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Abstract

The eastern continental margin of North America, despite being a passive margin at present, records a

comprehensive tectonic history of both mountain building and rifting events. This record is punctuated by

several igneous events, including those associated with the Great Meteor and Bermuda hotspots. To gain

a better understanding of the state of the mantle beneath this region, we employ the massive quantity of

seismic data recorded by the USArray to image the mantle transition zone beneath eastern North Amer-

ica. To construct these images, we first calculate P -to-s receiver functions using an iterative time-domain

deconvolution algorithm. These receiver functions are then automatically filtered by their quality, using a

set of rigorous criteria, and subsequently summed using common conversion point stacking. We present

several cross sections through these stacks, which show remarkable features such as a thinned transition zone

beneath the independently observed northern Appalachian and central Appalachian low-wavespeed anoma-

lies, as well as a thickened transition zone beneath western Tennessee associated with the Laramide slab

stagnating at depth. In addition to discussing these geologically relevant features, we perform a technical

analysis of the effects of using various seismic velocity models for the moveout correction of our receiver

functions. We find that the thickness of the mantle transition zone under eastern North America is a robust

measurement, while the resolved depths of the 410 and 660 km discontinuities are model dependent.

Keywords: mantle transition zone, receiver functions, Appalachian Mountains, Great Meteor hotspot,

Laramide slab

1. Introduction1

To acquaint the reader with the key events that have shaped the geologic history of eastern North2

America, we briefly review them here. A sensible starting point is the Appalachian orogeny, which occurred3

roughly 300 Ma during the collision of the African and North American continents (Hatcher et al., 2010).4
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Around 230–200 Ma, the supercontinent of Pangaea broke up, causing eastern North America to rift apart5

from Africa (Brunsvik et al., 2021). By about 100 Ma, the Farallon slab was subducting beneath central6

North America (Sigloch, 2011), while the Great Meteor hotspot was active beneath New England (Kinney7

et al., 2021). Finally, at 50–30 Ma, magmatic activity in the region led to the formation of Bermuda, and8

scattered basaltic volcanism in the central Appalachians (Mazza et al., 2014). When we consider all of these9

events, it makes sense that eastern North America warrants a special classification as a volcanic passive10

margin (Geoffroy, 2005).11

In this work, we employ mantle transition zone (MTZ) receiver functions to map the depths to the 41012

and 660 km discontinuities (hereafter referred to as ‘the 410’ and ‘the 660’) beneath eastern North America,13

as well as the MTZ thickness in the region. Evidence for a ‘520’ is weak, yet widespread (Zhang et al., 2022).14

For a comprehensive review of mantle seismic discontinuities, see Deuss et al. (2013). Recent high-frequency15

global studies have revealed significant short-wavelength complexity at the base of the mantle transition16

zone (e.g., Wu et al., 2019; Mao et al., 2022). The recent gains in data coverage and the availability of17

multiple high-quality tomographic velocity models enable our present investigation into the structure of this18

dynamically important zone. Our high-resolution results are made possible by the dense spatial coverage of19

data provided by the USArray (Long et al., 2014).20

Previous receiver function studies using USArray data have observed a variety of features in the MTZ21

beneath the eastern United States: notably, thickening beneath the midwest from Iowa to Tennessee (Maguire22

et al., 2018) and moderate thinning beneath areas along the Atlantic coastal plain into the Appalachians23

(Keifer & Dueker, 2019). These observations agree with an earlier receiver function study which also identified24

thinning in the region beneath the central Appalachians and the adjacent Atlantic coastal plains (Li et al.,25

1998, their Fig. 3c).26

In addition to receiver functions, work has been done using SS precursors to map the structure of the27

MTZ beneath North America. One difficulty with these studies is the reliance on favorable event-station28

geometries for SS bounce points, leading to poorer resolution than receiver functions beneath the USArray29

(Houser, 2016; Huang et al., 2019; Zhang et al., 2023). This problem has only recently begun to be remedied30

with methods to use near-station topside reverberations, such as Ss660s, which increase the range of usable31

geometries for precursor studies (Shearer & Buehler, 2019). Interestingly, the latter study also observed32

thickening of the MTZ beneath the Midwest, with a pronounced thickening below western Tennessee. The33

thinning beneath the Atlantic coastal plain, however, appears more modest in that study, noting that it lies34

at the edge of their resolvable region.35

Adding to the complexity of our study area is the New Madrid Seismic Zone (NMSZ) beneath eastern36

Missouri and western Tennessee, which has been the host of several large earthquakes in recorded history37
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(Page & Hough, 2014). MTZ studies have identified significant thickening beneath the NMSZ, but no link38

has been established between these two features (Gao & Liu, 2014). This thickening has, however, been39

attributed to a stagnant portion of the Farallon slab, referred to as the Laramide slab, which today resides40

in the MTZ (Sigloch, 2011). This feature has been consistently resolved in a P wave travel-time tomography41

study (Wang et al., 2019), and a joint P and S wave travel-time tomography study (Savage, 2021).42

