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Using seismic surface waves recorded with Earthscope's Transportable Array, we apply surface wave
imaging to determine 3D seismic velocity in the crust and uppermost mantle. Our images span several
Proterozoic and early Cambrian rift zones (Mid-Continent Rift, Rough Creek Graben—Rome trough,
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Birmingham trough, Southern Oklahoma Aulacogen, and Reelfoot Rift). While ancient rifts are generally
associated with low crustal velocity because of the presence of thick sedimentary sequences, the Reelfoot
Rift is unique in its association with low mantle seismic velocity. Its mantle low-velocity zone (LVZ) is
exceptionally pronounced and extends down to at least 200 km depth. This LVZ is of variable width,
being relatively narrow (∼50 km wide) within the northern Reelfoot Rift, which hosts the New Madrid
Seismic Zone (NMSZ). We hypothesize that this mantle volume is weaker than its surroundings and that
the Reelfoot Rift consequently has relatively low elastic plate thickness, which would tend to concentrate
tectonic stress within this zone. No other intraplate ancient rift zone is known to be associated with such
a deep mantle low-velocity anomaly, which suggests that the NMSZ is more susceptible to external stress
perturbations than other ancient rift zones.

Published by Elsevier B.V.
1. Introduction

Three M∼7–8 events in the New Madrid Seismic Zone in 1811–
1812 are among the largest historical earthquakes in the United
States (NMSZ) (Johnston, 1996; Hough, 2008). Studies of large
paleoliquefaction features indicate that there were at least two
sequences of large earthquakes in about 1450 and 900 A.D. that
look like repeats of the 1811–1812 sequence (Tuttle et al., 2002).
Additional studies reveal a history of large earthquakes in the
Holocene at several other localities around the margins of the
NMSZ (e.g. Harrison et al., 1999; Al-Shukri et al., 2005). The NMSZ
is a 300-km-long and narrow zone of predominantly strike–slip
faulting within the Reelfoot Rift, a reactivated Precambrian rift
zone (Fig. 1). These large and rare intraplate events are enigmatic
because the lack of pervasive crustal deformation suggests that the
NMSZ has been active for a geologically relatively short time
(Schweig and Ellis, 1994), contemporary strain rates are small
compared to the rate of Holocene activity (Newman et al., 1999;
Calais et al., 2010; Frankel et al., 2012), and the mechanism of
stress concentration is unresolved (Grana and Richardson, 1996;
Stuart et al., 1997; Liu and Zoback, 1997; Kenner and Segall, 2000;
Grollimund and Zoback, 2001; Pollitz et al., 2001; Mazzotti, 2007).
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Focal mechanism studies and other stress indicators indicate
that intraplate–earthquakes in the central and eastern US, includ-
ing the SSW-NNE-trending NMSZ, are consistent with an ENE-
WSW compressive stress field that acts on pre-existing faults (Sbar
and Sykes, 1973; Zoback and Zoback, 1980; Braile et al., 1982;
Zoback and Zoback, 1989). The existence of pre-existing faults in
the NMSZ provides a zone of weakness but does not indicate how
the faults are loaded. A lower crustal detachment fault has been
proposed to concentrate crustal stress (Stuart et al., 1997), though
such a fault has not been corroborated by seismic data.
A mechanical strength contrast between the Reelfoot rift and the
Missouri batholith can localize stress in the zone of their inter-
section (Long, 1976; Campbell, 1978; Hildenbrand, 1985), but this
mechanism still requires a recent increase in strain rate arising
from external factors.

