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Abstract The eastern margin of North America has been shaped by a series of tectonic events
including the Paleozoic Appalachian Orogeny and the breakup of Pangea during the Mesozoic. For

the past ~200 Ma, eastern North America has been a passive continental margin; however, there is
evidence in the Central Appalachian Mountains for post-rifting modification of lithospheric structure.
This evidence includes two co-located pulses of magmatism that post-date the rifting event (at 152 and

47 Ma) along with low seismic velocities, high seismic attenuation, and high electrical conductivity in the
upper mantle. Here, we synthesize and evaluate constraints on the lithospheric evolution of the Central
Appalachian Mountains. These include tomographic imaging of seismic velocities, seismic and electrical
conductivity imaging along the Mid-Atlantic Geophysical Integrative Collaboration array, gravity and heat
flow measurements, geochemical and petrological examination of Jurassic and Eocene magmatic rocks,
and estimates of erosion rates from geomorphological data. We discuss and evaluate a set of possible
mechanisms for lithospheric loss and intraplate volcanism beneath the region. Taken together, recent
observations provide compelling evidence for lithospheric loss beneath the Central Appalachians; while
they cannot uniquely identify the processes associated with this loss, they narrow the range of plausible
models, with important implications for our understanding of intraplate volcanism and the evolution of
continental lithosphere. Our preferred models invoke a combination of (perhaps episodic) lithospheric
loss via Rayleigh-Taylor instabilities and subsequent small-scale mantle flow in combination with
shear-driven upwelling that maintains the region of thin lithosphere and causes partial melting in the
asthenosphere.

Plain Language Summary For the past 200 million years, the east coast of North America
has been situated in the middle of a tectonic plate. Contrary to the expectations for this setting, a region
of the Central Appalachian Mountains centered near the boundary between the U.S. states of Virginia
and West Virginia exhibits atypical properties. The unusual observations include volcanic activity in the
geologic past far away from a plate boundary, elevated rates of erosion associated with high topography
in the Central Appalachians, and anomalous structure in the upper mantle that has been detected using
geophysical methods. This article describes, synthesizes, and compares a suite of observations that show
that this part of the Central Appalachians is unusual compared to other so-called passive continental
margins. We discuss a range of different models that might describe how the lithosphere, or the rigid part
of the crust and upper mantle that defines the tectonic plate, has evolved through time beneath our study
region. We show that the lithosphere today is thin, and that past episodes of lithospheric loss involving

a portion of dense lithosphere “dripping” into the mantle under the force of gravity may provide a good
explanation for the observations.
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1. Introduction

Perhaps one of the most surprising and perplexing observations made over the past 15 year of EarthScope
and related science is the presence of an apparent “hole” in the lithosphere beneath the Central Appala-
chians in Virginia and West Virginia that correlates very closely with the presence of comparatively recent
(Late Jurassic and Eocene) volcanism. While the eastern margin of North America has undergone a series
of major tectonic events over the past billion years of Earth history, these events significantly pre-date the
volcanic episodes. The Grenville orogeny that took place at roughly 1 Ga culminated in the formation of the
supercontinent Rodinia (e.g., McLelland et al., 2010; Whitmeyer & Karlstrom, 2007); Rodinia subsequently
broke up between 750 and 550 Ma (e.g., Burton & Southworth, 2010; Li et al., 2008). The subsequent Appa-
lachian orogenic cycle encompassed a protracted series of terrane accretion and mountain building events
during the Paleozoic (e.g., Hatcher, 2010; Hibbard et al., 2010). The Pangea supercontinent was formed
during the last phase of the Appalachian orogeny as Laurentia was joined to Gondwana. The breakup of
Pangea, the final major tectonic event to affect the Central Appalachians, began at roughly 230 Ma with
rifting and extension, and the rift-to-drift transition was complete by approximately 185 Ma (e.g., Withjack
etal., 1998, 2012). Rifting was accompanied by the emplacement of the Central Atlantic Magmatic Province
(CAMP), one of the Earth’s largest igneous provinces, over a period of less than 1 million years at approx-
imately 200 Ma (e.g., Blackburn et al., 2013; Marzoli et al., 2018; McHone, 1996). Eastern North America
thus assumed its current status as a passive continental margin by ~185 Ma, some 35 Ma before the first
episode of anomalous Central Appalachian volcanism.

The Central Appalachians are not the only region to present evidence for passive margin lithospheric evolu-
tion. Across eastern North America, there are hints that, in some places, modifications to lithospheric struc-
ture after the last major tectonic event (the breakup of Pangea and the opening of the Atlantic Ocean basin)
may have been profound. For example, there is evidence for alkaline volcanism that post-dates CAMP in
several regions along the margin (e.g., Mazza et al., 2017), including Jurassic kimberlitic magmatism in
New York and Pennsylvania (e.g., Bailey & Lupulescu, 2015; Bikerman et al., 1997), the Jurassic White
Mountain Magma Series and younger Cretaceous magmatism in New England (e.g., Foland et al., 1971;
Kinney et al., 2021), and the Cretaceous Monteregian Hills in eastern Canada (e.g., Foland et al., 1986).
Recent seismic imaging of upper mantle structure beneath eastern North America using data from the
EarthScope USArray Transportable Array (TA) has revealed evidence for complex upper mantle structure
(e.g., Biryol et al., 2016; Golos et al., 2018; Liu & Holt, 2015; Porter et al., 2016; Schmandt & Lin, 2014;
Wagner et al., 2018), including several prominent low velocity anomalies that may hint at recent or ongoing
dynamic processes. Furthermore, there is evidence from geomorphological investigations for relatively re-
cent rejuvenation of Appalachian topography (e.g., Gallen et al., 2013; Miller et al., 2013; Pazzaglia & Bran-
don, 1996), perhaps reflecting changes in dynamic topography generated by deep mantle flow (e.g., Rowley
et al., 2013; Spasojevic et al., 2008) and/or temporal changes in the density structure of the crust or mantle
lithosphere (e.g., Fischer, 2002; Wagner et al., 2012). Finally, there is ample seismicity along the eastern
North American margin (e.g., Wolin et al., 2012), much of it concentrated in zones that may represent the
reactivation of ancient structures in the present-day stress field (e.g., Thomas & Powell, 2017).

Here, we focus on the Central Appalachian Mountains, in a region encompassing the boundary between
Virginia and West Virginia (Figure 1). This region has hosted two pulses of (spatially co-located) post-
CAMP volcanism (at 152 and 47 Ma; Mazza et al., 2014, 2017), with the latter representing the youngest
magmatic event in eastern North America. Taking advantage of newly available data from EarthScope and
related projects, recent geophysical imaging has yielded evidence for anomalous structures in the crust and
upper mantle beneath this region. This includes a prominent zone of low seismic velocities (e.g., Schmandt
& Lin, 2014; Wagner et al., 2018), high seismic attenuation (Byrnes et al., 2019), and high electrical con-
ductivity (Evans et al., 2019) in the upper mantle, with further evidence for thin mantle lithosphere from
receiver function analysis (Evans et al., 2019). The seismic structure beneath the region is anomalous in
several other ways, including a sharp lateral transition in crustal thickness (i.e., along a profile perpendicu-
lar to the strike of the Appalachian Mountains; Long et al., 2019) and an abrupt transition in SKS splitting
behavior (Aragon et al., 2017).

The goal of this article is to synthesize a suite of recent results from the Central Appalachian Mountains
that have been enabled by EarthScope, GeoPRISMS, and related efforts in eastern North America. These
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Figure 1. Map of study area (inset shows location along the Eastern North American passive margin). Background
color shows topography. Triangles show locations of post-CAMP volcanism (Mazza et al., 2017). Larger triangles are
samples with age constraints. Red triangles are Eocene, yellow triangles are Jurassic. Blue circles indicate seismicity
from the NEIC catalog, 2001-2021 with M > 2.5. The focal mechanism of the August 2011 Mineral, VA earthquake
(McNamara et al., 2014) is shown in yellow. Thin black lines show locations of Mesozoic dikes, sills, and flows of the
Central Atlantic Magmatic Province (CAMP) from Hames et al. (2000), while hatched regions indicate the basins of
the Newark Supergroup (Withjack et al., 2013). Gray dotted line indicates location of cross-section shown in Figures 2
and 3. Tick marks show 100 km increments along that profile from NW to SE. White diamonds show locations of
MAGIC stations.

include seismic and magnetotelluric imaging of the subsurface using data from the USArray Transportable
and Flexible Arrays, geochemical and petrological investigations of post-CAMP magmatic products, geo-
morphological investigations of present-day erosion rates, and analysis of gravity and heat flow data. We
include results from the MAGIC (Mid-Atlantic Geophysical Integrative Collaboration) experiment, which
deployed a suite of densely spaced, co-located broadband seismic and magnetotelluric observatories across
the Central Appalachians (Long et al., 2020). We discuss possible mechanisms for lithospheric loss and
intraplate volcanism beneath the Central Appalachians and for the persistence of anomalous lithospheric
structure over geologic time. These possible mechanisms include catastrophic lithospheric loss via Ray-
leigh-Taylor instability, gradual thermal erosion of the lithosphere, edge-driven convection, a deep man-
tle source of heat and/or hydration, shear-driven upwelling, or a combination of these. We evaluate the
strengths and weaknesses of different models and discuss how well each explains the full range of observa-
tions. We present our preferred scenarios for lithospheric loss and intraplate volcanism beneath the Central
Appalachians, which invoke a combination of Rayleigh-Taylor instability and shear-driven upwelling and/
or small-scale mantle flow. Finally, we explore the implications for a range of important outstanding Earth
science questions and suggest avenues for future progress on understanding the evolution of the Central
Appalachians in particular and continental lithosphere in general.

2. Geophysical Constraints
2.1. Seismic Observations
2.1.1. Tomographic Imaging of the Central Appalachian Anomaly

Since the EarthScope TA traversed the eastern United States, a significant number of articles have been
published that image a volume of upper mantle with low seismic velocities that has come to be known
as the Central Appalachian Anomaly (CAA; e.g., Schmandt & Lin, 2014). Data for these studies include
Rayleigh waves from both ambient noise cross correlations (Bensen et al., 2008; Golos et al., 2018; Pollitz
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& Mooney, 2016; Porter et al., 2016; Savage et al., 2017; Schmandt et al., 2015; Schmandt & Lin, 2014;
Shen & Ritzwoller, 2016; Wagner et al., 2018; Xie et al., 2018) and teleseismic earthquakes (Babikoff &
Dalton, 2019; Golos et al., 2018; Pollitz & Mooney, 2016; Porter et al., 2016; Schaeffer & Lebedev, 2014;
Schmandt et al., 2015; Shen & Ritzwoller, 2016; Wagner et al., 2018; Yuan et al., 2014). Some studies have
relied on teleseismic body waves (Biryol et al., 2016; Golos et al., 2018; Savage, 2021; Schmandt & Lin, 2014;
Wang et al., 2019) and body waves from local seismicity (Wang et al., 2019).

The methodologies employed for determining spatial variations in velocity vary as well, particularly for
those studies determining Rayleigh wave phase velocity maps that are subsequently inverted to create 3D
shear wave velocity models. Several studies employed gradiometry (Lin et al., 2009) and/or Helmholtz (Lin
& Ritzwoller, 2011) or Helmholtz-like (Pollitz & Snoke, 2010) wavefront modeling approaches that avoid the
need for inversion and associated regularization (Babikoff & Dalton, 2019; Pollitz & Mooney, 2016; Porter
et al., 2016; Schmandt et al., 2015; Shen & Ritzwoller, 2016) but that do depend on the grid spacing for the
calculated derivates (Babikoff & Dalton, 2019). Of those studies that used inverse approaches, either for
determining phase velocity maps or for body wave imaging, most used sensitivity kernels that incorporate
finite frequency effects (Biryol et al., 2016; Golos et al., 2018; Savage et al., 2017; Schmandt & Lin, 2014;
Wagner et al., 2018). Additionally, some studies used full waveform inversions of fundamental mode Ray-
leigh waves (Schaeffer & Lebedev, 2014; Yuan et al., 2014).

