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Abstract Detailed, upper mantle P and S wave velocity (V, and V;) models are developed for the northern
Mississippi Embayment (ME), a major physiographic feature in the Central United States (U.S.) and the
location of the active New Madrid Seismic Zone (NMSZ). This study incorporates local earthquake and
teleseismic data from the New Madrid Seismic Network, the Earthscope Transportable Array, and the
FlexArray Northern Embayment Lithospheric Experiment stations. The V, and V; solutions contain anomalies
with similar magnitudes and spatial distributions. High velocities are present in the lower crust beneath the
NMSZ. A pronounced low-velocity anomaly of ~ —3%-—5% is imaged at depths of 100-250 km. High-velocity
anomalies of ~+3%-+4% are observed at depths of 80-160 km and are located along the sides and top

of the low-velocity anomaly. The low-velocity anomaly is attributed to the presence of hot fluids upwelling
from a flat slab segment stalled in the transition zone below the Central U.S.; the thinned and weakened ME
lithosphere, still at slightly higher temperatures from the passage of the Bermuda hotspot in mid-Cretaceous,
provides an optimal pathway for the ascent of the fluids. The observed high-velocity anomalies are attributed to
the presence of mafic rocks emplaced beneath the ME during initial rifting in the early Paleozoic and to remnants
of the depleted, lower portion of the lithosphere.

1. Introduction

The Mississippi Embayment (ME) is a large SSW plunging sedimentary basin in the South-Central United
States filled with unconsolidated Upper Cretaceous and younger sediments [Cox and Van Arsdale, 2002].
Extensional features developed during the breakup of supercontinent Rodinia in Early Cambrian time lie
below the ME [e.g., Thomas, 2006; Hao et al., 2015]. The Reelfoot Rift is the most recognizable feature, but
the entire embayment is underlain by rifted crust [Johnson et al, 1994; Cox and Van Arsdale, 1997; Cox
et al.,, 2001]. Following Thomas [1991], we refer to the entire rift complex as the Mississippi Valley Graben
(MVG). The active New Madrid Seismic Zone (NMSZ) is located within the Reelfoot Rift, near the northern
terminus of the ME [Van Arsdale et al., 2007] (Figure 1). Three significant (M,, > 7) NMSZ earthquakes occurred
in the winter of 1811-1812 [Nuttli, 1973; Johnston, 1996; Hough et al., 2000; Van Arsdale and Cupples, 2013],
and paleoseismic evidence indicates a repeat time of about 500years for events of similar magnitude
[Tuttle et al., 2002; Van Arsdale et al., 2012]. The spatial correlation of the NMSZ and the ME is probably not
coincidental and suggests that earthquake occurrence is linked to the tectonic processes that formed the
embayment. The ME region has a complex tectonic history involving initial rifting, reactivation of rift faults
in the Late Paleozoic (~290 Ma), passage of a hotspot in mid-Cretaceous time, and most recently, exposure
to flat slab subduction.

Several models have been proposed for the ME subsidence and for the generation of earthquakes in the
NMSZ. Most models for ME subsidence are associated with the opening of the Gulf of Mexico [Wolaver
et al., 2012] in Triassic/Jurassic time [Ervin and McGinnis, 1975; Kane et al., 1981; Braile et al., 1986], but Cox
and Van Arsdale [1997] argue convincingly for a more recent development associated with passage of the
Bermuda hotspot across the southern portion of the ME in mid-Cretaceous time. According to Cox and Van
Arsdale [1997], ME subsidence began in the Late Cretaceous and ended by mid-Eocene.

Models that are specific to the NMSZ seismicity are numerous and include reactivation of favorably oriented
rift faults in the present-day stress field [Hildenbrand et al., 1977; Sykes, 1978; Braile et al., 1986; Cox and Van
Arsdale, 1997], increased differential stress from intrusions [Kane, 1977; McKeown, 1978], and deglaciation of
the Laurentide ice sheet [Grollimund and Zoback, 2001]. Other proposed causes for the seismicity include a
localized gravitational force produced by a dense, lower crustal intrusion [Grana and Richardson, 1996;
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Figure 1. Major features of the study area. Inset gives location of the figure (large rectangle) and region covered by the
inversion model (small rectangle). Thick gray line: outline of the Mississippi Embayment; thin black lines: Reelfoot Rift;
thick black line: Alabama-Oklahoma transform fault; blue dots: earthquakes; black bodies: dense, mafic intrusions; light gray
bodies: intrusive complexes. NMSZ: New Madrid Seismic Zone; FD: Fluorspar District; SGF: St. Genevieve Fault. Arrows
indicate the possible hotspot track. Minor faults are shown as thin lines. AR, Arkansas; MO, Missouri; IL, lllinois; AL, Alabama;
MS, Mississippi; KY, Kentucky; TN, Tennessee.

