
1. Introduction
Extensive seismic studies on active continental margins have facilitated our understanding of mantle dynamics 
beneath plate boundaries (e.g., Becker, 2012, and the references therein). However, mantle dynamics and tectonic 
processes beneath passive continental margins remain less well understood due to limited local high-resolution 
seismic constraints. Eastern North America (Figure 1a) is an ideal place to study the attributes of passive conti-
nental margins, due to its long geological history and diverse tectonic features (e.g., Wagner et al., 2018). The 
region has experienced episodes of subduction and rifting associated with two complete cycles of supercontinent 
assembly and breakup (Rodinia and Pangea) over the past billion years (e.g., Nance et al., 2014). Meanwhile, 
complex shallow tectonic processes including lithospheric delamination and intraplate volcanism have occurred 
beneath the eastern U.S. (e.g., Long et al., 2021). Driven by mantle flow-induced dynamic topography changes, 
eastern North America has experienced local subsidence of up to ∼-50 m over inland regions and uplift over 
coastal plains up to ∼60 m during the past 3 million years (e.g., Rowley et al., 2013). While far from the plate 

Abstract Using recently collected high-resolution seismic data along a dense linear transect across Ohio, 
West Virginia, and Virginia (called Mid-Atlantic Geophysical Integrative Collaboration (MAGIC) profile), 
we analyze P-to-S receiver functions to investigate the undulations of the mantle transition zone (MTZ) 
discontinuities (410- and 660-km) beneath the central Appalachian region. Our results incorporating the effects 
of local crustal and mantle structures suggest shallowing of both the 410- and the 660-km discontinuities from 
the northwest (inland) to the southeast (coast) along MAGIC profile. Hydro-thermal upwelling beneath the 
eastern U.S. coastal plain due to a hydrated MTZ and hot upwelling return flow associated with the descending 
lower mantle Farallon slab is consistent with our observations of MTZ structure considering 3D velocity 
heterogeneity. The inferred hydrous hot upwelling rising into the upper mantle may trigger dehydration melting 
atop the 410-km discontinuity, which may help to explain the presence of a low velocity upper mantle anomaly 
beneath the region today.

Plain Language Summary The dynamic and tectonic processes of passive continental margins that 
do not lie on plate boundaries are poorly understood compared with active continental margins. The mantle 
flow patterns beneath the eastern North America, a long-lived passive continental margin, are debated, due 
to limited local high-resolution seismic studies. Using a dense seismic array through Ohio, West Virginia, 
and Virginia (called MAGIC profile) with unprecedented resolution, we investigate the undulations of 410- 
and 660-km discontinuities (boundaries of the mantle transition zone) beneath the eastern U.S. by analyzing 
seismic waves that have been converted at these discontinuities. After correcting for local crustal and mantle 
structures, we identify positively correlated shallowing of the 410- and 660-km discontinuities from the inland 
to the coast, which are hard to explain by thermal heterogeneity alone. Our findings suggest the existence of hot 
upwelling return flow associated with the neighboring descending Farallon slab in the lower mantle beneath the 
eastern U.S. When this passive hot return flow rises through the hydrated transition zone into the upper mantle, 
dehydration melting atop 410-km discontinuity may be triggered. The buoyant melt may further rise through 
the upper mantle, providing a potential explanation for upper mantle velocity anomalies beneath the region.
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boundaries, active intraplate seismicity in eastern North America includes some significant large events (e.g., 
Neely et al., 2018; Pratt et al., 2015; Wolin et al., 2012). These intraplate earthquakes may be driven by loading 
stresses induced by deep mantle flow (e.g., Forte et al., 2007). Seismic anisotropy studies have identified a sharp 
change of the SKS splitting from NE-SW to E-W fast directions at the eastern edge of present-day Appalachian 
Mountains (Aragon et al., 2017). Whether and how the SKS splitting patterns relate to the deeper mantle dynam-
ics beneath eastern North America, however, remains unknown. The complex mantle structure beneath eastern 
North America is characterized by the sharp eastern edge of North American cratonic keel (e.g., Schmandt 
& Lin,  2014), a small region of missing lithospheric mantle below the central West Virginia/Virginia (WV/
VA) border (e.g., Biryol et al., 2016; Schmandt & Lin, 2014; Wagner et al., 2018), and the Farallon slab in the 
lower mantle (e.g., Grand, 2002). The missing lithospheric mantle may indicate the existence of a delaminated 
or dripped dense lithospheric blocks due to a Rayleigh-Taylor instability (Conrad & Molnar, 1997; Göğüş & 

Figure 1. (a) Seismic stations used in this study, modified after Long et al. (2019). These include 28 MAGIC stations (red 
triangles), 16 neighboring TA stations (blue triangles) and 1 neighboring U.S. permanent station ACSO (black triangle). 
The black line marks the location of the MAGIC seismic array between two black dots, labeled A-A’. The abbreviations of 
three states (Ohio, West Virginia, and Virginia) and the Appalachian mountains that the MAGIC array crossed are labeled. 
Topography and state boundaries are also shown. (b) Map of seismic events (yellow pentagrams) used to generate RF data in 
this study. Red diamond denotes the location of MAGIC profile. Dotted lines show the epicentral distances at 30°, 60°, 90°, 
120°, and 150°, respectively.
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Pysklywec, 2008). The same region has the prominent record of past magmatic activities (Mazza et al., 2014) and 
the partial melt may be still present in the underlying upper mantle today (e.g., Evans et al., 2019).

