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Abstract The lithospheric structure of the Southeastern United States is a product of earlier episodes of
continental collision and breakup. The region is located in the interior of the North American Plate, away
from active plate margins. However, there is ongoing tectonism in the region with multiple zones of
seismicity, uplifting arches, and Cenozoic intraplate volcanism. The mechanisms controlling this activity and
the state of stress remain enigmatic. Two important factors are plate strength and preexisting, inherited
structures. Here we present new tomographic images of the upper mantle beneath the Southeastern United
States, revealing large-scale structural variations in the upper mantle. Examples include the relatively thick
lithospheric mantle of stable North America that abruptly thins beneath the Paleozoic Appalachian orogeny,
and the slow upper mantle of the Proterozoic Reelfoot rift. Our results also indicate fast seismic velocity
patterns that can be interpreted as ongoing lithospheric foundering. This provides a viable explanation for
seismicity, uplifting, and young intraplate volcanism. We postulate that not only tectonic inheritance but also
continuing lithospheric foundering may control the ongoing activity of the region long after it became a
passive margin. Based on distinct variations in the geometry and thickness of the lithospheric mantle and
foundered lithosphere, we propose that piecemeal delamination has occurred beneath the region throughout
the Cenozoic, removing a significant amount of reworked/deformed mantle lithosphere. Ongoing lithospheric
foundering beneath the eastern margin of stable North America explains significant variations in thickness of
lithospheric mantle across the former Grenville deformation front.

1. Introduction

Detailed studies of tectonic plate boundaries have yielded a much-improved understanding of the mechan-
isms that control the deformation and evolution of plate margins. However, the processes controlling tec-
tonic activity within plate interiors are poorly understood. Significant questions remain regarding the state
of stress and the strength of the continental lithosphere away from plate boundaries. Various factors may
contribute to these attributes including the thickness of the lithosphere and the presence of inherited struc-
tures from earlier tectonic episodes.

The Southeastern United States (SEUS) is an ideal location to investigate the evolution of plate interiors
because of the diversity of its ongoing tectonism and the inherited structures it contains. The SEUS is the pro-
duct of multiple episodes of tectonic accretion and rifting that have taken place since the Late Proterozoic
(>1.0Ga) [Cook et al., 1979; Thomas, 2006; Hatcher, 2010], but it has not been near a plate boundary for over
150 Myr (Figure 1). Today, the SEUS is located over 1700 km away from the closest plate boundary, but it still
comprises multiple zones of active seismicity, including a number of destructive earthquakes such as
the 1886 Charleston, South Carolina (SC) earthquake (M,, =7.0) [Johnston, 1996; Bartholomew et al., 2002]
(Figure 1) and the 2011 Mineral, Virginia (VA) earthquake (M,,=5.8) [Wolin et al., 2012]. In addition to signifi-
cant intraplate seismicity, various geomorphological observations point to ongoing Cenozoic epeirogeny,
including evidence for recent uplift of the ancient Appalachian orogen (Figure 1) [Spotila et al., 2004;
Gallen et al., 2013; Liu, 2014], northwestward migration of the Blue Ridge [Willett et al., 2014] and the presence
of recently uplifted coastal arches and scarps [Winker and Howard, 1977; Rowley et al., 2013].

In this study, we identify possible connections between upper mantle attributes of the SEUS and observed
intraplate tectonism. Our finite-frequency teleseismic body wave tomography provides improved images
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Figure 1. Map of the study area showing various tectonic attributes of the Southeastern United States. BMA = Brunswick
Magnetic Anomaly, BRE = Blue Ridge Escarpment, CFA = Cape Fear Arch, OS = Orangeburg Scarp, ETSZ = Eastern
Tennessee Seismic Zone, NMSZ = New Madrid Seismic Zone, GCSZ = Giles County Seismic Zone, SCSZ = South Carolina
Seismic Zone, CVSZ = Central Virginia Seismic Zone, V1 = Eocene Virginia Volcanics, V2 = Jackson, Mississippi Volcanism,
V3 = Offshore Louisiana Volcanism. Seismicity is from the Virginia Tech Seismological Observatory catalog (1900-2014).

of the upper mantle by using data from both SESAME (Southeastern Suture of the Appalachian Margin
Experiment) [Parker et al, 2013; MacDougall et al., 2015; Parker et al., 2015] and the EarthScope
Transportable Array. We identify major upper mantle structures that provide insights into the ongoing and
past processes governing the SEUS.

2. Tectonic Setting

In the SEUS, the oldest known episode of continental accretion is associated with the Grenville orogeny
[Thomas, 1982; Denison et al., 1987]. This episode marks the assembly of the supercontinent Rodinia
(~1.1 Ga) that rifted at ~570 Ma, leading to the opening of the lapetus Ocean [Rogers and Santosh, 2002;
Rogers and Santosh, 2003; Thomas, 2006]. The western deformation front of the Grenville orogeny, the
Grenville front (GF), roughly marks the exposed boundary between the old stable core of North America
and the SEUS continental margin [Thomas, 1982; Culotta et al., 1990]. The breakup of Rodinia resulted in
the formation of aulacogens within the ancient Grenville terrane. One of the most prominent of these is
the Reelfoot rift (RFR) (Figure 1) [Burke and Dewey, 1973; Hildenbrand and Hendricks, 1995].

Following lapetan rifting, several orogenic episodes resulted in the accretion of a suite of terranes along what
is now the SEUS, ending with the Alleghanian orogeny (330 Ma). This final orogenic episode, caused by the
collision of Laurentia and Gondwana, completed the assembly of the supercontinent Pangea [Iverson and
Smithson, 1983; Rankin et al.,, 1991]. It is particularly important as it is the most recent phase of mountain
building in the region. A number of seismic studies indicate the existence of a shallow, low-angle, continuous
regional reflector, that has been interpreted as an underlying detachment, separating Grenville/Laurentian
basement below from allochthonous blocks that make up the accreted terranes of the SEUS passive margin
above (Figure 1) [Cook et al., 1979; Harris and Bayer, 1979; Hibbard, 2000; Cook and Vasudevan, 2006; Hawman,
2008; Hawman et al., 2012; Hibbard et al., 2012]. The eastward extent of this detachment and the westward
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extent of the Appalachian terranes at depth remain unclear. While most agree that the bounding Alleghanian
suture at depth is located well eastward of the GF, there is disagreement about whether Grenville basement
ends beneath the central Carolinas [Hibbard, 2000] or extends farther east beneath the coastal plains [Cook
and Vasudevan, 2006] (Figure 1).

In addition to the extensive deformation across the Appalachians, the collision between Laurentia and
Gondwana resulted in the addition of the Suwannee terrane that comprises much of Florida and southern
Georgia [Hatcher, 2010; Thomas, 2010; Mueller et al., 2014]. This terrane has significantly different deforma-
tional attributes, lithostratigraphy, fossil assemblages, and geochemical signatures than Laurentia [Mueller
et al, 2014]. Based on these differences, the Suwannee Suture (SWS), which is the continuation of the
Alleghanian suture to the south, is believed to be coincident with the regionally extensive, east-west trending
Brunswick Magnetic Anomaly (BMA in Figure 1) [Higgins and Zietz, 1983; Williams and Hatcher, 1983; Mueller
et al., 2014].

