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The passive margin of the eastern coast of the United States is known to be geologically active, 
with recently rejuvenated topography, intraplate seismicity, and volcanism of Eocene age. This study 
uses seismic data from the Mid-Atlantic Geophysical Integrative Collaboration (MAGIC) experiment to 
constrain lateral variations in the attenuation of teleseismic P waves beneath the central Appalachian 
Mountains to shed light on the structure and dynamics of the upper mantle at this “active” passive 
margin. We use a Monte Carlo approach to estimate variations in attenuation along with both data 
and model uncertainties. The quality factor of the upper mantle dramatically decreases over a distance 
of less than 50 km on the western side of the central Appalachian Mountains, where a low-velocity 
anomaly has been previously inferred. Extrinsic factors such as scattering or focusing are rejected as 
explanations for the observations on the basis of finite-difference waveform modeling experiments. The 
peak in attenuation beneath the crest of the Appalachian Mountains requires that near- to super-solidus 
conditions occur in the upper mantle and is co-located with volcanism of Eocene age. Our preferred 
interpretation is that the attenuation reflects the removal of the mantle lithosphere via delamination 
beneath the mountains, followed by ongoing small-scale convection.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The eastern coast of North America has been a passive margin 
since the end of rifting between what are now the North Amer-
ican and African continents at approximately 210 Ma (Knight et 
al., 2004; Marzoli et al., 2004, 1999). After continental breakup, 
seafloor spreading has continued in the North Atlantic up to the 
present (Müller et al., 2016). This passive margin is surprisingly 
active. The heavily populated coastal regions are capable of host-
ing damaging earthquakes (Li, 2013) and volcanism has occurred 
episodically as late as over 100 Myr after the rift-to-drift transition 
(Southworth et al., 1993; Mazza et al., 2016, 2014). Stream pro-
files show that the Appalachian Mountains experienced a pulse of 
enhanced uplift between 15 and 3 Ma (Miller et al., 2013) and dy-
namic topography has likely changed by tens of meters in the last 
3 Myrs (Rowley et al., 2013). Since the arrival of the EarthScope 
Transportable Array, seismic studies have revealed mantle up-
welling beneath several sections of the margin (Levin et al., 2018;
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Lynner and Bodmer, 2017; Savage et al., 2017; Schmandt and Lin, 
2014; Yang and Gao, 2018), some of which have been proposed to 
be caused by edge-driven convection (Menke et al., 2016).

The Mid-Atlantic Geophysical Integrative Collaboration (MAGIC) 
deployed an array of broad-band seismometers in a linear tran-
sect across the central Appalachian Mountains to investigate this 
geologically active region (Fig. 1). This EarthScope Flexible Array 
(FA) was deployed between October 2013 and October 2016 (see 
Aragon et al., 2017 for additional details). The nominal station 
spacing of 25 km decreased to 10 km within the Appalachian 
Mountains. This enables inferences about smaller scale structure 
in the upper mantle than would be possible using only data from 
the USArray Transportable Array (TA), which had a nominal station 
spacing of 70 km.

The MAGIC array stretches northwest-to-southeast, from the 
Proterozoic core of the continent to the accreted terranes on 
the coast (Fig. 1). The transition from Proterozoic to primar-
ily Phanerozoic crustal units occurs where the array crosses 
the western edge of the mountains at the “Proterozoic Rift 
Margin” (PRM) (Whitmeyer and Karlstrom, 2007). The Protero-
zoic crust belongs to the Granite-Rhyolite province (1.5 to 1.3 
Ga) with some Grenville-affinity granitoids near the mountains 
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Fig. 1. Overview of the study area. Topography above sea level is shaded, regions 
below sea level are in blue, US state boundaries are marked as lines, and seismic 
stations from the Mid-Atlantic Geophysical Integrative Collaboration (MAGIC array) 
are marked as pink inverted triangles. The Proterozoic Rifted Margin (PRM) sepa-
rates crustal ages that are predominantly Proterozoic to the west and predominately 
Phanerozoic to the east. The thick black line marks the −2.5% Vs anomaly from 
Schmandt and Lin (2014), which Schmandt and Lin (2014) refer to as the “Central 
Appalachian Anomaly” (CAA). (For interpretation of the colors in the figure(s), the 
reader is referred to the web version of this article.)

(Whitmeyer and Karlstrom, 2007). Rifting of the Rodinia super-
continent took place along the PRM approximately 600 Ma. The 
modern Appalachian Mountains were subsequently built by ac-
cretion onto Laurentia during the Taconic, Acadian, and Allegha-
nian orogenies, culminating in collision with Gondwana by ap-
proximately 300 Ma (Hatcher, 2010, and references therein). The 
deformation associated with this collision was accommodated 
via a Himalayan-style low-angle crustal suture (Hopper et al., 
2017). The modern topography of the Appalachian Mountains is 
compensated by a deep but dense crustal root (Fischer, 2002;
Long et al., 2019). East of the orogenic terranes there are crustal 
blocks acquired from Gondwana during rifting (Hatcher, 2007), 
though a Laurentian lower crust is possible (e.g., as in Hopper et 
al., 2017).

The degree to which the modern lithosphere-asthenosphere 
system was shaped by these episodes of rifting remains unclear; 
it is possible that the system has been reworked since rifting 
ceased. Shear-wave splitting fast polarization directions tend to 
follow the strike of the Appalachian Mountains (e.g., Gilligan et 
al., 2016; Long et al., 2016) – including at stations in the MAGIC 
array (Aragon et al., 2017) – as expected if lithospheric deforma-
tion during orogenesis were preserved. In contrast, there is seismic 
and petrologic evidence for post-rifting activity, possibly including 
delamination of the lithosphere (Mazza et al., 2016, 2014; Yuan 
et al., 2014) and ongoing asthenospheric upwelling beneath por-
tions of the margin (Biryol et al., 2016; Levin et al., 2018; Lynner 
and Bodmer, 2017; Savage et al., 2017; Schmandt and Lin, 2014;
Yang and Gao, 2018). One potential upwelling, the Central Ap-
palachian Anomaly (CAA) in Schmandt and Lin (2014), is crossed 
by the MAGIC array (Fig. 1).