Three possible dynamic scenarios that invoke vertical mantle flow beneath eastern North America, which may 
cause undulations of the 410- and 660-km phase transition boundaries (e.g., Shearer, 2000), have been previously 
suggested for the region. One possible scenario is that the sharp craton edge generates small-scale convection, 
with a cold downwelling limb beneath the eastern U.S. craton boundary (King & Anderson, 1998). King (2007) 
showed that the corresponding hot upwelling limb of such small-scale convection could explain the formation of 
Bermuda hotspot (see also Benoit et al., 2013). A thicker mantle transition zone (MTZ), with an elevated 410-km 
discontinuity and a slightly depressed 660-km discontinuity beneath the edge of the eastern North America 
craton root, would be consistent with the cold downwelling mantle flow (Bina & Helffrich, 1994). The second 
idea proposes a widely distributed, hydrous upwelling along the eastern North American continental margin, 
as inferred from the slow shear wave velocity in the upper mantle from regional seismic tomography (van der 
Lee et al., 2008). The proposed source of the volatiles is the dehydration of the Farallon slab near the top of the 
lower mantle, where dense hydrous magnesium silicates break down (e.g., Komabayashi et al., 2004). Hydra-
tion lowers the pressures for the olivine to wadsleyite phase transformation at the 410-km discontinuity (e.g., 
Ohtani & Litasov, 2006; Smyth & Frost, 2002; Wood, 1995) and increases the pressures for the ringwoodite to 
bridgmanite phase transformation at the 660-km discontinuity (e.g., Higo et al., 2001; Ohtani & Litasov, 2006), 
with the former being more strongly affected than the latter. Therefore, with an elevated 410-km discontinu-
ity and a slightly deepened 660-km discontinuity, a hydrous MTZ is expected to be thicker than anhydrous 
one. The third idea involves the missing lithospheric mantle below the central WV/VA border, which is clearly 
observed by recent seismic tomography (e.g., Biryol et al., 2016; Schmandt et al., 2015; Schmandt & Lin, 2014; 
Shen & Ritzwoller, 2016; Wagner et al., 2018) and is also suggested by other observations (Evans et al., 2019; 
Long et al., 2021). The potential location of this hypothesized delaminated or dripped lithospheric block in the 
deeper mantle has not been clearly identified yet. If a cold lithospheric block resides in the MTZ, we would 
expect a localized shallower 410-km discontinuity or deeper 660-km discontinuity, which would thicken the 
MTZ, beneath a small segment of eastern North America (Bina & Helffrich, 1994). Although all of these three 
potential scenarios would suggest a thicker MTZ beneath the eastern U.S., the vertical coherence of the effects 
of these three processes to the MTZ topography may be different. For instance, a delaminated lithospheric block 
may not affect the 410- and 660-km discontinuities below the same location if its size is small or the sinking 
does not follow an exactly vertical trajectory, different from the effects of a downwelling limb of the edge-driven 
convection and vertical transport of volatiles. Investigations of MTZ structure may be used to reveal the possible 
presence of vertical mantle flow and discriminate among different dynamic processes.

The Mid-Atlantic Geophysical Integrative Collaboration (MAGIC) project provides an opportunity to image 
mid mantle structure throughout the Appalachian region of the eastern U.S. in unprecedented detail. The project 
deployed 28 broadband seismometers in a dense linear transect across Ohio, West Virginia, and Virginia, running 
through the year 2013–2016, with most stations operating for 24 months (Long et al., 2020). Combined with the 
neighboring EarthScope USArray Transportable Array (TA) stations, a high-resolution seismic profile extending 
from the continental interior to the Atlantic coast beneath the eastern U.S. can be formed (Figure 1a), achieving a 
nominal station spacing of ∼25 km, compared with the nominal spacing of ∼70 km for only TA stations. We use 
P-to-S (Pds) receiver functions (RFs) (e.g., Langston, 1977; Vinnik, 1977) to investigate the geometries of the 
MTZ discontinuities (410- and 660-km boundaries) beneath the MAGIC array, which may constrain the vertical 
mantle flow patterns beneath the eastern U.S.

2. Receiver Functions
2.1. Method

The details of the data collection for the MAGIC array can be found in Long et al. (2020). Sixteen neighboring 
TA stations, mostly operating between 2012 and 2015, and one U.S. permanent station are also used to improve 
the resolution (Figure 1a). We use the software Funclab (Eagar & Fouch, 2012; Porritt & Miller, 2018) to request 
and process the seismic data. We select among all the earthquakes with moment magnitudes larger than 6.0 
between the epicentral distances of 30° and 100° occurring during the operation time of each station, as shown 
in Figure 1b. After rotating the seismograms from the original ENZ coordinate system into the RTZ coordinate 
system, the waveforms are band-pass filtered between 0.15 and 5.0 Hz, and the RFs are computed using a time 
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domain iterative deconvolution approach (Ligorria & Ammon, 1999) to deconvolve the vertical from the radial 
components with a Gaussian width parameter (“a” value) of 1.0. We also experiment with a Gaussian width 
parameter of 0.6 and find that it yields very similar results. We visually inspect all the RFs for each station, 
rejecting RFs that lack a clear first P arrival with correct timing and polarity. RFs with large negative troughs 
directly preceding or following the first P arrival and RFs with excessive harmonic oscillation or anomalous large 
spurious peaks are also removed. A significant number of the traces have strong harmonic oscillation due to the 
large velocity contrasts caused by sedimentary accumulation within the crust (e.g., Cook & Vasudevan, 2006), 
consistent with the finding from previous RF study below eastern North America (e.g., Long et al., 2010), and 
we have to abandon a relatively large volume of poor quality data. The average number of high-quality RFs per 
station used for single-station and 2D CCP stacking is 35.