1.1. The Northern Appalachian Anomaly43

In the northeastern United States, seismic studies have revealed the presence of a strong, localized,44

low-velocity anomaly, which has been hypothesized to be an indication of geologically recent asthenospheric45

upwelling 100 to 300 km beneath New England (Menke et al., 2016; Levin et al., 2018). This feature has been46

referred to as the Northern Appalachian Anomaly (NAA). Geographically coincident with this feature is the47

track of the Great Meteor hotspot (Morgan, 1971), which is thought to have underlain the region from ∼14048

to 100 Ma (Kinney et al., 2021), but now underlies the Atlantis-Meteor Seamounts (Sleep, 1990) east of the49

Mid-Atlantic Ridge. Attributing the present-day seismic velocity anomalies to this long gone hotspot appears50

contradictory, and has encouraged authors to propose alternative scenarios such as edge-driven convection51

(King & Anderson, 1998), or lithospheric delamination after the Appalachian orogeny some 300 Ma (Nelson,52

1992; Levin et al., 2000).53

A geochemical study by Torgersen et al. (1995) measured excess 3He in groundwater in New Hampshire.54

Their observations were suggestive of geologically recent contamination by a reservoir containing primordial55

mantle helium, which is typical of volcanically active regions such as ocean islands (Jackson et al., 2017)—not56

of geologically old and quiescent regions like the northeastern United States. One possible explanation for57

this particular signature is that it may be a remnant of the extensive White Mountain plutonism (190–90 Ma)58

associated with the passage of the Great Meteor plume.59

Deeper into the mantle, several recent tomography models have imaged low-velocity anomalies extending60

through the MTZ beneath the northeastern United States. Sigloch (2011) refers to these features as the “slow61

blanket” above the old Farallon slab, owing to their location directly above an eastward dipping high-velocity62

feature beneath the Midwest and eastern North America. A more recent tomography study by Savage (2021)63

also imaged low VP and VS anomalies extending through the MTZ beneath this region. The appearance of64

these anomalies directly above the old Farallon slab is not likely to be a coincidence, and some authors have65

speculated it may be the signature of a deep de-watering phenomenon (van der Lee et al., 2008).66

1.2. The Central Appalachian Anomaly67

Toward the south, the presence of a roughly linear seismic low-velocity anomaly in the lower lithosphere68

extending from Missouri to Virginia has been interpreted as a previously undetected hotspot track (Chu et al.,69
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2013). This theory is reinforced by the presence of 75-Myr-old diamondiferous kimberlites in Kentucky (Agee70

et al., 1982), thought to be sourced from a deep mantle reservoir. The timing of these events, however, is71

inconsistent with Eocene (∼47 Ma) basaltic volcanism in this same region (Mazza et al., 2014). This second72

event is temporally coincident with offshore magmatic activity which led to the formation of Bermuda and73

its associated large bathymetric swell (Vogt & Jung, 2007), whose origin remains ambiguous (Burky et al.,74

2021b) due to the lack of an associated hotspot track and geochemical signatures (Mazza et al., 2019).75

A study of seismic anisotropy in this region observed null splitting near the Atlantic coast, which the76

authors interpreted as vertical flow induced by the impinging Farallon slab (Long et al., 2010). These obser-77

vations are compounded by the presence of high attenuation in the asthenosphere beneath the area, ascribed78

to upwelling asthenosphere and the possible presence of melt (Byrnes et al., 2019). Seismic tomography79

models consistently resolve a low-velocity anomaly extending through the upper mantle beneath this region80

at present (e.g. Simmons et al., 2010, 2012; Schaeffer & Lebedev, 2014; Lei et al., 2020), alluding once again81

to the presence of a long-gone hotspot. These low-velocity anomalies are so persistent in tomography models82

that they have been referred to as the Central Appalachian Anomaly (CAA) (Schmandt & Lin, 2014).83

2. Data & Modeling84

Our main data type in this work is the P-to-s conversion of teleseismic earthquake waves at discontinuities85

in the mantle. To isolate these converted phases, we first requested three-component seismograms recorded86

by a subset of USArray stations (network code TA, for Transportable Array) for all earthquakes with a87

moment magnitude Mw > 5.5 and within an epicentral distance 35◦ ≤ ∆ ≤ 90◦ of the station (see Fig. 1).88