The subsequent rifting of Pangea (~200 Ma) led to widespread volcanism and the opening of Atlantic Ocean
basin (190 Ma) [Marzoli et al., 1999; Blackburn et al., 2013], after which North American continental crust was
gradually isolated by seafloor spreading and the SEUS became the passive margin we have today
[Thomas, 2006].

At present, the SEUS is characterized by unusual patterns of passive margin seismicity, ongoing epeirogeny,
and relatively young intraplate volcanism. Their origins, factors that control their spatial and temporal
occurrence, and how they have evolved over time are poorly understood. However, some studies indicate
that this activity could be associated with the reactivation of inherited, older structures of the region such
as the Reelfoot rift (RFR) [Ervin and McGinnis, 1975; Pollitz et al., 2001; Van Arsdale and Cox, 2007; Pollitz and
Mooney, 2014].

The seismicity of the region is particularly significant, as the SEUS is among the most seismically “active” pas-
sive margins in the world (Figure 1). The New Madrid Seismic Zone (NMSZ) and the Eastern Tennessee
Seismic zone (ETSZ) are the largest and most active seismogenic zones of the region. The NMSZ is located
within the bounds of the RFR, and it is usually associated with the reactivation of inherited old shear zones
within the rift [Hildenbrand and Hendricks, 1995; Pollitz and Mooney, 2014]. It is not clear why this zone is
spatially limited to the northern part of the Mississippi Embayment [Newman et al., 1999; Tuttle et al,
2002]. The ETSZ is characterized by relatively high cumulative strain energy release along widely separated,
reactivated shear zones of the crystalline Grenville basement [Powell et al., 1994; Wheeler, 1995; Vlahovic et al.,
1998; Powell and Thomas, 2016]. However, it is not clear why the proposed old shear zones are better pre-
served here than elsewhere.

There are a number of other regions of increased seismicity across our study area. The cluster of seismicity
located across South Carolina and northeastern Georgia comprises the South Carolina Seismic Zone (SCSZ,
Figure 1). This region includes the devastating 1886 Charleston, SC earthquake. Studies indicate that the
faults associated with this seismicity may also control the regional uplifting of coastal sediments [Rhea,
1989; Marple and Talwani, 1993; Bartholomew et al., 2002]. Farther north, the Central Virginia Seismic
Zone (CVSZ, Figure 1) in north-central Virginia is characterized by a cluster of earthquakes. The CVSZ is also
the site of the 23 August 2011 Mineral, VA earthquake (M,, = 5.8) [Wolin et al., 2012; Pratt et al., 2014]. The
final prominent, densely clustered seismic zone of the region is the Giles County Seismic Zone (GCSZ,
Figure 1) [Bollinger and Wheeler, 1983]. Similar to the ETSZ and NMSZ, the seismogenic zone of GCSZ is asso-
ciated with the reactivation of normal faults in the old crystalline basement, formed during lapetan rifting
[Wheeler, 1995].

Another poorly understood deformational attribute of the region is the relatively young episode of epeiro-
geny [Pazzaglia and Gardner, 1994], evidenced by local uplifts (arches), the presence of warped coastal scarps
and escarpments, as well as the migration of knickpoints along river profiles. One of the most prominent
coastal uplifts is the Cape Fear Arch (CFA, Figure 1) [Hersey et al., 1959; Soller, 1988]. This region, located at
the state line between North Carolina and South Carolina, is characterized by a Pliocene (~3 Ma) basement
uplift marked by an erosional surface [Hersey et al., 1959; Van De Plassche et al., 2014]. The mechanism behind
this isolated uplift is not clear, but various proposed mechanisms suggest influence of mantle flow and
lithospheric strength [Vogt, 1991; Pazzaglia and Gardner, 1994]. In addition to these local indicators, an upwarping
of the originally flat, wave-cut coastal scarps indicates the uplift in the region [Winker and Howard, 1977].
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An important example is the Pliocene Orangeburg Scarp (OS, Figure 1), which starts in southeastern Georgia and
continues to the north paralleling the modern shoreline to central North Carolina [Huddlestun, 1993]. Along the
scarp, the coeval sedimentary deposits appear at different elevations, indicating post-Pliocene warping or tilting
of the coastal plains of the SEUS [Winker and Howard, 1977; Huddlestun, 1993; Bartholomew and Rich, 2013].

Farther west, another prominent morphologic feature with an ambiguous origin is the Blue Ridge
Escarpment (BRE, Figure 1). This escarpment is 300-500 m high, with east facing steep slopes resembling
those of active mountain ranges [Spotila et al., 2004]. Recent work on knickpoint migration in rivers in the
Blue Ridge mountains indicate changes in river incision rates due to external forces that could be climatic
or uplift related [Gallen et al., 2013; Miller et al., 2013; Prince and Spotila, 2013]. Some of these studies favor
uplift as the explanation for the observed knickpoint migration [Gallen et al., 2013; Miller et al., 2013]. It is
possible that mantle density-controlled changes in dynamic support could be affecting the observed recent
onset of tectonism and dynamics [Wagner et al., 2012]. However, there are other possible explanations for the
origin of the BRE, the related rejuvenation of Appalachian topography, and the migration of knickpoints.
These include differential erosion and exhumation [Spotila et al., 2004; Willett et al., 2014] as well as flexural
response to erosion [Pazzaglia and Gardner, 2000].

The contribution of the mantle to the geologic characteristics of the region is also evident in the postbreakup,
intraplate volcanism in the region. A recent study by Mazza et al. [2014] has found evidence of 48 Ma volcan-
ism in northwestern Virginia (V1, Figure 1). The geochemical signatures of the associated volcanic rocks indi-
cate an uppermost mantle source for the magmas [Mazza et al., 2014]. The existence of mantle-derived melts
in this location is particularly surprising given that they formed in an orogen that had not been active for
almost 330 Ma, and they formed in the absence of any known local failed rifts. This suggests more recent
changes in the mantle that we can investigate using tomographic imaging.

3. Data and Methods
3.1. Data

We study the upper mantle structure of the SEUS using teleseismic P wave tomography. The data for our
tomography are P wave relative travel times. We obtain these travel times using data from 514 stations
belonging to various seismographic networks that operated in the region between 2010 and 2015 (Figure 1).
These networks are the following: EarthScope Transportable Array [IRIS Transportable Array, 2003], ESVSME
[Chiu, 2010], MAGIC [Long and Wiita, 2013], SCSN [University of South Carolina, 19871, CERI Southern
Appalachian Seismic Network, GSN [Albuguerque Seismological Laboratory (ASL)/USGS, 1988], Lamont-Doherty
Cooperative Seismographic Network, CEUSN [UC San Diego, 2013], Cooperative New Madrid Seismic
Network, Penn State Network, PEPP-Indiana, USNSN [USGS National Earthquake Information Center (NEIC),
1990], OIINK [Pavlis and Gilbert, 2011], Pre-Hydrofracking Regional Assessment of Central Carolina Seismicity
Network, PASEIS, Detection and location of nonvolcanic tremor in the New Madrid Seismic Zone Network
[Langston and DeShon, 2009], Texas Brine Corporation Louisiana Seismic Network, Appalachian Seismic
Transect (AST)[Wagner et al, 2012], ENAM CSE, and the dense network of the Southeastern Suture of the
Appalachian Margin Experiment (SESAME) [Fischer et al., 2010] which comprised 85 stations deployed between
July 2010 and May 2014.