This study takes advantage of the tight station spacing of the 
MAGIC array to investigate small-scale variations in lithospheric 
mantle structure. We measure variations in the attenuation of tele-
seismic P waves from deep focus events. We infer from the results 
that mantle lithosphere has been removed beneath the central Ap-
palachian Mountains, near the site of volcanism of both Jurassic 
and Eocene age (Evans et al., 2019; Mazza et al., 2016, 2014). Near-
to super-solidus conditions are reached in the upwelling astheno-
sphere today, and we infer that ongoing edge-driven convection 
maintains upwelling to the present day.
2. Methodology for constraining seismic attenuation

We constrain upper mantle attenuation in two steps. First, we 
infer �t∗

P , relative “t-star” for a P wave with units of seconds, by 
modeling changes to teleseismic P waves recorded by the MAGIC 
array (Adams and Humphreys, 2010; Bezada, 2017). We then invert 
for a two-dimensional model of attenuation across the study area. 
The quantity t* is defined by

t∗ =
∫

dt

Q (t)
=

∫
dr

V (r) ∗ Q (r)
(1)

where t is the travel-time, Q (t) is the quality factor encountered 
by the phase at a given time during propagation, r is distance 
along the ray path, and V (r) and Q (r) are the velocity and quality 
factor along the ray path. In this study, we only measure relative 
changes to t∗

P , which we refer to as �t∗
P . To show the effect of 

attenuation on a seismic waveform, examples of a hypothetical P
wave that have been attenuated to greater and lesser degrees are 
shown in Fig. 2A. For more negative values of �t∗

P the waveform 
is narrower in the time domain and contains more high frequency 
energy than the reference trace. As �t∗

P increases, the high fre-
quencies are damped and the waveform broadens.

We measure �t∗
P by modeling the waveforms of the first ar-

riving P waves for 6 events recorded by the MAGIC array. We 
restrict our analysis to events with hypocentral depths greater 
than 200 km, and to station-event pairs separated by distances be-
tween 30 and 90◦ . The 6 events are described in Table 1. A total 
of 141 measurements of �t∗

P were made with waveforms filtered 
between 0.02 and 3 Hz; P waves observed at this distance are typ-
ically dominated by energy near 1 Hz. We first make an estimate 
of the unattenuated source-time function, and match attenuated 
versions of this estimate to recordings of the first arriving P waves 
with a grid search over �t∗

P (Bezada, 2017). Example seismograms 
compared to attenuated synthetics are shown in Fig. 2B.

To analyze the results, we invert for a two-dimensional sur-
face that is consistent with the measured values of �t∗

P . In this 
study the surface is nearly one-dimensional and along strike of the 
array. Since few events are usable, we cannot constrain a three-
dimensional model. However, attenuation primarily occurs at as-
thenospheric depths, where the ray-paths of the P waves become 
nearly vertical. We therefore map variations in �t∗

P in two dimen-
sions before exploring hypothetical depth variations in Q P in a 
later section. We do not consider crustal structure; a 1 km thick 
sedimentary package will only contribute a �t∗

P of 0.015 s, and 
Q p rapidly increases with greater thickness (Campbell, 2009).

We modify the method of Bezada (2017) for inverting for a 
two-dimensional surface for �t∗

P from a least-squares solution to 
a Bayesian Monte Carlo inversion. We use this approach for three 
reasons. First, this approach provides an estimate of the uncer-
tainty of the data by including the uncertainty as a free parameter 
in the Monte Carlo search. Previous studies have shown that the 
search will converge to the correct uncertainty if the search seeks 
to maximize the likelihood function (Bodin et al., 2012a, 2012b; 
Eilon et al., 2018; Malinverno and Briggs, 2004). Because the uncer-
tainties are estimated by the inversion, a second advantage of this 
approach is that a priori weights on the smoothness or magnitude 
of the final solution are not needed. Heuristically, the inversion 
searches for a model that is as sharp but no sharper than is needed 
to explain the data. Third, because a wide range of models are 
evaluated during the search, the uncertainty of the model can be 
estimated from the width of the distribution of �t∗

P values in all 
acceptable models.

The inversion that we implement has been described in de-
tail elsewhere (Bodin et al., 2012a, 2012b; Eilon et al., 2018;
Olugboji et al., 2017) and our approach does not significantly di-
verge from these studies. The inversion begins by creating a model 
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Fig. 2. Demonstration of the time-domain method for �t∗
P . Examples of attenuated synthetic and real waveforms. A) Example of a hypothetical P wave that has undergone 

different degrees of attenuation. B) Comparison between observed seismograms and their best fitting attenuated synthetics. The observed seismograms are in black, and 
are for a magnitude 5.8 event in the vicinity of Hokkaidō (Line 2 of Table 1). The best fitting synthetics are in red. Two seismograms are highlighted on the right, and are 
compared with an unattenuated and attenuated synthetic.

Table 1
Details of the events used in this study.