Pollitz et al., 2001; Zhang et al., 2009a], the presence of a low-viscosity lower crust that transfers deviatoric
stresses to the upper crust [Kenner and Segall, 2000], and stress related to the Farallon slab beneath the ME
[Forte et al., 2007]. There is neither an agreed upon cause for the NMSZ nor consensus regarding the hazard
it presents to the region [e.g., Boyd et al., 2015].

Recent tomography studies involving EarthScope USArray transportable (TA) stations indicate the presence of
low velocities in the mantle below the ME. Low S wave velocity (V) values are determined from surface wave
imaging [Pollitz and Mooney, 2014], and low P wave velocity (V) is found in a travel time inversion study using
local and teleseismic earthquakes [Chen et al.,, 2014]. Different reasons for the low velocities are offered in these
studies. The main objective of our study is to develop better-resolved 3-D V,, and V; models for the mantle below
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the ME lithosphere using high-quality data from densely and uniformly distributed seismic networks. We use data
recorded by TA stations, New Madrid broadband stations managed by the Center for Earthquake Research and
Information (CERI), and stations associated with the Northern Embayment Lithospheric Experiment (NELE). NELE
is an EarthScope Flexarray (FA) experiment designed to investigate velocity structure in the lithosphere. The
availability of V,, and Vs models will place better constraints on the origin of the low mantle velocities and will
provide insight into the conditions that are controlling earthquake generation in the NMSZ.

2. Previous Work

Several geophysical studies investigating crustal and upper mantle velocity structure have been carried out in the
region surrounding the NMSZ. Interpretations of potential field data and active source reconnaissance seismic
refraction and reflection experiments suggest significant crustal heterogeneity beneath the embayment related
to a long and complex geological history of rifting, uplift, and subsidence [Mooney et al.,, 1983; Thomas, 1985,
1991; Catchings, 1999]. Most notably, an anomalously fast (7.4 km/s) lower crust is found just above the Moho
throughout most of the northern Mississippi Embayment [McCamy and Meyer, 1966; Mooney et al, 1983;
Catchings, 1999]. The time of emplacement of this feature termed the “mafic pillow” is enigmatic, as it could have
been emplaced during initial rifting or during reactivation of rift faults in Permian or Cretaceous time.

A regional body wave and surface wave tomography study by Bedle and Van der Lee [2006] indicates that the
upper mantle beneath the northern ME has relatively low S wave velocity. Zhang et al. [2009a] modeled the
lithospheric velocity structure below the NMSZ by combining local P wave and teleseismic travel time data.
Their results show that the lower crust and upper mantle beneath the NMSZ consist of a local, NE-SW
trending low-velocity anomaly. Pollitz and Mooney [2014] obtain a pronounced low S wave seismic velocity
extending to at least 200 km depth in a surface wave tomography study using TA stations. They hypothesize that
this mantle volume is weaker than its surroundings and that the MVG consequently has relatively low elastic plate
thickness, which would tend to concentrate tectonic stress within this zone [Pollitz and Mooney, 2014].

Chen et al. [2014] determine a 3-D crust and upper mantle V, model up to 400 km depth beneath the NMSZ
using data recorded by the TA. They also observe the low-velocity zone in the mantle and speculate that it
may have a lower shear strength and act as a viscously weak zone embedded in the lithosphere which would
in turn concentrate tectonic stress and transfer stress to seismogenic faults in the upper crust, leading to large
intraplate earthquakes in the NMSZ [Zhao, 2015].

3. Data and Tomographic Method

Our data set for the inversion consists of arrival times from local earthquakes and relative travel time residuals
obtained from teleseismic earthquakes recorded over a 4 year period from 2011 to 2015.

3.1. Local Earthquake Data

Arrival times for the local earthquakes used for the velocity inversions are recorded by the New Madrid
seismic network managed by the Center for Earthquake Research and Information (CERI) at the University
of Memphis. Arrival times were also determined for the TA stations and the first deployment of NELE stations
shown in Figure 2. We used 519 local earthquakes with M >2.0 (Figure 2). All events have at least five
recordings yielding ~15,000 P and ~14,000 S arrival times. There is little to no seismicity to the southeast of
the region.

3.2. Teleseismic Data

The second data set consists of 282 teleseismic events (30° and 90° from the study area) with M >5.5 and at
least eight recordings (Figure 3). Recording stations are shown in Figure 4 and include all of the NELE stations.
The NELE project was divided into two phases. Phase one consisted of 6 month deployments which begun in
September 2011 and was completed in October 2013. The second phase saw the deployment of 51
broadband seismometers along three profiles from July 2013 to June 2015. The average station spacing of
the NELE stations was ~20km (Figure 4). Teleseismic P and S wave arrivals are picked using the method of
Lou et al. [2013]; the multi-channel cross-correlation algorithm [VanDecar and Crosson, 1990] cross-correlates
each possible pair of seismograms and uses a least squares method [Lou et al, 2013] to calculate an
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Figure 2. (left) Local earthquake (red circles) distribution and recording stations. USArray seismic stations (open triangles),
6 month NELE flex array deployments (black circles), New Madrid network stations (black triangles), and the inversion grid
node locations (gray crosses). (right) Distribution of the events with depth.

optimized set of ~13,000 P and ~10,000 S relative arrival times. The measured arrival times are then used to
calculate relative travel time residuals.