Despite the diversity of imaging approaches, most of these studies presented strikingly similar results in
their identification of a small region of decreased seismic velocities in the uppermost mantle near the cen-
tral WV/VA border. Figure 2 shows horizontal slices through the uppermost mantle (depth = 80-100 km)
for a selection of six models that cover the CAA region (Boyce et al., 2019; Porter et al., 2016; Schmandt
et al.,, 2015; Schmandt & Lin, 2014; Shen & Ritzwoller, 2016; Wagner et al., 2018). Three of these used
a gradiometry/Helmholtz tomographic approach (Porter et al., 2016; Schmandt et al., 2015; Shen & Rit-
zwoller, 2016); Schmandt et al. (2015) and Shen and Ritzwoller (2016) added additional constraints from
receiver functions and/or H/V ratios. Wagner et al. (2018) used a finite-frequency two-plane wave inversion
for the determination of their phase velocity maps (Yang & Forsyth, 2006). Schmandt and Lin (2014) in-
verted teleseismic P and S-wave body waves with constraints from ambient noise phase velocities to better
define shallow structure. Boyce et al. (2019) performed an inversion of teleseismic P-wave body waves with-
out any input from surface waves. All of these models show a much localized low-velocity region in the
uppermost mantle, with lateral dimensions that are comparable to the interstation spacing of the TA and/
or to the grid-node spacing employed in the inversion. This suggests that the anomaly may well be smaller
than imaged, but it is unlikely to be much larger.

The surface wave-based models (Porter et al., 2016; Schmandt et al., 2015; Shen & Ritzwoller, 2016; Wagner
et al., 2018) allow us to compare the absolute shear wave velocities observed within the uppermost man-
tle. Figure 3 shows cross-sections through all four models along transects roughly parallel to the MAGIC
deployment. All of the seismic profiles show an abrupt decrease in seismic velocities (4.4-4.5 km/s) for a
relatively small region (<150 km) along strike. This contrasts with the shear wave velocities observed at the
same depth to the north and west which generally exceed 4.6 km/s, consistent with relatively cold continen-
tal mantle lithosphere. Velocities also increase somewhat to the east of the CAA (between 4.5 and 4.6 km/s),
though these velocities are notably not as fast as those observed to the north and west (Vs > 4.6). Crustal
velocities within the CAA are normal-to-slightly-elevated in the region above or near the low velocities in
the uppermost mantle. There is no evidence in any model of reduced crustal seismic velocities associated
with the CAA, as might be expected in the presence of a high geothermal gradient.

2.1.2. Seismic Imaging Across the Dense MAGIC Transect

The MAGIC seismic experiment (Long et al., 2020), part of the USArray Flexible Array, consisted of a lin-
ear deployment (roughly perpendicular to the strike of the Appalachian Mountains) of 28 densely spaced
broadband seismic stations across the CAA (Figure 1). The nominal station spacing was ~15 km in the
region with anomalous post-CAMP volcanism and just under 30 km elsewhere. Estimates of depth to Moho
across the MAGIC array derived from P-to-S receiver functions (Long et al., 2019) reveal evidence for a
sharp “step” in the Moho just to the east of the Blue Ridge mountains (Figure 3; purple diamonds/line).
This step involves a change in crustal thickness from roughly 48 km to the west to ~35 km to the east over a
distance of ~15 km (Figure 3). The Moho step is located approximately 80 km to the east of the easternmost

LONG ET AL.

40f 32



I ¥l
I Journal of Geophysical Research: Solid Earth 10.1029/2021JB022571

ADVANCING EARTH
AND SPACE SCIENCE

40°

38°

AE . ss

v ¥ b
Vs (km/sec) at 80 km depth

Vs (km/sec) at 80 km depth

4.5 4.6 4.7

44 45 46 47
T

.V

Vs (km/sec) at 80 km depth S o A Vs (km/sec) at 80 km depth
o “

44 45 46 47 4. L o 3 44 45 46 /47

[ aVp (%) a 90 km depth N
A3 2 30 4 2 3 [
[ —

50 60 70 80 90 100 0.0 0.1 0.2 0.3
Fast direction (") t-star (sec)

Figure 2.

Eocene volcanic formation (Mole Hill, outside Harrisonburg, VA; see Figure 1). The step in the Moho does
not appear to be a feature that is unique to the Central Appalachians; Li et al. (2020) argued that there is
a Moho step near the western edge of Laurentian terranes throughout much of the central and northern
Appalachians, extending north to roughly 43° latitude.
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MAGIC data have also been used to document a sharp lateral transition in SKS splitting behavior across the
Central Appalachian Mountains (Aragon et al., 2017). Figures 2 and 3 show SKS splitting measurements at
stations of the MAGIC array; these exhibit a sharp transition from NE-SW fast directions at stations in the
Appalachian Mountains to more E-W fast directions at stations located just to the east of the mountains.
This transition in splitting behavior is roughly co-located with the easternmost occurrences of the post-
CAMP igneous formations in the region. Aragon et al. (2017) suggested that SKS splitting reflects a com-
bination of contributions from present-day mantle flow in the asthenosphere and lithospheric anisotropy
frozen in from past tectonic processes. They further proposed that the lateral transition in splitting behavior
is controlled mainly by the lithospheric component, although we explore an alternative explanation (one
that invokes small-scale mantle flow) for this observation in this paper.

Constraints on present-day lithospheric thickness across the MAGIC array were obtained by Evans
et al. (2019) through Sp receiver function imaging (Figure 3; white diamonds) of the lithosphere-asthe-
nosphere boundary (LAB). Their interpretations of the images suggest a lithospheric thickness of roughly
100-120 km beneath the eastern part of the MAGIC array. Directly beneath the Appalachian Mountains,
Evans et al. (2019) identified a converter at ~80-90 km depth that dips gently to the west, likely correspond-
ing to the LAB. Beneath the western half of the MAGIC array, a flat-lying converter at a depth of ~90 km
likely corresponds to a mid-lithospheric discontinuity (MLD), while far to the west a prominent converter at
a depth of ~140 km likely corresponds to the base of the lithosphere. Importantly, the Sp receiver function
analysis of Evans et al. (2019) suggested thin (~80-90 km) lithosphere co-located with the tomographically
imaged CAA (Figure 3).

Another result from the MAGIC experiment, based on seismic attenuation measurements, also suggests
thin lithosphere beneath the Appalachian Mountains. Byrnes et al. (2019) modeled variations in the wave-
forms of first-arriving P phases from deep earthquakes recorded at MAGIC seismic stations using the ap-
proach of Bezada (2017) and Bezada et al. (2019). The result is a map of At* values (Figure 2, grayscale; Fig-
ure 3, red line), a metric that is more positive when attenuation is stronger. Byrnes et al. (2019) observed low
At* values at the eastern and western ends of the MAGIC array, with much higher values (0.26 s) directly
above the tomographically imaged CAA (Figures 2 and 3). For context, a 50-150 km change in lithospheric
thickness, with v, and Q, values taken from the lithosphere and asthenosphere in PREM (Dziewonski &
Anderson, 1981), leads to At* of only 0.03-0.09 s. Extrinsic attenuation due to either short- or long-wave-
length variations in seismic velocity cannot explain the maximum in At* at the CAA (Byrnes et al., 2019);
rather, a thin lithosphere and particularly high attenuation in the asthenospheric upper mantle are required
by the observations. Byrnes et al. (2019) suggested that the values of Q, for the asthenospheric upper mantle
beneath the CAA are low enough to require either partial melt (e.g., Abers et al., 2014) or a premelting effect
that involves the disordering of grain boundaries as the solidus is approached (Yamauchi & Takei, 2016).
More broadly, the attenuation results exclude the presence of either thick lithosphere or the replacement of
lithosphere with “normal” sub-solidus asthenosphere in the CAA region.

MAGIC data were also used to investigate the detailed structure of the mantle transition zone beneath the
Central Appalachians (Liu et al., 2018). Because the phase transformations associated with the 410 and
660 km mantle discontinuities are sensitive to temperature and water content, a detailed characterization
of the transition zone can shed light on the thermal and hydration state of the mid-mantle and can reflect
possible contributions from vertical mantle flow or from the presence of lithospheric fragments sinking
through the mid-mantle (e.g., Benoit et al., 2013; Bina & Helffrich, 1994; Schmandt et al., 2012; Smyth &
Frost, 2002). Images of the transition zone beneath the MAGIC array derived from single-station stacking of
P wave receiver functions, migrated to depth using the iasp91 velocity model (Kennett & Engdahl, 1991), are
shown in Figure 4 (It should be noted that single-station stacking of receiver functions for transition zone

Figure 2. Seismic constraints on upper mantle structure in map view. Background colors show different tomographic models. (a—d) Show absolute shear wave
velocities from surface wave studies at 80 km depth, contoured at 0.1 km/s: (a) Schmandt et al. (2015). (b) Shen and Ritzwoller (2016). (c) Porter et al. (2016). (d)
Wagner et al. (2018). (e and f) Show P-wave velocity deviations determined from teleseismic travel time residuals contoured every 1% increment: (e) At 90 km
depth by Schmandt and Lin (2014); (f) At 100 km depth by Boyce et al. (2019). Triangles show locations of EarthScope Transportable Array stations. For panel
(d) only stations used in the inversion are shown. Small black dots in panel (d) show inversion grid node locations. Transect X-X' shown in purple with purple
tick marks every 100 km from N-S shows location of the cross section in Figure 3. Superimposed on the transect is the projection of ¥ measurements from
Byrnes et al. (2019). SKS splitting measurements from Aragon et al. (2017) at MAGIC stations (diamonds) are shown as bars color coded by fast direction in
degrees clockwise from north.
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Figure 3. Cross-sections along X-X"as shown in Figure 2. At the top of each panel, black line shows topography, red
line shows t* measurements of Byrnes et al. (2019), red triangles show the locations of Eocene volcanism, and yellow
triangle shows Jurassic volcanism (Mazza et al., 2017). (a-d) Diamonds show projected locations of MAGIC stations
color coded by fast splitting directions using the same color scale used in Figure 2. (e) Shows the locations of MT
stations used in Evans et al. (2019). Models panels (a-d) correspond to the same seismic velocity models in Figure 2:
(a) Schmandt et al. (2015). (b) Shen and Ritzwoller (2016). (c) Porter et al. (2016). (d) Wagner et al. (2018). Colors show
shear wave velocities in km/s. () Shows the electrical resistivity model of Evans et al. (2019). In all panels, purple

line and purple diamonds show estimates of Moho depths determined from P's receiver function analysis, from Long
et al. (2019). White and yellow diamonds connected by black lines show major interfaces detected by Sp receiver
function analysis, from Evans et al. (2019). White diamonds indicate interfaces that likely correspond to the LAB, while
yellow diamonds show a likely MLD, according to the interpretation of Evans et al. (2019).
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Figure 4. Image of P's conversions from transition zone discontinuities beneath the MAGIC line (Liu et al., 2018).
Stars show approximate locations of unusual Jurassic and Eocene volcanism (see details in Figure 1). Radial component
P's receiver function traces have been stacked at individual stations, migrated to depth using a standard Earth model
(iasp91; Kennett & Engdahl, 1991), and plotted as a function of distance along the MAGIC profile (as shown in

Figure 1). Red pulses indicate a conversion due to a discontinuity with a positive velocity gradient, as expected for the
410 and 660 km discontinuities. Liu et al. (2018) observed a generally constant transition zone thickness across the
MAGIC line, consistent with imaging by Gao and Liu (2014; solid line) and Wang and Pavlis (2016; dashed line) using
data from TA stations.

imaging is likely to obscure any small-scale variations in transition zone depth and thickness; ongoing work
to implement a common conversion point stacking approach may reveal additional details). These images
reveal that both the 410 and the 660 km discontinuities seem to deepen smoothly from west to east across
the array, though the estimated thickness of the transition zone (which should be relatively insensitive to
3D velocity variations, which are not accounted for in our analysis) remains relatively constant. Previous
work on transition zone structure beneath the southeastern United States using permanent seismic stations
(Long et al., 2010) similarly suggested that transition zone thickness was generally uniform across the re-
gion and did not deviate significantly from standard mantle models. Keifer and Dueker (2019) applied P’s
receiver function analysis to data throughout the central and eastern United States and found evidence
for a region of anomalously thin (~230 km, as opposed to a nominal thickness of 250 km) transition zone
beneath our study region. However, they also found evidence for transition zone thinning beneath much of
the eastern United States, so this feature was not specific to the Central Appalachians. Gao and Liu (2014)
found that little evidence for transition zone thinning beneath the eastern United States based on receiver
functions; Wang and Pavlis (2016), who applied a 3D wavefield imaging method, similarly found evidence
for a generally standard transition zone thickness beneath our study region. The absence of significant var-
iability in transition zone thickness across the MAGIC array suggests that there is likely little variation in
the temperature or hydration state of the transition zone associated with the CAA anomaly. An alternative
possibility is that any effects of lateral variations in temperature and hydration effectively balance each
other out.