Region Latitude 
(degrees)

Longitude 
(degrees)

Origin time 
(UTC)

Magnitude Depth 
(km)

σ
(s)

Argentina −22.2087 −66.0261 2016-08-04 14:15:13.090 6.2 270 0.11
Hokkaidō 47.6981 146.9212 2016-07-23 01:00:20.940 5.8 408 0.13
Bolivia −19.7597 −63.3288 2016-01-14 03:25:28.270 6.1 583 0.11

Hokkaidō 44.4761 141.0867 2016-01-11 17:08:03.920 6.2 238 0.18
Brazil −9.1825 −71.2574 2015-11-26 05:45:18.400 6.7 603 0.17
Argentina −23.1125 −66.688 2015-02-11 18:57:22.460 6.7 223 0.11
with a random number of nodes with randomly assigned values of 
�t∗

P . The fit of this model to the data is evaluated after nearest-
neighbor interpolation; that is, we use Voronoi diagrams as the 
basis function for constructing the models. A new model is then 
created by taking one of 5 possible steps: a “birth” step where a 
new node is introduced, a “death” step where a node is removed, a 
“move” step where a node is moved to a new location, a “change” 
step where the �t∗

P of a node is changed, or a “hyperparameter” 
step where the uncertainty of the data is changed within the con-
text of some parameterization. An example of a parameterization 
for the data uncertainty would be to use one uncertainty for all 
of the input data, which would introduce one free parameter, or 
to use one uncertainty per event, which in this study would in-
troduce 6 free parameters. The acceptance criteria for new models 
(Bodin et al., 2012a, 2012b) biases the search towards accepting 
simpler models if the misfit is not worsened, and towards a level 
of uncertainty where a more complex model cannot significantly 
improve the fit to the data. For all inversions shown here, we iter-
ate 100 parallel instances of the search over 1e5 models and keep 
the set of models with the 5% highest likelihoods.

We then make a probability distribution function (PDF) every 
5 km along the array by normalizing a histogram of the �t∗

P in 
the ensemble of models at each point along the array with a bin 
spacing of 0.001 s. The width of the PDFs provides an estimate of 
the uncertainty of the model. Shen and Ritzwoller (2016) showed 
that the standard deviation of the ensemble can be as much as a 
factor of 4 larger than the standard error. This is because the en-
semble of models defines a PDF with a mean, median, and mode 
that are well-defined regardless of the width of the distribution. 
We confirm this factor of 4 for our results, and show uncertainties 
by dividing the standard deviation of the PDFs by two, which gives 
twice the standard error (i.e., the 95% confidence interval) below. 
We stress that this uncertainty is the “model” uncertainty and dis-
tinct from the “data” uncertainty, which is the noise in the input 
�t∗

P values.
To demonstrate the validity of the inverse approach, we show 

two sets of synthetic inversions in Fig. 3. The synthetic tests use 
the same set of station-event pairs as used with the MAGIC array. 
The first set, in Fig. 3A and 3B, show a pair of inversions for one-
dimensional synthetic datasets. The values of �t∗

P are drawn from 
the true model and Gaussian noise was added with a standard de-
viation of 0.025 s. The contours show the PDFs from the inversion. 
For this pair of inversions, the data uncertainty was fixed during 
the search to the true value. In the first test, shown in Fig. 3A, �t∗

P
in the input model increases linearly from −0.2 s on the west-
ern edge of the array to 0.2 s on the eastern edge. In the second 
test, shown in Fig. 3B, �t∗

P is zero except in two sharply defined 
boxes with �t∗

P of −0.2 and 0.2 s. The inversion process is iden-
tical in each case, despite the dramatic difference in the gradients 
of the model. Were the model smoothness fixed a priori, this pair 
of models would demand different configurations of the inversion. 
Instead, our approach successfully recovered both a linear trend 
and steps in �t∗

P with an identical configuration. The only issue is 
that the linear model is recovered as steps between −200 and 0 
km where gaps in station coverage reach nearly 50 km; this oc-
curs because nearest neighbor interpolation was used to evaluate 
the models.

In Fig. 3C, we reinvert the “step” model while inverting for the 
uncertainty of the data. Noise was added with standard deviations 
of 0.075 s for the first set of three events, and with a standard de-
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Fig. 3. Synthetic tests of the inversion in 1D. Probability distribution functions from the inversion are contoured, and the red line shows the input (“true”) model. See text 
for description of the separate inversions.

Fig. 4. Preferred model for �t∗
P . A) The probability distribution function from the preferred inversion is contoured, with the mean and mode marked in red and blue, 

respectively, and topography along the array shown on top. B) The mode of the preferred model in map view. Topography is shaded and �t∗P is the mode of the PDF from 
the inversion (panel A). The Proterozoic, Mountain Crest, and Eastern Platform domains are defined by text and the white lines. For plotting purposes, the values at or below 
the average of the Proterozoic domain are set to zero. Circles show the locations of shear-wave velocity profiles in Fig. 7.
viation of 0.15 s for the second set of three events. This level of 
noise is high, as the size of the two steps is only 0.2 s, and so re-
quires an inversion that properly handles uncertainties. We invert 
for the model and one uncertainty per event. The true model is 
well recovered with wide PDFs. For the first three set of events, 
the recovered uncertainties are 0.10 s, 0.08 s, and 0.08 s; twice 
the standard error for these values is 0.02 s. For the second set of 
three events, the recovered uncertainties are 0.2 s, 0.16 s, and 0.16 
s; twice the standard error for these values is 0.03 s. Hence, the 
quality of the data can be estimated well. We conclude that we 
have a sufficiently large dataset that the true model can be recov-
ered along with one uncertainty for each event.