Geophysical models to explain the initiation and repeated
occurrence of large seismic events in the NMSZ have focussed on
the origin of Holocene and late Pleistocene stress perturbations
and crustal heterogeneities. A weak (i.e. low-viscosity) lower crust
can focus stresses on the overlying crust (Liu and Zoback, 1997;
Kenner and Segall, 2000; Pollitz et al., 2001), but there is no
independent evidence that such a low-viscosity zone exists.
Exceptional models that invoke mantle weakness are the models
of Grollimund and Zoback (2001) and Forte et al. (2007), which
invoke a pre-existing weak mantle to generate flow fields likely
connected with the crustal stress field—driven by either
glacio-isostatic adjustment or Farallon slab sinking, respectively.
of the Central US crust and shallow upper mantle: Uniqueness of
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Fig. 1. Bouguer gravity map of the central United States with lines of inferred basement faults superimposed following Thomas (2006). Gravity data was obtained from
the National Geophysical Data Center at: http://www.ngdc.noaa.gov/. Small black circles are epicenters of M≥3:0 events of depth ≤50 km from 1978 to 2008 obtained from
the National Earthquake Information Center (NEIC) catalog at http://earthquake.usgs.gov/eqcenter/. RCG, Rough Creek Graben; NMSZ, New Madrid Seismic Zone.
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The notion of a weak mantle is disputed by McKenna et al. (2007)
on the basis of the lack of evidence for a thermal anomaly.

The Central and Eastern United States (CEUS) is a mosaic of
several Proterozoic igneous and volcanic provinces subjected to
repeated episodes of continental collision and rifting (Thomas,
2006; Whitmeyer and Karlstrom, 2007). The CEUS contains several
Proterozoic and early Cambrian rift zones (Fig. 1) with associated
crustal extension, igneous intrusion and volcanism (Van Arsdale,
2009a; Thomas, 2010). The Reelfoot Rift is one of the ancient rift
zones and was formed in early Paleozoic (Van Arsdale and Cox, 2007).
Geophysical investigations of the Reelfoot Rift and NMSZ have
revealed fragmentary details of the crust and underlying mantle
structure. A high-velocity seismic anomaly within the deep crust
below the NMSZ has been inferred with seismic and magnetotel-
luric data (Mooney et al., 1983; Hildenbrand and Hendricks, 1995)
and interpreted as a remnant of basaltic intrusion. Local and
regional body wave tomography suggests that the mantle beneath
the Reelfoot Rift is of relatively low velocity (Bedle and van der
Lee, 2006; Zhang et al., 2009). The crustal structure has been
placed into a regional context using ambient noise tomography
using Rayleigh waves at periods up to 15 s by Liang and Langston
(2008), who found good correlations of crustal seismic velocity
with ancient rift structures.

In this study we use seismic data from Earthscope's Transpor-
table Array (TA) to estimate Rayleigh wave phase velocity struc-
ture at periods up to 125 s, permitting the estimation of 3D
perturbations in seismic shear-wave velocity in the uppermost
mantle of the Central US. This provides new constraints on the
deep structure of all ancient rifts and yields a new perspective on
Please cite this article as: Pollitz, F.F., Mooney, W.D., Seismic structure
the Reelfoot Rift. Earth and Planetary Science Letters (2013), http://d
the possible relationship of mantle structure with ancient inher-
ited crustal structures throughout the Central US. We believe that
this is key to understanding what distinguishes the Reelfoot Rift
from other ancient rifts and the mechanism of stress concentration
at the NMSZ.
2. Surface-wave imaging

We employ the non-plane surface-wave imaging method of
Pollitz and Snoke (2010), which uses fits of Rayleigh wave spectra
to determine local phase velocity at fixed periods. The overall
strategy of the method is described in the Appendix. The surface
wave data set is updated from Pollitz and Snoke (2010), using
125,326 seismograms recording seismic waves generated by 305
teleseismic events of magnitude ≥6:3 and depth ≤75 km which
occurred through early September 2012. Complex amplitude
spectra of fundamental-mode Rayleigh waves are obtained at
selected periods by means of a three-step process. First, for each
vertical component seismogram, a spectrogram is constructed
using a moving-window taper designed for the period being
considered. Second, complex amplitude spectra are obtained at
the group-velocity peaks corresponding to the fundamental mode.
Third, quality criteria are applied based on the consistency of the
group-velocity peaks as a function of period, resulting in a large
edited dataset. At a fixed period and spatial location, a grid search
is used to fit the complex amplitude spectra in terms of a multi-
plane wave fit at trial phase velocities, resulting in an optimal
phase local phase velocity (i.e. that associated with minimum
of the Central US crust and shallow upper mantle: Uniqueness of
x.doi.org/10.1016/j.epsl.2013.05.042i
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misfit); this process is repeated throughout the study area to
obtain a continuous map of phase velocity. The phase velocities
used in this study are measured at 13 periods (125, 100, 83, 67, 59,
50, 40, 33, 27, 25, 22, 20, and 18 s).

