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Abstract Mantle seismic structure beneath the United States spanning from the active western plate
margin to the passive eastern margin was imaged with teleseismic P and S wave traveltime tomography
including USArray data up to May 2014. To mitigate artifacts from crustal structure 5–40 s, Rayleigh wave
phase velocities were used to create a 3-D starting model. Major features of the final P and Smodels include
two distinct low-velocity anomalies at depths of ~60–300 km beneath the central and northern Appalachians
and passive margin. The central Appalachian low-velocity anomaly coincides with Eocene basaltic magmatism,
and the northern anomaly is located along the Cretaceous track of the Great Meteor hot spot. At depths of
~300–700 km beneath the central and eastern U.S. large high-velocity anomalies are inferred to be remnants of
the Farallon slab that subducted prior to ~40Ma during the Laramide orogeny.

1. Introduction

Arrival of the EarthScope program’s USArray network of seismometers on the northeastern coast of the
U.S. in Fall 2013 provides seismic sampling spanning from the active western plate margin to the passive
eastern plate margin (Figure 1). The emerging data afford new opportunities to study North America’s
cratonic and passive margin lithosphere and underlying mantle convection. Most of the Laurentian
craton was assembled by ~1.5 Ga [Hoffman, 1988; Whitmeyer and Karlstrom, 2007]. Its margins were
modified and expanded during two subsequent supercontinent cycles that included the assembly of
Rodinia, opening and closing of the Iapetus Ocean, and assembly of Pangea [Whitmeyer and Karlstrom,
2007; Hynes and Rivers, 2010; Hatcher, 2010]. Opening of the Atlantic Ocean started at ~200Ma [Hames
et al., 2000; Blackburn et al., 2013] and the East Coast was established as a passive margin by ~180Ma
[Faill, 1998]. Subsequent geodynamic activity in the eastern U.S. reflects postorogenic evolution of
continental lithosphere and evolving basal boundary conditions imposed by mantle convection rather
than active plate margin processes.

The passive margin hosted localized magmatic events in the Mesozoic [e.g., Heaman and Kjarsgaard, 2000;
Heaman et al., 2004] and Cenozoic [Mazza et al., 2014], and sedimentary and geomorphic studies indicate
landscape disequilibrium along the Appalachian mountain belt continuing to the present [e.g., Pazzaglia and
Gardner, 2000; Galen et al., 2013; Miller et al., 2013]. The importance of different potential driving forces for
passivemargin evolution is not well understood. Postorogenic processes such as deep crustal metamorphism
[Fischer, 2002] and delamination [e.g., Nelson, 1992] can redistribute mass at depth and the latter may
stimulate localized episodes of volcanism [e.g., Elkins-Tanton, 2007; Zandt et al., 2004]. Alternatively, small-
scale upper mantle convection and volcanism may be organized by proximity to the edge of the cold
tectospheric root landward of the Precambrian rift margin [e.g., King, 2007]. Localized mantle upwelling
during hot spot volcanism in the Cretaceous may also have modified the passive margin lithosphere in the
Cretaceous and influence present-day mantle heterogeneity [Heaman and Kjarsgaard, 2000; Eaton and
Frederiksen, 2007; Villemaire et al., 2012; Chu et al., 2013].

Deeper mantle heterogeneity, such as sinking slabs in the transition zone and lower mantle, can affect the
surface at longer lateral wavelengths. Mantle convection cells associated with sinking of slabs in the lower
mantle beneath the central and eastern U.S. contribute to late Cenozoic topography and erosion [Rowley
et al., 2013; Spasojevic et al., 2008; Liu, 2014]. Aside from their influence on thermally driven convection deep
slabs may also affect the passive margin by ascent of volatile-rich mantle above sinking slabs, which could
alter upper mantle rheology beneath the passive margin [van der Lee et al., 2008]. The influence of slabs deep
beneath the eastern U.S. identifies a potential link between modern dynamics of the eastern U.S. and
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Mesozoic-to-Cenozoic subduction at the western plate margin that drove widespread deformation and
magmatism in the North American Cordillera.