3. Results and comparison with previous studies

We present our preferred model for variations in seismic atten-
uation across the MAGIC array in Fig. 4. We present PDFs along 
the center of the model in 1D in Fig. 4A, and the mode of the 
PDFs in map view in Fig. 4B. The model in Fig. 4 can be catego-
rized into three domains with distinct signatures in attenuation – 
the “Proterozoic”, the “Mountain Crest”, and the “Eastern Platform” 
domains (Fig. 4).
In the preferred inversion, �t∗
P is 0.26 s and 0.13 s in the 

Mountain Crest and Eastern Platform domains, respectively, rel-
ative to mean of the Proterozoic domain. The Mountain Crest 
domain is coincident with the CAA in the velocity model of 
Schmandt and Lin (2014) (Fig. 1); however, we are not aware 
of a prior detection of the local maximum in seismic attention 
at the CAA (cf., Bao et al., 2016; Cafferky and Schmandt, 2015;
Hwang et al., 2009). The uncertainty on the model allows the tran-
sition between the Proterozoic and Mountain Crest domains to be 
up to 50 km wide (Fig. 4A). The width of the gradient on the 
eastern side of the Mountain Crest domain is negligible. Smaller 
variations in �t∗

P are present within each domain, but are poorly 
constrained. The average uncertainty of the model, twice the stan-
dard error, is estimated at ±0.015 s. This implies an uncertainty on 
the differences between the domains of ±0.02 s. Four alternative 
models are shown in the Supplemental Section 1: with a uniform 
data uncertainty, with a station-specific data uncertainty, with lin-
ear interpolation, and with “spectral slope” measurements (Teng, 
1968). These four models give different fluctuations within the 
three domains, but differences between the domains are slightly 
greater than or within error of the preferred model.



J.S. Byrnes et al. / Earth and Planetary Science Letters 519 (2019) 297–307 301
Fig. 5. A comparison of datasets along the strike of the MAGIC array. A) Topography. 
B) Variations in �t∗

P (cf. Fig. 2) with the inner 66% of the probability distribution 
marked by the dashed lines; this approximates the 95% confidence interval for the 
model (see text for discussion). The values of �t∗

P have been demeaned, as opposed 
to pegged to zero, to allow for the plotting of the uncertainty. B) Shear-wave veloc-
ity beneath the MAGIC array in the model of Shen and Ritzwoller (2016). This study 
used data from both receiver functions and Rayleigh wave phase velocities. Shear-
wave velocities above the Moho are not shown and the model is not defined below 
150 km depth. D) Shear-wave velocity beneath the MAGIC array in the model of 
Schmandt and Lin (2014). The model is not defined above 60 km depth. The study 
of Schmandt and Lin (2014) solved for relative variations in velocity, and we use 
their reference velocity model of AK135 to convert the anomalies to absolute values 
of Vs.

The uncertainties of the data are given as standard deviations 
in the last column of Table 1. Typical values are between 0.11 and 
0.13 s, although two events have higher uncertainties and were 
thus down-weighted during the inversion. These uncertainties are 
high relative to the range of the final model, and can be plausibly 
explained by signal-generated noise (Bezada et al., 2019).

Comparing our results to lateral variations in topography 
(Fig. 5A, B) and shear wave velocity from both surface waves and 
body waves (Fig. 5C, D), it is clear that all three parameters ex-
hibit first-order variations among the three distinct domains. For 
the comparisons, we use the joint surface wave-receiver function 
model of Shen and Ritzwoller (2016) (5C, hereafter SR16) and the 
body-wave model of Schmandt and Lin (2014) (5D, hereafter SL14). 
In the Proterozoic domain, where the least attenuation was ob-
served, topography is relatively flat and Vs is consistently above 4.5 
km/s in both velocity models. Beneath the Mountain Crest domain, 
the two velocity models are similar above 90 km depth but diverge 
below. In SR16, variations in subcrustal velocity peak near 90 km 
depth, neglecting a localized anomaly at the base of the Moho 
centered on 80.5◦W (Fig. 5C). In contrast with the SR16 model, in 
SL14 the low-velocity anomaly reaches a minimum of 4.25 km/s at 
a depth of 150 km. We attribute the difference to the data used to 
construct each model. The phase velocities of Rayleigh waves, used 
by Shen and Ritzwoller (2016), have a markedly reduced sensitiv-
ity to Vs anomalies at a depth of 150 km, while the travel times of 
body-waves used by Schmandt and Lin (2014) remain reliable at 
these depths (e.g., Villagómez et al., 2007, 2014). Taken together, 
the seismic tomography models reveal a low-velocity anomaly be-
neath the Mountain Crest domain beneath a high velocity lid.

Beneath the Eastern Platform domain, topography is relatively 
smooth and lies at a lower elevation than within the Proterozoic 
domain. �t∗

P has intermediate values and both velocity models 
feature Vs intermediate between the Proterozoic and Mountain 
Crest domains. Neither velocity model displays strong anomalies 
below 100 km depth beneath the eastern platform.

To summarize, our attenuation model exhibits strong lateral 
variations across the array, with three clear domains of distinct 
�t∗

P . There are clear correlations among topography, �t∗
P , and Vs

along the MAGIC array. We attribute a slight westward offset of 
the �t∗

P maximum relative to the Vs minima to the refined station 
spacing of the MAGIC array. West of the PRM (Fig. 1), Vs is high 
and �t∗

P is low. Where the array crosses the Appalachian Moun-
tains into Phanerozoic crust, a local maximum in �t∗

P correlates 
with the location of the CAA (Fig. 1). Continuing eastward, both 
seismic velocity and attenuation in the Eastern Platform domain 
are intermediate between the other two regions.

4. Discussion

4.1. Physical state of the lithosphere-asthenosphere system

In this section we combine previous tomographic results and 
our new results for attenuation to constrain the physical state of 
the upper mantle beneath the MAGIC array. The �t∗

P results mo-
tivated a partition of the MAGIC study area into three domains 
(Fig. 4). Fig. 6 shows Vs profiles from SR16 and SL14 within each 
domain and from the tectonic domains of Lekić and Romanow-
icz (2011a). Lekić and Romanowicz (2011a) constructed Vs profiles 
for “Old continental”, “Modified Continental”, and “Young Oceans”
domains via a cluster analysis of Vs from global tomographic mod-
els (Lekić and Romanowicz, 2011a, 2011b). These names are used 
for clarity and are not from the original study. The “Old Conti-
nental” (CR2 in Lekić and Romanowicz, 2011a) cluster generally 
corresponds to continental interiors surrounding a slightly faster 
cluster (CR1) at continental centers. The “Modified Continental” 
cluster (CR3) generally represents continental regions that have 
undergone deformation in the Phanerozoic, such as Indonesia or 
Northern China. The “Young Oceans” (OR1 in Lekić and Romanow-
icz, 2011a) cluster includes the mid-ocean ridge system and mag-
matically active regions like the Western United States.