The formal resolution of the phase velocity maps determined
with this method is difficult to obtain because the method is a
form of imaging rather than tomography (Pollitz and Snoke, 2010).
The imaging of phase velocity structure involves neither an
inversion nor a forward model, and thus a resolution test involving
trial structures (e.g. checkerboard test) is not straightforward. This
limitation is shared by the related eikonal tomography method
(Lin et al., 2009). (The resolution in our non-plane-wave or the Lin
et al. (2009) imaging method could be addressed, in principle,
with a large set of numerically determined synthetic seismograms
on a laterally heterogeneous earth with fine-scale structure, which
could then be put through the imaging procedures of the respec-
tive methods.) The length scale of local averaging prescribed by
Pollitz and Snoke (2010, Eq. (12)) is of the same order as the
∼70 km spacing between the TA instruments, so we regard this as
the horizontal resolution of our imaging. The procedure may be
judged by the number of rays which pass through sets of TA
stations. This is shown in Fig. 2, which shows the direct raypaths
from all teleseismic sources (after editing) to all TA stations which
provided useful data from recordings of 50-s-period surface waves
generated by those sources. The figure illustrates that density of
ray coverage is densest in the western part of the study area,
where the TA has resided the longest, but is still large in the
eastern part of the study area. Numerous raypaths pass through
any set of 7 TA stations in the study area (Fig. 2), approximately the
number of TA stations that effectively contribute to a local phase
velocity determination (Pollitz and Snoke, 2010, Section 3), ensur-
ing a robust determination of local wavenumber and hence phase
velocity.

The sensitivity of the shortest period spans the crust and peaks
at 25 km depth, and the longest period has a broad sensitivity
kernel roughly centered on 180 km. 3D structure is derived from
the phase velocity maps using the procedure described in
Appendix A of Pollitz and Snoke (2010). Using scaling relations
between P-wave and S-wave velocity, this results in the distribu-
tion of vertically polarized shear-velocity vs in the crust and upper
mantle. The formal depth range of 3D perturbations is from earth's
surface to 240 km depth, somewhat deeper than the depth of
maximal sensitivity in order to avoid ‘squeezing’ of deeper
structure into the base of the model domain. The determination
of 3D structure uses the Taylor (1989) crustal structure combined
with the PREM mantle structure (Dziewonski et al., 1981) as a
reference structure (Fig. 3), and it includes a correction for crustal
thickness (Fig. 4).
Fig. 2. Raypaths between teleseismic sources and TA stations (green triangles)
retained after editing at period 50 s. The number of raypaths is subsampled by a
factor of 10 in the plots. Bottom plot is a closer view of the Mississippi Embayment
region from the upper plot. State boundaries within the United States are shown in
blue. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
3. Results

Rayleigh wave phase velocity maps are presented in Fig. 5, and
associated errors at selected periods in Fig. 6. The shorter period
maps (i.e. at period ≲27 s) reveal that zones of low phase velocity
are correlated with several failed rift zones, i.e. the Mid-Continent
Rift, the Rough Creek Graben—Rome trough, the Birmingham
trough, and the Southern Oklahoma Aulacogen. The Reelfoot Rift
emerges as a coherent low-velocity feature at longer periods ≥50 s.
Our phase velocity results are very similar to those obtained
independently using Helmholtz tomography (Shen et al., submitted
for publication).