This resulted in 1,995 events recorded by 702 stations. We then removed the mean and linear trend from89

each record, and corrected for the instrument response, converting our seismograms from digital counts to90

velocity (m/s) using the methods outlined by Burky et al. (2021a). Before any subsequent processing, we91

bandpassed all seismograms between 0.02 and 0.2 Hz using a third-order Butterworth filter. Each record was92

then cut 30 s before and 90 s after the theoretical P -wave arrival time calculated in one-dimensional (1-D)93

seismic velocity model iasp91 (Kennett & Engdahl, 1991), to create a record containing only the P -wave94

and its coda. To maximize P -to-s converted energy, we rotated the horizontal components from the north95

and east (NE) orientation to the radial and transverse (RT) orientation.96

After performing these preliminary processing steps, we calculated receiver functions by deconvolving97

the vertical (Z) from the radial (R) component using the iterative time domain deconvolution algorithm of98

Ligorŕıa & Ammon (1999), as described and implemented by Burky et al. (2021b). This resulted in 173,80199

radial receiver functions. Since we are not focused on investigating anisotropy in this work, we did not100
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Figure 1: Distribution of the USArray Transportable Array (TA) seismometers (red triangles) which contributed data to our
study. Great-circle sections indicate cross sections A-A’, B-B’, and C-C’, which are discussed in the Results. The gray dots
are intended to act as distance markers along the cross sections. The Great Meteor seamounts are near label A’, and the
bathymetric swell surrounding Bermuda is east-southeast of label B’. See Supplementary Fig. S1 for an annotated map.

compute transverse receiver functions, and our results do not inform us of any differences between VSV and101

VSH in the study region. Before continuing with any analysis, we performed an automated quality control102

of these receiver functions. The four parameters that we calculate for each receiver function are, (1) the Z103

component signal-to-noise ratio (SNR), (2) the R component SNR, (3) the quality of fit calculated after the104

iterative time domain deconvolution, and (4) a receiver function quality factor, ν, quantifying the shape of105

the resulting receiver function (for further details about these four parameters, see Burky et al., 2021b). We106

accepted receiver functions with SNR values greater than 2, quality of fit greater than 80%, and ν greater107

than 0.1. After this step, 40,571 receiver functions remained (see Fig. 2 for the geographic distribution of108

the accepted receiver functions). Although our dataset shows a geographic bias in terms of the distribution109

of events, this does not influence any of our interpretations due to the extremely dense station coverage110

provided by the USArray (see Fig. 3).111
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Figure 2: Distribution of the events contributing to the 40,571 high-quality receiver functions used in this study. Each colored
dot represents the total number of accepted receiver functions within a 2◦ × 2◦ area around a given event. Concentric gray
circles are evenly spaced at distances of 45◦, up to a maximum of 135◦ from the center of the array. Most of our data come
from events along the Pacific Ring of Fire, but there are additional contributions from the Mid-Atlantic Ridge and the eastern
Mediterranean. Also note that there is considerably more data from distances between 45◦ and 90◦ from the center of the
array, as events within this distance range are recorded by the majority of stations used in our analysis. Supplementary Fig. S5
shows the depths of these events.

3. Methods112

In order to meaningfully analyze and interpret our receiver functions, we performed additional processing113

steps to resolve the mantle transition zone discontinuities that we are concerned with imaging. The first114

of these steps is the moveout correction of our data, allowing us to go from the time domain to the depth115

domain via a seismic velocity model. Then, using these depth-domain receiver functions, we can produce116

images of the desired discontinuities by utilizing stacking techniques. These stacks can then be visualized117

and analyzed to construct maps of the MTZ properties across our study region.118
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Figure 3: Density of receiver functions contributing to 1◦ × 1◦ cells at four mantle depths (‘Moho’ corresponds to 35 km). Ray
coverage is fairly uniform throughout the mantle transition zone, but is biased by the locations of stations at shallower depths.
Bins with anomalously high densities of contributing receiver functions can be attributed to exceptional data quality at certain
stations, combined with the somewhat uneven spacing of the US Array stations. See Supplementary Fig. S6 for station density.

3.1. Time to Depth Conversion119

To accomplish our first task of depth converting the receiver functions, we make use of the following time120

to depth conversion formula (Chevrot et al., 1999):121

tPds(p, Z) =

∫ Z

0

[√
V −2
S (z)− p2r−2 −

√
V −2
P (z)− p2r−2

]
dz, (1)

where tPds(p, Z) is the time in the receiver function corresponding to a conversion from a particular depth,122

Z, in a seismic velocity model with P and S wave speeds as a function of depth z, given by VP (z) and VS(z),123

p is the P -wave ray parameter (s/km) of the particular event-station pair, and r ∈ [0, 1] is the ratio of the124
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discontinuity radius, R⊕ − Z, to the Earth’s radius, R⊕. We compute this integral in six different velocity125

models, using a depth increment of ∆z = 0.1 km.126

The first model which we used to perform time-to-depth conversion was 1-D reference model iasp91127

