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Abstract The Central Appalachian Anomaly (CAA) is a region of the upper mantle beneath eastern

North America that exhibits pronounced anomalies in its seismic velocity, seismic attenuation, and electrical
conductivity structure. The CAA clearly expresses itself in low velocity, high attenuation, and high conductivity
values; however, the present-day composition and state of the asthenospheric upper mantle in the anomalous
region remains imperfectly known. The collection of data from densely spaced, co-located seismic and
magnetotelluric arrays during the Mid-Atlantic Geophysical Integrative Collaboration (MAGIC) experiment
affords the opportunity to probe the structure and properties of the upper mantle in the CAA region in detail
using multiple types of geophysical observations. Here, we present new observations of P and S wave travel
times from teleseismic earthquakes measured at MAGIC stations, including a determination of how travel times
deviate from the predictions of a standard 1-D reference model. These observations constrain the ratio of the P
to S wave travel time perturbations associated with the CAA, which in turn allows us to estimate the ratio of P
and S wave velocity anomalies. We combine these observations with previously published estimates of seismic
attenuation and electrical conductivity in the upper mantle beneath the MAGIC array, and carry out forward
modeling to determine reasonable ranges of temperature, partial melt fraction, water content, and composition
for the CAA. Our results suggest that 1%—2% partial melt is required to simultaneously explain the velocity,
attenuation, and electrical conductivity observations beneath the MAGIC array.

1. Introduction

Understanding the composition and state of the upper mantle remains a fundamental outstanding problem in the
study of the Earth's interior. Variables such as the mineralogy/composition, temperature, water content, and (if
present) partial melt fraction and configuration play key roles in controlling upper mantle rheology and dynamics.
It is particularly important to understand these variables in regions of the upper mantle that are anomalous or
unusual, as such regions are often associated with processes (e.g., intraplate volcanism) that are not predicted by
simple plate tectonic theory. However, reliably estimating quantities such as the temperature, water content, and
melt fraction in the upper mantle remains an enormous challenge for observational geophysics. While geophys-
ical observables such as seismic velocity, seismic attenuation, and electrical conductivity are sensitive to these
quantities, their interpretation is typically non-unique, and the uncertainties in translating laboratory experiments
to the real Earth are large. A promising strategy for constraining these variables more tightly in regions of interest
is to combine co-located observations of seismic velocity, seismic attenuation, and/or electrical conductivity
(e.g., Artemieva et al., 2004; Iwamori et al., 2021; Moorkamp et al., 2007), taking advantage of the fact that these
observables have different sensitivities to factors such as temperature, partial melt, water content, and compo-
sition (e.g., Cammarano et al., 2003; Dai & Karato, 2014; Faul et al., 2004; Jacobsen et al., 2008; Takei, 2002).

The Central Appalachian Anomaly (CAA; Figure 1), a pronounced upper mantle geophysical anomaly beneath
the eastern seaboard of the United States, is a particularly intriguing target region for such a study. The eastern
margin of North America is a passive continental margin, with the last major tectonic episode, the breakup of
the Pangea supercontinent, occurring 200 Myr ago. Previous work, summarized by Long et al. (2021), has docu-
mented a number of unusual aspects of the CAA that are not typical in a passive margin setting. These include low
upper mantle velocities in seismic tomography models (e.g., Porter et al., 2015; Schmandt & Lin, 2014; Wagner
et al., 2018; Figure 1), high upper mantle seismic attenuation (Byrnes et al., 2019), high upper mantle electrical
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Figure 1. Horizontal slices through the S wave tomographic models of (a) Schmandt and Lin (2014) and (b) Porter et al. (2015) at a depth of 90 km. Colors represent
relative shear wave velocity variations in panel (a) and absolute V| values in panel (b), as denoted by the colorbars. Thin black lines show the boundaries of U.S. states.
The prominent low velocity anomaly near the center of the image is the Central Appalachian Anomaly.