We measure travel time residuals of direct P phases from 753 teleseismic earthquakes that occurred between
2010 and 2015 (Figure 2a). These events have magnitudes (M,,) greater than 5.5 at distances of 30° to 90°. In
addition to direct P phases, we also obtain arrival times of steeply incident PKPdf phases from 23 earthquakes
located within the 155° to 180° distance range (Figure 2a). We use the Multi-Chanel Cross-Correlation techni-
que of Pavlis and Vernon [2010] for picking the arrival times of direct P and PKPdf phases on the vertical com-
ponents of the broadband seismograms. Travel time residuals are calculated with respect to IASP91 [Kennett
et al, 1995]. We obtain a total of 117,812 direct P and 2287 PKPdf travel time residuals. We calculate the rela-
tive travel time residuals by demeaning the residuals for each event.

The seismic signals from earthquakes observed on seismograms have finite-frequency spectra. Due to this
finite-frequency content (finite bandwidth), the arrival times of these signals are sensitive to the seismic
speed variations of the media around the seismic raypath [Woodward, 1992; Marquering et al., 1999;
Dabhlen et al.,, 2000]. Different frequency bands are sensitive to the velocity structure of different volumes

BIRYOL ET AL.

COMPLEX UPPER MANTLE OF SE U.S. 4



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2015JB012698

Events Used in Analysis ® P events Azimuthal Distribution of Rays [ | Before adjustment
- A~ A PKPdf events N (176863 rays)
= g % Study Area 0 I After adjustment

(117812 rays)

Hypocenter
Depth (km)

>200

270

150

100

50

0

180

Figure 2. Summary of data coverage. (a) Map of the teleseismic events between 2010 and 2015 that we used in this study.
Hypocenter depths for events are color coded. (b) Azimuthal coverage of measured arrivals before and after azimuthal
adjustment for directional bias.

around the raypath. In this study we take advantage of this finite-frequency attribute of the seismic arrivals by
repeating our picking procedure over three frequency bands. These bands are 0.2-0.8 Hz, 0.1-0.4 Hz, and
0.04-0.16 Hz and constitute 33%, 39%, and 28% of the data set, respectively. Data of individual frequency
bands have RMS values between 0.36 and 0.40 s, with an overall data set RMS of 0.39s.

We make several adjustments to the travel time residuals before incorporating them in the tomographic
inversion. In order to reduce directional bias, we eliminate outlier relative residual travel times from heavily
sampled back azimuths that are more than one standard deviation from the mean, yielding a less biased dis-
tribution (Figure 2b). Even though the back azimuthal coverage of the data set is still not uniform, the inci-
dence angles for the teleseismic arrivals are subvertical and hence less likely to introduce a major bias in
lateral directions compared to bias due to the steep incidence angles of sampling rays that limit the number
of crossing raypaths. We also correct the observed relative travel time residuals to account for crustal hetero-
geneities using ray theory [Schmandt and Humphreys, 2010]. In order to calculate correction times, we incor-
porate crustal thicknesses and crustal P wave velocity estimates obtained from several seismic studies in the
region [Cook et al., 1979; Cook and Vasudevan, 2006; Hawman, 2008; French et al.,, 2009; Abt et al., 2010;
Moidaki et al., 2010; Hawman et al., 2012; Wagner et al., 2012; Parker et al., 2013]. We also incorporate S wave
velocity estimates from recent surface wave tomography studies [Pollitz and Mooney, 2014] in conjunction
with crustal V,/V; estimates from various receiver function studies [French et al, 2009; Abt et al., 2010;
Moidaki et al., 2010; Hawman et al., 2012; Wagner et al., 2012; Parker et al., 2013] in order to obtain crustal P
wave velocity estimates for calculating the correction times (see Figure S1 in the supporting information).
Even though these corrections are important, our results without these crustal corrections yielded a similar
overall layout of the velocity perturbations indicating our resultant model does not depend significantly
on the assumed crustal structure (see Figure S2 in the supporting information).

3.2. Methods and Model Parameterization

We use the tomographic inversion algorithm of Schmandt and Humphreys [2010] that incorporates the calcu-
lation of approximate 3-D sensitivity kernels for each observation of relative travel time residual in the asso-
ciated frequency band. The algorithm uses the Born theoretical “Banana-Doughnut” kernel approximation of
Dabhlen et al. [2000] to calculate travel time sensitivities of arrivals to velocity perturbations for a given
frequency band within the associated Fresnel zone. Even though this approximation is based on ray theory,
it successfully circumvents the limitations of infinite frequency approximation [Dahlen et al., 2000; Nolet
et al., 2005].

Additional constraints are applied to the inversion. The smoothing constraint accounts for geometric ray
location uncertainty normal to the raypath and along the ray as well as probable sources of error due to noise
in the data [Saltzer and Humphreys, 1997]. Gradient and norm damping is also applied to yield the least
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Figure 3. (a) Map of tomographic grid showing lateral spacing of nodes in our model. (b) Cross section through the center
of the model space showing vertical node spacing.

possible model trade-off along the ray paths as well as to ensure a minimum length solution satisfying the
travel time observations while strongly downweighting poorly sampled anomalies in the model [Schmandt
and Humphreys, 2010]. Trade-off analyses between Euclidian model norm and norm misfit are performed
in order to obtain optimal damping and smoothing values (see Figure S3 in the supporting information).
These tests show insignificant variations in resultant model and in variance reductions with slight increases
in damping and smoothing parameters, providing a stable final solution. The inverse problem is solved using
the LSQR algorithm of Paige and Saunders [1982]. This algorithm targets minimization of the least squares
misfit between calculated and observed data in an iterative sequence. We obtain a final RMS of 0.1s for
the residual misfit with the optimized values of damping (5) and smoothing (3), giving a variance reduction
of 90%.

In addition, we calculate station and event terms that account for seismic velocity heterogeneities that lie
outside the target volume. Although we have corrected the observed data for crustal structure, we also
calculate individual station terms that account for small-scale local variations that are not a part of the applied
crustal corrections. The RMS of the station terms is 0.08 s, which is small compared to the RMS of the entire
inverted data set (0.45). Strong damping is also applied to station terms in order to avoid absorption of
mantle structures in these terms. Event terms are also calculated to represent adjustment of the mean travel
time for the set of stations that recorded each event. This is particularly important, as the data set is made of
station sets that operate in different periods of time, located at different geographic settings, and record
different events. This can introduce shifts in calculated mean travel time residuals between each group of
stations sampling separate portions of the modeled domain. The event terms account for such shifts in
mean travel time residuals and mean velocity structure at different parts of the study area [Schmandt and
Humphreys, 2010].