(Kennett & Engdahl, 1991). Next, we used a hybrid 1-D/3-D model made by replacing the crust in iasp91128

by the 3-D global crustal velocity model CRUST1.0 (Laske et al., 2013). Lastly, we used four different 3-D129

tomography models. Three of these models are global models: GyPSuM (Simmons et al., 2010), LLNL G3-130

D JPS (Simmons et al., 2012), and GLADM25 (Lei et al., 2020), and the fourth model is a regional model131

of North America, SL2013NA (Schaeffer & Lebedev, 2014). We selected these four tomography models132

because they span a range of model construction philosophies, have different sampling densities, and are133

publicly available, user-friendly models containing absolute P - and S -wave velocities in our study region.134

We recognize that there are many more tomography models to choose from that could be used to perform135

the time-to-depth conversion, not to mention additional complexity such as wavespeed anisotropy (Chang136

et al., 2014). The open-source software that we developed for our study lends itself to reuse by other authors137

wishing to investigate the effects of additional tomographic models.138

To highlight the properties of the four selected tomographic models, we briefly review them here. Model139

GyPSuM is constructed largely from body-wave data (P - and S -wave traveltimes), with the addition140

of gravity, plate motion, dynamic topography, CMB ellipticity, and mineral physics parameters. Model141

LLNL G3D JPS builds on GyPSuM with additional body-wave traveltime measurements, and a more densely142

spaced model parameterization. In contrast, global model GLADM25 uses a full-waveform approach on much143

longer period data (down to 17 s) to constrain P - and S -wave velocities in a transversely isotropic model.144

Lastly, regional model SL2013NA inverts surface and S -waveform data to constrain perturbations in P and145

S velocity and S -wave azimuthal anisotropy with respect to a reference model based on Crust2.0 (Bassin146

et al., 2000) and ak135 (Kennett et al., 1995). All four of the selected models contain crustal heterogeneity;147

however, global model GyPSuM has such low resolution in the crust (on the order of 5◦) that it does not148

effectively capture small scale features.149

In order to use the integral in eq. (1) with these 3-D models, we used the ray-tracing tool of model150

LLNL G3D JPS to compute P -wave raypaths through that model to find the paths corresponding to each151

event-station pair in our dataset. We used these paths for the remaining 3-D models, and we used P -wave152

paths calculated using the TauP-Toolkit (Crotwell et al., 1999) for 1-D model iasp91 and the hybrid model153

that includes CRUST1.0. All of the models were then queried along these respective raytraced paths to154

construct the necessary velocity profiles, VP (z) and VS(z). It is also worth noting that in our time-to-depth155

conversion process we are not accounting for any effects of anisotropy on VS . The models we are using156

to depth-convert our receiver functions have isotropic S -wave velocities, so a deviation in VSV from these157
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velocities would lead to a shift in the absolute depths of discontinuities resolved with this method. Despite158

this limitation, as we will show in our Results and Discussion sections, the resolved absolute depths of MTZ159

discontinuities are highly model dependent, while the MTZ thickness is shown to be robust. Since radial160

anisotropy is most significant at shallow depths and near subduction zones, and less significant within the161

MTZ (e.g. Chang et al., 2015; Simmons et al., 2021), we ignore its effects here.162

3.2. Common Conversion Point Stacking163

The dense geographic distribution of stations in our dataset allowed us to employ array processing tech-164

niques to robustly construct high-resolution images of the MTZ beneath eastern North America. Specifically,165

we produced common conversion point (CCP) stacks of our data, inspired by the method outlined by Dueker166

& Sheehan (1997). The data density for our CCP stacks is shown in Fig. 3. Our data coverage in the man-167

tle transition zone is fairly consistent over the entire study region, and the majority of bins beneath the168

continent contain at least 100 receiver functions.169

First, we calculated theoretical raypaths through 1-D model iasp91 for all of our event-station pairs170

using the TauP Toolkit. Next, we constructed a grid containing the latitude range 22.5◦N to 51.5◦N, and171

the longitude range 98.5◦W to 63.5◦W, with a 1◦×1◦ cell size. We then found where the computed raypaths172

pierced our grid at depths 35, 210, 410 and 660 km. Depth-converted receiver functions corresponding to173

each of these rays were then stacked together with the other rays which were contained in the 1◦ × 1◦ cell,174

to create a volume where the center of each cell contained a CCP-stacked receiver function. The entire grid175

was then shifted sequentially by increments of 0.1◦, and the stacking was repeated, until the grid had been176

shifted by 1◦. This resulted in a volume with CCP stacks of 1◦ × 1◦ stacking width on a grid of resolution177

0.1◦ × 0.1◦. Finally, the CCP volumes containing each of our four chosen piercing depths (35 km, 210 km,178