Here we present new P wave and S wave tomography models with coverage across the continental U.S.
mantle. Incorporation of USArray data from the eastern U.S. affords new views of lateral heterogeneity along
the passive margin. The advance in data coverage also refines prior imaging of structures in the transition
zone and top of the lower mantle. We find that low-velocity anomalies in the shallow upper mantle are
correlated with Mesozoic and Cenozoic passive margin volcanism and that some slab fragments subducted
during the Laramide orogeny (~40–80Ma) have not yet sunk into the lower mantle.

2. Data and Methods

The tomography models we present are a major expansion of the P and S tomography presented by Schmandt
and Humphreys [2010]. The only methodological difference is that we use a surface wave tomography
model of the crust and uppermost mantle as a starting model for the inversion. The data for the surface
wave inversion are Rayleigh wave phase velocity maps derived from ambient noise interferometry. We use
phase velocity maps from two types of data analysis. The first type is derived from spectral analysis of
ambient noise cross correlations and a ray-based inversion for Rayleigh wave phase velocity maps from 5 to
40 s [Ekström et al., 2009; Ekström, 2013]. The second type is derived from time domain analysis of noise
cross correlations [Bensen et al., 2007] and inverted for phase velocity maps from 8 to 40 s using Eikonal
tomography [Lin et al., 2009]. At periods where results from both approaches are available, we use the
average. The spatial correlation between the two types of phase velocity maps is consistently ≥0.8, so
choosing either method instead of averaging the two would not substantially change our results. Both
types of Rayleigh wave phase velocity maps used USArray data through the end of 2013.

The surface wave inversion used three crustal layers and one upper mantle layer underlain by the AK135
reference model [Kennett et al., 1995]. The upper crust layer extends from the surface to 7 km depth, the
middle crust layer from 7 to 15 km, and the lower crust layer from 15 km to the local Moho. The upper mantle
layer extends from the Moho to 100 km depth. This simple parameterization is adequate to prevent the
leakage of crustal structure into the mantle. More detailed aspects of crustal structure could be addressed in

Figure 1. Map of the study area. White triangles with black edges denote seismographs used for body wave traveltime
measurements. Red dashed lines indicate the approximate location of Precambrian rift margins of the continent inferred
byWhitmeyer and Karlstrom [2007]. The white dashed line denotes the Rocky Mountain front, which is the eastern limit of
most Cenozoic tectonic and magmatic activity in the western U.S. The red star marks the location of the most recent
magmatic event along the passive margin, which occurred at ~48Ma [Mazza et al., 2014]. The white dashed line with an
arrowhead in the Atlantic Ocean lies just south of the track of seamounts (~80–100Ma) attributed to the Great Meteor hot
spot [Duncan, 1984; Heaman and Kjarsgaard, 2000].
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future studies through joint inversion of multiple measurements including surface wave dispersion, Rayleigh
wave horizontal/vertical amplitude ratios, and Ps receiver functions [e.g., Shen et al., 2013a; Lin et al., 2014].
The prescribed Moho interface follows the Crust1.0 model [Laske et al., 2013], except in the southwestern U.S.
where a higher-resolution model [Tape et al., 2012] is smoothly graded into Crust1.0 (see supporting
information). For each location, we perform a 1-D inversion by iteratively applying a sparse least-squares solver
[Paige and Saunders, 1982] with sensitivity kernels updated between iterations using the Mineos normal mode
package [Masters et al., 2007]. For Mineos calculations P velocity and density parameters were prescribed as
functions of S velocity following the empirical fit equations 1 and 9 of Brocher [2005].