2.2. Electrical Conductivity Observations

Magnetotelluric data, collected as part of the MAGIC experiment (Long et al., 2020) and augmented by
EarthScope TA coverage, highlight significant variations in lithospheric thickness across this portion of the
Central Appalachians (Evans et al., 2019). The electrical conductivity model of Evans et al. (2019), shown
in Figure 3e, yields evidence for a variety of features, including thick lithosphere (>150 km) beneath the
western part of the MAGIC profile and thin lithosphere (<75 km) directly along the CAA. In between the
thick lithosphere to the NW and the thin lithosphere of the CAA lies a region of more conductive mantle at
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Figure 5. Gravity anomaly maps of the Central Appalachians. Left panel shows Bouguer gravity anomaly from PACES, with the Appalachian gravity low and
the Piedmont gravity high marked. Right panel shows a reduced Bouguer gravity anomaly map obtained following Stein et al. (2014). We upward continued the
Bouguer anomaly data to 40 km and subtracted the result from the original Bouguer anomaly data. Black stars show the locations of MAGIC stations, while red
stars show locations of prominent hot springs.

depths between ~100 and 180 km (100-400 km distance along the profile). Evans et al. (2019) interpreted
this area as comprising lithospheric mantle affected by a combination of hydration and/or deformation
(Pommier et al., 2018) that occurred during Grenville orogenic suturing. The conductivities of the CAA
at depths greater than 80 km are sufficiently high (>0.1 S/m, corresponding to <10 ohm m) to require the
presence of a small volume of partial melt (Evans et al., 2019). The inferences on lithospheric thickness be-
neath the Appalachians gleaned from the electrical conductivity model are consistent with constraints from
Sp receiver function analysis (Figure 3), and Evans et al. (2019) interpreted these datasets jointly.

2.3. Gravity and Heat Flow Observations

In Figure 5a we show a map of Bouguer gravity anomaly from PACES (e.g., Stein et al., 2014) in a region
surrounding the CAA. The well-known gravity low over the Appalachian topographic high and gravity high
over the Piedmont are apparent in the Bouguer gravity plot (Pratt et al., 1988). The transition between the
two is the Appalachian gravity gradient. Crustal thickening beneath the Appalachian Mountains has been
proposed to explain the gravity low (Cook, 1984), while several explanations have been proposed for the
gravity high. Interpretations have noted the correlations between the gravity high and the Carolina Slate
(Long, 1979) or Mesozoic rift basins (Griscom, 1963), or attributed the gravity high to dipping structures
imaged in seismic reflection data (Hutchinson et al., 1986) or subsurface loading (Karner & Watts, 1983).
Following Stein et al. (2014), we upward continued the Bouguer anomaly data to 40 km and subtracted the
result from the original Bouguer anomaly data, creating a “reduced” or upward continued Bouguer gravity
map (Figure 5b). This procedure enhances anomalies from sources at greater depth and suppresses those
from near surface sources (Jacobsen, 1987). We observed no striking correlation between the reduced Bou-
guer gravity map and the slow wavespeed anomaly documented in tomographic models (Figures 2 and 3)
associated with the CAA, suggesting that there is no strong gravity anomaly associated with the other geo-
physical anomalies. The reduced Bouguer gravity map (Figure 5b) does show some hint of a gravity low in
the CAA region, with a maximum amplitude of perhaps 35 mGal; however, there are similar gravity lows
elsewhere along strike in the Central Appalachians, and there is no localized anomaly that matches the
dimensions of the tomographically imaged CAA.
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It is reasonable to question whether we would in fact expect to see a gravity anomaly due to a thermal anom-
aly in the uppermost mantle that has the dimensions of the tomographically imaged CAA. To illustrate the
expected impact of a slow seismic anomaly on gravity, we assume that the anomaly is purely thermal. The
temperature and density anomaly due to a thermal anomaly will be related by the coefficient of thermal
expansion,
op = —paoT, €9
where p is the density, « is the coefficient of thermal expansion, and T is the temperature, the minus sign
indicates that a higher temperature results in a decrease in density. Using the solution for the gravity anom-
aly due to a buried sphere (Turcotte & Schubert, 2002) with a sphere of radius 50 km centered at 100 km
depth, matching the peak 35 mGal gravity anomaly associated with the CAA requires a density contrast of
—100 kg/m3. This requires an unrealistically large temperature contrast of 1000°C from Equation 1, with
p = 3300 kg/m? and & = 3.0 x 10~ C~1. A more realistic temperature contrast of 100°C-200°C produces a
Bouguer gravity anomaly of 3.5-7 mGal, which is small enough that it is unlikely to be observed. Using
Birch's (1961) law
v, = =187 +0.00305p, (2)

where v, is p wave velocity in km/ s! and p is density in kg/m?, a 3% anomaly in v, produces a 3% change in
p. Hence, a 3% change in p is equivalent to —100 kg/m?3, assuming an upper mantle density of 3,300 kg/m?3.
While a direct comparison between a reasonable absolute v, anomaly, as constrained by gravity data, and
tomographic models (which constrain either absolute v, or relative v, values) is not straightforward, a 3% v,
anomaly is generally consistent with tomographic constraints.

This simple calculation, and the fact that we image a slow velocity anomaly of several percent beneath the
CAA, but no large or prominent gravity anomaly that matches its dimensions, suggests that the anomaly
is unlikely to be purely thermal; much of the velocity reduction may be due instead to the presence of par-
tial melt and/or water. However, this inference would be complicated if there is also material with excess
(positive) density in the crust or mantle lithosphere; in this case, the gravity signature from the less dense
material (in the asthenospheric upper mantle) would destructively interfere with that from the more-dense
material.

Inferences on the thermal state of the crust and lithosphere can in principle be gleaned from heat flow
measurements and from the distribution of thermal springs in and around our study area; however, these
indicators are difficult to interpret. The Virginia-West Virginia Hot Springs region (Bath and Highland
Counties, Virginia and Pocahontas county, West Virginia, just to the south and west of the central part of
the CAA) has the largest concentration of thermal springs in the eastern United States, with more than
50 springs (Waring, 1965). Three prominent hot springs are shown in Figure 5. With the exception of one
anomalously high heat flow value that is thought to be contaminated by groundwater circulation, heat flow
in the Virginia-West Virginia Hot Springs region is consistent with the regional trend (Frone et al., 2015;
Perry et al., 1979). As discussed by Evans et al. (2019), slightly elevated heat flow is observed across the Ap-
palachians, with values between 70 and 80 mW/m? across the mountains (Frone et al., 2015). Overall, then,
the evidence for locally high heat flow in the CAA region is mixed; while thermal springs are present, heat
flow data do not show a pronounced anomaly in the vicinity of the CAA.

3. Petrological and Geochemical Constraints

The Central Appalachians have experienced two pulses of magmatism following the rifting of Pangea at
152 and 47 Ma, co-located in a roughly 80 X 50 km region that straddles the Virginia-West Virginia bor-
der (Johnson et al., 1971; Mazza et al., 2014, 2017; Southworth et al., 1993; Figure 1). The Late Jurassic
magmatic event is characterized by a bimodal population of highly alkaline rocks, comprised of low silica
basanites and high silica phonolites (Figure 6a). Mazza et al. (2017) explained the bimodal population as
a result of fractional crystallization of the basanites at 10 kbar/35 km depth, near the base of an assumed
40 km thick crust. Calculated mafic melt equilibration temperatures from the Late Jurassic volcanics are
consistent with normal asthenospheric mantle (~1,350°C, 2 GPa) and are too cold to invoke melting from a
mantle plume (Mazza et al., 2017), but these calculations are limited to only one sample containing olivine.
Radiogenic isotopes have been used as indicators for both assessing crustal interaction and differentiating
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Figure 6. (a) Total alkalis (Na,0 + K,0) versus SiO, for the eastern North
American Margin (ENAM) volcanics including the Virginia-West Virginia
Late Jurassic and Eocene volcanic pulses showing bimodal populations
(Mazza et al., 2014, 2017), the Central Atlantic Magmatic Province (CAMP,
Callegaro et al., 2013; Whalen et al., 2015), and the New York (NY)
kimberlites (Bailey & Lupulescu, 2015). (b) La/Yb versus Nb/Yb showing
differences in eastern North American Margin (ENAM) rifting and passive
margin volcanics. (c) 13Nd/**Nd versus ¥’Sr/%Sr for ENAM volcanics.
Abbreviations. DMM, depleted MORB mantle; EMI, enriched mantle I;
EMII, enriched mantle II; HIMU, high 2**U/?*Pb mantle.

mantle reservoirs. While Mazza et al. (2017) showed that the Late Juras-
sic event likely was unaffected by crustal assimilation, the geochemical
and isotopic datasets for Central Appalachian crustal basement rocks
are limited and do not include any of the mid-upper crustal carbonates
that are abundant in the region. The Late Jurassic volcanics have a range
of Pb radiogenic isotopes similar to volatile-rich lithologies, such as car-
bonatites and kimberlites, with enrichment of radiogenic Pb coupled to
magma evolution. Sr-Nd radiogenic isotopes are nearly identical to values
reported from Late Jurassic kimberlites in New York (Figure 6c; Bailey &
Lupulescu, 2015), which trend toward an enriched mantle component.
The radiogenic isotope signatures from the Late Jurassic magmatic event
in the Central Appalachians have been interpreted as melting of an en-
riched mantle source, mixing with an unsampled highly radiogenic Pb
source that is potentially associated with metasomatism that is typical
of kimberlite/carbonatite magmas. Trace element signatures (Figure 6b)
also imply the Late Jurassic basanites were produced from low degree
melting of an enriched asthenospheric source (~70 km depth).