410 km, and 660 km) were stitched together to construct our final CCP volume, where the depth range179

0—120 km corresponds to the 35 km stack, 120—300 km corresponds to the 210 km stack, 300—530 km to180

the 410 km stack, and 530—750 km to the 660 km stack (the stitched joins can be seen in the cross-section181

slices shown in Figs. 4–6).182

4. Results183

After computing the common conversion point stacks as described above, we have at our disposal a184

collection of six different images of the mantle transition zone beneath eastern North America. Using these185

stacks, we can seek answers to two important questions: first, what is the effect of the choice of seismic186

velocity model on the resulting image? And second, are there specific features of the MTZ discontinuity187

structure which are clearly and commonly resolved in each of our CCP stacks?188
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In an effort to answer the first question, we start by visually comparing a sequence of cross sections189

taken through each of our CCP stacks. Selected cross sections can be found in Figs. 4, 5, and 6. The first190

point to note is that we clearly resolve both the 410 and 660 in each of these cross sections, regardless of191

the velocity model used to moveout-correct our receiver functions. Second, the average amplitude of the 410192

signal tends to be higher than that of the 660 signal (see Supplementary Fig. S11). This difference could193

indicate that the magnitude of the S -wave velocity contrast at the 660 is weaker than that at the 410. A194

thorough investigation quantifying the magnitude of this difference is beyond the scope of this study and may195

require consideration full-waveform effects (Zhang et al., 2023). Another factor leading to this amplitude196

difference could be due to the fact that the time-depth conversion, eq. 1, becomes less accurate for converted197

waves at this depth, as can be seen by the slightly underestimated depth of the 660 (see Fig. S7), leading198

to less constructive stacking of signals from the 660. The third result to note is that each of the selected199

cross sections displays a considerable amount of topography on the MTZ discontinuities, as we explore more200

fully below. Finally, the resulting images seem to resolve consistent features regardless of the velocity model201

used, but with relative shifts in the depths of the discontinuities. These discrepancies are likely due to the202

differences in model construction (data types, inversion methods) described above, leading to a range of Pds203

moveouts across different models.204

To further explore this final point, we performed pairwise cross correlations between each of our CCP205

stacks, in an effort to see how consistent the resolved features were. We found that our stacks were strongly206

correlated with one another (correlation coefficient ρ > 0.9) with relative shifts of about 10–20 km. Ani-207

mations showing these cross correlations across the entire CCP volume can be found in the Supplementary208

Materials, and stills from these animations are included as Supplementary Figs. S15–S21. To our knowledge,209

this is the first analysis of the pairwise cross correlations of a suite of CCP stacked receiver functions. These210

animations show that the choice of velocity model used in depth converting receiver functions can lead to211

large variations in the resulting depths of the 410 and 660. However, these variations tend to shift both212

discontinuities in the same direction, implying that the measured thickness of the mantle transition zone is213

less sensitive to the choice of velocity model.214

To help illustrate this point, as well as to explore the geographic variations in MTZ discontinuity structure,215

we made maps showing the depths of the 410 and 660, as well as the measured MTZ thickness, in all of216

our 3-D corrected CCP stacks (see Fig. 7). In these maps, we can see that model GLADM25 tends to217

shift the 410 and 660 to greater depths, while model SL2013NA tends to shift them to shallower depths.218

Models GyPSuM and LLNL G3-D JPS show less exaggerated shifts of the discontinuities away from 410 and219

660 km. All four models, however, show a relatively thinned region east of the Appalachians, compared to220

the global average of 242 km (Lawrence & Shearer, 2006), and a relatively thickened region to the west of221

10



Figure 4: Mantle transition zone (MTZ) structure in the region of the Northern Appalachian Anomaly (NAA). (a) Map showing
the location of the cross section. (b) Histogram showing the number of receiver functions contributing to the 410 (red) and
660 (blue) portions in the cross section. Data quantity tapers off near the Great Lakes and into Canada. (c-h) Cross sections
through common conversion point (CCP) stacks in six different tomographic velocity models described in Methods. Bins with
fewer than 50 receiver functions are covered with a transparent gray box, corresponding to the grayed-out region of panel (b).
Note the relative thinning of the MTZ from NW to SE along this cross section, coincident with the location of the NAA.
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Figure 5: Mantle transition zone (MTZ) structure in the region of the Central Appalachian Anomaly (CAA), laid out as Fig. 4.
Note the considerable amount of topography on the 410 discontinuity, and the strong thinning of the MTZ at the SE end
of the cross section. Also note the data sparsity and poor resolution at the southeasternmost end of this cross section. The
negative-polarity signals around 600 km depth (also present in Figs. 4 and 6), despite having a similar magnitude to P660s, are
most likely artifacts from filtering (see Supplementary Fig. S7) and the presence of the PcP phase.