The RFs are first migrated to depth using the 1D AK135 radial seismic velocity reference model (B. L. N. Kennett 
et al., 1995). Corrections for the effects of 3D velocity structure are further performed using SL14 crustal and 
mantle seismic tomographic models beneath the U.S. from Schmandt and Lin (2014). Because the mantle seismic 
tomographic model is inverted based on an initial crustal seismic tomographic model in Schmandt and Lin (2014), 
we use the same crustal model to perform the 3D corrections, along with the mantle model, to make our 3D 
corrections consistent with SL14 models. The mantle seismic tomography from SL14 models below the MAGIC 
profile, which exhibits complex lateral heterogeneity, is shown in Figure 2. To investigate the robustness of the 
lateral velocity heterogeneity revealed by SL14 models and the resulting 3D velocity corrections, we compare the 
P wave velocity perturbations from SL14 models below the MAGIC profile with those imaged by another two 
recent P wave tomography models, BBNAP19 (Boyce et al., 2019) and Liang et al. (2022), as shown in Figure S1 
in Supporting Information S1. S wave velocity perturbations below the MAGIC profile are also compared with 

Figure 2. Vertical cross sections through the SL14 (a) P wave tomographic model and (b) S wave tomographic model of the mantle beneath the U.S. from Schmandt 
and Lin (2014) along MAGIC profile labeled A-A’ in Figure 1a. Local surface topography (km X20) along the profile is indicated, with the location of central 
Appalachian Mountains (cAM) identified. The horizontal black dashed lines mark the depths of MTZ boundaries at 410- and 660-km, respectively. The color scale is 
over-saturated in the top part of the upper mantle in order to highlight the deeper mantle velocity anomalies with smaller amplitudes. The upper mantle includes the 
inland high-velocity North American cratonic root (F1p/F1s) to the northwest and the slow-velocity missing lithospheric mantle (S1p/S1s) to the southeast, close to the 
coast. The slow-velocity anomalies in the MTZ (S2p/S2s) indicate the potential thermal or hydrous upwelling. The lower mantle is featured with high-velocity Farallon 
slab remnants (F2p/F2s).
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another three recent S wave tomography models, MITS18 (Golos et al., 2018), SAVANI-US (Porritt et al., 2021) 
and NASEM5 (Clouzet et al., 2018), as shown in Figure S2 in Supporting Information S1. All the seismic models 
presented for comparisons use all the TA stations across the U.S. Although there are a certain degree of differ-
ences on the amplitudes and the geometries of the prominent velocity anomalies in the mantle due to different 
seismic data and inversion methods used in these studies (such as damping, smoothing, and wavelength filtering), 
the first-order velocity structures below the MAGIC profile between different models are similar (see Figures 
S1 and S2 in Supporting Information S1). We do not make topographic corrections, because the influence of the 
elevation variations across our seismic profile on the arrival time of the RFs is negligible (see Text S1 and Table 
S1 in Supporting Information S1). Single-station stacking of the radial RFs along the profile is performed across 
all backazimuths and epicentral distances for each station. Because the lateral move-out of RFs at transition zone 
depths are much more significant than at lithosphere depths, we caution that the single-station stacking results 
are simply a reflection of a broad average of the mantle structure below each station. The depths of the 410- and 
660-km boundaries are picked and the average thickness of the MTZ below each station is calculated. The dense 
seismic profile (∼15 km station spacing at its densest portion) also enables us to construct a high-resolution 
seismic image using the common conversion point (CCP) stacking method (Dueker & Sheehan, 1997). Because 
the 410- and 660-km piercing points are distributed closely along our profile (see Text S2 and Figure S3 in 
Supporting Information S1), we elect to perform 2D CCP stacking along our profile, that is, the conversion points 
produced by the impedance contrasts or gradients on the raypaths are projected onto a transect plane. Based on 
the distribution of the piercing points, the 2D CCP stacking is performed throughout three regions (black, brown, 
and magenta rectangular boxes in Figure S3 in Supporting Information S1). Black rectangular box centering 
around the MAGIC profile A-A’ defines the piercing points within 3-degree range perpendicular to the MAGIC 
profile that are used for the “total 2D CCP stacking.” Brown rectangular box centering around the neighboring 
parallel profile B-B’ defines the piercing points within 1-degree range perpendicular to the profile B-B’ that are 
used for the “north-side partial 2D CCP stacking.” Magenta rectangular box centering around the neighboring 
parallel profile C-C’ defines the piercing points within 1.5-degree range perpendicular to the profile C-C’ that 
are used for the “south-side partial 2D CCP stacking.” Note that the 660-km piercing points show poor coverage 
within the area close to the coastal end of the B-B’ rectangular box and the area close to the inland end of the C-C’ 
rectangular box (see Figure S3 in Supporting Information S1). Therefore, the north-side partial 2D CCP stacking 
along B-B’ does not calculate the 660-km discontinuity depth and the MTZ thickness close to the coastal end 
B’; the south-side partial 2D CCP stacking along C-C’ does not calculate the 660-km discontinuity depth and the 
MTZ thickness close to the inland end C (see Figure S4 in Supporting Information S1 and Figure 3). The results 
of the MTZ discontinuities produced without and with the 3D velocity corrections are both presented to clearly 
show the effects of the 3D mantle structure on our estimates of MTZ discontinuity depths.