The Eocene magmatic event is also characterized by bimodal, alkaline
rocks, but these are silica-saturated and are also characterized by lower
abundance of alkaline elements than the Late Jurassic event. The mafic
population is comprised of picrobasalt to basalt magma containing Al-au-
gite and olivine phenocrysts, while the felsic population has an average
trachydacite composition (Figure 6a). Similar to the Late Jurassic event,
the bimodal nature of the Eocene event can be explained by fractional
crystallization, with the felsic magmas forming at shallow crustal depths
of 2 kbar/7 km (Mazza et al., 2017). The Eocene mafic magmas are char-
acterized by typical ocean island basalt trace element signatures, suggest-
ing they are the product of melting an asthenospheric source (Figure 6b),
in agreement with calculated mafic melt equilibration temperatures and
pressures consistent with normal asthenospheric mantle (~1,400°C and
2.3 GPa; Mazzaet al., 2014). The Eocene magmatic event was not affected
by crustal contamination. Instead, radiogenic isotopes from the Eocene
volcanics suggest mixing between HIMU (high 23¥U/?**Pb) and DMM
(depleted mid-ocean ridge basalt mantle) mantle reservoirs, similar to
many of the Atlantic Ocean intraplate volcanoes (Mazza et al., 2014).
The Eocene diatremes and some of the dikes exhibit brecciated textures,
carbonate inclusions within phenocrysts, and irregular carbonate and
zeolite amygdules within the volcanic groundmass (Haynes et al., 2014;
Tso & Surber, 2006), indicating the importance of volatiles in driving the
Eocene eruptions. This is consistent with high (>500 ppm) structural OH
measured in clinopyroxene phenocrysts from Highland County (Soles
et al., 2014).

The structural features and petrography of the Eocene and Late Juras-
sic igneous bodies and their xenoliths add to the regional context of the
magmatism. Both pulses of magmatism were low volume and exposed
intrusive bodies vary from dikes ~10 cm in width to diatreme conduits
~200 m across. The Late Jurassic igneous rocks manifest as dikes that are
preferentially oriented NW-SE, approximately perpendicular to the strike

of regional folding (Southworth et al., 1993). The Eocene magmas produced dikes and diatreme structures
(Haynes et al., 2014; Tso & Surber, 2006) that align with jointing and faulting within the host sedimentary
units, predominantly trending to the NE-SW. The Eocene magmas are preferentially intruded into shale and
carbonate units, though sandstone xenoliths within the basalts at Trimble Knob and Mole Hill indicate that
some eruptions were able to punch through subsurface sandstone layers within duplex thrust splays or fold
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hinges (Johnson et al., 2013; Tso & Surber, 2006). Phenocrysts, xenocrysts, and xenoliths reveal information
about the composition and temperature of the crust and lithospheric mantle. Clinopyroxene phenocrysts
and xenocryst rims from the Eocene event record pressures corresponding to ~40 km depth, with temper-
atures ranging from 1230°C to 1370°C (Johnson et al., 2013), which agrees with other calculations that
indicate the Eocene event sampled the asthenospheric mantle. Paragneiss and syenite xenoliths are only
confirmed to be found in Late Jurassic dikes. Paragneissic xenoliths experienced temperatures as high as
984°C from Zr-in-rutile thermometry and are of Grenville age, based upon detrital U-Pb zircon geochronol-
ogy (Johnson et al., 2013).

The two post-rifting magmatic events that affected the Central Appalachians thus likely derived from the as-
thenospheric mantle at similar depths, but sampled geochemically distinct sources. The Late Jurassic event
sampled a highly enriched mantle domain that is similar to other magmatic events that effected the eastern
margin of North America during the Late Jurassic (e.g., New York kimberlites), suggesting that this event
might be associated with widespread magmatism. In addition, fractional crystallization of the more silica
rich magmas occurred at the base of the crust. On the other hand, the Eocene event shares geochemical and
radiogenic isotopic signatures of typical Atlantic intraplate volcanism with limited to no crustal interaction.
The silica rich magmas from the Eocene event evolved via fractional crystallization in the shallow crust.

4. Geomorphological Constraints

Whether the present-day elevation and topographic relief along the Appalachian Mountains represent con-
tinual, slow decay of remnant orogenic topography (e.g., Hack, 1960; Matmon et al., 2003; Spotila et al., 2004)
or reflect renewed rock uplift during the Cenozoic (e.g., Davis, 1889; Pazzaglia & Brandon, 1996) remains
a central question in the evolution of eastern North America. Most workers agree that variations in the re-
sistance of lithologic substrate to erosion along the range manifest as differential landscape relief and rates
of erosion (i.e., DiBiase et al., 2018; Hack, 1960; Hancock & Kirwan, 2007). However, variations in the pace
of sediment delivery (Naeser et al., 2016; Pazzaglia & Brandon, 1996), low-temperature thermochronolo-
gy (Shorten & Fitzgerald, 2021), the regional patterns of knickpoints preserved along some Appalachian
river networks (Gallen et al., 2013; Miller et al., 2013), and inverse models of stream profiles (Fernandes
et al., 2019) all imply that topographic relief increased during the late Cenozoic. Moreover, the geodynam-
ics driving such a change remain debated. For instance, in the Susquehanna River watershed, north of
our study area, regions of elevated channel steepness (a metric of channel gradient normalized for basin
drainage area; Wobus et al., 2006) and erosion rate were interpreted to reflect an increase in river incision
during the Neogene (Miller et al., 2013), perhaps reflecting an increase in dynamic topography (Moucha
et al., 2008; Moucha & Ruetenik, 2017; Rowley et al., 2013). Similar patterns in topography and channel
steepness in tributaries of the Tennessee River, south of our study area, have been attributed to epeirogeny
(Gallen et al., 2013) but can also be explained by river capture and drainage reorganization within approx-
imately the same time period (Gallen, 2018). These data were subsequently claimed to be consistent with
dynamic subsidence of the region driven by large-scale mantle flow (Liu, 2014). As our study area lies be-
tween these two regions, the geomorphology of the range affords an opportunity to explore the association
between lithospheric architecture and potential changes in relief.

The topography of the Appalachian Mountains above the CAA is characterized by high elevations (Figures 1
and 7d), increased topographic relief (Figure 7a), and elevated channel steepness (Figure 7b), relative to the
Appalachians to the north and south. Relief and channel steepness both exhibit a broad “bullseye” centered
on the CAA, extending from southern West Virginia to the Pennsylvania border. Local relief is considered
here as the difference in maximum and minimum elevations measured within a 5-km diameter circular
window and is ~100 m larger above the CAA than in regions to the north and south (Figure 7a). Although
the association of steeper channels with greater relief is not surprising (e.g., DiBiase et al., 2010), elevated
channel steepness indices along the crest of the range are observed along both sides of the continental
drainage divide (Figure 7e). This observation suggests that elevated channel steepness is not simply a func-
tion of drainage capture and divide migration (e.g., Naeser et al., 2016), but is characteristic of headwater
regions of rivers draining to both the Atlantic and Gulf of Mexico. Moreover, analysis of channel steepness
as a function of mapped lithology (see Supporting Information S1) reveals that channels are approximately
2-3 times steeper along the crest of the range, relative to its flanks, independent of substrate (Figure 7e).
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Figure 7. Topography and erosion rates in the Central Appalachians. (a) Map of study area showing smoothed local relief. Red dashed line shows the
approximate outline of the CAA based on the 4.5 km/s contour in Wagner et al., 2018 (see Figure 2d). Watershed boundaries of major rivers shown in white;
J-James, R-Rappahannock, P-Potomac, S-Susquehanna. (b) Map of smoothed channel steepness indices. Black rectangle outlines the swath profiles shown in (d
and e) Colored circles represent locations of erosion rate samples used in the analysis (see text for details). (c) Scaling relationships among channel steepness,
erosion rate, and lithology for basins throughout the Central Appalachian region. Results of York regressions forced through origin characterize two separate
groups of rock type; 20 bounds shown with dashed lines. (d) Maximum (black) and minimum (gray) elevations along the swath profile. (e¢) Mean values of
channel steepness along the swath profile separated by rock type and drainage direction. Channels west of the drainage divide are shown with square symbols,
and channels east of the divide are shown with circles.

For instance, basins underlain by largely mudstone are present throughout a swath sampled across the
CAA (Figure 7e), and channels in these basins exhibit steepness indices of ~20-25 m®? near the crest of the
range, decreasing to values <5-10 m® east and west of the range. This observation suggests that variations
in channel steepness are not entirely a consequence of variations in rock erodibility along the range.

To evaluate whether these spatial differences in channel steepness are in fact associated with differences
in erosion rate, we compiled previously published data on basin-wide average erosion rates from studies of
19Be concentrations in fluvial sediment from tributaries of the Potomac, James, and Susquehanna water-
sheds (Duxbury et al., 2015; Portenga & Bierman, 2011; Portenga et al., 2019). For each of these watersheds,
we evaluated the network distribution of channel steepness (following methods of Harkins et al., 2007;
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Perron & Royden, 2013) and substrate lithology from published regional geologic maps (Dicken et al., 2005;
Nicholson et al., 2005). We focused our study on those 63 watersheds underlain by a single substrate li-
thology (Table S1). We compared channel steepness to erosion rate for each watershed (Figure S1); chan-
nel profiles that displayed significant convexities and knickpoints, considered to reflect potential transient,
spatial variations in erosion rate (e.g., Kirby & Whipple, 2012), were eliminated from subsequent analysis.
A detailed discussion of methods is available in the Supporting Information S1. The remainder of the data
define two distinct scaling trends between erosion rate and channel steepness (Figure 7c). Watersheds un-
derlain by metabasalt and quartzite appear to be steeper, at a given erosion rate, than those underlain by
metasedimentary and sedimentary rocks (Figure 7c). This analysis strongly implies that variations in chan-
nel steepness across the Central Appalachians (background colors in Figure 7b) in the study area do, in
fact, reflect variations in erosion rate. Steeper channels above the CAA appear to be eroding faster than the
flanks of the range (Figure 7).

Overall, elevated rates of erosion along steep channels in the Central Appalachians appear to be consistent
with either (a) maintenance of topography by ongoing differential rock uplift across the range or (b) rel-
atively slow decay of erosion rates from a past event that may have added buoyancy to the upper mantle
and elevated the Central Appalachians. Although our data are not sufficient to definitively discriminate
between these scenarios, we can estimate the response timescales of a stream-power model of these fluvial
networks (e.g., Goren et al., 2014). Although such models are subject to significant limitations in how they
represent the effects of stochastic distributions of runoff and thresholds associated with bed sediment calib-
er (e.g., DiBiase & Whipple, 2011; Lague, 2014), the linear scaling between channel steepness and erosion
rate presented here (Figure 7) suggests that stream-power type models capture at least the first-order char-
acteristics of the system. The linear scaling between channel steepness and erosion rate yields a response
time (7) with the formula (Gallen, 2018; Goren et al., 2014)
. )j- dx'

) K(x)A(x)" @
where X' is the along-stream distance from the outlet, K is an erosion coefficient, A is upstream drainage
area, and m is a positive exponent related to the scaling of erosion rate with drainage area, a proxy for dis-
charge. To estimate the response time for the Potomac River basin, we used two spatially variable erosion
coefficients, estimated as the inverse of the regressions (see Supporting Information S1) relating channel
steepness and erosion rate (Figure 7). We applied those coefficients to other rock types not included in the
erosion rate analysis because such data in those rock types are absent (e.g., including carbonates in the
more erodible, higher K class and igneous rocks and remaining metamorphic rocks in the less erodible,
lower K class). In this way, our analysis honors the observation that the scaling of channel steepness de-
pends on lithology (Figure 7e), although it does not specify every rock type. The exponent m was set to 0.45,
consistent with both theory (Whipple & Tucker, 1999) and observation in the Susquehanna River basin
(Miller et al., 2013). For rivers of the approximate size of the Potomac, our analysis suggests that the re-
sponse to a simple perturbation in the relative rate of base level fall would sweep through the system within
20-30 Myr. Thus, while it is possible that elevated erosion rates and steep channels reflect modifications of
the lithosphere associated with the youngest phase of volcanism in Eocene time, it seems unlikely that the
geomorphology of this region of the Appalachians retains any signal of topographic changes that pre-date
these events.