Our study area roughly covers a 1500 km-by-1500 km region (Figure 3). The average station spacing in this
region is 50 km (Figure 3a). This wide and dense coverage enables us to parameterize the region with an irre-
gularly spaced 3-D rectangular grid that starts at 36 km depth and extends down to 915 km. In our parame-
terized model, lateral node spacing is 30 km beneath the region covered by stations, and this gradually
expands outward to 45 km away from the center. The vertical spacing between layers of nodes expands from
35 km at the top to 55 km toward the bottom of the model (Figure 3b). Such a dilation in vertical node spa-
cing with depth accounts for relatively sparser sampling of deeper layers and consequent reduction in reso-
lution. With this geometry, our parameterized model has 82,026 nodes in 21 layers, each constituting a grid of
63 latitudinal and 62 longitudinal nodes.

In order to estimate the sampling of the model space, we compute sampling quality maps (hit quality maps)
for each layer of the model (Figure 4). The qualities assigned to the nodes depend on the number of times the
node is sampled as well as variability in back azimuthal distribution and incidence angles of the rays sampling
the node. These values are normalized by the maximum possible hit quality that could be achieved for a
model node (see supporting information for a detailed description of hit quality calculation procedure)
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Figure 4. Normalized node hit quality maps for individual layers, showing the sampling of the model space at various depths. A quality of 1 indicates perfect
sampling while a quality of 0 indicates no sampling of the associated nodes.

[Schmandt and Humphreys, 2010]. Better-sampled nodes (hit quality = 1) have more rays that sample them,
and these rays are azimuthally well distributed. At the top of the model (36 km depth) better sampling is
restricted to the nodes located directly beneath each station due to the near-vertical incidence angle of
arrivals. This reduces the overall resolution in this layer. Consequently, we describe and interpret our results
starting from the layer below the top (60 km depth). We also mask out those sections of our tomographic
model that have hit qualities of less than 0.5 and only interpret the sections that have higher hit qualities.

4, Results

The resulting tomographic model reveals multiple regions of fast- and slow-velocity perturbations (Figure 5).
Overall, the well-resolved fast and slow regions occupy similar quantities of nodes in the model space but
display significant variability in distribution and amplitudes. Hence, we divide these anomalies into groups
and describe the attributes of those most prominent in our model.

Major fast anomalies can be categorized into two subsets. One subset constitutes shallower, more horizontal
anomalies, while the other is associated with deeper and steeply dipping anomalies. Among the first subset,
the shallow flat-lying anomaly located at the northwest quadrant of the model (F1) appears to be 200-250 km
thick (Figures 5a, 5b, and 6, cross section 4). F1 constitutes one of the fastest portions of our model with varia-
tions in seismic velocity perturbation amplitudes (see Table 1). F1 is located to the west of another flat, shallow
anomaly, F2 (Figures 5a, 5b, and 6, cross section 5). The thickness of F2 is significantly less than F1 (less than
100-150 km). Compared to F1, F2 is slightly slower. As with anomaly F1, the strength of this anomaly varies
across the region but is consistently fast (Table 1, Figures 5a and 5b between latitudes 36° and 38°, Figure 6,
cross section 4). The geometry of F2 varies significantly, becoming narrower and thinner south of 37°N
(Figures 5a, 5b, and 6, cross sections 4 and 6).

Fast anomalies in the second group are located at depths greater than 200 km. A narrow anomaly, F3, is
located between 32° and 38°N (Figures 5d and 6, cross sections 2 and 4-6). F3 does not cover as large a
portion of the model space as the shallower F1 and F2 anomalies (Table 1). It has an eastward dip of ~45°
between 200 and 410 km depths (Figure 6, cross sections 4-6). Below F3 lies F4, located in the mantle
transition zone (MTZ). This anomaly is less north-south elongated and does not have a discernable dip. It
is substantially thicker than F3, filling much of the transition zone within its rectangular footprint.

BIRYOL ET AL.

COMPLEX UPPER MANTLE OF SE U.S. 7



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2015JB012698

-90° -86° -82° -78° -74°-90° -86° -82° 78" -74°
%

Outline of Well-sampled Region

-3-2-1 01 2 3 (Hit-quality>0.5)
dVp

Figure 5. Tomographic model showing P wave velocity perturbation at various depth slices. Anomalies are labeled at
corresponding depths (see text for description). Portions with subideal sampling are masked.
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Figure 6. Tomographic model showing P wave velocity perturbation along various latitudinal and longitudinal profiles.
Anomalies are labeled and outlined (see text for description). Top map shows the 130 km slice from the model together
with the locations of the profiles.

(Figures 5e, 5f, and 6 cross section 2). F4 occupies a significant but smaller portion of the model space than
other shallow F1 and F2 anomalies, but it constitutes the fastest part of our model (Table 1).

All of the major fast anomalies described above are physically adjacent to one another. Although F1 and F2
are part of a continuous anomaly, their boundary is defined by a clear variation in thickness. F2 is thinner and
lies to the east, while F1 is thicker and lies in the central parts of the model. The transition between F1 and F2
roughly coincides with the location of Grenville front in the surface. This sharp transition is less clear in the
north where F2 appears somewhat thicker. The sharp thickness variation aside, similar perturbation ampli-
tudes, and their locations indicate a continuity of F1 into F2 from west to east (Figures 5a, 5b, and 6, cross
sections 2 and 4-6). The tomographic images also show F3 as the deeper continuation of the shallower F1
and F2 (Figure 6, cross sections 2 and 4-6). In the deeper parts of the model, F3 and F4 appear to be in contact
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Table 1. Summary of the Anomaly Attributes®
Anomaly Attributes

Anomaly  Mean Perturbation (%) Perturbation Standard Deviation (%) Perturbation Maximum (%) % of Model

F1 +1.8 1.2 94 10.8
F3 +1.4 0.8 4 2.2
F4 +2.2 1 5 4.6
F2 +1.6 1.1 6.3 4.5
F5 +1 0.7 34 03
F6 +1.2 0.9 34 0.1
cS1 -1.9 1.4 -7.3 11.2
eS1 -1.5 1.1 -7.6 13.1
Overall S1 -1.6 1.2 -7.6 243
S2 -1.6 1.2 -6 1.8

#Mean perturbation amplitudes, standard deviation of perturbation, maximum perturbation, and model space coverage
of the anomalies are listed. The model space coverage is based on the number of model nodes with fast- or slow-velocity
perturbations that make up each anomaly relative to the total number of the model nodes and shows significance of each
anomaly within the model.

across the top of the MTZ (Figure 6, cross section 5). Similar to the continuity of F1 and F2 into F3, F3
continues into F4.

There are other less prominent fast anomalies resolved in our model. One of these (F5) is located at roughly
200 km depth immediately to the east of F2 (Figures 5a, 5b, and 6, cross sections 4 and 5). F5 is a small anom-
aly that appears to be isolated from the other fast anomalies, and it has a less well-constrained geometry due
to its small size. Similarly, F6 (Figures 5a, 5b, and 6, cross sections 3) is a small anomaly located in the south-
eastern part of the model. This is also an isolated anomaly roughly between 60 and 150 km depths, and it is
enveloped in slow-velocity perturbation patterns. The surface projection of this anomaly roughly coincides
with the location of the BMA and the proposed location of the SWS.