2.2. Results

Figure S4 in Supporting Information S1 shows both single-station stacking results and 2D CCP stacking results 
(using 70-km horizontal and 2-km vertical bin sizes) along MAGIC transect calculated from the 1D AK135 
velocity model. The 410- and 660-km discontinuity depths in Figures S4a and S4b in Supporting Information S1 
are picked from the original RF traces of single-station stacking (Figure S5 in Supporting Information S1) and 
the 2D CCP stacking images (Figure S7 in Supporting Information S1 for total 2D CCP stacking). The general 
trends of the results from the two methods are consistent along the profile. The 410-km discontinuities from 
north-side partial 2D CCP stacking, south-side partial 2D CCP stacking, and total 2D CCP stacking are very 
close along the profile, indicating that the neighboring lateral change of the upper mantle structures perpendicu-
lar to the MAGIC  profile is small. The depths of 660-km discontinuities and hence the MTZ thickness from the 
two partial 2D CCP stacking results show a prominent discrepancy below the middle part of the MAGIC profile 
(within 300–500 km from the northwestern end of the MAGIC profile), which indicates a local significant lateral 
perturbation of the mantle structure perpendicular to the MAGIC profile. However, except for the areas with 
sparse distribution of the 660-km piercing points (see Figure S3 in Supporting Information S1), the trends of 
the three 2D CCP stacking results are highly consistent along the MAGIC profile. From the continental interior 
to the Atlantic coast, both the 410-km discontinuity (Figure S4a in Supporting Information S1) and the 660-km 
discontinuity (Figure S4b in Supporting Information S1) are generally flat, with a relatively abrupt deepening of 
∼10 km moving to the southeast (around ∼500 km from the northwestern end of the MAGIC profile) beneath 
the Appalachian mountains (a two-step shape). This sharp transition may be due to the fact that the Pds arrival 
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time is affected by the local upper mantle structure, with a slow velocity anomaly beneath the southeastern part 
and fast velocities beneath the northwestern part (see Figure 2), but the velocity model assumes a simple 1-D 
profile. Correspondingly, the MTZ thickness is generally uniform from the continental interior to the Atlantic 
coast (Figure S4d in Supporting Information S1). Because the sharp transition in the stacking results of 410-km 

Figure 3. (a) 410-km discontinuity depth, (b) 660-km discontinuity depth, (c) 410- and 660-km discontinuity depths, and (d) MTZ thickness calculated from 1D 
AK135 radial velocity model with the 3D corrections using the crustal and mantle seismic tomographic models from Schmandt and Lin (2014) along the MAGIC 
profile labeled A-A’ in Figure 1a. Scattered indigo points denote single-station stacking results (410-km: circle; 660-km: diamond; MTZ thickness: hexagram). Black 
solid lines denote total 2D CCP stacking results defined by the black rectangular box in Figure S3 in Supporting Information S1. Brown solid lines denote north-side 
partial 2D CCP stacking results defined by the brown rectangular box in Figure S3 in Supporting Information S1. Magenta solid lines denote south-side partial 2D 
CCP stacking results defined by the magenta rectangular box in Figure S3 in Supporting Information S1. The background in top three panels depicts the shear velocity 
structure from the seismic tomographic model of Schmandt and Lin (2014). The results we show here use this velocity model for 3D corrections.
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(Figure S4a in Supporting Information S1) and 660-km (Figure S4b in Supporting Information S1) disconti-
nuities is located around ∼500 km from the northwestern end, we divide the whole profile into a northwest-
ern segment and a southeastern segment bounded by the horizontal distance of 500 km from the northwestern 
(inland) end of the profile. We then calculate the average 410-km depth, 660-km depth, and MTZ thickness from 
both single-station stacking and total 2D CCP stacking below the whole profile, northwestern segment, and the 
southeastern segment, respectively, as shown in Table S2 in Supporting Information S1. The results of average 
statistics from single-station stacking are nearly the same as those from total 2D CCP stacking, consistent with 
Figure S4 in Supporting Information S1. The average statistics in Table S2 in Supporting Information S1 also 
clearly demonstrate a two-step shape, with a ∼10 km jump of the 410- and 660-km discontinuities along MAGIC 
profile (Figure S4 in Supporting Information S1).