12



Figure 6: Mantle transition zone (MTZ) structure in the region of the Southern Appalachian Anomaly, laid out as Fig. 4. Note
again the strong topography on the 410 and 660 discontinuities. This cross section shows significant thickening of the MTZ at
the western end of the cross section, beneath western Tennessee. Data coverage is fairly uniform, with resolution tapering off
at the southeasternmost end of this cross section.
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the Appalachians. Of particular interest are two roughly linear thinned zones which trend NW-SE. These222

thinned zones correspond to cross sections A-A’, B-B’ (see Figs. 4 and 5). In addition, a thickened region223

beneath western Tennessee is manifest in cross section C-C’ (see Fig. 6).224

5. Discussion225

5.1. The Importance of 3-D Moveout Corrections226

We have shown that the choice of seismic velocity model has a considerable effect on the apparent depth227

of the MTZ discontinuities. In the most extreme case, an average discrepancy of 21.6 km in the apparent228

depth of the 410 and an average discrepancy of 26.1 km in the apparent depth of the 660 were found between229

CCP stacks made using models GLADM25 and SL2013NA (see Supplementary Figs. S9 and S10). These230

discrepancies are contrasted by an average difference of 4.4 km between the apparent MTZ thicknesses found231

in these stacks (see Fig. 8). This highlights that the apparent depths of the 410 and the 660 can be difficult232

to accurately constrain using receiver functions, even after performing 3-D depth corrections. Fortunately,233

the MTZ thickness is much more consistently resolved regardless of the seismic velocity model used to depth234

convert receiver functions. Consequently, this is the feature which we will frame our discussion on, and we235

suggest that future MTZ receiver function studies follow this example.236

In an effort to explore and understand the mechanism leading to these discrepancies, we performed an237

analysis of the time-to-depth conversion integral in Eq. 1 for each of the 3-D velocity models used in our238

study. The results of this analysis are summarized in Supplementary Fig. S8. We found that the Pds239

conversion depth associated with a particular time in a receiver function varied considerably from the outset240

in each of the 3-D models. For times in the range of 0 to 10 s after the P arrival in the receiver function,241

there is a spread in possible conversion depths of roughly 4 km. This would lead to relative discrepancies242

in apparent Moho depths on the order of 4 km. At times greater than 20 s, this discrepancy has grown to243

roughly 20 km, as can be seen in our results. The slopes of these curves, however, remain roughly constant244

through the times associated with MTZ Pds arrivals, which leads to the decreased variability in our observed245

MTZ thicknesses using different tomographic models.246

5.2. The Northern Appalachian Anomaly247

In light of the previous discussion, we are confident that the observed MTZ thinning in our CCP stacks248

is a robust feature. This leads to interesting implications for the NAA, which had only been observed at249

shallower asthenospheric depths of 100 to 300 km (Menke et al., 2016; Levin et al., 2018). We suggest250

that this feature extends deeper than previously known, and may be associated with a surviving hot thermal251
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Figure 7: Measured 410 and 660 depth, and MTZ thickness, for CCP stacks made using four different 3-D velocity models for
the depth conversion of our receiver functions: (a-c) GLADM25, (d-f) GyPSuM, (g-i) LLNL G3-D JPS, and (j-l) SL2013NA.
Only locations with 50 or more receiver functions are shown. Note that models GLADM25 and SL2013NA differ markedly in
the depths of the 410 and 660, while GyPSuM and LLNL G3-D JPS seem more consistent with one another. Also note that all
four models are fairly consistent in their resolved MTZ thickness. The thinned zones shown in cross sections A-A’, B-B’, and
C-C’ (Figs. 4, 5, and 6) are also apparent in all four models. Red, green, and blue inset boxes denote the approximate locations
of the NAA, CAA, and Laramide Slab Anomaly, respectively.
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Figure 8: Maps showing the differences between pairs of each of the MTZ thickness maps in Fig. 7. The legends report δ̄z, the
mean value of the difference, σ, the standard deviation of the difference, and ρ, the correlation coefficient between the two maps.
Note that the differences in thickness are on the order of a few km, and that the maps tend to be well correlated (ρ > 0.7). For
similar maps showing the differences for the 410 and the 660, see Supplementary Figs. S9 and S10.

anomaly beneath New England. See Supplementary Fig. S12 for cross sections through the four tomographic252

velocity models.253

We can estimate the magnitude of this thermal anomaly using the following relation from Helffrich (2000):254

z = z0 + δT

(
dz

dP

)[(
dP

dT

)
660

−
(
dP

dT

)
410

]
, (2)

where z represents the observed MTZ thickness, (dP/dT )660 and (dP/dT )410 are the Clapeyron slopes of255

the ringwoodite to bridgmanite and magnesiowüstite (ferropericlase) phase transition, and the olivine to256

wadsleyite phase transition, respectively. We use a value of z0 = 242 km (Lawrence & Shearer, 2006) for257
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the global average MTZ thickness, and values of (dP/dT )660 = −2.6 MPa/K and (dP/dT )410 = 3.1 MPa/K258