Corresponding depth slices of perturbation in logarithmic 3D
shear-velocity vs are shown in Fig. S1. Two of these slices are
shown in greater detail in Fig. 7, and alternative perspectives are
shown in Fig. S2 in a sequence of regional depth slices and
Please cite this article as: Pollitz, F.F., Mooney, W.D., Seismic structure
the Reelfoot Rift. Earth and Planetary Science Letters (2013), http://d
Figs. S3–S6 in volume rendered images. The long linear high-
velocity structure stretching from Wisconsin to western Texas at
depth ≳65 km may represent depleted mantle associated with the
Yavapai and Mazatzal provinces (Whitmeyer and Karlstrom, 2007),
and similarly for the high-velocity mantle underlying the area
from Indiana to northern Alabama which is part of the Granite-
Ryolite Province. All rift structures but the Reelfoot Rift have a
shallow expression of the low-velocity zone (LVZ) restricted to
depth ≲65 km, whereas the mantle LVZ beneath the Reelfoot Rift
extends to depth of at least 200 km (at the limit of the resolving
of the Central US crust and shallow upper mantle: Uniqueness of
x.doi.org/10.1016/j.epsl.2013.05.042i
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Fig. 3. Reference seismic structure of the central US using the crustal structure of
Taylor (1989) and mantle structure of PREM (Dziewonski et al., 1981). In the upper
200 km this model is similar to the CR model of the Midwestern US (Chu et al., 2012).
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power of the surface waves) (Fig. S1). The NMSZ and its principal
strike–slip fault (Blytheville fault) lie within a zone of low-velocity
mantle, as seen in vertical cross-section AA' in Fig. 8. This pattern
of low mantle vs is consistent with the inferred low-vp mantle
beneath the Reelfoot Rift to at least 160 km depth (Zhang et al.,
2009) or deeper (Bedle and van der Lee, 2006).

At its southern end, the Reelfoot Rift is terminated by the
Alabama–Oklahoma transform associated with the opening of the
Iapetus Ocean (Van Arsdale, 2009a; Thomas, 2010), which is nearly
coincident with the structural boundary of the Gulf of Mexico
associated with the opening of the Atlantic (Van Arsdale, 2009b).
This boundary is seen in our Rayleigh wave imaging (i.e. the 18 s
phase velocity map in Fig. 5), similar to boundary seen in Fig. 7f of
Liang and Langston (2008). At its northern end, the surface
expression of the Reelfoot Rift overlies the narrowest part of the
mantle low-velocity zone (Fig. S1).

Seismic velocity in the crust below the NMSZ is relatively fast
(profiles AA' and BB' in Fig. 8), in agreement with inferences of a
‘rift pillow’ within the underlying lower crust (Mooney et al., 1983;
Hildenbrand and Hendricks, 1995; Stuart et al., 1997). At long
wavelength, our inferred pattern of low crustal velocities to the
NW of the NMSZ and high crustal velocities to its SE agrees with
the Rayleigh wave phase velocity maps of Liang and Langston
(2008); at short wavelength this apparently yields to a different
pattern involving relatively high crustal velocity to its west and
low crustal velocity to its east (Zhang et al., 2009).

The Chulick and Mooney (2002) crustal thickness map is
incomplete over much of the central US. Receiver function studies
using the Transportable Array (e.g. Abt et al., 2010; Moidaki et al.,
2013) suggest that crustal thickness Tc may differ from the
crustal thickness derived from active source seismology (Chulick
and Mooney, 2002) by 5 km or greater. For example, small-scale
variations of75 km are seen near the Midcontinent Rift
(Moidaki et al., 2013) where the Chulick and Mooney (2002)
crustal thickness pattern is smooth. We investigate the
effect that an error in crustal thickness may have on inferred
structure at depth. For this purpose we perform a number of
separate inversions for 3D structure, one using a reference
value Tc ¼ 40 km and others using different values Tc that
would represent erroneous departures from a ‘true’ value of
40 km. The bias introduced by using an erroneous crustal thick-
ness is shown in Fig. 9. Errors up to72% in logarithmic shear-
velocity may result in the crust, and errors up to 1% may result in
the deeper mantle.