The body wave inversion includes relative traveltimes from USArray data up to May 2014 and additional data
from temporary arrays and regional networks as described by Schmandt and Humphreys [2010]. Traveltime
residuals were measured by multichannel cross correlation [VanDecar and Crosson, 1990] in multiple
frequency bands with center frequencies of 1, 0.5, 0.33, and 0.1 Hz for P waves and 0.4, 0.1, and 0.05 Hz for S
waves. The new P wave and S wave models use 516,688 P and PKP traveltimes and 223,462 S and SKS
traveltimes, respectively. The starting crust model inverted from Rayleigh wavemeasurements was held fixed
in the body wave inversion, but we allow the uppermost mantle portion of the starting model to vary.
Horizontal grid spacing is 40 km beneath the array interior and expands to 60 km beyond the edges of the
array. Vertical grid spacing smoothly increases from 30 km in the uppermost mantle to 70 km at depths
greater than 1000 km.

3. Results

The final P and S tomography models provide a good fit to the 5–40 s Rayleigh wave phase velocities as well
as teleseismic P wave and S wave residual times measured in multiple frequency bands. The starting model
derived from inversion of Rayleigh wave phase velocities achieves a mean misfit to the Rayleigh wave
phase velocity measurements of 0.035 km/s. For the final model, after inversion of the S wave traveltime
residuals is allowed to modify the upper mantle velocity structure, the mean misfit to the Rayleigh wave
phase velocity data increased to 0.043 km/s. Changes to uppermost mantle velocities as a result of the body
wave inversion were 0.095 km/s on average, which is similar to estimates of uncertainty in uppermost mantle
velocity for a surface wave inversion using USArray data [Shen et al., 2013a]. The final tomography models
achieve variance reductions of 70% and 75% for the Pwave and Swave residual times, respectively. Following
Schmandt and Humphreys [2010], we calculated a “hit quality” index for each parameter in the tomography
model. This index ranges from 0 to 1 and reflects the azimuthal diversity of ray paths sampling each model
parameter. The variance reduction statistics above were calculated only with respect to model parameters that
have a hit quality>0.33, which implies ray paths spanning at least 120° of azimuth. Complete digital models and
an interface for making maps and cross sections will be publicly available through Incorporated Research
Institutions for Seismology (IRIS) Earth Model Collaboration (www.iris.edu/dms/products/emc/), and images from
a resolution test are presented in the supporting information. Major features of themodels are introduced below.

Prior USArray tomography studies have presented many features of the western and central U.S. [e.g., Porritt
et al., 2014; Pollitz and Mooney, 2014; Schmandt and Humphreys, 2010; Obrebski et al., 2011; Burdick et al., 2014;
Sigloch, 2011; Shen et al., 2013a, 2013b; Evanzia et al., 2014]; so, here we focus on newly resolved heterogeneity
in the shallow upper mantle near the passive margin and improved imaging of deeper anomalies in the
transition zone and lower mantle. High velocities are generally imaged in the uppermost mantle landward of
the eastern Precambrian rift margin (Figure 2). At the southern edge of the array, low-velocity mantle reaches
farther inland and approximately follows the Precambrian rift margin beneath the Mississippi Embayment
[Yuan et al., 2014; Pollitz and Mooney, 2014]. Uppermost mantle (~75 km) velocities beneath the passive margin
are generally intermediate to those of the craton and the western U.S. Cordillera (Figures 2a and 2b). However,
there is considerable along-strike heterogeneity beneath the passive margin.

We specifically note two distinct low-velocity anomalies that underlie the central and northern Appalachian
mountain belt and adjacent coast. The central Appalachian anomaly is about 70–100 km wide at 75 km
depth, more prominent in the S model compared to the P model, and it is centered beneath northwestern
Virginia (Figure 2). At the same depth the northern Appalachian anomaly is about 400 km wide and it
underlies Massachusetts, Vermont, and New Hampshire (Figure 2). The northern feature was previously
reported by tomography studies with the sparse data coverage that existed prior the arrival of USArray in the
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northeastern U.S. [Eaton and Frederiksen, 2007; Villemaire et al., 2012]. Both the central and northern
Appalachian anomalies widen at depths of 125–200 km, and it is unknown whether these features extend
offshore beneath the Atlantic Ocean. The amplitude of both anomalies is strongly diminished at depths
greater than ~300 km.