Using the same data and technical parameters as those in 1D stacking, we next calculate both single-station stack-
ing and 2D CCP stacking along the MAGIC transect from the 1D AK135 radial velocity model with 3D correc-
tions applied using the SL14 crustal and mantle seismic tomographic models from Schmandt and Lin (2014) 
(Figure 3). The single-station stacking considering the 3D velocity corrections uses a modified reference 1D 
velocity profile interpolated from SL14 models below each station to perform the trace stacking. The 410- and 
660-km discontinuity depths in Figure 3 are picked from the original RF traces of single-station stacking (Figure 
S6 in Supporting Information S1) and the images of 2D CCP stacking (Figure S8 in Supporting Information S1 
for total 2D CCP stacking). The distributions of the 410-km discontinuity, 660-km discontinuity, and MTZ thick-
ness from single-station stacking with 3D velocity corrections (Figure 3) are more variable with depth than the 
1D single-station stacking results (Figure S4 in Supporting Information S1), which reflects the larger variations 
of the RFs from different back azimuths for each station when using the 3D models. However, the general trends 
from the single-station stacking results with 3D velocity corrections are still clear, and are consistent with the 
2D CCP stacking results (Figure 3). Except for the areas with sparse distribution of the 660-km piercing points 
(see Figure S3 in Supporting Information S1), the 410-km discontinuities, 660-km discontinuities, and the MTZ 
thickness from north-side partial 2D CCP stacking, south-side partial 2D CCP stacking, and total 2D CCP stack-
ing are all very close along the profile. The prominent discrepancy between the 660-km depths and the MTZ 
thickness from the two partial 2D CCP stacking results below the middle part of the MAGIC profile (within 
300–500 km from the northwestern end of the MAGIC profile) disappears with the consideration of the 3D 
velocity corrections, which confirms the existence of the significant lateral perturbation of the mantle structures 
beneath this region and the necessity of the 3D velocity corrections for the 2D CCP stacking. When the 3D 
velocity corrections are incorporated into our estimates, we find that, both the 410-km (Figures 3a) and 660-km 
(Figure  3b) discontinuities smoothly shallow from the continental interior to the Atlantic coast. Specifically, 
the 410-km discontinuity shallows by ∼10–15 km from the inland plain to the coastal plain, while the 660-km 
discontinuity shallows by ∼20–25 km. Because the 660-km discontinuity (Figure 3b) has a slightly steeper slope 
than the 410-km discontinuity (Figure 3a), the MTZ thickness modestly decreases by ∼5–10 km along the profile 
(Figure 3d).

The considerable differences in the trends of the MTZ discontinuities between the results with and without the 3D 
velocity corrections are a result of the strong lateral seismic velocity perturbations in the upper mantle and MTZ 
beneath the MAGIC array (Figure 2). In the upper mantle, these velocity perturbations include a fast anomaly to 
the northwest beneath the inland part of the MAGIC array (F1p/F1s) and a slow anomaly to the southeast below 
central Appalachian Mountains (S1p/S1s). The slow anomaly in the MTZ (S2p/S2s) is another significant lateral 
velocity perturbation that is important for our estimates of the 660-km discontinuity depth. Our results indicate 
that the 3D velocity anomalies significantly alter estimates of the undulations of the 410- and 660-km boundaries 
beneath eastern North America. Because the results from north-side partial 2D CCP stacking, south-side partial 
2D CCP stacking, and total 2D CCP stacking are very similar, the analyses of the 2D CCP stacking below are 
based on total 2D CCP stacking.

3. Discussion
3.1. Analysis of the Results From 1D Stacking

In spite of the large variation in crust and lithospheric structures across the MAGIC profile from the north-
western end (western Ohio) to the southeastern end (eastern Virginia) (Long et al., 2020, 2021), the underlying 
upper boundary of the MTZ, that is, 410-km discontinuity, is relatively smooth, with a deepening of ∼10 km 
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moving to the southeast (around ∼500 km from the northwestern end of the MAGIC profile) beneath Appala-
chian mountains (Figure S4a in Supporting Information S1). Similarly, the 660-km discontinuity also exhibits a 
two-step shape, with a deepening of ∼10 km to the southeast (around ∼500 km from the northwestern end of the 
MAGIC profile) beneath Appalachian mountains (Figure S4b in Supporting Information S1). The trend of our 
1D stacked 410-km discontinuity from the inland to the coast beneath the eastern U.S. (Figure S4a in Supporting 
Information S1) shows good agreement with the 1D P-to-S stacked results beneath contiguous U.S. from Gao and 
Liu (2014), who uses the IASP91 radial profile (B. Kennett & Engdahl, 1991) as the reference velocity model. 
In contrast, the 660-km discontinuity along the MAGIC profile interpolated from Gao and Liu (2014) largely 
stays flat at ∼660 km and does not show the two-step shape in our 1D stacked results (Figure S4b in Supporting 
Information S1).

Because we are not accounting for 3D crustal and upper mantle structures, and because the 1D velocity model 
may be imperfect for the region, the 410- and 660-km discontinuities are apparent rather than true depths. We 
calculate the difference between the two discontinuity depths to yield an estimated MTZ thickness profile beneath 
the MAGIC array, as shown in Figure S4d in Supporting Information S1. Because both the 410- and 660-km 
discontinuities are nearly identically affected by lateral velocity variations in crustal and upper mantle structures, 
the differencing of depths (i.e., MTZ thickness) yields a more accurate result than the individual depths. In spite 
of the two-step shapes in the 410- and 660-km discontinuity depths, the MTZ thickness is largely uniform across 
the entire profile (Figure S4d in Supporting Information S1). A local slight thickening occurs around 550 km 
from the northwestern end of the profile beneath Appalachian mountains, but this thickening is slight and does 
not exceed 10 km. The average MTZ thickness across the profile is ∼258 km (see Table S2 in Supporting Infor-
mation S1), which is thicker than the global 1D stacked value of ∼247.4 km (Lawrence & Shearer, 2006) and the 
regional 1D stacked value of ∼244.2 km across the southeastern North America from local permanent broadband 
seismic stations (Long et al., 2010), but is close to the average 1D stacked MTZ thickness of ∼251 km across the 
whole central and eastern U.S. (east of 102°W) (Gao & Liu, 2014). The generally uniform trend, with no obvious 
thickening of the MTZ along the MAGIC profile, would seem to be inconsistent with the presence of edge-driven 
convection, a hydrous upwelling, or a delaminated or dripped cold lithospheric block beneath the coastal plain, 
all of which would predict a region of local MTZ thickening.