Short-period phase velocities have better vertical resolution
than long-period phase velocities, i.e. the short-period phase
velocities will generally map into a shallower and narrower depth
region than long periods because of the shape of the depth-
dependent sensitivity kernels (e.g. Pollitz and Snoke, 2010, Fig. S2).
Although this can result in the erroneous mapping of crustal
structure into structure at depth (e.g. Pollitz, 2008, Fig. 19), this
is unlikely the case around the Reelfoot Rift. Short-period (≤25 s)
phase velocities are generally high around the Reelfoot Rift (Fig. 5)
and are mapped as positive vs anomalies in the crust (Fig. S1), in
contrast with the low phase velocities at longer period and
correspondingly low-vs mantle anomalies (Figs. 7 and S1).
4. Discussion

The low-vs zone beneath the Reelfoot Rift extends to at least
∼200 km into the upper mantle (Figs. S1 and 8). All other ancient
rift zones in the CEUS, which are thought to represent zones
of inherent weakness capable of rupturing in earthquakes,
are associated with much less penetrative discontinuities
(i.e. restricted to the crust and uppermost mantle).
of the Central US crust and shallow upper mantle: Uniqueness of
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Fig. 5. Phase velocity maps of fundamental-mode Rayleigh waves at the indicated periods. Associated standard errors in Fig. 6 tend to be greater at shorter period
and greater in the eastern part of the study area because of the data coverage provided by the Transportable Array.
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All of the ancient rifts and aulacogens identified in Fig. 1 are
associated with positive gravity anomalies to varying degrees,
likely because of the presence of shallow basaltic intrusions
Please cite this article as: Pollitz, F.F., Mooney, W.D., Seismic structure
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associated with rifting, as has been documented directly for the
Midcontinent Rift (Allen et al., 1992). All are also associated with
relatively low crustal seismic velocity (Figs. S1 and 7). Any volumes
of the Central US crust and shallow upper mantle: Uniqueness of
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of high-velocity basaltic intrusions in these rifts are outweighed by
the presence of thick sedimentary sequences on the flanks of the
rifts (Liang and Langston, 2008), leading to a net low-velocity
Please cite this article as: Pollitz, F.F., Mooney, W.D., Seismic structure
the Reelfoot Rift. Earth and Planetary Science Letters (2013), http://d
signal detected by those surface waves sensitive to predominantly
crustal structure (period ≤40 s, Fig. 5).

The Reelfoot Rift formed as part of a series of failed rift basins in
the Early-to-Middle Cambrian (520–500 Ma) concurrently with
the Rome Trough and Rough Creek Graben to its northeast
(Thomas, 2006). These rifts formed within a pre-existing tectonic
terrane − the Eastern Ryolite-Granite Province – which was likely
continuous over a broad area including the incipient rifts
(Whitmeyer and Karlstrom, 2007). The low-vs signal is most
pronounced at depth ≳100 km and varies laterally along the
Reelfoot Rift and a northeastern extension that coincides with
the Wabash Valley Seismic Zone (WVSZ) (Kim, 2003; Merino et al.,
2010), judging from the mantle vs pattern (Figs. S1 and 7). The
mantle low-vs zone is ∼200 km wide zone below the southern
Reelfoot Rift, thins to ∼50 km around the northern Reelfoot Rift,
and widens to ∼100 km along the WVSZ. Whether this variable
width is a measure of variable extension associated with Cambrian
rifting, or it reflects the width of the zone subjected to subsequent
modification, is unclear.

The zone of low-vs mantle extending southwestward from the
NMSZ approximately coincides with the Mississippi Embayment
(ME), where sediment thickness can be high, raising the possibility
that low-velocity sediments could project to great depth as an
artifact of the 3D velocity inversion. This is not the case because
sediment thickness is not remarkably large in the northern ME
compared with surrounding regions (such as the Illinois Basin),
according to the sediment thickness map presented in Fig. 4 of
Mooney and Kaban (2010). Sediment thickness is relatively large,
exceeding 5 km, only in the ME south of Tennessee. This pattern is
mimicked in the phase velocity patterns at periods sensitive to
crustal structure (≤33 s), which are characterized by relatively high
phase velocities in the northern ME and very low phase velocities
further south, i.e. south of the fossil Alabama–Oklahoma trans-
form. Low phase velocities beneath the northern ME are realized
only at longer periods ≳50 s, which demands a deep source for the
corresponding low seismic velocities.