Our model reveals two prominent slow-velocity regions, ST and S2 (Figures 5a-5d). Anomaly S1 is the largest
anomaly of our resultant model, covering most of the southern half of the model space across all resolved
depths in our model. We describe this anomaly’s regional variations by dividing it into western (wS1),
south-central (cS1) and eastern (eS1) anomalies.

Anomaly wS1 is a smaller anomaly located beneath the northern part of the Mississippi embayment in
western Tennessee and within the outline of the RFR. At its northernmost part beneath NW Tennessee, the
anomaly is shallow and located above 100 km depth where it is underlain by F1 (Figure 6, cross section 5).
The southern part of the anomaly below SW Tennessee extends down to 200 km depth and connects with
the thicker slow-velocity anomalies below the Gulf of Mexico (Figure 6, cross sections 1 and 6).

Anomaly ¢S1 is located beneath the coastal plains of the Gulf of Mexico. Compared to wS1 it extends deeper
into the upper mantle, reaching a maximum depth of 400 km (Figure 6, cross sections 1 and 3). This section
of S1 includes some of the lowest velocities observed in our study area. Anomaly eS1 is located beneath
Atlantic coastal plains and northwestern parts of Georgia and South Carolina (Figures 5a and 5b). It appears
to be the northern continuation of c¢S1, wrapping around the southern limits of F1 and F2 and enveloping
F6. Similar to ¢S1, it extends down to 350 to 400 km from the top of the model at its deepest parts (Figure 6,
cross sections 3 and 6).

The second prominent slow-velocity anomaly is S2 (Figures 5a, 5b, and 6, cross sections 3 and 4). This anom-
aly is isolated from S1. It is located beneath the northern Blue Ridge Mountains of West Virginia and Virginia,
where evidence of Cenozoic volcanism has been found, extending east to the coast at its northernmost
extent. Anomaly S2 covers significantly smaller portion of the model compared to S1 (Table 1). It is located
to the east of F1 and partially overlies F5. S2 extends from top of the model down to ~200 km depth.

5. Resolution and Recovery Tests

In an attempt to assess the robustness of the prominent features discussed above, we carry out a series of
checkerboard and recovery tests. These tests help us determine the resolving power of our data set and

BIRYOL ET AL.

COMPLEX UPPER MANTLE OF SE U.S. 10



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2015JB012698

input Latitude 34° output Latitude 34°

95 km depth

\
O OCL0000000
PR R
70?2- o0 -85 86" -84’ 62" vy ‘78’76'

- — -
_g2" -90" ~88 ~86'~84'-82" 80" 75 ;..

130 km depth

Outline of Well-sampled Region
(Hit-quality>0.5)

280 km depth

505 km depth

o8 30° 32 34 36° 38 40 g3 307 327 34" 36° 38 g9

EraE e

Figure 7. Results of checkerboard tests. (a) Map slices of tests results at various depths. (b) Latitudinal and longitudinal
sections showing results of checkerboard tests.

reveal probable artifacts of the tomographic inversion that may exist in regions of our model that have
limited or uneven sampling.

We perform checkerboard tests to investigate the vertical and lateral resolution of our inversion. These tests
are ideal for identifying artifacts such as smearing and streaking along the theoretical raypaths. The checker-
board pattern that we utilize consists of multiple layers of alternating synthetic fast (+3%) and slow (—3%)
velocity perturbations embedded in a neutral background (Figure 7). The results indicate that the resolution
of the model is good in the central parts of the modeled volume beneath the footprint of the station array
(Figure 7a, inside white outlines). The resolution decays gradually toward the periphery of the study area
where the quality of sampling decreases rapidly (Figure 7b). Note that the amplitudes of the recovered
anomalies are weaker compared to the original checkerboard pattern. In these tests, the peak amplitude
recovery is 84% of the input anomaly and the average amplitude recovery at the center parts of the model
is roughly 55%. The clearly visible amplitude loss is partly due to the minimum length solution of the inver-
sion algorithm and is very common among similar tomographic studies. In addition, damping and smoothing
constraints may also contribute to such amplitude decay and minor changes in the overall shapes of the
recovered anomalies. Although the amplitudes of the recovered anomalies are affected along with small var-
iations in the geometry of the resolved shapes, the recovery of the overall pattern is successful owing to good
station coverage and dense sampling of the modeled domain. The calculated means of the recovered slow-
and fast-velocity anomalies are —1.9% and +1.8%, respectively, showing that we can recover over 60% of the
amplitude of the synthetic structure. It is possible to quantify the average spatial resolution scale of the model
space via these checkerboard tests. The average resolution length is roughly equal to the half-length of the
minimum well-recovered checkerboard anomaly dimension [Lebedev and Nolet, 2003]. Using this proxy, the
lateral resolution in the central part of the upper layer of our model is roughly 40 km, and the lateral resolu-
tion gradually increases with depth up to 60 km toward the bottom of our model. The vertical resolution is
roughly 50 km at the top of our model and gradually increases and exceeds 65 km toward the bottom.
This reduction in resolution with depth is a direct consequence of increasing vertical spacing of nodes
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(Figure 3b) and reduction in hit qualities (Figure 4) at depth. The results of these tests show that our data set
and inversion algorithm are capable of resolving major lithospheric and sublithospheric structures in the
parameterized volume, with a reasonable level of detail. These resolution tests caution us against over inter-
pretation of the anomalies resolved in regions with poor sampling.

In addition to the checkerboard tests, we also carry out recovery tests using synthetic anomalies that resem-
ble structures resolved in our model. These tests help us assess the robustness of the recovered anomalies
resulting from the actual tomographic inversion. Similar to the checkerboard test, the parameters for the
inversion as well as the model parameterization are kept the same as in the actual inversion. We used pertur-
bation patterns having amplitudes of +1%, +3%, and —3% for fast and slow synthetic anomalies (Figure 8).
We incorporate synthetic anomalies resembling anomalies F1-F6 (+3%) and S1-52 (—3%) into these recovery
tests. In addition, we tested recovery of the weaker amplitudes using a rectangular synthetic fast anomaly
(+19%) beneath eastern North Carolina (magenta box labeled with letter X in Figure 8). We also carried out
similar recovery tests for each anomaly individually, which better quantify the trade-offs between various
parameters (see Figure S4 in the supporting information).

The results of these tests show that general outline of the major synthetic anomalies is recovered reason-
ably well. The recovery tests show minor deviations from the outlines and recovered perturbation ampli-
tudes of the actual anomalies. These artifacts are outlined in Figure 8 with letters A and B. Similar to
checkerboard tests, the recovered anomalies also have smaller perturbations than the actual synthetic
anomaly. Artifact A shows the effect of the minimum length solution and consequent loss of amplitude.
This can potentially result in the poor recovery of weaker and smaller perturbation patterns (Figure 8, A
on cross section 2). Such weaker amplitude recovery is found over most parts of the model space but
becomes more recognizable toward the periphery of the well-resolved portions of the model (Figure 8,
cross section 1). These tests show that even the smaller anomalies such as F5 and F6 can be recovered
in their correct positions but with some reasonable uncertainty in their exact shape and depth (Figure 8,
cross section 2).