3.3. Inversion

We use the joint inversion method of Zhao et al. [1994] to obtain the 3-D V,, and V; models of the crust and
upper mantle. This technique is based on the Paige and Saunders [1982] Least Squares algorithm. A 3-D ray
tracer is used for calculation of theoretical travel times and raypaths [Zhao et al., 1992; Zhao et al., 1996].
Optimal grid spacing is found by testing a range of node separations and determining the minimum root-
mean-square travel time residual. The selected grid has 13 nodes in the latitudinal direction and 16 in the
longitudinal direction with an interval of 0.40° (~40 km). For the vertical direction, 22 layers of varying inter-
vals are set up in the crust and upper mantle. We simultaneously invert for hypocentral parameters of the
local earthquakes and the velocity perturbations at the 4576 (13 X 16 x 22) grid nodes.

For the crust we use thel-D starting
model of Pujol et al. [1997] as outlined
in Powell et al. [2010] (Table 1), and for
the mantle, we use the International
Association of Seismology and Physics
1991 model [Kennett and Engdahl,
1991] (Figure 5).

We use two kinds of regularization to
add stability to the inversion and
obtain a smooth model [Zhao et al.,
1992]. The optimal values of the
damping and smoothing parameters
obtained after several tomographic
inversions are 10.0 and 20.0, respec-
tively, for the P wave solution and
5.0 and 20.0, respectively, for the S
wave solution. We use the method
of Zhao et al. [1994] for the inversion
taking into account only grid nodes
with hit counts greater than 10.

3.4. Resolution

Figure 3. Epicentral locations of 282 teleseismic events (black squares) used The spatial resolution of the estimated
in this study. model can be affected by errors in the
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data and ray coverage in the target study
. area. To test the resolution of our data set,
we create a synthetic checkerboard model
by assigning alternating two positive and
two negative V), and V; perturbations of
6% to the 3-D grid nodes (Figure 6).
Synthetic travel times are calculated
for the checkerboard model using the
same earthquake locations and stations
as those in the real data set [Huang and
Zhao, 2009]. The synthetic data are then
inverted using the same starting velo-
city model, inversion algorithm, and
inversion parameters used for the real
data [Zhao, 2004]. The checkerboard is
| correctly reconstructed for most of the
77777 2 ~.° ‘ALABAMA upper mantle, but resolution is low in

34° - ta MISSISSIPPI \

-y _92° —90° —8é° _gg° the upper crust (Figures 7 and 8).

Figure 4. NELE project stations. Green squares are the USArray seismic 4. Results
stations; blue, purple, orange, and red circles are the 6 month NELE FA *
deployments; white squares are the New Madrid broadband stations;and  Figures 9 and 10 show the V, and V;

black stars are the NELE linear array stations. tomography solutions at six depths.

The P and S wave velocity solutions are
very similar regarding the spatial distribution of the anomalies and anomaly magnitudes. In agreement with
previous studies, we observe high V,, and V; velocities in the crust below 20 km depth and a pronounced low-
velocity feature extending to ~250 km depth in the upper mantle. The NE-SW trending low-velocity feature is
most evident at depths of 100-200 km where it is approximately 100 km wide and is similar in magnitude
(~—3% to —5%) in both the V,, and V; solutions. This low-velocity zone is contained primarily in the mantle
below the ME. For both V,, and V; solutions, regions of high velocity (~+3% to +4%) are imaged along the
sides and top of the low-velocity anomaly at depths of 80-160 km. Cross sections shown in Figure 11 reveal
that the prominent low-velocity feature dips to the southwest.

Synthetic models are constructed for several prominent velocity features to investigate the reliability of the
V, and Vi solutions. The input model is shown in Figures 12a and 12b. Following the same inversion
procedure as that of the checkerboard resolution tests, we observe that the recovered features are repro-
duced reliably. Some streaking is found to the northeast in V; profile AA' and high-velocity artifacts with mag-
nitudes less than 1% are present in profile BB'. The results show that the dip of the major velocity features to
the southwest is not the result of streaking and the large-magnitude high-velocity features are not artifacts.