The origin of the low-vs mantle may be either thermal or
compositional. We propose that, as a pre-existing zone of frac-
tured lithosphere, the passage of the Bermuda hotspot beneath the
Mississippi Embayment ca. 100 Ma (Van Arsdale and Cox, 2007)
led to infiltration of melt in the shallow mantle throughout the
NE-SW-trending axis of the embayment. This is consistent with
the notion that pre-existing rifted continental lithosphere is more
susceptible than surrounding cratonic lithosphere to penetration
by magmatism from an impinging plume head (Burov et al., 2007).
This led to thermal uplift of the entire Mississippi Embayment
(Van Arsdale and Cox, 2007) and may have resulted in composi-
tional changes within the pre-existing weak zone in two ways:
(1)
of t
x.do
Metasomatism of a mantle peridotite is capable of lowering vs.
For example, antigorite, phlogopite, chlorite, and talc are stable
at the pressure and temperature conditions of the observed vs
anomaly (Pawley and Wood, 1995; Bose and Ganguly, 1995;
Ulmer and Trommsdorff, 1999; Trønnes, 2002; Frost, 2006;
Grove et al., 2006), and the presence of these minerals is
expected to reduce seismic velocity (Hacker et al., 2005;
Mainprice et al., 2008). The hotspot may have provided a
source of water to accomplish such mineral transformations.
Metasomatic alteration has also been proposed in an Archean
subduction zone setting, in order to explain a localized and
dipping low-velocity zone within the central Slave craton,
Canada (Chen et al., 2009). The alteration envisaged for the
Reelfoot Rift alternatively could have taken place during the
Alleghanian Orogeny during closure of the Iapetus; a NE-SW
trending high-density body along the Grenville–Appalachian
suture, proposed to be a remnant slab associated with this
he Central US crust and shallow upper mantle: Uniqueness of
i.org/10.1016/j.epsl.2013.05.042i
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Fig. 7. Close-up view of perturbation in vs with respect to the central US reference model (Fig. 3) in horizontal depth slices at 15 and 100 km depth. Salient features are the
shallow expressions of the Midcontinent Rift, Oklahoma Aulacogen, and Rough Creek Graben and the deep expressions of Proterozoic domains (Superior Province, Mazatzal
Province, and Granite-Ryolite Province) and the Cambrian Reelfoot Rift. Geologic domains follow Whitmeyer and Karlstrom (2007). Dashed white line is the Grenville front
(Thomas, 2006).
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Pl
th
closure (Mooney and Kaban, 2010, Fig. 13, based on the gravity
modeling), supports this possibility. In any case, layered
phyllosilicates are generally weak and susceptible to sliding
in the stable-sliding regime (Peacock and Hyndman, 1999;
Moore and Lockner, 2007); if this regime exists in the upper-
most mantle beneath the Reelfoot Rift it could provide a
mechanism for lowering of its shear strength.
(2)
 Ascending magma from the hotspot may have emplaced
primitive mantle into the mantle below the Reelfoot Rift. Such
mantle is relatively dense due to enrichment of Fe relative to
the surrounding mantle of the East Granite-Ryolite Province,
which is likely depleted, and this compositional difference will
also lower vs. This mechanism, involving emplacement of fertile
melts in a pre-existing weak zone, has also been proposed by
Villemaire et al. (in press) to explain low-velocity mantle
ease cite this article as: Pollitz, F.F., Mooney, W.D., Seismic structure of t
e Reelfoot Rift. Earth and Planetary Science Letters (2013), http://dx.d
beneath the trace of the Great Meteor hotspot beneath south-
east Canada, particularly where it intersects the Ottawa-
Bonnechere graben, a late Precambrian failed rift zone. A
significant residual thermal anomaly is unlikely given the
100 Myr age of the last known heating event. This is supported
by the formation of the Mississippi Embayment through sub-
sidence within 30 Myr after passage of the Bermuda hotspot
(Van Arsdale and Cox, 2007); further cooling is expected to
produce only a low-amplitude and long-wavelength residual
thermal anomaly, as indicated by thermal calculations of the
temperature anomaly expected ∼100 Myr after a hotspot-
induced heating event (Eaton and Frederiksen, 2007).
Lateral discontinuities in mantle seismic velocity may signify a
discontinuity in shear strength, as suggested above, or a discontinuity
he Central US crust and shallow upper mantle: Uniqueness of
oi.org/10.1016/j.epsl.2013.05.042i
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Fig. 9. Bias in depth-dependent logarithmic shear-velocity resulting from inverting
phase velocity data using crustal thickness Tc¼35 or 45 km when the ‘true’
thickness is 40 km. Numerals refer to Tc in km.
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in mantle viscosity. In the latter case, models of long-term mantle
flow indicate that stress concentration in the crust above such a
mantle discontinuity may arise from the discontinuous mantle flow
field (Vilotte et al., 1986; Neil and Houseman, 1997; Dayem et al.,
2009). Observationally, a mantle strength contrast is often correlated
with the presence of a major strike–slip fault in plate boundary zones
(e.g. San Andreas fault, North Anatolian fault, Kunlun fault) (Molnar
and Dayem, 2010).