Artifact B shows the effects of vertical smearing at shallow depths within the model. Such streaking can affect
the recovered dimensions of the anomalies, resulting in anomalies that extend deeper into the model than
the actual anomaly (Figure 8, cross sections 2 and 3). Based on the results of these tests, the thickness and
depth extent of shallow anomalies, such as F1, F2, F5, and F6 as well as shallow sections of S1 and S2 can
be affected (Figure 8, cross sections 2 and 3). However, the streaked portions are associated with much
smaller perturbation amplitudes. This is why the actual outlines of the input anomalies are still visible in
the results of the tests (i.e,, B in Figure 8, cross section 3). The general outlines and amplitudes of deeper
anomalies such as F3 and F4 are resolved successfully without significant variations in dimensions. This is also
true for deeper sections (below 100 km) of cS1 and eS1. Overall, minor streaking exists in our model with
negligible lateral deviations in recovered anomalies. Lateral deviations are primarily due to the smoothing
constraint used in the inversion.

In general, these tests caution us against the interpretation of smaller anomalies with lower perturbation
magnitudes. Such a region may exist in the eastern section of our model beneath North Carolina (magenta
boxes labeled with letter X in Figure 8). Our models show relatively small amplitude, shallow, fast to neutral
velocity perturbations here. The results of our tests show that the +1% fast anomaly beneath North Carolina
can be resolved but very weakly with poor recovery of the general shape (Figure 8, maps of 60 and 165 km
depth and cross section 1). This indicates that the recovery of smaller velocity perturbations is not as good
as the recovery of anomalies with greater velocity perturbations (as expected). Overall, the tests show
larger-magnitude perturbations with significantly large dimensions can robustly be resolved in the model.
Therefore, the imaged attributes of the anomalies F1-F4 and S1 and S2 are reliable. These tests also show
that the locations of anomalies F5 and F6 are also robust but with less well-constrained geometry
and depth.

6. Discussion

Our tomographic model reveals large-scale velocity heterogeneities throughout the upper mantle beneath
the SEUS. Our images indicate that structural complexity in the region is likely associated with both inherited
structures and structures that are currently active due to the state of the upper mantle.
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Figure 8. Results of synthetic recovery tests along with the actual tomograms of the same depth slice and same profile. Patterns A and B show minor inversion
artifacts due to amplitude loss and streaking, respectively. Dashed white lines mark the expected (input) outlines of anomalies for reference. The magenta box
labeled with letter X contains a lower amplitude (+1%) fast anomaly and shows recovery of smaller velocity perturbations in our model. The input and recovered
anomalies are outlined with +0.5% contour in this box for emphasizing loss in recovery of the overall shape but recovery of the correct position. Locations of the
profiles are also shown on the maps together with the corresponding number.
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6.1. Evidence of Inherited Structures

The structures resolved in our tomographic model indicate strong correlations with the existing tectonic and
geological fabric of the region. The sharp transition from the thick F1 anomaly to the thinner F2 anomaly clo-
sely follows the projection of the GF in the uppermost mantle, marking the eastern edge of the Proterozoic
age Stable North American (SNA) lithosphere [Hoffman, 1988; Rychert et al., 2007; French et al., 2009; Abt et al.,
2010; Yuan and Romanowicz, 2010; Schaeffer and Lebedev, 2014; Yuan et al., 2014] (Figure 9, cross sections 1-3).
This transition closely follows the New York-Alabama Magnetic Lineament (NY-AL ML) [Vlahovic et al., 1998;
Powell et al., 2014; Powell and Thomas, 2016]. However, previous studies have suggested that Grenville base-
ment rocks likely extend significantly east of the surface expression of the Grenville margin [e.g., Cook and
Vasudevan, 2006; Hibbard et al., 2012]. If Grenville basement rocks do extend farther to the east, our results indi-
cate that the underlying mantle lithosphere has been significantly modified. We discuss a plausible mechanism
for such a modification in section 6.3.

Farther to the west, the slow-velocity anomaly wS1 is strongly correlated with the outline of the Mississippi
embayment and the RFR. This suggests that this long-lived, inherited lapetan rifting structure has a clear
mantle expression (Figure 9, cross sections 1-3). Similar observations come from the tomographic images
of Pollitz and Mooney [2014], Yuan et al. [2014], and Schaeffer and Lebedev [2014] showing significantly slower
upper mantle beneath the RFR. In addition, there is a clear spatial correlation between the outline of NMSZ
and the slow-velocity anomaly wS1 (Figure 9, cross sections 1 and 2). This correlation has already been inter-
preted by Pollitz and Mooney [2014] as the weak, thin lithosphere of RFR emerging as a seismogenic zone. In
our models, the NMSZ is located closer to the western edge of the RFR. Therefore, our results may indicate
that the NMSZ reflects stress concentration along a sharp zone of lithospheric thickness change beneath
the flanks of the rift, similar to the mechanism proposed by Zhang et al. [2009] based on Pn tomography
results from the SEUS.

Anomaly F6 underlies and roughly parallels the E-W trend of the BMA (see map in Figure 9) and inferred
Suwannee suture [Mueller et al., 2014]. The limited extent and resolution of this anomaly renders it difficult
to link to either Laurentian or Gondwanan lithosphere. However, if F6 is of lithospheric affinity, it may be a
remnant lithospheric fragment within the collision zone.

6.2. Links Between Observed Structures and Ongoing Tectonism

The patterns and structures resolved in our tomographic model also show clear correlations with active tec-
tonism and dynamic attributes of this region. The Cenozoic volcanic centers of western Virginia (48 Ma
[Mazza et al, 2014]) are underlain by S2, which in turn is underlain, in part, by F5 (Figure 9, cross section 1).
There are various studies that report slow velocities beneath central Virginia similar to our S2 anomaly
[Chu et al., 2013; Schmandt and Lin, 2014; Liu and Holt, 2015]. The recovery and resolution tests show that
the outline and position of S2 can be reliably resolved (Figures 7 and 8). One possible interpretation of
these anomalies is that F5 is a portion of mantle lithosphere that has delaminated, and S2 is the astheno-
sphere that filled the void (Figure 9, cross section 1). Support for this delamination hypothesis comes from
the presence of the GCSZ and CVSZ that lie at the periphery of the shallowest resolved portions of S2
(Figure 9, map and cross section 1). This may indicate a change in lithospheric thickness and, hence,
strength. Mazza et al. [2014] proposed delamination as the driving mechanism of volcanism for this
region based on the geochemical attributes of the exposed volcanic suite. Here we present seismic
evidence that such a delamination likely did occur in a piecemeal fashion and that one of the more
recently removed lithospheric fragments (F5) may still be visible. Similar observations of removed mantle
lithosphere and intraplate volcanism can be found along the RFR, where cS1 underlies volcanic centers
located near the coast (V2 and V3, Figure 1). Even though these centers are buried beneath the thick sedimen-
tary cover of the Mississippi embayment, the existence of high heat flow observations [Smith and Dees, 1982;
Ruppel et al., 2005] strongly suggests the presence of young intraplate volcanism [Braunstein and McMichael,
1976; Vogt and Jung, 2007].

