-resolution imaging of the sedimentary layers from the bot-
tom of the river down to a depth of up to ~2km. The 3—-6m
minimum source-receiver offset ensured detection of reflections
of shallow structures, and the higher number of hydrophones
resulted in a denser spatial sampling. The high quality of the
2008 and 2011 data is also the result of a novel procedure to
reduce the environmental noise during acquisition along the
river. To reduce the speed through the water of the seismic
equipment (and therefore the noise resulting from it), the acqui-
sition was carried out by slowly drifting backward downriver,
while facing upriver, rather than moving against the river
current as was done in the previous survey [Magnani and
Meclntosh, 2009]. The 2011 survey partially overlaps with the
2008 survey, to provide CHIRP coverage to the section of the
river previously imaged only by multichannel data.

[14] The seismic reflection data were processed using a flow
resulting from careful analysis and testing (Table 2). In addi-
tion to the objective of improving the general S/N ratio of

Table 2. Processing Flow of the Mississippi River Project Seismic
Data®

Process Parameters and Descriptions

Data reformat Convert from SEGY to FOCUS internal

Geometry Sources, receivers, and CDPs definition
Band-pass filter 30-60-400-600 Hz (Ormsby minimum phase)
Amplitude Correction for spherical divergence and transmission
recovery losses

Mute Top mute (first arrivals and refracted phases removal)
Amplitude River dikes and the revetment noise attenuation
spike editing

Time-variant filter 1-150 ms, 30-60-400-600 Hz; 400—1500 ms,
25-40-250-350 Hz (Ormsby minimum phase)
Sort to CDP domain
Build a 2-D stacking velocity model for NMO
correction
Correction applied using the RMS velocity model
Eightfold nominal
Enhance coherence of reflectors
Velocity model used: 2-D P wave velocity model
derived from the Wilson 2-14 Well sonic log

CDP sort
Velocity analysis

NMO correction
CDP stack

FX deconvolution
Time-to-depth
conversion

the data, specific goals of the processing steps were as follows:
(1) removal/attenuation of coherent noise generated by
artifacts along the river bottom and banks, (2) attenuation of
water bottom multiple reflections, and (3) enhancement of
the coherency of reflectors. After preprocessing and assigning
the geometry, an amplitude spike editing procedure was
applied to attenuate the high-amplitude/high-frequency pulses
of noise (spikes) generated by artifacts located at the river
bottom and along the banks (e.g., the flow control dikes and
revetments). A time-variant band-pass filter was applied to
eliminate high-frequency noise in the deeper portion of the
section and to preserve the signal in the shallow record. A
water bottom multiple reflection attenuation process was
tested during the data analysis and not applied to the presented
profiles. The process successfully attenuates the river bottom
multiples at depth, but it is less effective in preserving the re-
flectors at shallow depth (e.g., the base of the Quaternary unit),
which are among the main target of our investigation. After
normal moveout correction and stacking, a FX deconvolution
was applied to enhance the coherency of the reflectors. No
substantial improvement in S/N was observed after F/K

Table 3. Processing Flow of the 2010 Land Seismic Data®

Process Parameters and Descriptions

Convert from SEGY to ProMAX internal
Total correlated trace length: 2000 ms

Data reformat
Vibroseis
correlation

Trace editing
Data combination
Geometry
Band-pass filter

Remove noisy traces and correct reversed traces
Stack two shot gathers into one
Crooked line geometry with 2.5 m bin size
10-24-150-177 Hz (Ormsby minimum phase),
60 Hz Notch

Top mute Remove first arrivals and refractions
Internal mute Remove data within surface wave cone
Air 348 m/s air wave velocity

blast attenuation

CDP sort Sort to CDP domain

Velocity analysis Build a velocity model for NMO correction,
3 CDPs for super gather formation
100% stretch mute

Same as the one above

NMO correction
Band-pass filter

AGC Equalize the trace amplitudes, 150 ms
Eigenvector filter 0-60% eigenimage accepted
CDP stack 36 fold nominal

Time-variant filter 0-70 ms: 45-55-150-177 Hz; 150-550 ms:
30-45-150-170 Hz; 700-2000 ms:
10-24-140-160 Hz (Ormsby minimum phase)
Conversion using the 2-D P wave velocity model

derived from the Wilson 2-14 well sonic log

Time-to-depth
conversion

“NMO, normal moveout; FX, frequency-offset.