Large high-velocity anomalies are imaged at approximately mantle transition zone depths, 410–660 km, and
in the lower mantle beneath the central and eastern U.S. Two distinct high-velocity fragments are shown in a
horizontal slice through the middle of the transition zone (Figure 3a). A recent study by Porritt et al. [2014]
also shows these prominent high-velocity features at depths of ~300–700 km. Near the top of the lower
mantle, ~700–1200 km depth, high-velocity anomalies are imaged beneath the western Great Plains and
eastern Cordillera (�110° to �100° longitude) and beneath the eastern U.S. (�94° to �78° Longitude). In
some locations the high-velocity anomaly beneath the eastern margin is overlain by low-velocity mantle
similar to earlier tomography models (Figure 3) [van der Lee et al., 2008; Sigloch, 2011]. The low-velocity
anomalies we image just above the high-velocity anomaly in the lower mantle are generally more segmented
compared to prior images.

4. Discussion
4.1. Structural Legacy of Passive Margin Volcanism

At depths of ~60–100 km the central Appalachian low-velocity anomaly coincides with an Eocene (~47Ma)
swarm of basaltic volcanism [Mazza et al., 2014]. This magmatic event was recently hypothesized to be a
consequence of postorogenic delamination that occurred approximately 150 Ma after the opening of the
Atlantic [Mazza et al., 2014]. Eocene delamination could have left a scar in the thermal lithosphere allowing
asthenosphere to locally ascend to shallower depths and create the lateral velocity variations we imaged. An
alternative hypothesis for low-velocity upper mantle in this region is thermal erosion of the lithosphere by
Cretaceous passage of a hot spot [Chu et al., 2013]. Our images of a localized and approximately circular low-
velocity anomaly at about 75 km depth rather than an elongated swath of low velocities favor the
delamination hypothesis, as does the absence of an extensive seamount chain eastward of the anomaly in

Figure 2. Tomography maps of the shallow upper mantle. (a) P wave tomography at a depth of 75 km. The black
dashed lines indicate Precambrian rift margins adapted from Whitmeyer and Karlstrom [2007], and the white dashed line
denotes the Rocky Mountain front. The locations of the central Appalachian anomaly (CAA) and northern Appalachian
anomaly are labeled in Figure 2d. (b) S wave tomography at 75 km depth. (c) P wave tomography at 200 km depth. (d) S
wave tomography at 200 km depth.
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the Atlantic Ocean. However, westward truncation of the low-velocity anomaly could also be attributed to
thicker North America lithosphere west of the Precambrian rift margin (Figure 2). At depths below about
125 km, the low-velocity anomaly widens, extending to the easternmargin of the array (Figure 3c), potentially
consistent with lateral encroachment of warmer oceanic asthenosphere beneath the passive margin of North
America rather than dominantly vertical ascent of low-velocity mantle.