Another active deformation zone within our study area is the ETSZ. This zone is located near the GF at the
eastern edge of stable North America (Figure 9, map and cross sections 2 and 3). The sharp lithospheric
thickness variation beneath this zone from F1 to F2 may result in stress localization that could be in
part responsible for the observed seismicity [Vliahovic et al, 1998; Zhang et al., 2009; Powell et al., 2014;
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Figure 9. Results of the analysis together with the interpretations of the resolved anomalies. All interpreted structures are
outlined and labeled accordingly. Black arrows on these indicate the direction of removal (F1-F5) and asthenospheric
emplacement (S1-52). Major crustal structures and terranes are labeled along the topographic profile of each cross section
(vertical exaggeration: x15). The reference map shows the general outlines of all the interpreted features (F1-F6 and S1-52).
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CFA = Cape Fear Arch, OS = Orangeburg Scarp. ETSZ = Eastern Tennessee Seismic Zone, NMSZ = New Madrid Seismic Zone,
GCSZ = Giles County Seismic Zone, SCSZ = South Carolina Seismic Zone, CVSZ = Central Virginia Seismic Zone. Seismicity is
from the Virginia Tech Seismological Observatory catalog (1900-2014).
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Powell and Thomas, 2016]. Such localization provides the driving mechanism for the reactivation of the mid-
crustal structures within the crystalline basement rocks.

Along the coastal plains, a clear spatial association exists between seismogenic zones and the outline of
eS1. The seismically quiet zone in North Carolina (see map in Figure 9) and southernmost Virginia is
bounded by eS1 to the south and by S2 to the north. Seismic velocities in between eS1 and S2 within
the zone of seismic quiescence are significantly less slow than surrounding areas, which may indicate stron-
ger mantle lithosphere in this area (Figure 9, cross section 2 versus cross sections 1 and 3). In addition to the
along-strike variability in seismicity, there are other intriguing observations of ongoing tectonism that
coincide with the along-strike variation in uppermost mantle velocities. For example, the CFA is located
above the transition between eS1 and the faster uppermost mantle speeds beneath North Carolina. This
also coincides with the peak elevation of the OS, possibly indicating a correlation between mantle velocity
perturbations and crustal deformation (Figure 9, map). Farther to the west, the BRE roughly marks the tran-
sition from faster uppermost mantle speeds in the west associated with thicker lithosphere (F1 and F2) to
the slower uppermost mantle of the coastal plains (Figure 9, map and cross section 3). The Pn velocities in
MacDougall et al. [2015] sample the transition from F2 to eS1 just below the Moho. Interestingly, the
reported Pn velocities are low beneath the BRE and higher farther southeast, opposite of what our model
shows. This discrepancy could be due to the detection of a vertically localized, thinner layer by Pn phases
that could not be resolved in our study. The change of upper mantle velocities beneath the BRE in our
model is similar to the variations that we observe beneath the CFA and the peak of the OS and suggests
that the upper mantle might play a role in their evolution [Winker and Howard, 1977; Bartholomew and
Rich, 2013; Rowley et al., 2013]. However, the exact mechanism for such tectonism and deformation requires
further geodynamic investigation.

6.3. Deeper Structure and Evolution

One of the most prominent features in our inversion is the large eastward dipping fast anomaly F3 that con-
nects to the smaller but faster anomaly F4 in the transition zone. There are an increasing number of studies
that report fast structures in the uppermost mantle with irregular geometries beneath the SEUS, similar to our
F3 and F4 anomalies [Wagner et al., 2012; Chu et al., 2013; Evanzia et al., 2014; Yuan et al., 2014; Schmandt and
Lin, 2014]. Particularly, the location of F4 in the mantle transition zone agrees quite well with the fast anoma-
lies resolved in the tomographic model of Schmandt and Lin [2014]. Our model provides a more detailed
image of this structure beneath SEUS, revealing its relationship to other mantle and lithospheric features.
Here we evaluate possible interpretations for this dipping, sublithospheric structure and delineate major
strengths and weaknesses of each interpretation.

Dipping high-velocity anomalies in the upper mantle that extend to depths of 200 km or greater are often
interpreted as subducting or subducted oceanic lithosphere [e.g., Biryol et al, 2011; Schmandt and
Humphreys, 2011; Porritt et al, 2014]. We explore two possible subduction-related explanations for our
F3/F4 anomalies (a Grenville-age relict slab or part of the inboard extent of the Farallon flat slab) before
presenting an alternative and preferred model (lithospheric removal related to Rayleigh-Taylor instability).

The strongest argument in favor of our F3/F4 anomaly being a relict, 1 Ga Grenville slab fragment is that the
shallowest portions of our observed anomaly coincide with the location of the deformation front of the
Grenville Orogeny. In order for this to be a Grenville age slab, the current GF would have to match the ancient
convergent plate boundary and the slab would have had to stay attached, despite its initial negative buoy-
ancy. The exact location and geometry of the plate margin as well as the subduction polarity at that time
is obscured by subsequent episodes of rifting, accretion, and orogeny during the following Wilson cycle
[Thomas, 2006]. A direct attachment to the overriding lithosphere would help to explain how the slab
avoided sinking into the lower mantle over such a prolonged time period, but how it remained attached
when many other, younger slabs have failed to do so is unclear. While Proterozoic fossil slabs of similar
dimensions and geometries have been imaged and interpreted beneath different parts of North America
in previous studies [Yuan and Dueker, 2005; Porritt et al., 2014], there is no clear consensus about the mechan-
ism that would explain stagnation and neutral buoyancy of these slabs. Proposed mechanisms generally
involve limiting subducted slab density by thermally impeded eclogitization of the crustal component and
its eventual removal via melting [Bjornerud and Austrheim, 2004; Yuan and Dueker, 2005; Schmandt and
Humphreys, 2011].
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The fast anomaly resolved in our tomograms could also be the leading edge of the flat Farallon slab
(~80 Ma) that stagnated in the upper mantle following a detachment phase that took place between 50
and 20 Ma [Humphreys, 1995]. The easterly position of the anomaly with respect to the western North
America plate margin could be attributed to the well-accepted initial, broad flat-slab geometry, together
with the subsequent westward relative motion of the North America plate over the slab fragment following
its detachment. This interpretation also has similar drawbacks to the Grenville slab interpretation. First and
foremost, a mechanism is required to transform the slab into a neutrally buoyant state to explain its stag-
nation in the upper mantle. In this case, unlike the Grenville slab, the Farallon slab is not attached to the
overriding lithosphere, so there is no factor other than neutral buoyancy to prevent it from sinking. The
relatively shallow depth of F3 indicates that it experienced little sinking and maintained its outline and
integrity while passing below the 150-200 km thick lithosphere of the stable interior of North America
[Yuan and Romanowicz, 2010]. We have performed additional recovery tests to show that our model is
capable of revealing a gap between F1 and F3 if it is greater than 100 km (see Figure S5 in the supporting
information). The fact that we do not observe such a gap in our model indicates that if this feature were the
Farallon slab, it would have descended less than 100 km since its subduction 80 Myr ago. It is also worth
noting that another fast-velocity pattern has already been interpreted as the remnants of the Farallon slab
at much greater depths than F3 and F4 in the lower mantle beneath the SEUS [Grand, 1994; Van der Hilst
et al, 1997; Ritsema et al., 1999; Mégnin and Romanowicz, 2000; Sigloch, 2011; Burdick et al., 2014; Porritt
et al, 2014; Schmandt and Lin, 2014].