5. Synthesis of Observations: An Argument for Lithospheric Loss Beneath the
Central Appalachians

Taken together, the constraints from geophysics, petrology, geochemistry, and geomorphology described in
Sections 2—-4 form a suite of observations that suggest a past lithospheric loss event(s) and the preservation
of a thinned continental lithosphere through geologic time. Our synthesis has documented a number of
striking and anomalous observations associated with the CAA that any conceptual model for lithospheric
evolution must be able to explain. To summarize, a number of geophysical imaging studies (Figures 2 and 3)
have conclusively demonstrated that the lithosphere beneath the CAA today is thin, with the LAB likely at
~75-90 km depth. These constraints include: (a) tomographic imaging of low seismic velocities associated
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with the CAA, suggesting a region of absent lithosphere that is no wider than ~100 km and with low ve-
locities extending to the base of the continental crust, (b) seismic attenuation measurements, which again
suggest a region of thin lithosphere of limited lateral extent, (c) electrical conductivity measurements that
require a shallow LAB and a highly conductive asthenosphere co-located with the tomographically imaged
CAA, and (d) Sp receiver function imaging, which suggests a shallow LAB that is spatially associated with
the electrical conductivity anomaly, and is consistent with geochemically constrained asthenospheric melt-
ing depths.

The physical state of the upper mantle associated with the CAA today is therefore relatively clear—a thin
lithospheric layer overlies an asthenosphere with geophysical indicators that are in some ways more typical
of mid-ocean ridge settings than ambient subcontinental asthenosphere. Resistivities below ~100 km depth
are less than 10 Qm (Evans et al., 2019), which is more conductive at comparable depths than beneath un-
modified oceanic lithosphere (Sarafian et al., 2017) and comparable to asthenosphere beneath the East Pa-
cific Rise at similar depths (Baba, Chave, et al., 2006; Baba, Tarits, et al., 2006; Key et al., 2013). The strength
of attenuation is likewise comparable to that beneath the Juan de Fuca ridge (Eilon & Abers, 2017), or Lau
(Wei & Wiens, 2018, 2020) and Marianas (Pozgay et al., 2009) back-arc spreading systems. Shear-wave ve-
locities as constrained by surface waves are typically in the range of ~4.3-4.5 km/s at depths below 150 km
beneath the CAA (Pollitz & Mooney, 2016; Porter et al., 2016; Shen & Ritzwoller, 2016; Wagner et al., 2018);
these are more consistent with the asthenosphere beneath young oceanic plates than the continents (e.g.,
Lekic & Romanowicz, 2011). Taken together, the geophysical observations suggest the CAA comprises a
region of partial melt at shallow depths below the continental crust over a very small (50 km radius) area.

The fact that these geophysical indicators of a region of absent mantle lithosphere and shallow partial melt
are spatially co-located with the occurrence of Late Jurassic and Eocene volcanic and magmatic products
(Figure 3) leads us to consider models that would explain both of these past episodes of tectonomagma-
tism and the present-day geophysical structure in terms of lithospheric loss and subsequent evolution. Key
geochemical and petrological constraints that must be honored by such models include: (a) the timing of
the events, with one during the Late Jurassic and one during the Eocene, (b) the thermobarometry results,
which suggest pressures (and thus depths) of melt equilibration of 2.1 GPa (roughly 70 km) for a Late Ju-
rassic sample and 2.3 GPa (roughly 75 km) for Eocene samples, and temperatures that are associated with
decompression melting of “normal” asthenosphere, and (c) the geochemical results, which for the Eocene
event similarly suggest decompression melting of “normal” asthenosphere from the sub-Atlantic Ocean
domain. Finally, the fact that the anomalous magmatic activity and present-day geophysical anomalies are
spatially co-located with relatively rapid erosion rates and steep channels also pushes us to consider models
for evolution of the Central Appalachian lithosphere that can explain particularly rapid present-day erosion
rates.

In other words, all available observations are consistent with a series of events that include shallow decom-
pression melting caused by lithospheric removal in the Jurassic, followed by a ~100 Ma volcanic hiatus
about which we know very little. This hiatus was followed by another episode of small-scale volcanism
during the Eocene (which may or may not have included additional lithospheric removal), which was in
turn followed by some process that has allowed for the maintenance of low seismic velocities, high seismic
attenuation, low resistivity, and high erosion rates over 47 million years. This means that we need to explain
(a) the removal of mantle lithosphere on such a small scale and (b) the maintenance of such a small litho-
spheric “hole” over geologic time.

In addition to the key geophysical, geomorphological, geochemical, and petrological observations that
suggest anomalous lithospheric evolution, we have also documented a number of additional observations
that may help to distinguish among different models. These include the occurrence of a transition in SKS
splitting behavior that is co-located with the CAA, the Moho “step” that is just to the east of the Eocene
volcanics, the observation of relatively “normal” and unexciting transition zone structure beneath the CAA,
the lack of pronounced anomalies in the gravity and heat flow data, and the lack of a pronounced seismic
velocity anomaly in the crust above the upper mantle CAA.
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6. Mechanisms for Lithospheric Loss and Evolution Beneath the Central
Appalachians

Here, we discuss and evaluate a range of possible conceptual models for (a) lithospheric loss (and associated
intraplate volcanism) beneath our Central Appalachians study area and (b) the evolution and maintenance
of thin lithosphere over geologic time. Many of these ideas are based on previous work that have suggested
mechanisms for explaining various observations (e.g., low upper mantle seismic velocities or the character
and timing of volcanism). Section 6 focuses on a description of possible models and Section 7 presents a
comparison between predictions and observations. At this point, our evaluations of the various mecha-
nisms are qualitative and conceptual; however, they represent a starting point toward more quantitative and
specific comparisons between a working preferred model and observations, as described below.

6.1. Mechanisms for Lithospheric Loss
6.1.1. Localized Loss via Rayleigh-Taylor Instability

Mazza et al. (2014) proposed a localized lithospheric loss or delamination model for the Central Appala-
chians as a mechanism to explain anomalous volcanism. This scenario invokes the gravity-driven loss of a
small volume of lithosphere via a Rayleigh-Taylor instability (e.g., Elkins-Tanton, 2007; see sketch in Fig-
ure 8). We envision a localized (no more than ~100 km across, roughly the dimension of the present-day low
velocity anomaly at depths of ~100 km) Rayleigh-Taylor instability of dense mantle lithosphere, perhaps
also involving eclogitized, high-density lower crustal material. This lithospheric “drip” would have been
relatively small in volume (with a diameter of ~100 km and a thickness of perhaps ~50-100 km, consistent
with numerical modeling results; e.g., Conrad & Molnar, 1997), and after it detached and sank into the up-
per mantle, upwelling return flow would have resulted in decompression melting.

6.1.2. Widespread Lithospheric Loss via Rayleigh-Taylor Instability

An alternative to the model of a localized gravity-driven lithospheric loss event is a scenario in which a
comparatively larger volume of lithospheric mantle was removed, with subsequent thermal evolution (as
discussed in Section 6.2.1 below) that shrank the region of thinned lithosphere to its present size. Such a
scenario, to which the term “lithospheric delamination” is often applied (e.g., Magni & Kiraly, 2020), raises
the possibility that a substantially larger portion of the mantle lithosphere was initially lost than envisioned
in Section 6.1.1 above. Our motivation for considering this idea is that in this scenario there is no need to
invoke a set of processes that maintain the configuration of the lithosphere that was created by the most
recent lithospheric loss event over long periods of geologic time. Instead, we envision that after the litho-
spheric loss event, the lithosphere progressively cooled and thickened; in the course of this evolution, what
was initially a larger lithospheric “divot” shrank to its present dimensions.

6.1.3. Gradual Thinning of the Lithosphere via Thermal Ablation

Evans et al. (2019) suggested a model of gradual, rather than a catastrophic, lithospheric loss beneath the
Central Appalachians as a possible alternative to gravity-driven instability. We envision a scenario in which
some initial perturbation of the “topography” at the base of the lithosphere, perhaps tied to preexisting or
inherited lithospheric structure from earlier processes, allowed for the localization of upwelling mantle
flow and the progressive thermal ablation or erosion of the lithosphere to its present-day configuration.
Evans et al. (2019) invoked the idea of shear-induced upwelling as a possible mechanism for this process;
if variable topography on the lithosphere, and/or lateral variations in mantle viscosity, led to shear-driven
upwelling (e.g., Ballmer et al., 2015; Conrad et al., 2010, 2011), then any melt produced would migrate to
the shallowest point of the LAB. Melt ponded at the LAB may then play a role in thermally eroding the
lithosphere via dike intrusion (e.g., Havlin et al., 2013); this model predicts that over time, the lithosphere
progressively erodes and evolves to its present-day configuration. This model does not make specific predic-
tions about the time frame of the gradual lithospheric thinning, and the timescale over which this may have
occurred is not well constrained. Havlin et al. (2013) suggested that this type of mechanism, with modest
melt fractions, can thin the lithosphere by roughly 50 km or more over a 50 Myr time frame.
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6.1.4. Lithospheric Thinning via Edge-Driven Convection

Another possibility is that the present-day low velocities beneath the Central Appalachians represent the
upwelling limb of a small-scale convection cell that is driven by downwelling at the edge of the thick por-
tion of North American cratonic lithosphere to the west. This model invokes the classic edge-driven con-
vection scenario of King and Anderson (1998) and King (2007), which has been considered before in a
slightly different context as an explanation for processes occurring beneath the southeastern United States
(Benoit et al., 2013; Long et al., 2010). The concept of edge-driven convection has been applied to explain
lithospheric thinning and intraplate volcanism in other geographic settings (e.g., Kaislaniemi & van Hu-
nen, 2014; Van Wijk et al., 2010), and has also been invoked to explain the Northern Appalachian Anomaly,
another low-velocity upper mantle anomaly associated with thinned lithosphere, that is, centered under
New England (e.g., Dong & Menke, 2017; Levin et al., 2018; Menke et al., 2016, 2018). In this model, the
upwelling limb of the convection cell causes decompression melting and corresponds to the present-day low
velocity anomaly in the upper mantle; the upwelling may have contributed to lithospheric thinning over
time through thermal ablation, yielding the thin lithosphere, that is, inferred today. While this model is not
temporally specific in the same way that the catastrophic lithospheric loss is, the edge-driven convection
cell may have been present continuously (or at least episodically) for long periods of geologic time if it is to
be invoked as an explanation for past intraplate volcanism in our study region.

6.1.5. Lithospheric Thinning Driven by a Deep, Plume-Like Upwelling

Yet another plausible scenario invokes deep processes, rather than processes taking place in the upper man-
tle, as the driver for melting and volcanism beneath the Central Appalachians. This model invokes the
presence of an anomaly in the mid-mantle (or deeper) as the trigger for melting and as the explanation
for the present-day low velocity zone and thin lithosphere. This anomaly could take the form of a classical
thermal mantle plume, which may have been able to thermally ablate or thin the lithosphere when it passed
through. Alternatively, it could take the form of a “wet spot” whose increased water content lowers the melt-
ing temperature and enables melting, and may contribute directly to the reduced seismic velocities in the
upper mantle. Each of these two scenarios has been previously proposed in the literature. Chu et al. (2013)
proposed the presence of a “hidden hotspot track” beneath the central and eastern United States on the ba-
sis of seismic waveform modeling that suggested two corridors of modified lower lithosphere with reduced
seismic velocities and enhanced seismic attenuation. Van der Lee et al. (2008) previously suggested perva-
sive hydration of the upper mantle beneath eastern North America on the basis of documented low-velocity
anomalies beneath the Eastern Seaboard in tomographic models that predate the deployment of the Earth-
Scope USArray (e.g., Van der Lee & Frederiksen, 2005). In the Van der Lee et al. (2008) model, hydration and
upwelling were invoked to explain a broad region of lower than average upper mantle velocities beneath
the eastern United States; in contrast, here we invoke the possibility of a much narrower and more localized
hydrous upwelling as a source of melt production directly beneath the Central Appalachians.