?AGC, automatic gain control.
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Figure 4. Shot gather samples acquired as part of the 2010 land survey showing the correlation/stack process
at a single shot point. (a) First shot gather after Vibroseis correlation and band-pass filter (10-24-150-177 Hz);
(b) second shot gather acquired at the same shot point and with identical processing; (c) stacking result of the
two shot gathers. Traffic noise (marked by the solid and hollow arrows) has been effectively attenuated after
stacking. Reflectors are visible from 200—1100 ms. Clear reflectors between 800—900 and 1000—1100 ms are
interpreted as the top of the Upper Cretaceous sediments and the top of the Paleozoic rocks, respectively.
Ground-roll noise is visible as a high-amplitude, low-frequency energy at near offset. The air wave energy
is visible as the high-frequency, low velocity (335 m/s) linear arrival.

migration with a constant velocity field of 1500 m/s; therefore,
only stacked profiles are shown here.

[15] The dominant frequency of the marine data ranges
between 100 and 300 Hz, which results in vertical resolutions
of ~2-5m in the Tertiary and Cretaceous sediments and
~15m in the Paleozoic rocks. Horizontal resolution ranges
between ~25 and 70 m in the Tertiary and Cretaceous sediments
and ~160 m at the top of the Paleozoic rocks.

[16] To more accurately constrain the deformation history of
the MSF, data were depth converted after stacking using a P
wave velocity field derived from the Wilson Well sonic log
(Figure 2c). The 2-D velocity field was derived by projecting
the time-converted Wilson Well 1-D velocity function on the
seismic profiles and calibrating the key regional seismic
markers/reflectors (Figures 2b and 2c).

3.1.2. CHIRP Data

[17] The CHIRP data were collected coincident with the
multichannel reflection data along the Mississippi River
using an Edgetech SB-512i echo sounder floating at a depth
of ~1.5 m in the water and using a source with a frequency of
0.7-1.2 kHz to image the ultra-shallow structures (within the

Table 4. Estimates of Deformation and Slip Rate of the MSF

first 50 m) beneath the river. A transducer was used to record
the towing depth of the CHIRP to remove the effects of
towing depth variations on the imaged structures.

3.2. Land Seismic Survey

[18] The Mississippi River Project imaged the MSF at five
river crossings. To constrain the extension of the MSF on land
and verify the northeast trend of the fault suggested by the
marine data, a high-resolution seismic reflection survey was
carried out in the summer of 2010 near West Memphis,
Arkansas, between two river crossings where the fault was
imaged. The acquisition parameters for the land survey were
designed to be similar to those used for the Mississippi River
Project (Table 1) to facilitate the comparison between the
two data sets. The profile was acquired using a Vibroseis
seismic source by the NEES consortium at the University of
Texas at Austin, and a Geode recording system by the U.S.
Geological Survey (USGS) Near Surface Imaging Group in
Golden, CO. A minimum of two shots were recorded at each
shot station to increase the S/N ratio and reduce random noise.
High water tables and compact near-surface clays and sands in

Cumulative Deformation (m) Vertical Deformation (m) Vertical

Average Time Slip

Net Slip Span Rate
Section 155 L2 333 301-1 Mean 155 L2 333 301-1 Mean (m) (Myr) (mm/yr)
Quaternary - - - - - 28 - - - 28.0 38.0 0.13 0.2154
Eocene 28 - - - 28 19 21 19 12 17.8 24.1 45 0.0004
Paleocene 47 21 19 12 25 14 21 26 17 19.5 26.5 20 0.0010
Cretaceous 61 42 45 29 44 66 14 26 23 323 43.8 15 0.0022

Paleozoic 127 56 71 52 77 - - - - - - - -
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Figure 5. Multichannel seismic reflection Line 115 and CHIRP profile CHIRP 1. Black solid and dashed
lines indicate interpreted faults. Line 115 is a two-way travel time (TWT) profile with estimated values of
depth based on time-to-depth conversion. Pz: Paleozoic; Kr: Cretaceous; WG: Paleocene-Eocene Wilcox
Group; Q/Eo: Quaternary-Eocene unconformity. P2 and the triangle indicate the surface location of the
MSF, the same as the WMSF (see Figure 3 for location). (a) CHIRP profile showing a reflector possibly
offset by ~6 m above the surface projection of the MSF. (b) Close-up of Line 115 showing the details of

the deformed WG and the Q/Eo boundary.

this region provided good conditions for energy penetration in
the unconsolidated sediments [Luzietti et al., 1995].