5. Discussion

Many intriguing features are observed in our P and S wave velocity models that could pertain to tectonic
processes currently affecting the ME and the location of the NMSZ. Several velocity anomalies imaged in
our study are present in previously determined V,, and V; models for the Central U.S. These include the high
velocities found in the lower crust [Zhang et al., 2009b; Pollitz and Mooney, 2014] and a region of low velocity
in the mantle [Pollitz and Mooney, 2014; Chen et al., 2014; Schmandt and Lin, 2014]. Pollitz and Mooney [2014]

Table 1. One-Dimensional P and S Wave Velocity Models

Depth (km) Vo (km/s) Vs (km/s) Description

0.00-0.65 1.8 0.72 Unconsolidated Upper Cretaceous to recent sediments

0.65-2.65 6.02 348 Late Cambrian-Early Ordovician Knox dolomite and limestone

2.65-4.65 4.83 2.79 Early-Middle Cambrian Elvis Shale

465-17.0 6.17 3.56 Precambrian crystalline upper crust

17.0-Moho 6.6 3.8 Precambrian crystalline lower crust
NYAMWANDHA ET AL. TOMOGRAPHY STUDY OF ME AND NMSZ 5
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0 i attribute the low V; anomalies to com-
100 | : ] positional changes produced by infiltra-
: tion of melt by the Bermuda hotspot
200 | '| 1 leading to metasomatism of existing
! mantle peridotite or emplacement of fer-
g 3001 f 1 tile mantle. Chen et al. [2014] attribute
= 400} '. | the low V, anomalies to hot, wet upwel-
*g ¢ ling flow from a portion of the Farallon
O 500 : 1 slab stalled below the ME. Our study is
' the first to present both V,, and V; models
600 : 1 for the ME region and at unprecedented
700 [—vp b i resolution within the mantle. Availability
- - Vs 7 of both V,, and Vi models places restric-
8000 2 4 6 8 1‘0 1‘2 14 tions on 'the origin (?f the obseered man-
Velocity (Km/s) tle velocity anomalies and, as discussed
below, supports the interpretation of

Figure 5. One-dimensional P and S wave starting velocity models. Chen et al. [2014].

In most tomographic studies investigating upper mantle velocities, the V, and V; anomaly magnitudes are
dissimilar [e.g., Schmandt and Lin, 2014]. This is because V,, and V; are affected differently by the three main
factors that contribute to the velocity anomalies: temperature variations, the presence of fluids, and changes
in composition. In general, V; is more sensitive to changes in these variables than V,,. In our study, any cau-
sative set of conditions will have to account for V, and V; anomalies with similar magnitudes and almost
no variation in V,,/V;. This set of circumstances is not without precedence; we note that V, and V; anomalies
with the same magnitudes are found in the mantle below the North China Craton [Santosh et al., 2010].

Various authors have studied the sensitivity of V, and V; to composition and temperature [Lee, 2003; Schutt
and Lesher, 2006; Wagner et al., 2008]. Lee [2003] investigate the effects of mantle compositional variations on
density and seismic velocities for a suite of upper mantle peridotites spanning the primary compositional
range of fertile (magnesium number (Mg#) = 100 x Mg/(Mg + Fe) of 86-88) to highly residual compositions
(Mg# of 93-94) [Lee, 2003]. According to this study, increased magnesium number would lead to a significant
increase in shear wave velocity, whereas V,, is insensitive to Mg#. Lee [2003] determines the relationship
V,=0.0143 Mg# + 3.53 from a linear regression of Vs on Mg#. V; can be expected to vary by ~2.5% between
Mg# 86 and Mg# 94. We observe a decrease of ~6% in V; in the upper mantle. Using the regression para-
meters, a Mg# of 74 is needed to produce a 6% decrease in V; from a representative starting value of
4.88 km/s. This Mgt falls well outside of the range for upper mantle peridotites. In addition, Lee [2003] shows
that the V,,/V; ratio is much more sensitive to compositional changes than changes in temperature. According
to Lee [2003], the relative effect of temperature and Mg# change on V,/V; is roughly AMg#~ —0.1 AT. A
refertilized/primitive mantle with lower Mg# would produce a significant low V; anomaly, little to no V,
anomaly, and an increased V,,/V ratio. We observe low V; and V,, anomalies of comparable magnitude below
the ME and minimal variations in V,,/V;.
_go° —90° _g8° Thus, compositional variations involving
the presence of refertilized or primitive
mantle alone would not be expected
to produce the observed anomalies.

38°

Temperature effects will dominate man-
tle lateral velocity variations in the
absence of strong compositional varia-
tions [e.g., Karato, 1993; Cammarano
et al.,, 2003]. The study by Cammarano
et al.[2003] investigates the relationship
between upper mantle thermal struc-

Figure 6. Input checkerboard model for inversion results shown in ture and seismic velocity anomalies.
Figures 7 and 8. They demonstrate that the sensitivity
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Figure 7. Recovered V), checkerboard model from input model shown in Figure 6.