6.2. Scenarios for Evolution of Thinned Lithosphere Over Time

We envision several possible scenarios for how the lithosphere may have evolved after a lithospheric loss
event by any of the mechanisms discussed in Section 6.1. These models may include gradual thermal heal-
ing of thinned lithosphere (perhaps accompanied by temporal changes in density structure) or mechanisms

Figure 8. Schematic cartoon of possible scenarios for lithospheric removal and evolution from the Jurassic to the present. Top set of panels shows possible
configurations and processes during the Jurassic (including pre-removal, during lithospheric removal, and during magmatism), middle set of panels shows
possible configurations and processes during the Eocene (including during the Jurassic-Eocene hiatus, during lithospheric removal, and during magmatism),
and the bottom panel shows the present-day configuration. In all panels, the green line indicates the possible Moho architecture and the blue line indicates

the possible LAB geometry; lines are dashed where uncertainty is particularly high. Red colors indicate the likely presence of melt, thick arrows indicate
possible (highly schematic) flow scenarios, and triangles indicate magmatic products at surface. Thin arrow in the “ablation” panel represents a schematic
representation of thermal ablation rather than a mantle flow pattern. Upwelling flow in the “magmatism” panels is balanced by the either the downwelling flow
or by extension, allowing for mass balance. In the lower panel, plotting conventions and velocity models are as in Figure 3d. Present-day topography is shown at
the top of all panels for reference; note the different scales above and below the zero line on the y axis (all labels indicate values in kilometers).
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that can maintain a thin lithosphere over time, including shear-driven upwelling or continuous or episodic
edge-driven convection.

6.2.1. Gradual Thermal Healing of Thinned Lithosphere

The simplest and most straightforward idea for the temporal evolution of the lithosphere after an episode
of lithospheric loss or removal is the gradual healing or re-forming of the lithospheric mantle through time.
While a lithospheric loss event would likely be accompanied by upwelling and perhaps heating of the base
of the of the lithosphere, over time one might expect the continental lithosphere to thicken and densify as
it progressively cools, much as oceanic lithosphere evolves as it ages and moves away from the mid-oceanic
ridge. In addition to the increase in density expected as the lithosphere cools, changes in its density struc-
ture due to metamorphic reactions (e.g., Fischer, 2002) are also possible. We would generally expect that a
mechanism of thermal healing would slowly thicken the lithosphere over time, causing an initial “hole”
or “divot” to gradually disappear through progressive thickening. In the absence of mechanisms, such as
shear-driven upwelling or edge-driven convection (discussed elsewhere), healing of the divot would be gov-
erned by conductive cooling. Within 50 Myr of the event that formed the divot, the temperature in the divot
would have recovered by about 50%; after 100 Myr, it would have recovered by another 50%. This assumes
that the cooling is strictly vertical and does not consider cooling from the sides of the divot, which could
reduce these times by 25%—-50% for a 100 km divot.

6.2.2. Maintenance of Thinned Lithosphere via Small-Scale Mantle Flow and Shear-Driven
Upwelling

If one or more lithospheric loss events took place beneath the Central Appalachians in the geologic past,
then a potential mechanism is needed to maintain the thinned lithosphere over geologic time (rather than
allowing for thermal healing via the slow regrowth of lithosphere through gradual cooling). Small-scale
mantle flow driven by the motion of the North American Plate may have played a role in maintaining
the “hole” or “divot” in the lithosphere. One possibility is that as the plate continued to move over the
asthenospheric mantle beneath it, it induced a small-scale mantle flow cell within the divot itself (see Fig-
ure 8), continuously bringing relatively hot asthenospheric upper mantle into contact with the base of the
lithosphere and preventing thermal healing of the lithospheric divot. This idea is similar to the concept of
shear-driven upwelling as a mechanism to produce melting and volcanism in intraplate settings (Conrad
et al.,, 2010, 2011).

6.2.3. Maintenance of Thinned Lithosphere via Continuous or Episodic Edge-Driven Convection

As discussed in Section 6.1.4, edge-driven convection has been suggested as a possible mechanism to ex-
plain volcanism in the Central Appalachians and in other intraplate settings. Edge-driven convection may
be more or less continuous, with nearly continuous downwellings initiated at the base of the thick conti-
nental lithosphere near its edge, or it may be episodic, with an abrupt episode of downwelling (accompa-
nied by upwelling return flow on the other limb of the convection cell) followed by a period of quiescence
and ultimately another pulse of mantle flow (perhaps associated with an abrupt change in plate motion).
If edge-driven convection is present beneath the Central Appalachians, then it may have played a role in
maintaining a relatively thin lithosphere over long periods of time through multiple episodes of down-
welling, upwelling return flow, and lithospheric thinning, or through a continuous (or nearly continuous)
version of this process.

7. Which Models Are Most Consistent With the Observations?
7.1. Mechanisms for Lithospheric Loss and Evolution: Comparison With Observations
7.1.1. Lithospheric Loss via Localized Gravity-Driven Instability

Lithospheric loss via a relatively small gravity-driven Rayleigh-Taylor instability during the Eocene (and
perhaps also during the Jurassic, if the loss was episodic) is generally consistent with many of the observa-
tions. Specifically, this mechanism is compatible with the primitive composition and estimated depths and
temperatures of melt equilibration of the Eocene magmatic products, as argued by Mazza et al. (2014). It
is also consistent with the observations of the present-day upper mantle anomalies in seismic velocities,
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seismic attenuation, and electrical conductivity (Figure 3). All of these indicators, along with the Sp receiver
function imaging, are consistent with thin lithosphere beneath the Central Appalachians, directly beneath
the Eocene volcanic and magmatic products at the surface. This mechanism can explain the small size and
the spatial location of the upper mantle anomalies, in that the present-day lithosphere is thin in the region
where a small volume of lithosphere was presumably lost during the Eocene.

If a small volume of lithosphere were removed via gravitational instability during the Eocene, then we
might consider whether we might expect to image a lithospheric fragment in the mantle transition zone.
Given its small dimensions (~50 km radius), any detached lithosphere should have thermally equilibrated
with the surrounding asthenospheric mantle fairly quickly as it sank. Specifically, the timescale for heat to
diffuse over a distance, d, is given by
d2

Tax’
where « is the thermal diffusivity, which for the mantle is ~1076 m?/s. A sphere of lithosphere with 50 km ra-
dius would thus thermally equilibrate with the surrounding asthenospheric mantle on the order of 20 Myr.
The observed lack of strong topography on the mantle transition zone discontinuities beneath the Central
Appalachians (Figure 4) can therefore be considered as consistent with lithospheric loss via Rayleigh-Taylor
instability during the Eocene (and/or earlier).

“4)

L

The length and time scales of lithospheric Rayleigh-Taylor type instabilities have been estimated by Conrad
and Molnar (1997). Including the effect of thermal diffusion, instabilities grow most rapidly at wavelengths
on the order of 100-200 km. Assuming an asthenospheric viscosity of 10* Pa s, the instabilities grow by a
factor of e every 3-5 Myr. Because such instabilities only displace the bottom one third to one half of the
lithosphere (e.g., Conrad & Molnar, 1997), these instabilities would produce only small anomalies in topog-
raphy and gravity at the Earth's surface above the downwelling, consistent with the (lack of) observations.

The region of inferred lithospheric loss is just to the west of the sharp step in the Moho, but possible links
between them remain unclear. The particularly thick crust (~50-55 km; Long et al., 2019) beneath the Cen-
tral Appalachian Mountains (Figure 3) may point to the presence of unusually dense, perhaps eclogitized,
material in the lower crust today, given the presence of a particularly deep crustal root beneath mountains
with only modest topography. There is some additional support for the idea of particularly dense lower
crust, at least during the Late Jurassic, from the observation of xenoliths of garnet-rich gneisses in the
lower crust, found in Late Jurassic magmas (Johnson et al., 2013). It is unclear, however, whether such
material may have been present in the geologic past and whether it may have played a role in triggering
the Rayleigh-Taylor instability through which the lithosphere was lost. If eclogitized lower crustal material
was involved in the episode of lithospheric loss during the Eocene, then that might suggest that the crust
beneath the mountains was even thicker in the geologic past.

It is not clear whether the observed elevated rates of present-day erosion in the Central Appalachians (Fig-
ure 7) might be directly associated with an episode of lithospheric removal during the Eocene. If a Ray-
leigh-Taylor instability removed a portion of dense lithosphere and therefore adjusted the overall buoyancy
of the system during the Eocene, then uplift and enhanced erosion would be expected. It is unclear, howev-
er, whether the present-day erosion rates would be expected to still reflect this event, given the timescales
involved. As discussed in Section 4, simple scaling arguments suggest that the timescales of response for the
rivers draining the Central Appalachians today are no greater than ~30 Ma. Unless any pulse of enhanced
uplift and erosion has decayed more slowly than expected (cf. Baldwin et al., 2003), it is difficult to directly
link elevated present-day erosion rates with an episode of lithospheric loss during the Eocene. An indirect
link may be possible, however, if the lithospheric divot is being maintained via small-scale mantle flow
today, as discussed further in Section 7.1.6 below.

While Mazza et al. (2014) proposed a lithospheric loss scenario to explain Eocene volcanism, it is possible
that there were in fact multiple episodes of catastrophic lithospheric loss beneath the region, perhaps corre-
sponding to both the Jurassic and Eocene volcanic pulses. One possibility is that some aspect of lithospheric
structure beneath the Central Appalachians has made it particularly prone to gravitational instability—per-
haps related to lithospheric weakening, or to its density structure—that may have been created or “seeded”
during earlier tectonic events, perhaps including the formation or breakup of Pangea. A possible scenario is
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that a Rayleigh-Taylor instability led to the loss of lithosphere in the Late Jurassic, causing upwelling return
flow and decompression melting, and leading to magmatic activity at the surface (Mazza et al., 2017). This
event may well have modified the structure of the crust and/or remaining lithospheric mantle, and may
have emplaced particularly dense material (i.e., underplated mafic rocks) at the base of the crust, perhaps
priming the system for another, later phase of lithospheric loss. Between the Late Jurassic and the Eocene,
the structure of the lithosphere may have evolved and been modified via thermal healing; furthermore, the
density structure of the deep crust may have evolved, perhaps through time-progressive metamorphic reac-
tions (e.g., Fischer, 2002; Williams et al., 2014). As the system evolved through time, the lithosphere beneath
the Central Appalachians may have become more gravitationally unstable, perhaps via a combination of the
changing density structure (as the lithosphere cooled) and through preexisting factors, such as the presence
of low-viscosity lithosphere (either from the tectonic inheritance of preexisting weak zones, the presence
of volatiles such as water, or other factors). This may have led to a second lithospheric loss event during the
Eocene, which led to a similar scenario of upwelling return flow, the production of partial melt, and the
transport of that melt through the overlying crust to the surface.

7.1.2. Gradual Lithospheric Thinning via Thermal Ablation

A gradual lithospheric thinning mechanism could also be considered as generally consistent with the im-
aging of the present-day lithospheric structure beneath the Central Appalachians. Such a mechanism can
explain the size and location of the upper mantle anomalies in seismic velocity, attenuation, and electrical
conductivity; in particular, this model, which appeals to the ponding of melt at the shallowest point of the
lithosphere as it gradually thins, is consistent with the inference from both electrical conductivity and at-
tenuation measurements that partial melt may be present in the shallow asthenosphere today. Furthermore,
this mechanism may provide a natural explanation for the persistence of the lithospheric divot over geologic
time (without needing to appeal to a process, such as edge-driven convection to maintain it).