[19] The seismic data were processed using a tested
processing flow (Table 3) for high-resolution land seismic
reflection data in the unconsolidated sediments of the
Mississippi Embayment. After Vibroseis correlation, which
resulted in 2 s long fully correlated traces, noisy traces were
edited out of the data set, and two clean shot gathers at each
shot station were stacked to enhance the S/N ratio. This step
proved especially effective in suppressing the random ambi-
ent noise, such as the incoming traffic along the nearby road
(Figure 4). Following the common depth point (CDP)
sorting, normal moveout (NMO) correction, and stacking,
data were depth converted to obtain the depth information
for critical reflectors similarly to the marine data.

[20] The dominant frequency of the land seismic data ranges
from 40 to 50 Hz after data processing. The vertical resolution
in the Tertiary and Cretaceous sections is ~10—15 m and ~35 m
at the top of the Paleozoic section. The horizontal resolution
ranges between ~50-140m in the Tertiary and Cretaceous
sediments and ~250 m in the Paleozoic rocks.

4. Interpretation

[21] The Mississippi River Project and the 2010 land survey
provide five new profiles of unprecedented high quality that
constrain the location, character, and extent of the MSF
(Figure 3). These profiles, in addition to the seismic profiles
by Williams et al. [2001] and Odum et al. [2010], image the
MSF for ~45km. Here we present the TWT version of the
seismic profiles to facilitate the interpretation of the details
of the low velocity portions of the unconsolidated sediments.
Vertical slip rates (Table 4) for the MSF were calculated from
displacements estimated from the depth converted profiles.

4.1. Line 115

[22] The 16km long north-south trending Line 115
(Figures 3 and 5) was acquired during the 2008 campaign. Clear
continuous reflectors are visible throughout the profile from the
top of the Paleozoic rocks (Pz, at ~1 km depth), the top of the
Upper Cretaceous sediments (Kr, at ~0.7 km depth), to the top
of the Paleocene-Eocene Wilcox Group (WG, at ~0.3 km
depth). Also, the reflector marking the unconformity between

507



HAO ET AL.: THE MEEMAN-SHELBY FAULT

Line L2 NW WMSF MPS3F S
0.0 v \'A 0.00
0.1 Bl | e e e e e T S

02

o o~ ¢

0.22

Depth (km)

Two Way Ttravel time (s)
o o o o o
~

1.2] =

13 x lin GRS, A A e
3800 3400 3000 2600 2200

1800

1400 1000 600 200

Shotpoint

Figure 6. Land seismic profile Line L2 and interpretation (see Figure 3 for location). Labels of stratigraphy
are the same as Line 115 in Figure 5. Triangles and labels show the surface projections of the MSF and the
WMSEF. The Q/Eo boundary is estimated according to local stratigraphy.

the Quaternary alluvium and the Eocene deposits (Q/Eo) is
intermittently traceable throughout the seismic line. Along the
profile between shot points 13001400, a zone of deformation,
interpreted as the MSF, crosses the entire sedimentary section,
from the Paleozoic unit to the Quaternary alluvium. The
MSF is interpreted as a fold in the unconsolidated sediments
associated with a fault at depth. The fault and the zone of
deformation have an apparent dip of 79° to the northwest on
the seismic profile and display an up-to-the-west sense of
motion. A true dip of 83° is calculated from the apparent dip
and the intersection angle between the seismic line and the fault
strike. The seismic data show the Paleozoic and the Cretaceous
units folded ~127 and ~61 m in relief, respectively. The top of
the WG is also warped ~47 m. The shallow units at the MSF
(Figure 5b) appear to have been deformed consistently with
the older units, as the base of the Quaternary alluvium is folded
~28m on the profile. The deformation at the base of the
Quaternary alluvium is significant evidence for recent activity
of the MSF. The consistent decrease of deformation from the
top of the Paleozoic rocks to the Quaternary alluvium suggests
prolonged history of deformation of the MSF throughout the
Cretaceous, Tertiary, and Quaternary. Younger deformation
(within the Quaternary) is unresolved by the multichannel
seismic data.