-6 % 00000 --+000@+6 %

of velocity to temperature along a 1300°C adiabat decreases with increasing depth. For V,,, the change is from
—0.75+0.15% per 100°C at 200 km to —0.23 +0.05% per 100°C at 800 km. For V, the change is from —1.30
+0.30% per 100°C at 200 km to —0.45+0.10% per 100°C at 800 km depth. For our study involving velocity
anomalies at or above 250 km, these results would suggest that within the error bounds stated above, it
would require an excess temperature of ~400+ 100°C to produce the observed low Vi anomalies and
~670+ 140°C to produce the low V, anomalies. An increase in temperature of this amount would produce
melting and very large, negative V; anomalies [Hammond and Humphreys, 2000]. Thus, the observed anoma-
lies cannot be attributed to elevated temperatures alone.

Some increase in temperature may be present in the mantle below the ME due to the mid-Cretaceous
passage of the Bermuda hotspot and provide justification below. Passage of the hotspot probably elevated tem-
peratures sufficiently to produce melting in parts of the lithosphere below the ME, as evidenced by the presence
of intrusions interpreted to be Cretaceous age in and adjacent to the Reelfoot Rift [e.g. Hildenbrand and
Hendricks, 1995; Cox and Van Arsdale, 2002; Hao et al., 2015] (Figure 1). However, Pollitz and Mooney [2014] argue
for a lack of significant residual thermal anomaly from the hotspot. This is supported by the subsidence history of
the ME, which was complete by Late Eocene [Cox and Van Arsdale, 2002].

Eaton and Frederiksen [2007] conduct a numerical experiment to check evolution of a thermal anomaly
120 Ma following passage over the Great Meteor hotspot and determined that the residual thermal anomaly
would be about 80°C and concentrated at 200 km. The thermal models of Chu et al. [2013] indicate that a
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Figure 9. V, tomography solution at six depths. Negative and positive
velocity perturbations are indicated by red and blue colors, respectively.
Black and purple dashed lines delimit the ME and Reelfoot Rift, respectively.
Black circles are the local earthquakes.

Figure 8. Recovered V; checkerboard model from input model shown in Figure 6. Checkerboard recovery is comparable to
the recovery found for the P wave velocity solution.

residual temperature increase from a
postulated mantle hotspot 74 Ma after
impacting the Central U.S. lithosphere
could produce V, anomalies of roughly
2%. This value is much lower than our
observed anomalies. This suggests that
residual, elevated temperature due to
the Cretaceous passage of the Bermuda
hotspot cannot be the only reason for
the observed low-velocity anomalies but
may be a contributing factor.

The presence of water in the mantle can
reduce both V, and V [Karato, 2003;
Jacobsen et al.,, 2004; Bastow et al., 2008;
Eaton et al.,, 2009; Mao et al,, 2011] and
could explain low-velocity anomalies in
the upper mantle [Van der Lee et al.,
2008; Santosh et al, 2010; Tian and
Zhao, 2011; Pollitz and Mooney, 2014;
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Chen et al, 2014]. Water can reduce
mantle seismic velocities by increasing
the water content in minerals such as oli-
vine, resulting in increased anelasticity
and attenuation [Dixon et al, 2004].
Water can also reduce V, and V; by meta-
somatic alteration of mantle peridotite
(or eclogite) [Sobolev and Babeyko, 1994;
Goes and Van der Lee, 2002; Mainprice
et al, 2008; Pollitz and Mooney, 2014],
resulting in the formation of low-velocity
minerals such as phlogopite, chlorite,
and talc [Sommer and Gauert, 2011].
Possible sources of elevated water
5o & dvs(%) levels include rising, hydrated astheno-

sphere at hotspot locations [Pollitz and

Figure 10. V, tomography solution at six depths. Description is the same  Mooney, 2014] and dehydration of des-
as in Figure 9. cending slabs [Dixon et al, 2004;
Santosh et al., 2010; Chen et al., 2014].
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Figure 11. Vertical cross sections of the (a) Vp and (b) Vs tomography results. Black circles are the local earthquake locations.
Black triangles delimit the ME, and the black bars delimit the Reelfoot Rift. Profile locations are shown to the right.
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Figure 12. (a) Map view of input synthetic model —5% (red) and +5% (blue) velocity anomalies relative to the 1-D starting
model. (b) Cross sections through the input model. (c) V), inversion results and (d) V inversion results.

The presence of hydrated mantle probably plays a significant role in the creation of our observed low-velocity
anomalies below the ME.