We use the comparison in Fig. 6 to place the three subdivi-
sions of our study area in a global context. The Proterozoic do-
main (Fig. 4) has Vs typical of the “Old Continental” cluster. At 
75 km depth, the Mountain Crest has similar Vs to the “Modified 
Continental” cluster, and the Eastern Platform is intermediate be-
tween the “Old Continental” and “Modified Continental” clusters. 
At greater depths, the two velocity models diverge beneath the 
Mountain Crest and Eastern Platform domain due to the presence 
of the CAA. Velocity beneath the Mountain Crest domain (the CAA) 
reaches the minimum Vs in the “Young Oceans” cluster. Beneath 
the Eastern Platform, Vs merges with the “Modified Continental” 
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Fig. 6. Shear-wave velocity profiles from each of the domains compared with the clusters of Lekic and Romanowicz (2011a, 2011b). See Lekić and Romanowicz (2011a) and 
text for discussion and definition of the clusters. A, B) Comparison of the clusters of Lekić and Romanowicz (2011a) with shear-wave velocity profiles at the three circles 
with matching colors in Fig. 2 from the models of Shen and Ritzwoller (2016) and Schmandt and Lin (2014), respectively.
cluster at a depth of 150 km and is marginally faster than the 
cluster at shallower depths.

Before interpreting the values �t∗
P in terms of the quality fac-

tor of the upper mantle, we must consider if “extrinsic factors” 
can explain the apparent attenuation. We explore and reject two 
possible sources of �t∗

P artifacts in Supplemental Section S2. The 
first is scattering of the wavefield (Richards and Menke, 1983;
Wu, 1982). We show with finite difference experiments that �t∗

P
artifacts produced by scattering can be detected by comparing 
results from our time domain method with results from the fre-
quency domain method of Teng (1968), since the time domain 
method is relatively insensitive to the effects of scattering (Bezada, 
2017). The second effect is focusing by variations in seismic veloc-
ity (Allen et al., 1999; Dalton and Ekström, 2006), which we show 
produces �t∗

P artifacts on length scales shorter than the width of 
our three domains. We interpret the results only in terms of Q p
for the remainder of the paper.

We next use �t∗
P from the Mountain Crest and Eastern Platform 

domains to infer possible values of Q p in the upper mantle. The 
P wave data used in this study only constrain the path-integrated 
attenuation, and so we explore hypothetical variations in Q p with 
depth (Fig. 7) in lieu of a three dimensional tomography model 
for Q p. We define two layers in the upper mantle from 40 to 
90 km and 90 to 200 km based on depths of the high velocity 
lid and the CAA. We assume PREM values of Q p for the litho-
sphere within the Proterozoic domain, and use a 200 km thick 
lithosphere in this region (Abt et al., 2010; Biryol et al., 2016;
Schaeffer and Lebedev, 2014; Yuan et al., 2014) as the reference 
for our �t∗

P measurements. We then compute the predicted at-
tenuation for each model with equation (1), and color as bands 
the regions that explain the �t∗ results for the Mountain Crest 
P
and Eastern Platform regions within the error of the difference be-
tween the domains (±0.02 s).

If Q p were constant between 40 and 200 km depth (black line 
in Fig. 7), we estimate a Q p between 66 and 84 for the Mountain 
Crest and 130 to 160 for the Eastern Platform. However, since Vs is 
decreasing with increasing depth (Fig. 5), we consider a decrease in 
Q p with increasing depth more likely than a constant Q p model. 
This motivates a second set of estimates, which are to the right of 
the black line in Fig. 7. The end-member case features Q p in the 
deeper layer between 50 to 63 beneath the Mountain Crest and 
103 to 125 beneath the Eastern Platform.

We next explore possible variations in lithospheric thickness 
beneath the Proterozoic domain. The calculation for Fig. 7A as-
sumed a PREM-like lithosphere of 200 km thickness west of the 
PRM. Deviations from these assumptions have a weak effect if 
the average Q p remains high, and so a wide range of deviations 
are possible. For example, halving the average Q p from 2000 to 
1000 over 200 km causes a �t∗

P of only 0.02 s (Fig. 7B). Fig. 7B 
shows the maximum thinning of the lithosphere from a refer-
ence thickness of 200 km allowed by an uncertainty on �t∗

P of 
±0.02 s. This calculation is reductive, because the lithosphere-
asthenosphere boundary in this region may be diffuse (Abt et al., 
2010), but 45 km of variability in lithospheric thickness can be ac-
commodated under these assumptions if Q p values from PREM are 
assumed.

We now discuss how constraints on Vs and Q p could relate to 
the physical properties of the upper mantle. In Fig. 8, we explore if 
Vs and Q p can be explained in terms of temperature and grain size 
using the Very Broadband Rheology Calculator (Holtzman, 2016), 
which applied the model of Jackson and Faul (2010) to an imposed 
thermal structure for the region. First, for Fig. 8A, we assume a 
100 km thick, conductively cooled plate (Abt et al., 2010) for the 
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Fig. 7. Seismic interpretations of the �t∗
P results. A) Range of Q p relative in a shallow (40 to 90 km) and a deep (90 to 200 km) layer beneath the Mountain Crest and 

Eastern Platform domains. The black line marks the model parameters for which Q p does not vary with depth, and models to the left of this line are considered less likely 
(see text for discussion). B) Maximum allowed variations in lithospheric thickness, given the error estimates on the preferred �t∗P model in Fig. 3B. “Lithosphere” in this 
figure refers to a high Q p lid.