[23] About 2.5 km north-northwest of the MSF on profile
115 (shot points 1000-1100), a second fold clearly deforms
the Paleozoic rocks, the Cretaceous sediments, and the WG.
Similar to the MSF, this fold is associated at depth with a south-
eastward dipping fault (hereinafter the West Meeman-Shelby
Fault, WMSF) showing an up-to-the-east sense of motion,
which, together with the MSF to the south, defines an anticline
~2.5 km wide at the top of the Cretaceous sediments.

[24] A 1km long CHIRP profile (Figure 5a) acquired
along the surface projection of the MSF shows distinct
reflectors within the Quaternary alluvium. The reflectors
likely represent very recent (<500 year old) erosional or
flood surfaces [Meyer et al., 2011] and are visible

throughout the alluvium along the Mississippi river. Along
the profile, the reflector appears to be offset ~6m above
the surface projection of the MSF with the same sense of dis-
placement as the underlying strata, although the continuity
of the reflector cannot be confirmed with the available data.

4.2. Line L2

[25] Line L2 (Figures 3 and 6) was acquired during a land
seismic survey conducted in 2010, near West Memphis, to
identify the location of the MSF on land between the Line
115 and Line 333 river crossings and to verify the strike
and continuity of the fault. The 10 km long profile success-
fully imaged the MSF at the predicted location (near shot
point 1600), showing reflectors of the top of the Paleozoic
section and the top of the Upper Cretaceous sediments
folded ~56 and ~42m at depths of ~10.4 and ~0.8km,
respectively. The top of the overlying Paleocene WG
appears warped up ~21 m at the same location. Similar to
the fold along Line 115, the fold visible in the unconsoli-
dated sediments is interpreted to have developed in response
to the movement along the MSF at depth, in the Paleozoic
rocks. At this location, the MSF dips apparently ~80° to
the west and shows an up-to-the-west sense of motion. A
true dip of ~81° is calculated from the apparent dip and the
intersection angle of 70°. Also, the consistent increase of
offset with depth/age suggests prolonged activity throughout
the Cenozoic and possibly the Late Cretaceous, which is also
observed at all other locations. Similarly to Line 115, a fold
with an up-to-the-east sense of motion associated with a
fault at depth (WMSF) is imaged along this profile
~1.7km west of the MSF (shot points 2200-2400).

4.3. Line 333

[26] The 7km long Line 333 (Figures 3 and 7), acquired
during the 2011 campaign and located west of Memphis,
images unconsolidated sediments from the top of the Paleozoic
rocks to the Tertiary units, consistently deformed along a fold
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Figure 7. Seismic profile Line 333 and interpretation (see Figure 3 for location). Labels of stratigraphy
are the same as Line 115 in Figure 5, with the addition of MG: Paleocene Midway Group. Triangles and
labels show the surface projections of the MSF and the WMSF.

and a fault at depth interpreted as the MSF. The top of the
Paleozoic rocks appears to be offset ~71 m near shot point
430, and the top of the Upper Cretaceous sediments are folded
~45m. The reflectors marking the tops of the Paleocene
Midway Group (MG) and the WG are also clearly traceable
through the profile at depths of ~0.50 and ~0.36 km, and they
are both warped ~34 and ~19 m, respectively, consistent with
the older units. Deformation in each section decreases from
the Paleozoic to the Quaternary units, suggesting consistent fault
activity throughout the Cenozoic. The fault shows an up-to-the-

Line 301-1

west sense of displacement with an apparent dip of 81°, which
translates to a true dip of 83° given an intersection angle of 51°.

4.4. Line 301-1

[27] Line 301-1 (Figures 3 and 8) extends northeast-southwest
for ~12 km. The profile shows prominent reflectors at the top of
the Paleozoic and at the top of the Upper Cretaceous sediments,
as well as reflected energy from the top of the WG unit. Due to
the geometry of the meander in this area, the river crosses the
MSF at low angle (<15°) at two locations. Near shot point
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Figure 8. Seismic profile Line 301-1 and interpretation (see Figure 3 for location). Labels of stratigraphy

are the same as Line 115 in Figure 5. The MSF was

imaged twice on this profile since the survey line

bends along the river and crosses the fault twice. Surface projections of the MSF are marked by triangles

labeled with P5 and P6.
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Figure 9. Seismic profile Line 301-2 and interpretation
(see Figure 3 for location). Labels of stratigraphy are the
same as Line 301-1 in Figure 8. Triangle and label show
the surface projection of the MSF.