Quantifying the effect of fluids on upper mantle velocities is challenging. Schutt and Lesher [2010] perform a
component analysis on garnet peridotite xenoliths from the Kaapvaal Craton to quantify factors controlling
seismic velocity variations within metasomatically altered cratonic mantle. They find that orthopyroxene
enrichment, possibly due to silica addition by subduction zone fluids, reduces V,, by about 1.2% but has little
effect on V;. Christensen [1966] and Miller and Christensen [1997] derive a relationship between wt % H,0 and
V,, for common ultrabasic upper mantle rocks:

H,0 (wt%)=(32£ 1) — (3.79£0.18) V,, (km/s). Starting with a representative velocity of 8.44 km/s, addition of
1.96 wt % H,0 is required to produce the maximum observed (—6%) low V,, anomalies. This amount of H,O
enrichment is not uncommon, particularly in the presence of partially serpentinized ultramafic rocks [Carlson
and Miller, 2003]. Quantitative studies exist for two common minerals in the mantle transition zone. Jacobsen
et al. [2004] determine that V,, and V; are reduced by about 40 m/s for every 1000 ppm weight (0.1 wt %) H,O
added to iron-bearing ringwoodite. Bulk V, and V; for hydrous iron-bearing ringwoodite are about 4.4 and
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Figure 13. (top) Vertical cross section of V,, anomalies across the North China Craton at 40°N displaying the low-velocity zone
extending from the stalled Pacific slab to the near surface. Upper dashed line is the Moho and lower dashed line is the 410 km
discontinuity. Adapted from Santosh et al. [2010], indicating their interpretation of the velocity anomalies. (bottom) Cross-
section BB’ from Figure 11 with our interpretation of the velocity anomalies below the ME. Ml is the mafic intrusion.

6.5% slower, respectively, than for dry iron-bearing ringwoodite. Mao et al. [2011] determine that V, and V; of
hydrous iron-bearing wadsleyite are about 2% slower than dry iron-bearing wadsleyite at transition
zone pressures.

We provide a possible interpretation for the observed high- and low-velocity anomalies below the ME that is
tied to the major tectonic events that affected the region.

Stage 1

Stage 2

Precambrian: The ME is underlain by ~1.45-1.35 Ga lithosphere that is part of the proto-Laurentia
Craton [Whitmeyer and Karlstrom, 2007]. As is the case with stable Precambrian cratons, the litho-
sphere would be expected to have a well-developed root (keel) consisting of dry, depleted mantle
rocks [e.g., Boyd, 1989].

Latest Precambrian to Early Cambrian Mississippi Embayment rift complex: Disassembly of the
supercontinent Rodinia produced the lapetus Ocean and several rift-parallel, extensional features
inboard from the rifted margin [Thomas, 1991, 2006]. The Reelfoot Rift (Figure 1) is the most
recognizable feature, but the entire embayment is underlain by rifted crust [Johnson et al.,
1994; Cox and Van Arsdale, 1997; Van Arsdale and Cox, 2007]. Fault separation of the top of the
basement rocks in the MVG is as much as 1.8 km [Thomas, 1991], indicating that rifting was not
extensive. Modest extension of the basement is also indicated by deep reflection profiles
[Nelson and Zhang, 1991]. There are no dated intrusions that can be associated with the rifting
[Hildenbrand and Hendricks, 1995], but rifting may have resulted in magmatic underplating of
the lower crust [Braile et al., 1986; Nelson and Zhang, 1991; Catchings, 1999; Pratt et al., 2013].
Rifting probably thinned the lithosphere to some extent and caused refertilization as depleted
mantle lithosphere was replaced by asthenosphere. Fluids may also have been introduced, estab-
lishing a weak zone that would be more easily reactivated and penetrated by future tectonic and
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Stage 3

Stage 4

Stage 5

thermal events [Cox and Van Arsdale, 1997; Ziegler and Cloetingh, 2004; Burov et al., 2007;
Villemaire et al., 2012].

Appalachian-Ouachita orogeny (refer to Figure 1 for named features): Closing of the lapetus and
Rheic Oceans during the formation of supercontinent Pangea reactivated MVG structures and
produced compressional features including an elongate anticline paralleling the boundary faults
of the Reelfoot Rift [Thomas, 1991]. Intrusions most likely of Permian age are present in the axis of
the MVG (the Pascola Arch [Hildenbrand, 1985]), along structural features located just to the north
of the MVG (e.g., the St. Genevieve Fault in southern Missouri and within the lllinois-Kentucky
Fluorspar District [Zartman, 1977; Hildenbrand, 1985]), and in central Arkansas [Zartman and
Howard, 19871. The intrusions include kimberlite and lamprophyric dikes, suggesting mantle source
rocks [e.g., Xu, 2001; Griffin et al., 2011].