Fig. 8. Physical interpretation of the seismic results for the Eastern Platform and Mountain Crest domains. A) Fit of the model of Jackson and Faul (2010) to the Vs and 
attenuation results, respectively, assuming different potential temperatures and grain sizes for the upper mantle beneath the Eastern Platform. Red star marks the best fitting 
model, and blue star marks an acceptable and more physical reasonable model. B) Contours of the χ2 = 1 region when assuming a range of lithospheric thicknesses for the 
Eastern Platform region. A thickness of 100 km was assumed for panel A. C) Vs and Q p profiles for the model marked by the blue star in Panel A. D) Temperature profile 
associated with the model marked by the blue star in Panel A. E) Repeat of the search in panel A for the Mountain Crest region.
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Eastern Platform, above an adiabatic asthenosphere. The predicted 
Vs and Q p values for models with varying potential temperatures 
and grain sizes were evaluated by fitting the mean predicted Vs
between 60 and 200 km depth from SL14, and fitting the predicted 
t∗

P value for a vertically propagating P wave from 200 km depth to 
the base of crust at 37 km depth (Shen and Ritzwoller, 2016).

Fig. 8A shows the fit of the predicted values to the observed 
values as χ2, defined here as

χ2 = 0.5 ∗
[

(Vspredicted − Vsobserved)
2

σVs

+
(t∗

ppredicted
− t∗

pobserved
)2

σt∗

]
(2)

where σVs and σt∗ are estimates of the uncertainty for Vs and t∗
P . 

We do not have a strict estimate of the uncertainty on Vs for SL14. 
We estimate an uncertainty of 0.05 km/s, which is equivalent to 
assuming a misfit to S wave travel times of 0.25 s for a 140 km 
long column of the upper mantle.

The predicted seismic profiles are sensitive to both variations 
in potential temperature and variations in grain size. This is indi-
cated by the nearly 45◦ slope of the χ2 = 1 contour. The χ2 = 1
contour for models with different lithospheric thickness are shown 
in Fig. 8B. With thicker lithosphere, the potential temperature and 
grain size must be reduced in the consequently thinner astheno-
sphere. For a thickness greater or equal than 150 km, only un-
realistic values for the asthenosphere can explain the data. The 
best fitting model with a lithospheric thickness of 100 km (red 
star in Fig. 8A) features a potential temperature above 1500 ◦C and 
a grain size of slightly below 1 cm. This grain size is reasonable 
(Abers et al., 2014 and references therein), but a potential tem-
perature above 1500 ◦C is unreasonable for this region, unless the 
temperature is markedly higher than the Eocene potential tem-
perature of 1412 ± 25 ◦C (Mazza et al., 2014), and the ambient 
asthenosphere (Sarafian et al., 2017). However, the fit for a model 
with a potential temperature of 1400 ◦C and a grain size of 1 mm 
(the blue star in Fig. 8A) is acceptable (i.e. its χ2 is near 1). The 
predicted Vs and Q p profiles are shown in Fig. 8C, assuming a 
Q p/Q s ratio of 2.25 (Karato and Spetzler, 1990), and the ther-
mal structure is shown in Fig. 8D. Attenuation primarily occurs 
below the 100 km thick plate (Abt et al., 2010), since anelastic ef-
fects are not important when temperature is below approximately 
1000 ◦C (Jackson and Faul, 2010). The maximum and minimum 
values of the predicted Vs are not reached in the Vs profile of SL14. 
However, because tomographic inversions are subject to smoothing 
and damping constraints, the minimum and maximum values will 
likely be obscured; this inference is supported by higher Pn veloc-
ities (Buehler and Shearer, 2017) in this region than in the model 
of Schmandt and Lin (2014).

We consider the prediction of the model of Jackson and Faul
(2010) for a small grain size, potential temperature similar to the 
ambient mantle, and 100 km thick plate an adequate explanation 
for the observed seismic structure of the upper mantle beneath 
the Eastern Platform. We cannot exclude the hypothesis that the 
mantle is cooler, with water or melt (as in Rychert et al., 2005) 
below the LAB reducing Vs and Q p, but neither are such addi-
tional factors required. A likely thickness for the lithosphere in 
this region is between 100 and 125 km, a value that is consis-
tent with some (Evans et al., 2019) though not all magnetotel-
luric results for the region (e.g., see Gribenko and Zhdanov, 2017;
Murphy and Egbert, 2017).

Unlike in the Eastern Platform, constraints from the Mountain 
Crest domain require that melting processes be invoked. The in-
ferred values of Q p in this region are lower than the model of 
Jackson and Faul (2010) can explain unless unrealistic tempera-
ture and grain sizes are assumed (see Abers et al., 2014 for a 
discussion). For Fig. 8E, we repeat the process used for Fig. 8A 
with a 60 km thick plate and 50 km thick crust for the Mountain 
Crest Region. Choosing this thin lithospheric thickness will result 
in higher mean Q p in the asthenosphere. The required poten-
tial temperatures are higher than in the hottest plumes (Herzberg 
et al., 2007). A thin lithosphere was assumed in the calculation 
to maximize estimates of Q p, but even so Q p is too low. Melt-
ing processes could explain the observations in several ways. The 
first we discuss is a hypothetical “premelting” effect. The model 
of Yamauchi and Takei (2016) predicts that attenuation increases 
at slightly subsolidus temperatures, and does not include any fur-
ther enhancement at or above the solidus. This model predicts 
a Vs and Q p of 4.2 km/s and 102 under the following assump-
tions: the upper mantle at 150 km has a potential temperature 
of 1400 ◦C, the upper mantle is at the solidus, the incoming 
wave has a period of 0.5 s, the upper mantle viscosity is 1018

Pa s, and the Q p/Q s ratio is 2.25. Period and viscosity trade off 
due to Maxwell-frequency scaling (see Yamauchi and Takei, 2016;
Takei, 2017 for a discussion) and because of this trade-off we do 
not further consider variations in either parameter.