The NMSZ can be characterized as overlying a ‘trough’ in
mantle strength, bounded by relatively strong lithosphere to its
northwest and southeast—dry and depleted rocks that are part of
the Granite-Ryolite Province (Fig. S2). This is similar to the situation
of the Laguna Salada and related faults which ruptured in the 2010
M7.2 El Mayor-Cucapah earthquake, Baja California, which is
located at a trough in mantle viscosity (Pollitz et al., 2012). Stresses
within a shear zone underlain by relatively low-viscosity mantle
and surrounded by much stronger lithosphere will scale inversely
with the width of the shear zone (Pollitz, 2001). The relatively low
elastic plate thickness within the shear zone is an effective
mechanism for stress concentration around a strike–slip fault zone
provided that the boundaries of the shear zone have some ‘long
term’ relative motion, as is typical at an active plate boundary but
questionable at the NMSZ (Calais et al., 2010). Whether the mantle
flow field applicable to the NMSZ region is an ambient flow field (as
would be typical near an active plate boundary) or a passive flow
field in response to a recent forcing event, such as deglaciation,
remains an open question.
5. Conclusions

Using seismic surface-wave imaging we have constrained the
seismic shear-wave velocity structure of the CEUS down to about
240 km depth. Our images confirm the presence of high-velocity
cratonic lithosphere in areas interior to rifting and convergence
episodes of the Proterozoic and early Phanerozoic periods. They
also show that traces of this earlier tectonic activity previously
recognized in the regional crustal structure, particularly the
development of failed rift zones during the opening of the Iapetus
Ocean (Liang and Langston, 2008), are also evident in the regional
mantle structure.
Please cite this article as: Pollitz, F.F., Mooney, W.D., Seismic structure
the Reelfoot Rift. Earth and Planetary Science Letters (2013), http://d
Most ancient rift zones in the central US are associated with a
seismic signature restricted to the crust and shallow (≲65 km
depth) mantle. The Reelfoot Rift low-velocity anomaly extends
much deeper. The origin of low-velocity rock beneath the Reelfoot
Rift and NMSZ is uncertain but is likely related to a combination of
factors that resulted in a compositional seismic-velocity anomaly.
This includes magmatism associated with early Cambrian failed
rifting, further tectonism at the time of closing of the Iapetus, and
magmatism related to passage of the Bermuda hotspot beneath
the region ca. 100 Ma (Van Arsdale and Cox, 2007). We hypothe-
size that past magmatic events altered the composition of the
mantle through metasomatic mineral transformations and/or the
injection of primitive mantle. In any case, the NMSZ possesses a
unique characteristic which sets it apart from other ancient rift
zones in North America, and the hypothesized compositional
heterogeneity may, through a reduction in shear strength or
viscosity in the underlying mantle, reduce the effective elastic
plate thickness and consequently concentrate stress in the NMSZ.