We propose an alternative explanation for our fast P wave anomalies that does not invoke subduction at all.
It is possible that our F3/F4 anomalies reflect dense lithospheric mantle that has been partially removed
due to Rayleigh-Taylor instability. In general, this foundering can happen either as a wholesale peeling
away of mantle lithosphere (“delamination”), or a partial, more viscous removal of lithosphere (“drip”)
[Gogus and Pysklywec, 2008]. Lithospheric drips are generally much faster, more localized, and appear as
steeply dipping cylindrical fast anomalies in the upper mantle [i.e, West et al., 2009; Van Wik et al.,
2010]. Both delamination and drips may be associated with magmatic activity. The factors that control
the initiation of foundering are not well understood, but recent studies suggest a mechanical/thermal
destabilization of dense eclogitic or ultramafic roots of continental lithosphere due to external factors such
as plutonism or convective instability at cratonic edges [Zandt et al., 2004; West et al., 2009; Kaislaniemi and
van Hunen, 2014]. We know of no example of ongoing lithospheric foundering that is as regionally exten-
sive as the high-velocity anomalies we observe. However, in contrast to subduction-related explanations,
ongoing, possibly sporadic foundering of portions of the lithosphere beneath the SEUS could help to
explain a number of the tectonic observations discussed above. For example, the removal of lithospheric
mantle from the bottom of the plate could help to explain the thinner lithosphere of regions east of F2.
Given that previous work has suggested that Grenville basement crust extends eastward to the coastal
plain, the variation in lithospheric thickness between F1 and F2 either implies a coincidental spatial agree-
ment between the GF and the F1/F2 thickness variation or may imply that the GF separates zones of litho-
sphere with different styles of foundering and degree of removal. Because the GF is roughly the western
limit of the later Appalachian orogen in the SEUS [Thomas, 2006], the reworked nature of the lithosphere
to its east may have been more susceptible to instability following multiple episodes of subduction and
lithospheric shortening. This sort of piecemeal delamination beneath large orogens is a well-documented
occurrence [Beck et al., 2014].

Piecemeal or regional lithospheric removal could also lead to the replacement of removed lithospheric pieces
with hot and more buoyant asthenospheric inflow. The resultant partial melting could help to explain
observed postorogenic intraplate volcanism (Figure 9). Such lithospheric removal also helps explain the lack
of consistency in the spatial and temporal distributions of seismogenic zones. Delamination could result in
broad areas of weaker lithosphere, and zones of abrupt lithospheric thickness variations might act as stress
concentrators [Zhang et al., 2009; Pollitz and Mooney, 2014]. The clearest evidence for this in the study area
is the locations of the NMSZ and the ETSZ at sharp transitions in lithospheric thickness and along the eastern
and western margins of the stable interior (F1). Similarly, higher seismic velocities beneath North Carolina
may be due to stronger, better-preserved lithosphere and hence lack of seismicity in such regions (see
NCSQZ in Figure 9, map and cross section 2). The regions of relatively thinner lithosphere are underlain by
hot asthenosphere, making them thermally weaker, leading to broad regions of increased seismicity. The
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Figure 10. A conceptual model of the upper mantle structure beneath the study area based on seismic images and various
observations of tectonism in the region (see Figure 9 for abbreviations). Interpreted visible anomalies (F1-F5, S1) are also
labeled in the figure. Variations in lithospheric removal styles and inferred nature of the lithosphere of each section of the
model are summarized at the bottom. The black arrows on lithospheric fragments and the dripping part indicate sense of
removal and foundering. Note the dip of F3/F4 is in agreement with the motion of the overriding North American lithosphere
with respect to the asthenosphere below. Black arrow at top shows absolute plate motion direction (HS3-NUVEL-1A [Gripp and
Gordon, 2002]). Red arrows show asthenospheric return flow.

best example for such a zone is the SCSZ, which is completely underlain by eS1 (Figure 9). Similar relation-
ships also exist for the CVSZ, which is partially underlain by S2. In addition to volcanism and seismicity, large
zones of slow upper mantle and spatial variations between thicker/stronger lithosphere and thinner/weaker
lithosphere might help to explain upwarping of coastal plains as well as distinct geomorphic features such as
the BRE due to epeirogeny and differential deformation.

It is not possible to know how much mantle lithosphere previously existed beneath the SEUS prior to this
proposed delamination/drip. It is also not possible to know exactly when and how fast lithospheric mantle
was removed. However, based on the current configuration revealed in our tomographic model, we can infer
a general time and spatial framework for lithospheric removal. Given the young intraplate volcanism and
ongoing tectonism in the region east of the GF, we propose that the piecemeal removal in the form of dela-
mination was active throughout the Cenozoic. It is also possible that the deformation of lithosphere to the
east of the GF during repeated episodes of subduction and rifting resulted in the onset of lithospheric
removal much earlier than the Cenozoic. The shallow location of lithospheric fragments such as F5 east of
the GF suggests that this removal may still be ongoing.

The general shape of the F3/F4 anomalies suggests that the style of removal is more drip-like than delami-
nation, perhaps due to the change in mechanical characteristics of the lithosphere from the more heavily
deformed F2 to better preserved F1 (Figure 10). The large volume of F4 may have been slowly and continu-
ously accumulating, as foundering lithosphere (F3) progressed and stalled in the MTZ (Figure 10). A slow
rate of removal can also explain slow strain rates experienced in major seismogenic zones of the region
(NMSZ and ETSZ) [Powell et al., 1994; Newman et al., 1999]. This drip-like foundering event can also pose
as a plausible driving mechanism for return flow of asthenosphere along the RFR as well as eastern S1
beneath the Gulf of Mexico and Atlantic Coastal Plains (Figures 9 and 10). In addition, the eastward dip
direction of the present foundering lithosphere (F3) is roughly in agreement with WSW directed absolute
plate motion of the North American Plate [Gripp and Gordon, 2002]. If such foundering is taking place
beneath the SEUS as a continuous process, then the portions that foundered earlier would be located
farther east (Figure 10).
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7. Conclusions

Our tomographic images provide a well-resolved snapshot of the upper mantle beneath the SEUS. Based on
these images, the SEUS has a much more complicated upper mantle than previously thought. Our model
indicates a heterogeneous upper mantle with significant lithospheric variations. The images clearly reveal
the edge of the stable interior of the North America Plate along the surface expression of the Grenville front
and western margins of the Appalachian orogeny. These structures, along with the RFR, appear to be impor-
tant inherited features that affect localized tectonism. However, tectonic inheritance does not explain all of
the ongoing tectonism experienced in the region. Our models show a well-resolved, seismically fast, east-
ward dipping structure that we propose to represent foundering of lithospheric mantle. This process could
help to explain the variable tectonism observed across our study area. Our results suggest that tectonic
inheritance is important, but ongoing dynamic and magmatic processes are also required to explain mantle
structure and tectonic activity in the passive margin lithosphere.
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