(Akaogi et al., 2007) for the Clapeyron slopes. In reality, the Clapeyron slopes of these phase transitions are259

somewhat variable, ranging from −0.2 to −3.6 MPa/K for (dP/dT )660 (e.g., Kojitani et al., 2016; Muir et al.,260

2021), and 1.8 to 4.0 MPa/K for (dP/dT )410 (e.g., Yu et al., 2008) due to both experimental uncertainty and261

the degree of hydration of the mineral assemblage. However, since (dP/dT )660 is negative and (dP/dT )410 is262

positive, the association of a thin transition zone with a positive thermal anomaly holds true. To simplify the263

following discussion, we will quote temperature anomalies calculated using the aforementioned Clapeyron264

slopes, but the reader should keep in mind that these estimated anomalies could vary by roughly one order265

of magnitude with the choice of alternative Clapeyron slope values.266

Using our four different CCP stacks, we can estimate bounds on the thermal anomaly associated with267

the NAA. The minimum MTZ thickness observed in our four models is 223 km (model LLNL G3-D JPS,268

beneath southern New Hampshire), but there is a range of 6 km in this measurement across the models269

(229 km for model GLADM25, see Supplementary Fig. S2 and Table S1). Inserting these values into Eq. 2270

gives a range for the maximum thermal anomaly of ∼89–130 K relative to global average MTZ temperature.271

To investigate the significance of this anomaly, we report statistics of the NAA sub-region relative to our272

entire dataset (see Table S1). We found that the average MTZ thickness within the NAA was between 235273

and 238 km for the four models we tested, corresponding to a modest, positive (warm) thermal anomaly of274

∼27–48 K relative to the global average (Eq. 2). This thickness is roughly one standard deviation thinner275

than the average for our entire dataset.276

Previous receiver function research on the MTZ beneath the NAA reported no evidence of thinning or277

deflection of the discontinuities (Li et al., 1998, their Fig. 3c), despite finding modest thinning beneath the278

central Appalachians and the adjacent Atlantic coastal plain. This has led recent work to suggest that this279

feature does not penetrate through the MTZ, and is instead confined to the shallow asthenosphere at depths280

less than 400 km (Menke et al., 2016). Our findings do not invalidate this previous work, but instead build281

upon it by suggesting that the NAA may weakly penetrate the MTZ below. In fact, if we consider the282

MTZ to be the lowermost extent of a shallow edge-driven convective cell, the observations of W-E aligned283

anisotropy can be interpreted as the horizontal flow associated with the bottom of such a cell (Long et al.,284

2016; Levin et al., 2018). This could reconcile the puzzling observations of null splitting and W-E anisotropy285

beneath the NAA which stand as outliers to the rest of northeastern North America.286
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5.3. The Central Appalachian Anomaly287

We can apply a similar analysis to the anomalously thin MTZ corresponding to the CAA to get an288

estimate of the magnitude of its thermal signature. See Supplementary Fig. S13 for cross sections through289

the tomographic velocity models.290

Theminimum MTZ thickness we observe is 214 km (model LLNL G3-D JPS beneath the North Carolina-291

Virginia border), but there is a range of 14 km across the four models (228 km in models GLADM25 and292

SL2013NA, see Supplementary Fig. S3, and Table S1). This yields a range of ∼96–192 K for the maximum293

thermal anomaly relative to global average MTZ temperature. When we instead consider the average MTZ294

thickness within the CAA, we find that it is of similar thickness to the NAA, between 236 and 238 km,295

corresponding to an average thermal anomaly of ∼27–42 K relative to the global average.296

When we consider all of the information presented so far, the CAA and NAA seem to be very similar297

in terms of their observed features. Both locations have a record of igneous activity, Eocene (∼ 47 Ma)298

volcanism in the area of the CAA (Mazza et al., 2014), and Cretaceous (∼ 140 to 100 Ma) volcanism in299

the area of the NAA (Kinney et al., 2021), and the present-day MTZ anomalies are of nearly identical300

magnitudes. We suggest that both of these features may be associated with small-scale convective cells301

generated by the contrast with the nearby Farallon slab remnants and continental craton. These cells seem302

to be long-lived, and may have been present during the passage of both the Great Meteor and Bermuda303

hotspots, providing them with the additional heat and buoyancy required to initiate active volcanism and304

plutonism. This interpretation is consistent with null splitting observations in both regions (Long et al.,305