The northern Appalachian low-velocity anomaly is more laterally extensive than the central Appalachian
anomaly at depths of ~60–100 km, where it spans beneath the states of Massachusetts, Vermont, and New
Hampshire (Figure 2). This area overlaps with a P and S receiver function study that indicated a sharp
lithosphere-asthenosphere boundary (LAB) manifest as an abrupt 5–10% drop in VS at ~90–100 km depth
[Rychert et al., 2007]. It is not yet known whether a sharp LAB is confined to the area of the low-velocity
anomaly that we image or if it is a widespread feature along the passive margin. Prior interpretations of the
northern Appalachian low-velocity anomaly [Villemaire et al., 2012; Eaton and Frederiksen, 2007] focused on
the observation that it coincides with the inferred Cretaceous (~115–130Ma) track of the Great Meteor hot
spot [Heaman and Kjarsgaard, 2000]. A sequence of kimberlite magmatism across Canada [Heaman and
Kjarsgaard, 2000] and basaltic magmatism recorded by a chain of seamounts in the Atlantic Ocean [Duncan,
1984] define the Great Meteor hot spot track both northwest and southeast of the northern Appalachian low-
velocity anomaly [Villemaire et al., 2012; Eaton and Frederiksen, 2007]. A similar magnitude low-velocity
anomaly is not imaged along the inferred hot spot track in the Superior province, which may be an indication
that upwelling could not effectively erode the thick lithospheric root of the Superior province [Yuan et al.,
2014; Schaeffer and Lebedev, 2014; Chu et al., 2012] or that any Mesozoic thermal erosion of the Precambrian
lithosphere has healed sufficiently to avoid detection.

The Great Meteor hot spot provides a plausible trigger for basal erosion of the lithosphere during the
Cretaceous, but it leaves a need to understand why such strong seismic heterogeneity exists ~100 Ma later.
Subsequent small-scale convection driven by proximity to the edge of the Superior craton [e.g., King, 2007] or
postorogenic delamination beneath the northern Appalachian Mountains [e.g., Nelson, 1992] are potentially
viable processes that could contribute to the low-velocity anomaly that exists today. Seismic imaging of
lithospheric discontinuities and mantle anisotropy along the passive margin using USArray data will aid in

Figure 3. Tomography images of inferred slab remnants. (a) P wave tomography at 550 km depth. The black dashed line
indicates the location of the cross section shown in Figure 3c. (b) P wave tomography at 900 km depth. (c) A vertical
cross section through the P wave tomography model along the profile labeled C–C′ in Figure 3a. The east dipping frag-
ments of high-velocity mantle west of about�105° longitude are interpreted as remnants of subduction beneath the West
Coast since ~40Ma, in agreement with forward modeling of mantle convection from Liu and Stegman [2011]. We infer that
the high-velocity anomalies farther east at depths greater than 300 km represent older slab fragments that have sunk at
slower rates compared to the fragments indicated as <40Ma.
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constraining postorogenic evolution of the continental lithosphere and ongoing mantle flow beneath the
passive margin.

4.2. Slab Remnants Beneath the Central and Eastern U.S.

At depths greater than about 300 km beneath the continent subducted slabs are the only plausible origin for
the large volumes of high-velocity mantle that we image because long-period surface wave tomography
indicates that the thick keel of cratonic North America remains intact [e.g., Yuan et al., 2014; Schaeffer and
Lebedev, 2014]. High-velocity anomalies in the lower mantle beneath the eastern U.S. have been long
interpreted as remnants of continuous Farallon plate subduction beneath the West Coast [e.g., Bunge and
Grand, 2000], but high-velocity anomalies at shallower depths of ~300–700 km were not well resolved prior
USArray coverage in the eastern U.S. A recently proposed alternative model of Cordilleran evolution
incorporates multiple intraoceanic subduction zones west of North America during the Mesozoic [Sigloch and
Mihalynuk, 2013]. This alternative model assumes uniform slab sinking rates and vertical slab trajectories
beneath former trenches in order to predict the origins of high-velocity slabs [Sigloch and Mihalynuk, 2013].
While we see merit in the intraoceanic subduction model, our images of large high-velocity fragments
beneath the eastern U.S. caution against the assumption of uniform slab sinking rates.