A Q p of 102 is higher than the allowed values beneath the 
Mountain Crest region (50 to 84), and so we consider three addi-
tional possibilities. The first is that another physical process, possi-
bly the presence of melt in an attenuating configuration (Abers et 
al., 2014; Hammond and Humphreys, 2000), is required to reduce 
Q p beyond the “premelting” effect (Yamauchi and Takei, 2016). 
Second, Q p/Q s may be lower than 2.25 because of some contri-
bution from bulk attenuation. A Q s of 45 is the direct quantity 
predicted by the model of Yamauchi and Takei (2016), which im-
plies a Q p of 45, 67, 79, and 90, for Q p/Q s ratios of 1, 1.5, 
1.75 and 2. This covers our estimated range beneath the Mountain 
Crest region, and melt could theoretically enhance bulk attenua-
tion (Hammond and Humphreys, 2000). Third, the amplitude of the 
low-Vs anomaly may be greater than in the model of Schmandt 
and Lin (2014). If Vs were 4.15 or 4.1 km/s at 150 km depth, 
then the model of Yamauchi and Takei (2016) predicts a Q p (for 
Q p/Q s of 2.25) of 81 and 68, which are consistent with the values 
allowed beneath the mountain crest region.

We conclude that the asthenosphere is under solidus to super-
solidus conditions beneath the Mountain Crest. Our results do not 
require the present of in-situ melt, as the “premelting” effect of 
Yamauchi and Takei (2016) can explain the anomaly with some 
qualifications, but we cannot strictly reject the presence of melt. 
We also note that the conductivity of the upper mantle is sufficient 
to require in-situ melt (Evans et al., 2019). However, we can say 
that unlike beneath the Proterozoic or Eastern Platform domains, 
the hypothesis that the upper mantle beneath the mountains is 
under sub-solidus conditions can be rejected.

4.2. Geodynamic processes

We propose a geodynamic scenario that is consistent with the 
seismic and petrologic (Mazza et al., 2014, 2016) results for the 
region. To summarize, we infer the loss of the continental litho-
sphere beneath the Central Appalachians and that the resulting 
lithospheric cavity has been sustained by small-scale convection. 
We discuss in detail two major features of this scenario (topogra-
phy on the lithosphere-asthenosphere boundary and the inferred 
upwelling of the asthenosphere beneath the crest of the mountain 
range), and how the seismic constraints inform our interpretation.

In our cartoon summarizing the major features of our con-
ceptual model (Fig. 9), the lithosphere west and east of the Ap-
palachian Mountains is referred to as the “Proterozoic” (dark blue) 
and “Phanerozoic” (sky blue) lithosphere, respectively. This inter-
pretation is based on the predominant ages of the overlying crust 
(Fig. 1, Whitmeyer and Karlstrom, 2007). For this study, the term 
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Fig. 9. Geodynamic scenario for the MAGIC study area. Bold and straight arrows 
show the motion of the North American plate in a hotspot reference frame, and 
the thin arrow shows the location of Eocene volcanism. The crust is in brown 
with topography on top and estimated crustal thickness on bottom, Proterozoic and 
Phanerozoic lithosphere are in dark and sky blue, the Central Appalachian Anomaly 
(CAA) and ambient asthenosphere are in dark and light orange, respectively. Flow 
lines are illustrated by the curved arrow in the asthenosphere. Two possible scenar-
ios for the thickness of Proterozoic lithosphere are illustrated with shades of blue 
and text. The striped Phanerozoic lithosphere shows where the relative extents of 
Phanerozoic lithosphere and the CAA is ambiguous.

“Proterozoic” lithosphere could be interchanged with the “Old Con-
tinental” cluster of Lekić and Romanowicz (2011a) and “Phanero-
zoic” lithosphere could be interchanged with the “Modified Conti-
nental” cluster (as discussed in Section 4.1), though this terminol-
ogy should not be generalized to the clusters on a global scale or 
to the North American continent as a whole.

Moving from west to east, the variations in attenuation along 
the MAGIC array require abrupt changes in the thickness of the 
lithosphere. The North American lithosphere is known to reach 
depths greater than 200 km (Abt et al., 2010; Biryol et al., 2016;
Schaeffer and Lebedev, 2014; Yuan et al., 2014), but seismic stud-
ies often infer thinner lithosphere near the coasts (Rychert et al., 
2005, 2007; Abt et al., 2010). The tight station spacing along the 
MAGIC array provides an opportunity to study where and how 
rapidly the lithosphere thins, as reflected in upper mantle atten-
uation. Two possible scenarios for the lithospheric architecture 
beneath the MAGIC array are illustrated in Fig. 9, based on the 
calculations discussed in Section 4.1. In scenario 1, the lithosphere 
rapidly thins (going from west to east) beneath the western edge 
of the Appalachian Mountains. This scenario is identified in Fig. 9
as the “Deep and Steep LAB”. The model uncertainties allow a 
maximum width of the transition of 50 km. In this scenario, con-
tinental breakup and any subsequent small-scale convection left 
preexisting lithosphere in-board of the rift largely unmodified. The 
second scenario invokes gradual thinning of the Proterozoic litho-
sphere from west to east (Fig. 7B). The most likely pattern for 
thinning is gradual west-to-east thinning of the Proterozoic litho-
sphere (Evans et al., 2019), although our results allow for thinning 
to occur anywhere beneath the Proterozoic domain. In this sce-
nario, the thinning may have occurred during Proterozoic rifting, 
or may have occurred after rifting due to convection associated 
with the CAA.
The lithosphere thickens near the eastern edge of the Ap-
palachians. The results only allow a narrow width of the transition 
of approximately 25 km. We inferred above that a lithospheric 
thickness near 100 km and a dry, melt free upper mantle (Jackson 
and Faul, 2010) are sufficient to explain both the Vs and Q p in this 
region. However, for our preferred Vs and Q p model (Fig. 8D) to 
be valid, the maximum and minimum values of Vs at the base of 
the crust and lithosphere, respectively, need to be under-recovered 
in SR16, as discussed in Section 4.1. The predicted Vs from the 
model of Jackson and Faul (2010) at the base of the crust is 4.75 
km/s (Fig. 8C), which is higher than the maximum velocity in ei-
ther SR16 for this location or in the “Modified Continental” cluster 
(4.6 km/s). Constraints on uppermost mantle P wave velocities 
for this region, derived from Pn travel times measured at Trans-
portable Array stations, yield velocities near 8.2 km/s (Buehler and 
Shearer, 2017). These would imply Vs values of 4.7 to 4.8 km/s for 
Vp/Vs ratios of 1.7 to 1.8, respectively, and so tentatively support 
our preferred model. In any case, the CAA can only be present be-
neath the mountains and may not extend to the coast. This is again 
consistent with constraints from MT and Sp receiver function ob-
servations (Evans et al., 2019).