300, the Paleozoic, Cretaceous, and WG units appear to be gently
disturbed. Because the disturbance is colinear with the MSF on
the adjacent lines, we attribute this deformation to the MSF.

[28] At the center of Line 301-1 (shot points 1700—1800),
the top of the Paleozoic unit is faulted ~52 m, and the Creta-
ceous and the WG sections are folded ~29 and ~12 m, respec-
tively, along a fault that shows an up-to-the-west sense of
displacement, consistent with the characteristics of the MSF
observed on all other profiles. The apparent NNW dip of the
MSF is 80° and the true dip 86°, calculated from an
intersection angle of 24°. The MG reflector is intermittently
traceable throughout the profile at a depth of ~0.50 km. Simi-
larly to the other lines, an additional fault (WMSF) is traceable
~4 km west of the MSF between shot points 3000-3100. Also,
the WMSF shows characteristics similar to the secondary fault
observed along all the profiles, with an up-to-the-east sense of
displacement and an eastward dip.

4.5. Line 301-2

[29] Line 301-2 (Figures 3 and 9) extends northwest-
southeast for ~4 km. The top of the Paleozoic and Cretaceous
reflectors are traceable on the profile at depths of ~1.07 and
~0.72 km, respectively, and the top of the WG reflector is
intermittently traceable at ~0.3 km. The fold imaged between
shot points 5500 and 5600 has an up-to-the-west sense of
displacement, disturbing the top of Paleozoic, Cretaceous,
and WG units, consistent with the interpreted structure of the
MSF imaged to the north. This fold, however, is located to
the west of the southward projection of the trace of the MSF
as defined by the other profiles, suggesting that the MSF might

step to the west along its southern extension, explaining the
abrupt disappearance of the fault to the south along its linear
trend, or the presence of a different fault.

5. Discussion

5.1. The Meeman-Shelby Fault

[30] Based on the interpretation of the seismic profiles, we
conclude that the westward dipping fault identified in all the
profiles is the southwestern continuation of the MSF, originally
imaged by Williams et al. [2001] to the northeast along Line L1
(Figure 3). The locations where the fault has been identified
align along a linear trend for ~45 km, striking N25°E rather
than N13°W as proposed by Odum et al. [2010]. No substantial
deformation is observed along the river at the projected
crossing of the N13°W fault. The closest surface projection
of the MSF to the city of Memphis is near Mound City,
Arkansas, about 9 km from downtown Memphis.

[31] On each seismic profile, the fault shows a consistent up-to-
the-west sense of displacement, a constant west-northwestward
average dip of ~83°, and a substantial amount of deformation
on each geologic unit. Along Line 115, the fault clearly deforms
the base of the Quaternary alluvium of the Mississippi River,
suggesting recent activity. On all the seismic profiles, a secondary
fault (WMSF) has been observed west of the MSF. This fault
trends parallel to the MSF and shows an up-to-the-east sense of
displacement and an eastward dip. We interpret the WMSF and
the MSF as part of a compressional strike-slip structure (positive
flower structure) merging at depth.

[32] Because only vertical displacement can be measured
on the 2-D seismic profiles, the true sense of motion cannot
be calculated from the seismic reflection data alone. How-
ever, characterizing the sense and amount of motion of the
fault is important to understand its tectonic significance,
and it is critical for seismic hazard assessments, especially
in light of evidence of the recent activity of the fault.

[33] The MSF lies south of the NMSZ and does not display
appreciable seismic activity. However, some seismic events
have been recorded nearby, and Chiu et al. [1997] reported
two focal mechanism solutions in the vicinity of the fault (Fig-
ure 3), which show a reverse sense of faulting with a right-
lateral strike-slip component along a northwest-dipping
northeast-striking fault plane. The two events are located 6
and 10 km to the west of the MSF, with horizontal location error
0f 0.3-0.8 km [Chiu et al., 1997], and provide an estimate of the
stress field orientation in this area and an interpretation of active
fault mechanisms of the MSF owing to their close proximity.
Consistent with the transpressional focal mechanism of nearby
earthquakes and based on the evidence from seismic reflection
data, we therefore interpret the MSF as a northeast-striking
reverse fault with a right-lateral strike-slip component of
motion, which is also consistent with the present regional
N8O0°E compressional stress field [Zoback and Zoback, 1980;
Grana and Richardson, 1996]. A right-lateral strike-slip com-
ponent in addition to the predominantly reverse sense of motion
has also been proposed for the adjacent CCFZ [Luzietti et al.,
1995], located 20 km west of the MSF (Figure 3).