Our seismic-velocity results are based on seismic surface-wave
imaging with coarse vertical resolution and horizontal resolution
∼70 km, i.e. on the order of the spacing between TA instruments.
The images provide a sketch of the crust and shallow upper
mantle structure that will eventually be complemented by body-
wave tomography using the TA as well as higher-resolution images
expected to result from regional seismic experiments around the
ancient rift zones (e.g. Stein et al., 2011; Marshak et al., 2011;
Langston et al., 2011). Images of the mantle velocity structure may
also be improved through additional estimates of crustal thickness
using the Transportable Array, complementing those based on
active-source seismology used here, through receiver-function
analysis (e.g. Shen et al., 2013).
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Appendix A. Methodology for determining surface-wave
phase-velocity maps

Following the methodology of Pollitz and Snoke (2010), phase
velocity maps are derived by modelling the surface wavefield
recorded by each event as a solution of the 2-D wave equation on a
spherical membrane with laterally varying phase velocity. At a
given period, this equation is valid in the presence of smooth
structural perturbations (Tromp and Dahlen, 1993; Friederich
et al., 2000), and it is further applicable to the case of relatively
rough lateral variations (those which change on the scale of one
propagating wavelength) provided that the seismic network is
dense enough to account for the interference of multiple plane
waves arriving from different directions (Friederich et al., 2000). In
an approach related to 2-plane and multiplane wave tomography
(Friederich and Wielandt, 1995; Forsyth et al., 1998; Pollitz, 1999;
Forsyth and Li, 2005; Yang and Forsyth, 2006; Yang et al., 2008),
following Pollitz and Snoke (2010) we account for interfering
plane waves and local phase velocity structure simultaneously by
parametrizing each observed wavefield as a weighted sum of the
HG (2-D-Hermite–Gaussian) solutions of Friederich and Wielandt
(1995), which implicitly depend upon the local phase velocity.
Using observations restricted essentially to a subset of USArray
of the Central US crust and shallow upper mantle: Uniqueness of
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stations about a given locality, we solve simultaneously for the sets
of event-HG weighting coefficients plus the local phase velocity
using a grid search. This method is simpler than conventional
multiplane-wave tomography and, by taking advantage of the
large number of events observed by local arrays of stations, results
in robust estimates of phase velocity over the entire area spanned
by the TA.

The HG-paramterized solution of multiple plane waves
approximately satisfies the governing equations of coupled surface
waves, i.e. Eqs. (2.28)–(2.30) of Zhou et al. (2004). These equations
account for scattering from structure off the source–receiver great
circle and account for finite-frequency effects implicitly through
the allowance of multiple plane waves arriving from a continuum
of backazimuths. In other words, within a small region (that
surrounding a small number of USArray stations) the HG solutions
completely represent surface waves that would be produced from
multiple mode branches scattered from off-great-circle structure.

Attenuative dispersion is not accounted for, i.e. infinite Q is
assumed for the reference structure. With an actual Q value of
about 200 and a frequency range of a factor of 6 used in this study,
this would result in systematic errors of 7∼0:15% in phase
velocity on the reference structure. This will map into smooth
variations in inverted depth-dependent structure of the same
magnitude.

The error in local phase velocity is estimated by propagating
errors in measured complex amplitude spectra via Eqs. (6) and
(7) of Pollitz and Snoke (2010). At a given period and locality, the
errors in the complex amplitude spectra are obtained a posteriori
by evaluating the residual variance of these spectra after fitting
with the HG representation of multiple plane waves. Typical error
in phase velocity measurements at all periods is about 0.02–
0.05 km/s (e.g. Fig. 6). The lateral resolution is approximately
equal to the Gaussian weighting distance used to restrict the
observations contributing to phase velocity estimation at a given
locality, which is about 50 km (Pollitz and Snoke, 2010, Eq. (12)).
Appendix B. Supplementary data

Supplementary data associated with this article can be found
in the online version at http://dx.doi.org/10.1016/j.epsl.2013.05.042.
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