On the other hand, a mechanism that invokes gradual thinning cannot explain the temporal specificity of
the Late Jurassic or Eocene volcanism. In the context of this mechanism, additional processes (such as the
reactivation of crustal structures and/or the reorganization of the crustal stress field) must be invoked to
explain the timing of pulses of volcanic activity. Interestingly, the bend in the Hawaii-Emperor seamount
change suggests a global reorganization of plate motions at roughly ~47 Ma (e.g., Wright et al., 2015); while
this is speculative, in the context of this model this global change may have reorganized the stress field in
our study region and allowed for the migration of melt to the surface (e.g., Southworth et al., 1993). This
would mean that the lithospheric geometry seen today may have been established in the Jurassic (producing
the initial episode of magmatism) and may have changed little since that time. In this framework, the Eo-
cene volcanism only occurred due to a passing favorable re-organization of stresses and associated opening
of crustal magmatic conduits, or due to a transient episode of more intense upwelling and melt production
associated with a change in plate motion. (It is worth noting that this idea may apply regardless of the mech-
anism for lithospheric removal during the Jurassic, whether it was catastrophic or gradual.)

Gradual thinning of the lithosphere would predict that the equilibration depths of mantle-derived melts
should decrease over time; however, this prediction is not particularly well borne out by petrological obser-
vations. Specifically, Mazza et al. (2017) found an equilibration pressure of 2.09 GPa (roughly 70 km) for a
Late Jurassic sample (Sample #31), compared with equilibration pressures of 2.32 + 0.31 GPa for Eocene
samples (Mazza et al., 2014). We note, however, that direct comparisons are difficult, because data for the
Late Jurassic are limited; most of the Late Jurassic samples are highly alkaline, precluding the use of tradi-
tional geothermobarometers due to the mineralogy and magma composition (Mazza et al., 2017).

7.1.3. Widespread Lithospheric Loss With Subsequent Healing/Regrowth

A mechanism of widespread lithospheric loss (i.e., a Rayleigh-Taylor instability whose dimensions were
significantly larger than the present-day upper mantle geophysical anomaly) could be generally consistent
with the timing and petrological characteristics of Central Appalachian volcanism, but not their spatial
localization. Specifically, if a large volume of lithosphere had been removed, then volcanism over a wider
region would be expected; instead, the expression of Eocene magmatism at the surface is localized to a small
region of western Virginia and eastern West Virginia (Figure 1). This mechanism also does not provide
a particularly specific explanation for the location of the present-day upper mantle velocity, attenuation,
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and conductivity anomalies, or for their co-location with the Eocene volcanics. We can conjecture that the
present-day location of the CAA corresponds to the center of the region of lithospheric loss (i.e., where
the thickest column of lithosphere was removed), but this is speculative. This model is generally difficult
to reconcile with constraints provided by modeling studies of Rayleigh-Taylor instabilities (e.g., Conrad &
Molnar, 1997), which suggest that long-wavelength instabilities would create surface deformation; evidence
for this is not observed. Furthermore, if a large amount of material was removed during a past episode(s)
of lithospheric loss, we might expect to be able to observe it as a high-velocity anomaly in the mantle today
(for a spherical anomaly with a radius of ~500 km, the thermal diffusion time would be roughly 2 Gyr),
and we do not.

One aspect of the observations that could potentially be explained by this mechanism is the inference of
altered mantle lithosphere just to the west of the upper mantle conductivity anomaly, as discussed by Evans
et al. (2019). They hypothesized that the mantle lithosphere here has undergone alteration due to deforma-
tion via shearing or through hydration, leading to higher conductivity values than is expected for typical
continental mantle lithosphere (such as those observed further to the west along the MAGIC profile). It is
possible that these alteration processes may reflect the evolution of the mantle lithosphere through healing
and thermal regrowth, if this portion of the lithosphere was included in a hypothetical larger lithospheric
loss event. However, lithosphere would generally be expected to thermally heal from the top down, rather
than laterally, making it somewhat difficult to envision how an initially large area of thinned lithosphere
might shrink in lateral extent (i.e., in map view) while maintaining a shallow LAB. It is thus difficult to
envision a physically reasonable mechanism for the evolution of a past large lithospheric divot or hole to
the configuration that we image today.

7.1.4. Edge-Driven Convection

An edge-driven convection mechanism for lithospheric thinning (and/or the maintenance of thin litho-
sphere through geologic time) fails to match the observations beneath the Central Appalachians in several
key aspects. This model does not easily explain the temporal specificity of the Late Jurassic or Eocene
magmatic activity, unless episodic edge-driven convection is invoked, and even then, it is not easy to recon-
cile the persistence of the geophysical anomalies into the present day unless other processes are involved.
Edge-driven convection is also not easily reconciled with the spatial localization of both the magmatic
pulses and the present-day geophysical anomalies in the upper mantle; if small-scale convection driven by
downwellings at the edge of the thick North American cratonic lithosphere to the west is driving upwelling
and volcanism beneath the Central Appalachians, then why do we not observe intraplate volcanism and
upper mantle anomalies everywhere along the margin? (One possibility, of course, is that the vigor and/or
periodicity of edge-driven convection may vary along strike; previous work; e.g., Till et al., 2010 has shown
that the size of the edge-associated downwelling depends on the sharpness of the edge, so along-strike vari-
ability in edge-driven convection could reflect along-strike differences in lithospheric architecture.)

If edge-driven convection were active today beneath the Central Appalachians, we would expect upwelling
in the upper mantle beneath our study area; the vertical shearing produced by such an upwelling should
produce vertically oriented fast axes of seismic anisotropy and would therefore predict negligible shear
wave splitting stemming from anisotropy in the asthenospheric upper mantle. This is not obviously consist-
ent with the SKS splitting observations in our study region (Figure 3), which exhibit a modest rotation in
fast splitting directions near the CAA but no significant local minimum in splitting delay times. Of course,
this prediction could be complicated by the presence of anisotropy in the mantle lithosphere; however, the
thin (~80 km) lithosphere that is present beneath the Central Appalachians implies that a significant con-
tribution to SKS splitting from the asthenospheric upper mantle is likely (Aragon et al., 2017). We further
acknowledge that flow patterns in the mantle are likely to be complex and even in areas of upwelling, the
regions of null SKS splitting may be spatially restricted (e.g., Blackman & Kendall, 2002), so comparisons
between SKS splitting and predictions for edge-driven convection models are not straightforward.

The predictions that the edge-driven convection model would make about transition zone structure are a
bit ambiguous. If an edge-driven convection cell exists today and is confined to the upper mantle, then we
would expect no effect on the mantle transition zone discontinuities. However, if a present-day convection
cell is larger and the mantle flow associated with it penetrates the mantle transition zone, then we might
expect to see a localized thinning of the transition zone beneath the Central Appalachians. Data from the
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MAGIC array indicate no such localized thinning (Figure 4), and studies based on USArray TA data mostly
argued against transition zone thinning beneath our study region (Gao & Liu, 2014; Wang & Pavlis, 2016),
although Keifer and Dueker (2019) did find some evidence for a thin transition zone beneath the Central
Appalachians.

7.1.5. A Deep Thermal or Hydrous Mantle Anomaly

A mechanism for lithospheric thinning that invokes a deep source of heat (via a thermal mantle plume)
and/or hydration makes some specific predictions about mantle structure that are, for the most part, not
borne out by the observations. There is little or no evidence for a deep mantle plume, or for a localized
conduit of particularly hydrated mantle, that is, connected to a source in the deep mantle, in images of
present-day mantle structure. While the Central Appalachian upper mantle velocity anomaly is a robust
feature in most tomography models (Figures 2 and 3), there is little or no evidence that it is connected to
slow structures in the transition zone or lower mantle (e.g., Biryol et al., 2016).

A model of a thermal or hydrous plume conduit that is fed by the deep mantle and remains stationary in a
mantle reference frame while the North American plate moves above it is also difficult to reconcile simul-
taneously with presence of geophysical anomalies in the shallow upper mantle today and with magmatic
activity during the Late Jurassic and Eocene. While a mantle plume has been proposed as a possible expla-
nation for intraplate volcanism in eastern North America, including the Eocene volcanics (Chu et al., 2013),
the motion of the North American plate (absolute plate speed of ~34 mm/yr relative to the mantle beneath,
in the hotspot reference frame of the HS3-NUVEL 1A model; Gripp & Gordon, 2002) means that the pres-
ent-day location of the mantle plume would be roughly 1,600 km to the east, and the upper mantle geo-
physical anomalies would not be particularly well explained. Conversely, if the plume were located beneath
the Central Appalachians today, then it could be invoked as an explanation for the geophysical anomalies
but would not be a good explanation for the intraplate volcanism. The co-location of the Eocene and Late
Jurassic magmatic products with the present-day geophysical anomalies is thus not easy to reconcile with
the concept of a deep mantle source, unless one assumes that the upper mantle geophysical anomalies were
caused by the passage of a mantle plume in the past and then have been maintained over time through
other processes.

As with the edge-driven convection mechanism, a plume model would predict upwelling flow in the upper
mantle (if the plume were located beneath the Central Appalachians today), which is not particularly con-
sistent with the SKS splitting observations (Figure 3), although SKS splitting patterns predicted by plume
models are often complex and depend on a number of factors (e.g., Ito et al., 2015). A model that invokes
a hot or hydrous upwelling from the deep mantle would also predict complexities in transition zone struc-
ture, including transition zone thinning (via the depression of the 410 km discontinuity and the elevation
of the 660 km discontinuity; e.g., Bina & Helffrich, 1994) if thermal effects dominate. As discussed by
Long et al. (2010), a hydrous transition zone, such as that proposed by Van der Lee et al. (2008) would pre-
dict a shallowing of the 410 km discontinuity of ~20-40 km under water-saturated conditions (Smyth &
Frost, 2002), producing ~20-40 km of transition zone thickening. Neither of these effects is observed; the
transition zone thickness beneath the MAGIC line (Figure 4) is close to the global average.

7.1.6. Maintenance of Thin Lithosphere via Shear-Driven Upwelling

The idea that the lithospheric divot that is observed today results from one or more past episodes of cata-
strophic (but relatively localized) lithospheric loss and has been maintained by small-scale mantle flow and
shear-driven upwelling due to the motion of the North American Plate over the mantle beneath it makes a
few predictions that can be tested with our observations. This mechanism is generally consistent with the
inference that there may be partial melt in the uppermost mantle beneath the CAA today, as suggested by
Evans et al. (2019) and Byrnes et al. (2019), as ongoing shear-driven upwelling would result in a contin-
uous process of decompression melting. It may also be consistent with SKS splitting observations, in that
it may provide an explanation for the rotation in SKS fast splitting directions observed in western Virginia
(Figure 3). Specifically, if the overall upper mantle flow field (likely dominated by plate-motion-parallel
shearing; e.g., Long et al., 2016; Yang et al., 2017) is being locally disturbed by small-scale flow associated
with shear-driven upwelling, then this may explain the local change in SKS splitting behavior. While we
do not observe the weak or absent SKS splitting that would be predicted for truly vertical shearing over a
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substantial area (e.g., Levin et al., 2018; Long et al., 2010), the scale of a possible shear-driven upwelling
is likely small enough that we would not predict a clear transition to null or absent splitting in the SKS
data (We caution that there are other ways to explain the lateral variation in SKS splitting behavior, as it
may plausibly be dominated by contributions from frozen-in structure in the lithosphere, rather than pres-
ent-day mantle flow).

The notion of small-scale mantle flow that includes an upwelling component is also generally consistent
with the observation of elevated erosion rates along steeper channels in the Central Appalachians today
(Figure 7). The present-day scaling of erosion rate, channel steepness and erosional efficiency for these
rivers suggest a response timescale of ~30 Ma, which is less than the time elapsed since the last episode of
volcanism during the Eocene. If the elevated rates of erosion instead reflect ongoing uplift or buoyancy from
the upper mantle, then this would be broadly consistent with ongoing shear-driven upwelling associated
with small-scale mantle flow within the lithospheric divot (Figure 8).