2016), and with an edge-driven convection model (King & Anderson, 1998). With the passage of another306

transient heat source these regions might become active once again.307

5.4. MTZ Thickening Associated with the Laramide Slab308

In addition to resolving regions of thinned MTZ beneath the NAA and CAA, we observe modest topogra-309

phy and thickening of the MTZ west of the Appalachians. Of particular note is a significantly thickened patch310

beneath western Tennessee, which we argue is associated with the stagnant Laramide slab. The Laramide311

slab is not an entire, distinct slab, but is rather the expression of a period of shallow-angle subduction312

of the Farallon slab which occurred 80 to 60 Ma (Humphreys et al., 2015). This shallow subduction was313

terminated by a break-off at depth and a westward migration of the trench around 50 Ma (Sigloch et al.,314

2008), leaving the shallowly subducting slab stalled in the transition zone. Recent tomographic images sup-315

port this interpretation, showing evidence of shallow (< 700 km) seismically fast anomalies in the transition316

zone beneath the Midwest (Sigloch, 2011). In the model of Sigloch (2011), these anomalies are greatest in317
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the MTZ beneath western Tennessee, consistent with our observations of maximum thickening there. See318

Supplementary Fig. S14 for tomographic cross sections.319

To quantify the magnitude of the thermal anomaly associated with this relict slab, we measure the320

maximum MTZ thickness beneath this region (see Supplementary Fig. S4 and Table S1). We observe a321

maximum MTZ thickness of 263 km (beneath western Tennessee in model GLADM25), and a range of 6 km322

for the maximum thickness (257 km in models GyPSuM and SL2013NA). These values correspond to a323

range of about −103 K to −144 K for the maximum cold thermal anomaly relative to global average MTZ324

temperature. When we instead consider the average MTZ thickness within this anomaly, we find that it325

spans a range of 245 to 249 km, and corresponds to an average thermal anomaly of about −21 K to −48 K326

relative to the global average. These anomalies are smaller than those observed beneath active subduction327

zones at present (van Stiphout et al., 2019), but this is not surprising considering how long the Laramide328

slab has been stalled in the MTZ.329

5.5. Synthesis with Previously Published Results330

As was stated in the Introduction, eastern North America is aptly classified as a volcanic passive margin331

(Geoffroy, 2005). Our results reinforce this classification by demonstrating the plausability of hot thermal332

anomalies in the MTZ beneath the northern and central Appalachian mountains. This result also agrees333

with the recent receiver function work by Keifer & Dueker (2019), who found similar thinning beneath334

the Appalachians, as well as thickening beneath western Tennesee. The agreement between our studies is335

particularly encouraging since for the migration of their receiver functions they used two entirely different336

tomography models (Schmandt & Lin, 2014; Golos et al., 2018) than the four we investigated here. Inter-337

estingly, the magnitudes of the temperature anomalies they inferred, on the order of ±300 K to ±600 K,338

were even larger than the ones we measured, further emphasizing that the MTZ beneath this region is any-339

thing but average. Circling back to the Introduction, our results show that despite the lack of any modern340

volcanism, the perplexing presence of “hot-spot” signatures such as excess 3He in the groundwater in New341

Hampshire (Torgersen et al., 1995) can be seen as the dying breaths of the region’s volcanic legacy. The342

combination of an incoming slab from the west, the possibility of edge-driven convection to the east, and343

intermittent deep-mantle plumes, leaves a remarkable tectonic signature in the MTZ beneath eastern North344

America.345

6. Conclusion346

We have performed an extensive analysis of the structure of the mantle transition zone (MTZ) beneath347

eastern North America, and developed and provided a methodological approach by which to do so. Specif-348
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ically, we have found that the choice of velocity model used to depth-convert receiver functions can lead349

to significant variations in the observed depths of the 410 and 660 km discontinuities. The overall MTZ350

thickness, however, is found to be less sensitive to the differences in velocity models, and is therefore a351

robust feature when it comes to interpreting receiver function results in their respective geologic and geo-352

dynamic contexts. With this in mind, we explored a variety of significant features in our dataset: notably,353

the Northern Appalachian Anomaly (NAA), the Central Appalachian Anomaly (CAA), and Laramide slab354

anomaly. These features correspond to positive and negative thermal anomalies on the order of ±100 K,355

which may seem modest beneath an active margin or mantle plume, but are noteworthy considering the356

current status of the region as a passive “volcanic” margin. These observations enhance our understanding357

of the NAA and CAA, suggesting that they may penetrate into the MTZ instead of being solely confined to358

shallow asthenospheric depths. Our observations of the stagnant Laramide slab provide additional evidence359

for slabs stalling in the MTZ, and reinforce the theory of two-stage subduction of the Farallon slab.360
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