[34] The amount of displacement on the MSF decreases from
north to south. The southern continuation of the MSF is
projected to cross the Mississippi River south of the city of
Memphis, Tennessee. However, no distinctive deformation
has been identified on the profile along this segment of the river
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(Figure 3), suggesting that the MSF might either end south of
Mempbhis (near P6 on Figure 3) or that the fault might step to
the west and correlate with the fault along Line 301-2 at P7.
Because the amount of deformation at the MSF increases
from south to the north, we propose that the MSF might
extend further north-northeast along the river bluff east of
the Mississippi River.

5.2. Deformation History of the MSF

[35] The observed increase in amount of deformation with
age along the MSF from the recent alluvium to the top of the
Paleozoic unit observed in the seismic profiles is consistent
with a prolonged activity of the fault that spans from the
Quaternary to the Late Cretaceous. To estimate the uplift rate
(Table 4) of the MSF through time, the vertical displacement
of the fault was measured at the top of the Paleozoic (Ordovi-
cian limestones), the Upper Cretaceous, the Paleocene (Flour
Island Formation), the Eocene (upper Claiborne Group), and
the Quaternary units. Because the MSF might have a signifi-
cant strike-slip component in addition to the reverse motion
in the present stress field, as suggested by the two nearby focal
mechanism solutions [Chiu et al., 1997] (Figure 3), we also
estimate the net slip (Table 4) for the stratigraphic markers
calculated from the vertical slip (net slip=vertical slip/sin
(dip)/sin(180°-rake)) using an 83° dip for the MSF derived
from the interpreted seismic profiles and a rake of 132°
derived from the focal mechanism solutions of Chiu et al.
[1997]. However, due to the uncertainty of net slip estimates
so calculated, here we present only the uplift rates derived
from the average vertical slip for each stratigraphic section
over the corresponding time period, consistently with the
method and time intervals employed by Van Arsdale [2000],
with the exception of the age of the base of the Quaternary
alluvium. A conservative estimate of ~130,000 year B.P. for
the age of the base of the Quaternary alluvium in the profiles
is based on the Late Pleistocene Mississippi valley river evolu-
tion [Saucier, 1994; Blum et al., 2000; Rittenour et al., 2007].
Analysis of fluvial landforms in the Mississippi valley shows
that in the Eastern Lowlands, the Pleistocene sediments might
have been removed by the meltwater of the last deglaciation
[Blum et al., 2000; Van Arsdale et al., 2007]. However,
to be conservative, we estimate the alluvium to be Late Pleis-
tocene (~130,000year B.P.), although locally, it might be
Holocene in age. Under this assumption, vertical slip rates
of the MSF estimated for the Late Cretaceous, the Paleocene,
the Eocene, and the Quaternary are 0.0022, 0.0010, 0.0004,
and 0.2154 mm/yr, respectively (Table 4), suggesting an
increase in fault activity during the Quaternary. Recent activity
of the MSF is supported by radiocarbon ages at trench sites in
Meeman-Shelby State Park, where Cox et al. [2013] have
documented faulting, and further to the north, where
Cox et al. [2006] identified Late Wisconsin/Holocene
(<2790-2740 year B.P.) faulting at Porters Gap, Tennessee.
To the south, earthquake-induced sand blows dating back to
5500 year B.P. and 6800 year B.P. are observed near the town
of Marianna, Arkansas [Zuttle et al., 2006], 45 km along the
southwest projection of the MSF. However, the distance
between the currently imaged locations of the MSF and the
liquefaction sites (45 km) does not favor an interpretation of
the MSF as a possible seismic source for these sand blows
(Tuttle, personal communication). In general, the lack of age
constraint for the Quaternary section is a major source of

uncertainty about the Quaternary activity of the MSF and
warrants further research.

[36] Empirical relationships among the magnitude, rupture
length, and displacement [Wells and Coppersmith, 1994]
suggest that the 45 km long MSF identified in this study is
capable of generating a M6.9 earthquake if ruptured in one
event, a magnitude comparable to those suggested for the
NMSZ earthquakes, and that such an event can cause an
average displacement of ~0.9m. Assuming a steady slip
rate, the 38 m net slip (Table 4) in the Quaternary alluvium
during the last 130,000 years translates to an average recur-
rence interval of ~3079 years. However, this is a maximum
recurrence interval, because the magnitude of the strike slip
is unconstrained and the Quaternary alluvium may be youn-
ger than 130,000 years old.