One aspect of the present-day geophysical structure that is not explained well by a shear-driven upwelling
mechanism to maintain the lithospheric divot is the velocity structure of the crust above the CAA (Fig-
ure 3). Specifically, the lack of a crustal low-velocity anomaly is puzzling, as one would expect the crust
overlying the thinned lithospheric mantle to undergo warming over geologic time and to display lower
velocities today if shear-driven upwelling of the asthenosphere has been continuously operating since at
least the Eocene. Of course, if there was a compositional effect on crustal velocities in the region, with
anomalously fast velocities due to compositional variations, then this effect could in theory offset a potential
thermal effect.

7.2. Preferred Models for Lithospheric Evolution Beneath the Central Appalachians

The comparisons between observations and the predictions of various mechanisms of thinning the lith-
osphere and maintaining thin lithosphere through time described in Section 7.1 lead us to a small set of
preferred models for the evolution of the Central Appalachian lithosphere since the breakup of Pangea. We
emphasize that our preferred models are not perfect and are not completely consistent with the full range
of observations. Furthermore, at this point our comparisons between model predictions and observations is
almost entirely qualitative, and more specific, detailed, and quantitative modeling is needed in the future to
link model predictions more definitively to observations. Despite these limitations, however, we can present
a small set of favored models that are better able to match the observational constraints than others.

Given the preponderance of the observational evidence, we see the scenarios illustrated in Figure 8 as
being most consistent with the full range of available constraints. We suggest that there was an episode of
lithospheric loss during the Late Jurassic, perhaps via a gravitationally driven Rayleigh-Taylor instability
that removed a relatively small volume of lithosphere, or perhaps due to another process, such as thermal
ablation. This lithospheric loss event was associated with upwelling return flow triggering decompression
melting and magmatic activity at the surface. After this Late Jurassic episode, we envision two possibilities
to explain the Eocene volcanics. The first is that there was a second episode of lithospheric instability and
loss during the Eocene, possibly seeded by the emplacement of particularly dense material in the litho-
sphere during the Late Jurassic or aided by temporal changes in the density structure of the deep crust and/
or the mantle lithosphere. A second possibility is that after the Late Jurassic, the thinned lithosphere was
maintained via shear-driven upwelling until the present day, and there was an episode during the Eocene
that involved either enhanced melt production or processes in the crust, perhaps involving a reorganization
of the regional stress field, that allowed melt to reach the surface. Specifically, a change in plate motion may
have enabled a pulse of particularly intense upwelling in the lithospheric divot during the Eocene, produc-
ing unusually large volumes of partial melt. Alternatively, a change in plate motion may have coincided
with a reorganization of crustal stresses, allowing for partial melt that was already present in the uppermost
mantle to find its way to the surface. In either case, we suggest that the most likely scenario since the Eocene
is that the CAA lithospheric divot, whether it was created in its current form during the Late Jurassic or
during the Eocene, has been maintained through small-scale mantle flow and shear-driven upwelling as the
North American plate has continued to move over the underlying upper mantle.
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While the scenarios shown in Figure 8 generally match the observations summarized in this paper, and
seem to be geodynamically plausible (e.g., Conrad & Molnar, 1997; Conrad et al., 2010, 2011), there are still
some aspects of the observations that are not well explained. The origin and implications of a conductivity
anomaly in the deep upper mantle documented by Evans et al. (2019) remain obscure. It is difficult to ex-
plain the lack of a present-day heat flow anomaly, and the presence of normal (as opposed to slow) crustal
velocities above the thin lithosphere, if the lithospheric divot has been maintained over 50 Myr or more
of geologic time. Furthermore, the controls on the timing of the second (Eocene) magmatic pulse remain
poorly understood; whether triggered by a second episode of lithospheric foundering or by an intense pulse
of shear-driven upwelling, we do not have a good understanding of what might have controlled the timing
of the second event.

Two non-exclusive possibilities can explain the apparent occurrence of a “headless” melting column (i.e.,
the presence of partial melt in the uppermost mantle today with a lack of contemporaneous volcanism).
First, present-day melt fractions could be too low beneath the remnant lithosphere to produce an eruption.
Experimental constraints on the combined effects of melt-generation, the in situ melt, and volatiles (Gail-
lard et al., 2008; Sifré et al., 2014; Takei, 2017; Yamauchi & Takei, 2016; Yoshino et al., 2010) suggest that
geophysical anomalies could be explained by small, perhaps infinitesimal, melt fractions. Second, the rem-
nant continental lithosphere and cold crust above the CAA may be essentially impermeable, such that any
partial melt present in the shallow asthenosphere today cannot make its way to the surface. Under either
condition, this portion of the passive margin of North America hosts a supra-solidus uppermost mantle
with no present-day volcanic activity, and therefore represents a fascinating case study to understand the
behavior of partial melt in the asthenosphere.

8. Discussion and Conclusions
8.1. Unanswered Questions and Avenues for Future Work

A major outstanding question regarding the lithospheric loss event(s) beneath the Central Appalachians is
to what extent the lower crust was involved, and whether the crustal density structure is important in driv-
ing lithospheric loss. As discussed above, there are some (indirect) indications that the lower crust above the
CAA today is denser than typical continental crust. One argument for excess density today comes from the
particularly deep Moho beneath the mountains (Long et al., 2019), which may be explained by time-progres-
sive metamorphic reactions in the roots of old mountain belts (Fischer, 2002). There are also observations of
garnet-rich lower crustal xenoliths in Late Jurassic magmatic rocks above the CAA (Johnson et al., 2013),
although it is not clear to what extent this observation might inform our view of lower crustal density either
today or during the Eocene lithospheric loss event. One possible scenario is that particularly dense material
was emplaced in the lower portion of the crust during the Late Jurassic and Eocene magmatic events. The
emplacement of particularly dense (and seismically fast) material in the lower crust associated with volcan-
ism at the surface has been inferred elsewhere in eastern North America, specifically in Mesozoic rift basins
that host CAMP volcanics; examples include the South Georgia Basin (Marzen et al., 2020) and the Hartford
Basin (Gao et al., 2020). Regardless of the source of the high-density material, the question of whether, and
to what extent, the density structure of the lower crust plays a role in controlling lithospheric loss events is
an important one. Some modeling work on catastrophic lithospheric loss has demonstrated that the lower
crust, in addition to the lithospheric mantle, can be removed, and excess density in the lower crust can act
as a driver for Rayleigh-Taylor instabilities (e.g., Krystopowicz & Currie, 2013). In other models of litho-
spheric instabilities, however, only the lower portion of the mantle lithosphere is involved (e.g., Conrad &
Molnar, 1997). Future modeling work that is specific to the Central Appalachians and that considers a full
suite of possible lithospheric density and rheology structure may help us to understand whether the lower
crust was likely involved in past lithospheric loss event(s) and may make specific and testable predictions
about the kind of lithospheric structures that should be expected today.

A key outstanding question, and a compelling target for future work, is to understand whether the ob-
servations that are not obviously consistent with the preferred model presented in Section 7.2 can in fact
be reconciled with it. Our preferred scenario (Figure 8) makes a few predictions that are not particularly
consistent with the data. First, it remains somewhat unclear why there is no obvious, pronounced gravity
anomaly associated with the CAA (Figure 5), if the CAA is indeed associated with the removal of dense
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continental lithosphere and its replacement with (perhaps continuously upwelling) less dense astheno-
spheric upper mantle. This question can likely be resolved in the future with detailed gravity modeling that
takes into account the fine-scale details of crustal structure that have been resolved using MAGIC data. Sec-
ond, if the lithosphere in the CAA region is indeed thin, and small-scale mantle flow is continuously driving
upwelling in the mantle “divot” that brings relatively hot asthenosphere into contact with the base of a thin
lithosphere, then it is unclear why there is no clear signature of elevated heat flow in the region. Third, if
shear-driven upwelling has persisted since (at least) the Eocene, then one might expect a thermal anomaly,
and thus relatively low seismic velocities, in the crust above the CAA; however, none of the tomographic
models shows a clear crustal velocity anomaly (Figure 3). A fourth apparent paradox stems from the fact
that we observe elevated erosion rates in the CAA region today (Figure 7), and we can infer that they have
either persisted since a hypothesized Eocene lithospheric removal event, or (more likely) reflect ongoing
processes (small-scale mantle flow and shear-driven upwelling) that have themselves persisted since at least
the Eocene. Despite the relatively fast erosion rates in the CAA region, however, we do not observe relatively
thin crust, as one might expect from a prolonged period of fast erosion and associated isostatic adjustment.

Another unsolved problem that represents a compelling target for future work is the question of how gen-
eral the processes of lithospheric loss and evolution that we propose for the Central Appalachians might be.
Is this set of processes specific to the Central Appalachians, or might they operate more broadly beneath
passive continental margins, and thus play an important role in the evolution of continental lithosphere in a
passive margin setting? If the former, then what are the aspects of the structure and evolution of the Central
Appalachians that have led to its unusual lithospheric modification? If the latter, then can we see evidence
for similar lithospheric evolution, either ongoing or in the recent past, in passive margin settings, and what
does it imply for our understanding of how continental lithosphere evolves more generally?

Yet another avenue for fruitful future investigation would involve detailed comparisons (in terms of geo-
physical imaging, geochemistry/petrology, and other aspects, such as geomorphology) between the CAA
and other regions of unusual intraplate volcanism. Such comparisons demand the availability of dense ge-
ophysical instrumentation to facilitate detailed imaging, as well as careful and regionally focused studies of
the petrology and geochemistry of magmatic products. Major questions remain about the uniqueness of the
CAA in terms of its structure and processes, and careful comparisons between the CAA and other regions
will allow us to understand the differences and similarities in crustal and upper mantle structure in the
context of geochemical and petrological characteristics. Such future investigations may allow us to answer
the question of whether, for example, there are other instances of partial melt present in the upper mantle
tens of Mr after the last instance of volcanic activity and an intraplate setting. Furthermore, comparisons to
other rifted margins, including both mature passive continental margins and to younger rifted margin set-
tings such as Afar, may help to understand what role (if any) rifting and the opening of the Atlantic Ocean
basin may have played in generating CAA volcanism.

8.2. Summary

There are several independent lines of evidence for lithospheric loss beneath the Central Appalachian
Mountains in the geologic past. The lithosphere associated with the CAA today is thin (likely <80 km thick),
as evidenced by geophysical anomalies in the upper mantle, including slow seismic velocities, high seismic
attenuation, and high electrical conductivity. Receiver function imaging of the LAB is also consistent with
a thin lithosphere beneath the Central Appalachians. These geophysical anomalies are co-located with a
region of particularly high erosion rates; these may be linked directly to the lithospheric loss event(s), and/
or may result from ongoing processes that maintain the thin lithosphere, such as shear-driven upwelling.
There are two distinct episodes of intraplate magmatic activity that post-date the last major tectonic event
(the breakup of Pangea), with one pulse of magmatism during the Late Jurassic and one during the Eocene.
Geochemical and petrological investigation of the Late Jurassic and Eocene magmatic products provide
constraints on the conditions of melting. We have articulated and evaluated a suite of conceptual models
for lithospheric loss beneath the Central Appalachians and find support for a class of models that invoke
either episodic lithospheric loss via Rayleigh-Taylor instabilities, or a Rayleigh-Taylor instability followed
by small-scale convection and an episode of enhanced mantle upwelling driven by shearing. The thin lith-
osphere beneath the Central Appalachians has likely been maintained since the last episode of magmatic
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activity through processes that include small-scale mantle flow and/or shear-driven upwelling. While the
exact mechanisms for lithospheric loss and intraplate volcanism beneath the Central Appalachians remain
imperfectly understood, our synthesis has laid out what aspects of the present-day structure and the geo-
chemical and petrological characteristics of the magmatic products are well understood, and what aspects
still need to be studied. We have articulated several avenues for future work that may help to discriminate
among the plausible models for the evolution of the Central Appalachian lithosphere. In particular, future
modeling studies that seek to evaluate the conceptual models we propose here in a quantitative and region-
ally specific framework will help to evaluate their plausibility and consistency with observations in detail.
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