Cretaceous hotspot: A major thermal event affected the ME during mid-Cretaceous time (~100 Ma)
resulting in the intrusion of a suite of ultramafic and alkali rocks [Cox and Van Arsdale, 1997; Griffin
etal., 2011] (Figure 1). Most sampled intrusions occur within the southern portion of the ME and dis-
play an age progression from northwest (oldest) to southeast (youngest). Syenites have also been
drilled along the northern Reelfoot Rift axis, and the presence of multiple ultramafic and alkalic
igneous intrusions along the axis and bounding faults of the northern Reelfoot Rift are inferred by
potential field anomalies [Hildenbrand et al., 1982; Hildenbrand and Hendricks, 1995]. The suite of
intrusions suggests widespread, thermal modification of the mantle below what is now the ME
[Cox and Van Arsdale, 2002]. Cox and Van Arsdale [1997] suggest that the intrusions were produced
by passage of the Bermuda hotspot below the southern portion of the ME and support this with
geologic evidence for the presence of an anticline with greater than 1 km of relief trending parallel
to the axis of the ME. The uplift is attributed to thermal doming produced by emplacement of
igneous material during passage of the hotspot, and the Bermuda hotspot track determined by
Duncan [1984] crosses the southern ME in mid-Cretaceous time (Figure 1). The unusual suite of
mid-Cretaceous igneous rocks including peridotite, lamprophyre, kimberlite, syenite, trachyte, pho-
nolite, and carbonatite is compatible with a mantle hotspot source [Cox and Van Arsdale, 1997] as
well as partial melting of continental crust [Morris, 1987].

The Bermuda hotspot track trends northwest-southeast, raising a question as to why passage of the
hotspot would produce thermal doming and intrusions along the northeast trending ME.
Geodynamic modeling indicates that the thickness and geometry of the continental lithosphere
have a significant influence on the flow of hotspot material [Villemaire et al., 2012]; in general, thick,
stable cratonic keels deflect the flow of hotspot material toward regions of thinner lithosphere
[Sleep, 1997; Burov et al., 2007]. More significant ponding of hotspot material occurs in the regions
of thinner lithosphere, and focusing of flow may enhance melting and magmatism [Ebinger and
Sleep, 1998; Sleep, 2002; Ziegler and Cloetingh, 2004]. For example, Villemaire et al. [2012] attribute the
presence of a pronounced low V,, anomaly in the mantle below a failed rift (the Ottawa-Bonnechere
Graben) to focusing and emplacement of fertile melts during passage of the Great Meteor hotspot.
Interaction of hotspots with rifted continental lithosphere can produce additional thinning, chemical
alteration by metasomatism, and delamination [Burov et al., 2007; O'Reilly and Griffin, 2010].In our case,
the Bermuda hotspot track determined by Duncan [1984] coincides approximately with the trend of the
Alabama-Oklahoma transform marking the edge of the craton [e.g., Thomas, 1991, 2006; Cox et al.,
2013] (Figure 1). The Alabama-Oklahoma transform was established during the breakup of Rodinia
(stage 2 above) and forms the southern boundary of the Reelfoot Rift and other rifts below the ME.
Thus, the thinned and mechanically weak lithosphere beneath the ME may have provided a favorable
pathway for hotspot magma [Cox and Van Arsdale, 1997], resulting in additional thinning of the existing
lithosphere and chemical alteration by partial melting and infiltration of fluids.

Influence of subducted slabs. The presence of subducted slabs may be influencing mantle flow and
hydration in the eastern and Central U.S. [Forte et al., 2007; Van der Lee et al., 2008]. The existence of a
high-velocity slab segment below 800 km is documented in several tomography studies and is inter-
preted as a portion of the Farallon slab [Grand, 2002; Van der Lee and Frederiksen, 2005; Schmandt
and Lin, 2014]. In addition, high-resolution, finite-frequency body wave tomography studies indicate
the presence of a large, flat slab segment stalled in the mantle transition zone below the Central U.S.
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[Sigloch et al., 2008; Sigloch, 2011; Sigloch and Mihalynuk, 2013]. The flat slab, called the Laramide
slab by Sigloch [2011], exists in the depth range from 300 to roughly 700 km and has been present
below the ME since approximately Paleocene time (65-70 Ma). We suggest that the presence of the
stalled slab has a profound influence on the mantle below the ME and is a primary contributor to the
observed velocity anomalies.