[37] The imaged length, the seismic potential, and the
recent activity of the MSF as observed along the seismic
profiles make the MSF one of the possible candidates for
sources responsible for the earthquake-induced liquefaction
features south of the NMSZ, such as the sand dikes identi-
fied in the Wolf River floodplain in Memphis, Tennessee
[Broughton et al., 2001].

5.3. Tectonic Interpretation

[38] The close spatial relationship between the active
faults of the NMSZ and the Reelfoot Rift has been invoked
to emphasize the role of preexisting rift-related structures
on the location of intraplate earthquakes [Crone et al.,
1985; Thomas, 2006, 2011; Mazzotti, 2007]. The similarity
of the MSF with other structures of the NMSZ (e.g., the
Cottonwood Grove Fault, [Hamilton and Zoback, 1982])
and its proximity to the eastern margin of the Reelfoot Rift
suggests that the MSF might have formed during the early
stages of rifting in Late Precambrian-Early Cambrian and
then reactivated repeatedly throughout the tectonic history
of the southern margin of Laurentia as the increasing amount
of the deformation with age observed along the fault
suggests. The interpretation of nearly vertically oriented
faults such as the MSF as inherited from a failed rift struc-
ture however poses the problem of how these faults might
have been generated in a rift environment, where one might
expect steeply dipping normal faults rather than vertical
structures. A plausible explanation is that the rift might have
resulted from the right-lateral strike-slip motion along the
northwestern oriented Paleozoic transform margin at the
southern edge of Laurentia [Thomas, 1985, 2006]

[39] Presently, the kinematics of the left-lateral step over
structure and the right-lateral strike-slip faults of the NMSZ
fault system are explained as a restraining bend in the context
of a right-lateral strike-slip system in a currently near east-west
oriented compressional stress field [Zoback and Zoback, 1980);
Cunningham and Mann, 2007; Csontos et al., 2008; Tavakoli
etal.,2010; Pratt,2012]. A restraining bend zone is frequently
observed in a context of a complex shear faulting pattern in a
strike-slip system, such as the Akato Tagh bend along the
Altyn Tagh fault, the Big Bend along the San Andreas Fault,
and the Yammuneh bend along the Dead Sea Fault [Mann
et al., 1984; Sylvester, 1988; Cowgill et al., 2004]. Complex
structures preferentially develop at these bending nodes rather
than along the straight portion of the same fault and can be
explained by the Riedel shear theory, a faulting mechanism
of brittle crust applied to many other studies [Sylvester,
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Figure 10. (a) Schematic figure of right-lateral Riedel shear, indicating the faulting pattern in the vicinity
of the NMSZ. The regional compressional stress field is oriented about N8O°E [Zoback and Zoback, 1980;
Grana and Richardson, 1996], the master fault orientation is about N45°E [Csontos and Van Arsdale,
2008], the ideal P shear direction is about N30°E, and conjugate Riedel shear R’ about N70°W. In this
system, the MSF is interpreted as a P shear fault. (b) Faulting pattern generated in a 90° natural step over
sandbox model (light gray lines) [McClay and Bonora, 2001] and the main faults in the vicinity of the
NMSZ (heavy black lines). The arrowed gray lines represent the generalized directions of the fractures
in the sandbox experiment and their association with the Riedel shear pattern [after Pratt, 2012].

1988; Crone et al., 1995; Katza et al., 2004; Coelho et al.,
2006; Tavakoli et al., 2010]. A series of sandbox analog
modeling studies have been carried out to simulate the faulting
pattern of strike-slip faults with step over features in compres-
sional regimes [Richard, 1991; Schreurs, 1994; McClay
and Bonora, 2001; Pratt, 2012]. Experimental results show
that the main fractures follow orientations of the Riedel shear
(R), the conjugate Riedel shear (R’), and the P shear fractures
(Figure 10a).