3.2. Analysis on the Results From 3D Stacking

Given the significant velocity perturbations in the crust and upper mantle beneath eastern North America 
(Figure 2), we now consider the results using the 1D AK135 radial velocity model with the 3D velocity correc-
tions (Schmandt & Lin, 2014), as shown in Figure 3. These estimates account for lateral velocity variations in the 
crust, the upper mantle, and the MTZ itself, although there are some uncertainties in the models used to make the 
corrections. Figure 2 shows that the MTZ beneath the middle to southeastern part of the MAGIC profile includes 
a large patch of slow seismic velocity (S2p/S2s), which could indicate either anomalously warm mantle  or a 
hydrous zone. Because the single-station stacking results using 3D corrections show a relatively large variability 
(Figure 3), we mainly rely on our 2D CCP stacking results (Figure 3) to analyze the corresponding dynamic 
implications. With the 3D velocity corrections, both the 410- and 660-km discontinuities gradually shallow from 
the northwestern end (western Ohio) to the southeastern end (eastern Virginia) of the profile (Figure 3). The 
significant differences of the 410- and 660-km trends between the results with and without the 3D corrections 
are primarily caused by the strong lateral seismic velocity contrasts in the upper mantle associated with the 
cratonic root to the northwest beneath the inland part of the MAGIC array (F1p/F1s in Figure 2) and the missing 
lithospheric mantle to the southeast below central Appalachian Mountains below the MAGIC profile (S1p/S1s in 
Figure 2).

There are several previous P-to-S receiver function results for the MTZ beneath the eastern U.S. from 3D stacking 
(e.g., Gao & Liu, 2014; Y. Wang & Pavlis, 2016; Maguire et al., 2018; Keifer & Dueker, 2019). Among these 
models, we compare our local 410- and 660-km depths from 3D stacking with those from Maguire et al. (2018), 
who also used the seismic tomographic models from Schmandt and Lin (2014) for 3D velocity corrections. The 
results from Maguire et al. (2018) have an average 410-km discontinuity at 412 km depth and an average 660-km 
discontinuity at 663 km depth across the whole central and eastern U.S. The average depths of 410- and 660-km 
discontinuities beneath the MAGIC profile from our 2D CCP stacking results are 417- and 674-km, respec-
tively. They are both deeper than their corresponding background average values, which is consistent with the 
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results from Maguire et al. (2018) below Ohio, West Virginia, and Virginia. Our deeper 410-km discontinuity 
may suggest that the upper mantle beneath the MAGIC profile is hotter than the background mantle beneath 
the central and eastern U.S. as a whole, while our deeper 660-km may suggest that the lower MTZ beneath the 
MAGIC profile is either colder or more hydrous than the regional background mantle. The broader-scale result 
along the MAGIC profile interpolated from Maguire et al.  (2018) features a shallowing trend of the 410-km 
discontinuity below the coastal plain, which is consistent with our result (Figure 3a). In contrast, the 660-km 
discontinuity along the MAGIC profile interpolated from Maguire et  al.  (2018) is nearly flat, different from 
the shallowing trend in our result (Figure 3b). In our images, the shallowing trend of 410-km interface from  the 
inland to the coast could be consistent with the thermal blanketing effect of cratonic lithosphere due to the 
warmer upper mantle beneath the inland cratonic root (Grigné & Labrosse, 2001). The shallower 410-km inter-
face beneath the coastal plain also seemingly supports the edge-driven convection (King & Anderson, 1998) and 
hydrous upwelling (van der Lee et al., 2008) ideas; however, the same shallower underlying 660-km interface 
contradicts these two mantle dynamic scenarios. The shallower 410-km discontinuity below the southeastern part 
of the MAGIC profile (Figure 3a) could possibly support the scenario that a delaminated or dripped cold litho-
spheric block beneath northern Virginia is sinking into the MTZ from the upper mantle (Bina & Helffrich, 1994), 
but this would also result in a locally thicker MTZ.

We calculate the MTZ thickness with the 3D velocity corrections, as shown in Figure  3d. In contrast to the 
largely uniform MTZ thickness trend from the 1D stacking, the MTZ thickness from the 3D stacking decreases 
somewhat from the inland to the coast, although the thickness variation across the whole profile does not exceed 
10 km. At the southeastern end of the profile, beneath the coastal plain, the MTZ thickness is around 250 km, 
slightly thicker than the global average values of ∼241–243 km (Flanagan & Shearer, 1998; Gu et al., 1998; 
Lawrence & Shearer, 2006) from 3D stacking but close to the average values of the MTZ thickness of ∼251 km 
across the whole central and eastern U.S. from the 3D stacking (Maguire et al., 2018). At the northwestern end of 
the profile, below the inland plain, the MTZ thickness is around 260 km, thicker than the global average and the 
average across the whole central and eastern U.S.