A stalled slab is also present in the transition zone below the eastern North China Craton, and distinct regions of
high and low V,, and V; anomalies are present in the upper mantle that are similar in appearance to those
observed below the ME [Santosh et al,, 2010; Tian and Zhao, 2011]. As is the case for the ME, the V,, and V; anoma-
lies have the same magnitudes. Figure 13 illustrates V,, anomalies in an east-west cross section through the North
China Craton at 40°N. A sharply defined low-velocity region extends from roughly 400 km to the near surface
along a path that dips to the west and is bounded over part of its length by regions with high V,, and V; anomalies.
The low-velocity region is interpreted as hot, fluid-rich asthenosphere ascending from the mantle wedge above
the stagnant Pacific slab [e.g., Zhao, 2015]. High-velocity regions are interpreted as remnants of the lithospheric
keel above the low-velocity region and as remnant slabs below [Santosh et al, 2010]. The ascending astheno-
sphere is associated with the Central Orogenic Belt, a thin zone in the lithosphere that experienced delamination
following Early Mesozoic subduction and collision [Tian and Zhao, 2011]. This orogenic belt now acts a main
conduit for hot, wet upwelling asthenosphere from the stagnant slab resulting in continued destruction of
the lithosphere by thermal erosion and chemical metasomatism [Santosh et al., 2010; Tian and Zhao, 2011].

The striking similarity between the velocity structure below the North China Craton and the ME suggests that
similar mantle processes are affecting both regions. A stalled slab exists below both regions, and a well-defined,
low-velocity anomaly extends from the asthenosphere to shallow depths in a location that experienced thinning
due to prior tectonic activity. Similar to the situation for the North China Craton, we suggest that hot, hydrous,
upwelling fluids from the stalled Laramide slab produce the low V,, and V; anomalies below the ME. The thinned,
weakened lithosphere below the ME provides the optimal pathway for the ascending fluids. Chen et al. [2014] offer
a similar interpretation based upon V,, anomalies alone. We interpret the prominent high-velocity regions located
above and to the sides of the low-velocity region as remnants of the depleted, lowermost lithosphere.

As is evident in Figure 13, the area affected by upwelling from the stagnant Pacific slab is much larger than
the ME. The North China Craton has undergone a long and complicated decratonization process beginning in
Late Paleozoic or Early Mesozoic time, and the flat Pacific slab has been present since the Early Mesozoic [Li and
Li, 2007; Zhu and Zheng, 2009]. Consequently, the velocity anomalies in China developed over a much longer
time period than the anomalies below the ME, and the low-velocity conduit for ascending asthenosphere is
better established. Cenozoic age basalts in northern China are spatially correlated with the low-velocity zone
in the mantle, and geochemistry links the basalts to the presence of a stagnant slab [Kuritani et al., 2011; Xu
et al, 2012]. The situation in China suggests that continued upwelling of hot, hydrous fluids below the ME will
result in further modification of the lithosphere, possibly leading to intrusive activity in the crust.

In all likelihood, the NMSZ is linked to the presence of the low-velocity region in the mantle below the ME. In
our models, the low-velocity region underlies the Reelfoot Rift north of roughly 35.5°N (Figures 9-11). Most
NMSZ earthquakes are located within the Reelfoot Rift, above the high-velocity region imaged in the lower
crust (Figure 11). An exception is the portion of the Axial Fault south of roughly 36°N where earthquakes
are scattered and terminate south of 35.5°N (profile CC', Figure 11). The low-velocity region extends to very
shallow depths below the high-velocity lower crust. The association of seismicity and velocity structure sug-
gests that the low-velocity region may be acting as a zone of weakness, transferring stress to the stronger,
overlying crust. The concept is similar to the model developed by Kenner and Segall [2000] for the NMSZ,
but here the weak zone is located in the uppermost mantle, rather than in the lower crust. This variation
on the model developed by Kenner and Segall [2000] may make more sense for the NMSZ, given the presence
of the high-velocity, and presumably strong, lower crust and can be tested by numerical modeling.

6. Conclusions

We have determined detailed 3-D images of V,, and V; for the upper mantle below the Mississippi
Embayment. A prominent low-velocity anomaly defined by V, and V; anomalies of similar magnitude is
imaged in the upper mantle. The low-velocity region dips to the southwest and extends to a depth of at least
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300 km. Low velocities extend to shallow depths (about 50 km) below the northern end of the Reelfoot Rift. A
region of high velocity in the lower crust separates the low velocities from the seismogenic upper crust
hosting the NMSZ. Regions of high velocity with comparable V,, and V; anomalies are present above and
to the sides of the low-velocity region. In agreement with previous studies, we suggest that the lithosphere
below the Mississippi Embayment was thinned and weakened by a long history of tectonic events including
initial rifting and the passage of the Bermuda hotspot in the mid-Cretaceous. The warm, thin, and weak litho-
sphere provides a favorable pathway for hot fluids ascending from the flat Laramide slab that is stalled in the
mantle transition zone below the embayment. The pronounced low-velocity region below the ME is attribu-
ted to the presence of residual heat associated with the Bermuda hotspot combined with the hot hydrated
conditions established by the presence of the stalled slab. High-velocity regions in the lower crust are
interpreted as mafic rocks emplaced beneath the ME during initial rifting in the Early Paleozoic, whereas high
velocities in the mantle are interpreted as remnants of the depleted cratonic mantle lithosphere.
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