[40] Results from a scaled sandbox analog model of a 90°
neutral restraining step over experiment [McClay and
Bonora, 2001] shows the fit between experimental ruptures
and real faults in the vicinity of the NMSZ (Figure 10b).
The Axial Fault (AF) and the New Madrid North Fault
(NMNF) represent the main faults in the Riedel shear pat-
tern. The New Madrid West Fault (NMWF) is consistent
with the conjugate Riedel shear faults. The Bootheel Fault
(BHF) fits the fracture of the P shear in the central part of
the fractured region. Because both the BHF (N24°E) and
the MSF (N25°E) trend in the same direction as the P shear
fracture, we suggest that the MSF also is a P shear fault, con-
trolled by the northeast-trending basement faults at the
southeastern margin of the Reelfoot Rift and reactivated
under the present east-northeast compressional stress field
[Howe and Thompson, 1984; Howe, 1985; Harrison and
Schultz, 2002; Csontos et al., 2008]. Additionally, we sug-
gest that similarly to the BHF, which has been interpreted
as the transfer fault between the AF and the NMNF during
the Cenozoic [Guccione et al., 2005], the MSF might also
extend further to the northeast along its strike to either the
intersection of the AF with the Reelfoot Thrust faults or to
the southeastern terminus of the Reelfoot Thrust, acting as
a transfer fault between the Reelfoot Thrust and presently
inactive faults to the south. The latter interpretation has

implications for strain accommodation and seismicity of
the South Reelfoot Fault (SRF), bounded by the dextral
strike-slip AF and the MSF. This portion of the seismicity,
interpreted as a restraining bend [Csontos et al., 2008], is
southeast of the left-stepping right-lateral fault system
defined by the NMNF and the AF [Russ, 1982; Schweig
and Van Arsdale, 1996]. We suggest that the northeastward
movement of the SRF might be associated with right-lateral
displacement along the MSF and along the Eastern Reelfoot
Rift Margin, as suggested by Cox et al. [2006].

6. Conclusions

[41] New high-resolution marine and land seismic reflection
data were acquired in 2008, 2010, and 2011 to study the long-
term deformation in the Mississippi Embayment outside the
NMSZ. As part of this project, a total of five new seismic
profiles imaged a ~45km long fault, which we interpret as
the southwestern continuation of the MSF, originally imaged
by Williams et al. [2001]. The fault strikes N25°E, dips ~83°
west-northwest, and exhibits an up-to-the-west sense of
motion. The fault deforms the unconsolidated sediment in the
embayment from the Paleozoic rocks up to the Quaternary
alluvium, offsetting the top of the Paleozoic by an average
of ~77m and folding the top of the Cretaceous and the
Paleocene sections by averages of ~44 and ~25 m, respectively.
Additionally, the base of the Quaternary alluvium is folded
consistently with the lower units, and the fold displays a
maximum deformation of ~28 m on one profile. An eastward-
dipping reverse fault, WMSF, is imaged in the profiles,
forming an anticline together with the MSF. The anticline, as
well as the two faults (MSF and WMSF) that bound it, could
be the upper portion of a compressional strike-slip system
(positive flower structure), which merges at deeper part, in light
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of the N80°E compressional regional stress field [Zoback and
Zoback, 1980; Grana and Richardson, 1996].

[42] The fault shows a consistent increase in the amount of
deformation from the youngest to the oldest stratigraphic units
on all seismic profiles suggesting prolonged activity of the
fault throughout the Mesozoic and the Cenozoic. From north-
east to southwest, the amount of deformation decreases along
the fault, and the data suggest that this fault steps to the west in
an en echelon pattern south of Memphis, Tennessee.

[43] Vertical slip rates calculated using fault parameters
are 0.0022, 0.0010, 0.0004, and 0.2154 mm/yr for the Late
Cretaceous, the Paleocene, the Eocene, and the Quaternary,
respectively. These values are comparable with those calculated
for structures associated with the active Reelfoot fault system
[Van Arsdale, 2000] and corroborate the evidence for an
increase in strain rates during the late Quaternary. However,
the lack of age constraint at the base of the Quaternary section
is a major source of uncertainty about the Quaternary activity
of the fault.

[44] Source scaling estimates [ Wells and Coppersmith, 1994]
for the MSF indicate that the fault is capable of generating a
M®6.9 earthquake if rupturing in one event. The seismic potential
of the MSF coupled with the evidence for an increase in fault
activity during the late Quaternary as well as its proximity (only
9km) to downtown Memphis suggest that the MSF could
present a higher seismic threat to Memphis than the NMSZ
itself.
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