The thinner MTZ below the coastal plain of the eastern U.S. is obviously not consistent with either the edge-driven 
convection (King & Anderson, 1998) or the presence of a delaminated or dripped cold lithospheric block trapped 
in the MTZ below northern Virginia. In the context of the hydrous upwelling scenario, the slight thinning trend of 
the MTZ thickness from the inland to the coast could suggest that the MTZ below the continental interior is some-
what more hydrated (and therefore has a thicker MTZ) than the MTZ below the coastal plain. This is inconsistent 
with the speculation in van der Lee et al. (2008) that the hydrous upwelling is located below the U.S. east coast. 
However, the recent regional mantle seismic tomographic model below the eastern U.S. (Figure 2) shows that 
the top lower mantle portion of the Farallon slab (F2p/F2s) is located below the inland (northwestern) part of the 
MAGIC profile. In this scenario, the upward transport of volatiles from the dehydration of the Farallon slab at  the 
top of the lower mantle could indeed primarily hydrate the MTZ right beneath the inland cratonic root, which is 
consistent with a thicker MTZ. The accurate mapping of the location of the Farallon slab in the mid-mantle is a 
key to determine the location of the potentially water-saturated MTZ below the eastern U.S. The recent mantle 
seismic tomographic model (Schmandt & Lin, 2014) indicates that the major hydrated part of the MTZ below 
the eastern U.S. associated with the dehydration of the underlying Farallon slab may actually locate below the 
continental interior, instead of the coastal plain. Although we suggest that the MTZ below the continental interior 
may potentially be hydrated, it is notable that a hydration-induced ∼10 km thickening of the MTZ is smaller than 
what would be expected for a water-saturated MTZ (Smyth & Frost, 2002). The hydration indicated by van der 
Lee et al. (2008) would produce ∼20–40 km of MTZ thickening if the effect is entirely due to the elevation of the 
410-km discontinuity under water-saturated conditions (Smyth & Frost, 2002). A ∼10 km thickening of the MTZ 
below the inland portion of the MAGIC array indicates the hydrous upwelling below this region, if present alone, 
is weaker than that suggested by the mechanism proposed by van der Lee et al. (2008).

3.3. Hydro-Thermal Upwelling Mechanism

While a more hydrated MTZ beneath the northwestern portion of our profile may potentially explain the rela-
tively (slightly) thicker MTZ there, it does not provide a good explanation for the simultaneous shallowing of both 
the 410- and 660-km discontinuities to the southeast along our profile. These results also cannot be reconciled 
with thermal effects alone, although the broader-scale MTZ topography across the central and eastern U.S. may 
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be primarily attributed to the thermal variations (Keifer & Dueker, 2019). Therefore, we seek a conceptual mantle 
dynamic model that can explain our local smaller-scale observations, along with the velocity structures shown in 
Figure 2. The widespread slow velocity anomaly within the MTZ beneath the middle to southeastern part of the 
MAGIC profile (S2p and S2s in Figures 2a and 2b, respectively), which produces a thinner MTZ below the coastal 
plain, is somewhat puzzling. A hydrous upwelling alone cannot explain this prominent slow velocity anomaly 
because that scenario would predict a thicker, rather than a thinner, MTZ below the coastal plain. Moreover, the 
P wave mantle seismic tomography (Figure 2a), which is typically better-resolved than S wave mantle seismic 
tomography (Figure 2b), identifies two distinct low velocity volumes in this location (S2p). The slow velocity 
anomaly toward the inland (northwestern) direction is located right above the underlying top lower mantle portion 
of the Farallon slab (F2p) whereas the slow velocity anomaly toward the coast (southeastern) direction is located 
right below the widespread slow velocity anomaly in the upper mantle (S1p). The slow velocity anomaly toward 
the northwest may represent the hydrous upwelling from the dehydration of the Farallon slab near the top of the 
lower mantle. However, in the context of a thinner MTZ below the coastal plain, the slow velocity anomaly to 
the southeast may indicate a high temperature perturbation within the MTZ below the southeastern segment of 
the MAGIC profile.

The origin of this presumably hot anomaly needs further investigation. We suggest that this hot anomaly may 
be produced by hot return flow from a super-adiabatic lower mantle (Khan et al., 2006; Verhoeven et al., 2009) 
induced by the neighboring sinking Farallon slab (F2p/F2s), as illustrated in Figure 4. This passive upward poloidal 
return flow induced by the sinking of the Farallon slab may be enhanced with the decrease of the slab-to-mantle 
viscosity ratio (Piromallo et  al.,  2006). Figure 2 shows a small-amplitude slow velocity anomaly adjacent to 
the Farallon slab in the lower mantle below the southeastern part of the profile, which may correspond to our 
hypothesized passive hot return flow (Figure 4). Because the sinking slab and the induced passive hot return flow 
align closely to each other (Piromallo et al., 2006), seismic tomography imaging may obscure the geometry and 
magnitude of the passive hot upwelling adjacent to the sinking slab.

In the context of this idea, the elevated 660-km discontinuity along the southeastern part of the MAGIC profile 
can be explained by hot upwelling return flow from the lower mantle rising up into the MTZ (Figure 4). As the 
hot upwelling rises through the hydrated MTZ fed by the dehydration of the Farallon slab at the top of the lower 
mantle, its high water content will induce a relatively shallower 410-km discontinuity beneath the coastal plain 
(Figure 4). When the hydrated hot upwelling passes through the 410-km discontinuity, the transformation of wet 
wadsleyite to dry olivine may release water to trigger partial melting above the discontinuity, as proposed by the 
MTZ water filter hypothesis (Bercovici & Karato, 2003; Leahy & Bercovici, 2007). Evidence for a dehydration 
melting layer atop the hydrated MTZ has been reported in the regions where mantle flow rises through the 
410-km discontinuity (e.g., X.-C. Wang et al., 2015; Wei & Shearer, 2017). The melt may further ascend through 
the upper mantle (Figure 4) if it is positively buoyant, which would be consistent with the prominent slow velocity 
anomaly within the upper mantle beneath the coastal plain (S1p/S1s). The dehydration-induced melt could reach 
the base of the lithosphere, as shown in Figure 4, potentially explaining the presence of partial melt in the upper 
mantle today (Byrnes et al., 2019; Evans et al., 2019; Long et al., 2021).