The presence of at least some slab remnants at only ~300–700 km depth beneath the central and eastern U.S.
requires strongly variable sinking rates (Figure 3). Regardless of the differences between the intraoceanic
subductionmodel of western platemargin evolution [Sigloch andMihalynuk, 2013] and earlier interpretations
[e.g., Bunge and Grand, 2000; Liu et al., 2010], the high-velocity anomalies that we image in the transition
zone beneath the central and eastern U.S. are farther from potential locations of past subduction zones than
some slab fragments beneath the western U.S. that have already sunk into the lower mantle (Figures 3b
and 3c). In addition to tomography, P-to-S receiver function imaging of transition zone thickness also
indicates a large volume of relatively cold mantle resides within the transition zone beneath the Great Plains
[Li et al., 1998; Schmandt et al., 2012; Gao and Liu, 2014].

To estimate a lower bound on the age of the anomalously shallow slab fragments beneath the central and
eastern U.S. we consider a recent forward modeling study of western U.S. subduction since 40Ma [Liu and
Stegman, 2011]. A first-order fit to tomographically imaged high-velocity anomalies beneath the western U.S.
(Figure 3c) was achieved by Liu and Stegman [2011] with a numerical convection model coupled to a plate
tectonic model since 40Ma [Müller et al., 2008]. Based on their results, we suggest that the high-velocity
anomalies imaged in the transition zone beneath the central and eastern U.S. result from subduction prior to
40Ma, while the Laramide orogeny was ongoing. Occurrence of low-angle subduction during the Laramide is
supported by the inboard extent of deformation and magmatism [e.g., Coney and Reynolds, 1977; Humphreys
et al., 2003; Saleeby, 2003] and the subsidence history of sedimentary basins in the continental interior
[Spasojevic et al., 2009]. Our results suggest that the slab involved in low-angle subduction has separated into
multiple distinct fragments and that at least two of these large fragments (Figure 3a) have yet to sink into the
lower mantle.

Subduction of oceanic plateaus, specifically the inferred conjugates of the Hess and Shatksy plateaus, is a
probable trigger for low-angle subduction initiating at ~90Ma [Liu et al., 2010; Saleeby, 2003]. The position of
the Hess plateau conjugate predicted by Liu et al. [2010] approximately coincides with the high-velocity
anomaly we image in the top of the lower mantle beneath the southeastern U.S. at about 900 km depth
(Figure 3b). Liu et al. [2010] predicted the Shatsky plateau conjugate to be ≥1100 km deep and beneath the
eastern Great Lakes region. Tomography resolution in that region of the lower mantle will improve
significantly with additional data from the northeastern USArray stations and would also benefit from
incorporation of additional data from Canada. Consequently, we refrain from comparing the predicted
Shatsky conjugate location to our tomography model at this time.

Farallon slab remnants may be important to the origin of low-velocity anomalies in the upper mantle beneath
the eastern U.S. Ascent of volatiles from Farallon slab remnants in the lower mantle was previously
hypothesized as the origin of low-velocity anomalies beneath the passive margin [van der Lee et al., 2008]. A
key aspect to testing this hypothesis is ability to rule out thermal variations as an adequate physical origin for
the velocity anomalies. Based on P and S tomography alone, thermal perturbations are plausible because
the S anomalies are generally a factor of 1.5–2 greater than the P velocity anomalies in the shallow upper
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mantle beneath the passive margin (Figure 2) [Cammarano et al., 2003]. Prior studies of the mantle transition
zone based on Ps receiver functions [Li et al., 1998; Long et al., 2010] and ScS reverberations [Courtier and
Revenaugh, 2006] found that transition zone thickness beneath the eastern U.S. is generally within 10 km of
the global average indicating temperatures near the average mantle adiabat. Investigations of transition
zone topography using USArray data will better identify lateral variations in transition zone structure [e.g.,
Gao and Liu, 2014] and provide a stronger basis for assessing the origin of low-velocity anomalies beneath
the passive margin. More integrative investigation of the isotropic and anisotropic properties of the
anomalies is warranted for general understanding of the effects of deep slabs on the surrounding mantle
and specifically for understanding howmantle convection has influenced geological evolution of the eastern
U.S. passive margin.
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