The CAA, with anomalous values of both Vs and Q p, lies be-
neath the locus of the youngest known volcanism on the East-
ern North American passive margin (∼48 Ma) (Mazza et al., 
2016, 2014). The potential temperature of the primary melts was 
low enough that a mantle plume is not required; instead, delami-
nation of the mantle lithosphere is sufficient to explain volcanism 
at the passive margin (Mazza et al., 2014, 2016). Our inference 
of a narrow region of thinned lithosphere beneath the region of 
volcanic activity is consistent with this hypothesis. The particular 
mechanism of delamination for lithospheric loss is not strictly re-
quired, but successfully explains both the seismic and petrologic 
observations. Because the topography of the central Appalachian 
Mountains is compensated by a dense crustal root (Fischer, 2002; 
Long et al., 2019), we do not infer mantle support of the high to-
pography of the modern Appalachians.

The volume of missing lithosphere is minor in a global context. 
Approximating the body of delaminated lithosphere as a cylinder 
with a radius of 50 km extending from 60 km (the shallowest 
depth of melting in Mazza et al., 2016, 2014) to a depth of 100 
or 200 km, we estimate its volume to be 3.1 × 105 to 1.1 × 106

km3, respectively. For context, subducting a 50 km thick slab to 
200 km depth (approximately the depth to which the Juan de Fuca 
slab appears continuous) along a 1200 km long subduction zone 
(the approximate length of the modern Cascadia subduction zone) 
would transport 1.2 × 107 km3 of lithosphere into the mantle, or 
one to two orders of magnitude more lithosphere than was lost be-
neath the Appalachians. Linking the delamination event to the age 
of the youngest volcanics requires that the mass has left the up-
per mantle, as the sinking velocity of an instability with a radius 
of 50 km is on the order of 1 m/yr (Elkins-Tanton, 2007). Today, 
the lost material has either stalled in the transition zone, sunk to-
wards the core-mantle boundary, or has been assimilated into the 
background heterogeneity of the mantle.

A likely implication of the asthenosphere being at solidus to 
super-solidus conditions is that small-scale convection is occurring. 
Our preferred explanation is “edge-driven” convection because of 
the steeply dipping LAB. At a step in lithospheric thickness, mantle 
upwelling will occur behind the “trailing” side of the plate as the 
asthenosphere must rise to fill the space created by the movement 
of the lithosphere (e.g., Till et al., 2010). Since the eastern coast of 
North America represents the “trailing” margin of the continent, a 
thermal anomaly does not need to be invoked to drive the mantle 
upwards (e.g., as in King and Anderson, 1998). The physical state 
of the CAA does require that partial melting be possible, and since 
the asthenosphere will lie above the solidus for volatile-bearing 
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mantle (Dasgupta et al., 2013; Dasgupta and Hirschmann, 2006) a 
non-zero melt fraction is expected (Holtzman, 2016).

Small-scale or edge-driven convection has been invoked as an 
explanation for several seismic anomalies along the margin, par-
ticularly beneath New England (Menke et al., 2018, 2016) and in 
segments beneath South Carolina and Florida (Biryol et al., 2016). 
Small-scale convection therefore appears to be a common feature 
beneath the passive margin. However, there seem to be only dis-
crete convection cells along the eastern coast of North America 
(Biryol et al., 2016; Levin et al., 2018; Lynner and Bodmer, 2017;
Menke et al., 2016; Schmandt and Lin, 2014). We speculate that 
upwellings occur in places of lithospheric removal, and not along 
the entire passive margin as low Vs anomalies appear as localized 
features rather than a continuous sheet parallel to the coast (Biryol 
et al., 2016; Schmandt and Lin, 2014).

5. Conclusions

Measurements of seismic attenuation along the MAGIC array 
from northwest Ohio to the Virginian coast reveal striking and 
abrupt topography on the base of the North American lithosphere. 
We identify three distinct domains that correspond to Protero-
zoic lithosphere, the crest of the Appalachian Mountains, and the 
Phanerozoic terranes on the eastern coast. We infer loss of the 
mantle lithosphere from a 100 km wide region beneath the crest 
of the central Appalachian Mountains, resulting in a strongly at-
tenuating upper mantle. Estimated values of Q p from this study, 
together with Vs constraints from previously published tomogra-
phy models, suggest that melting processes during upwelling are 
the likely cause of the “Central Appalachian Anomaly”. The prox-
imity of the partially molten asthenosphere to a steep lithosphere-
asthenosphere boundary and young volcanism suggests that edge-
driven convection occurs where the lithosphere has been removed 
by delamination.
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