A local hot mantle upwelling generated by subduction-triggered return flow has been adopted to explain 
the intraplate magmatism and volcanism in other regions (e.g., Faccenna et  al.,  2010; Zhou,  2018). Global 
finite-frequency tomography of the 410- and 660-km discontinuities have revealed a strong positive correlation 
between 410- and 660-km discontinuities (both are deeper) under major subduction zones, suggesting the possi-
ble widespread distribution of the hot return flow from the lower mantle warming up the shallow MTZ above the 
cold stagnant slabs (Guo & Zhou, 2021).

4. Conclusions
Seismic data along the MAGIC profile enables us to constrain the depths of the 410- and 660-km discontinui-
ties, along with MTZ thickness, beneath the eastern U.S. with unprecedented high resolution. Using the AK135 
reference radial velocity profile, our 1D stacking yields a largely uniform trend of the MTZ thickness across the 
MAGIC profile, generally consistent with previous broader-scale 1D stacked results from TA (Gao & Liu, 2014) 
and permanent (Long et al., 2010) seismic stations with sparser data coverage beneath the eastern U.S. There are 
significant differences in the trends of the 410-km discontinuity, 660-km discontinuity, and MTZ thickness  along 
the MAGIC profile between the results without and with 3D seismic velocity corrections, which indicates the 
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importance of strong lateral velocity heterogeneity within the upper mantle and MTZ below the eastern U.S. We 
find no strong support for any of three previously proposed scenarios regarding possible vertical mantle flow 
geometries beneath the eastern U.S., including edge-driven convection (King, 2007; King & Anderson, 1998), 
hydrous upwelling (van der Lee et  al.,  2008), and a sinking delaminated or dripped cold lithospheric block 
from the lithosphere beneath the central WV/VA border (e.g., Biryol et al., 2016; Schmandt & Lin, 2014). We 
propose, instead, that a passive return hot upwelling induced by the neighboring sinking Farallon slab from the 
lower mantle (Piromallo et al., 2006) may exist beneath the eastern U.S. continental margin, which is consistent 
with the shallower 660-km interface and thinner MTZ beneath the southeastern part of the MAGIC profile. 
The hot upwelling will be hydrated as it rises through the hydrous MTZ fed by the dehydration of the Farallon 
slab at the top of the lower mantle, consistent with the elevated 410-km discontinuity beneath the coastal plain, 
because water has a much stronger effect on the phase transition pressure for 410-km discontinuity than that for 
660-km discontinuity. The hydrous hot upwelling rising into the upper mantle may trigger dehydration melting 
atop 410-km discontinuity (Bercovici & Karato, 2003; Leahy & Bercovici, 2007). The melt may further ascend 
through the upper mantle (S1p/S1s) if it is positively buoyant and reach the base of the lithosphere (Byrnes 
et al., 2019; Evans et al., 2019; Long et al., 2021). We suggest that the coexistence of the hydration process within 

Figure 4. A schematic cartoon (not to scale) illustrating a possible hydro-thermal upwelling mechanism below the eastern 
U.S. The blue feature in the lower mantle represents the cold downwelling associated with the subduction of the Farallon slab. 
Red arrows in the lower mantle represent possible hot upwelling return flow induced by the subduction of the neighboring 
Farallon slab. Purple arrows represent the hydrated hot upwelling in the wet MTZ between 660-km discontinuity and 410-km 
discontinuity. Orange arrows in the upper mantle represent the possible rising positively buoyant melt after the dehydration 
melting of the hydro-thermal upwelling atop 410-km discontinuity. There are considerable uncertainties about the lateral and 
depth extents of the shallow partial melt region, as indicated by the dashed line around the orange ellipse. The base of the 
cratonic keel is marked by a dashed line, because the depth extent of the cratonic keel is uncertain.
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MTZ and the hot upwelling return flow associated with the descending Farallon slab in the lower mantle may 
produce a hydro-thermal upwelling (Figure 4), which may play a major role in controlling the structures of the 
mid- and upper mantle beneath the eastern U.S. continental margin today.

Finally, we'd like to emphasize that the proposed hydro-thermal upwelling hypothesis does not rule out the possi-
bility of other coexisting dynamic processes to contribute to the origin of the prominent slow velocity anomaly 
below central Appalachian Mountains (S1p/S1s in Figure  2). Potentially, this slow velocity anomaly may be 
connected to the positively buoyant material in the deeper mantle beneath the Atlantic ocean, as indicated by the 
tomographic imaging from the recent deployment of the broadband ocean-bottom seismometers offshore at the 
eastern U.S. continental margin (Brunsvik et al., 2021).

Data Availability Statement
Seismic waveform data used in this study include the United States National Seismic Network (network code 
US, https://doi.org/10.7914/SN/US), EarthScope USArray Transportable Array (network code TA, https://
doi.org/10.7914/SN/TA), and the Mid-Atlantic Geophysical Integrative Collaboration (MAGIC) experiment 
(network code 7A, https://doi.org/10.7914/SN/7A_2013), which can be accessed via the IRIS Data Management 
Center (DMC) at https://ds.iris.edu/ds/nodes/dmc.
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