conductivity (Evans et al., 2019), unusually thin lithosphere (Byrnes et al., 2019; Evans et al., 2019), and an
abrupt lateral transition in upper mantle anisotropy as reflected in SKS splitting (Aragon et al., 2017). Beyond
the geophysical anomaly, unusual aspects of the CAA region include the occurrence of anomalously young
volcanism that post-dates the breakup of Pangea, with volcanic and magmatic rocks from the late Jurassic and
Eocene occurring in western Virginia and eastern West Virginia (e.g., Mazza et al., 2014, 2017), and unusually
high present-day erosion rates (Long et al., 2021). Both the unusually young magmatic products and the enhanced
erosion rates are co-located with the geophysical anomaly in the upper mantle.

The anomalously low seismic velocities, high seismic attenuation, and high electrical conductivity that are char-
acteristic of the CAA may be individually explained by a range of possible upper mantle material properties,
potentially including elevated temperatures, the presence of partial melt, high water content, and compositional
variability. While previous work has suggested that partial melt is likely needed to explain the attenuation and
electrical conductivity observations (Byrnes et al., 2019; Evans et al., 2019), these studies have acknowledged
that the interpretation of the geophysical observables is non-unique, and that alternative explanations may be
possible. The goal of this study is to combine three types of geophysical observations (P and S body wave travel
time residuals, seismic attenuation as inferred from P waveforms, and an electrical conductivity model derived
from magnetotelluric [MT] data) and incorporate these constraints into a set of quantitative models that constrain
the range of plausible upper mantle temperatures, compositions, water contents, and partial melt fractions in the
asthenospheric upper mantle of the CAA.

To do this, we use data from the Mid-Atlantic Geophysical Integrative Collaboration (MAGIC) geophysical array
(Long et al., 2020). The MAGIC array, part of the EarthScope USArray Flexible Array, consisted of co-located
linear deployments of 28 broadband seismic stations and 25 MT stations. The seismometers collected data
between October 2013 and October 2016, while the MT instruments collected data between October 2015 and
May 2016. The MAGIC stations (Figure 2), deployed in a NW-SE trending line across the U.S. states of Virginia,
West Virginia, and Ohio, provide dense sampling from near the coast into the North American continental inte-
rior and cross the region of the CAA. Data from MAGIC have already been used to probe seismic attenuation
(Byrnes et al., 2019) and electrical conductivity (Evans et al., 2019) across the profile. Specifically, Byrnes
et al. (2019) identified a region of elevated attenuation directly underneath the Appalachians Mountains. They
inferred a range of possible values of Q p obtained from differential attenuation At} and found that Q p in the CAA
upper mantle likely ranges between 50 and 63. Evans et al. (2019) obtained both 2-D and 3-D electrical conduc-
tivity models and identified thin lithosphere (~80 km) and a highly conducting region in the depth range between
~80 and 200 km beneath the Appalachian Mountains. Upper mantle electrical conductivity values associated
with the CAA were inferred to be around 0.1 S/m (Evans et al., 2019).
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Figure 2. Map of seismic stations (triangles) used in this study. Background colors indicate topography, as shown by the colorbar at right. Thin black lines show the
outlines of U.S. states, with labels indicating the states of Virginia (VA), West Virginia (WV), and Ohio (OH). We used a total of 42 broadband stations, including
stations from the Mid-Atlantic Geophysical Integrative Collaboration experiment (red), the USArray Transportable Array (blue), and the U.S. National Seismic

Network (black).

Constraints on the magnitude of the CAA upper mantle velocity anomaly have previously been obtained from
seismic tomography (e.g., Babikoff & Dalton, 2019; Biryol et al., 2016; Boyce et al., 2019; Golos et al., 2018;
Porter et al., 2015; Savage et al., 2017; Schmandt & Lin, 2014; Shen & Ritzwoller, 2016; Wagner et al., 2018).
While the precise amplitude of the CAA anomaly varies among different studies, tomographic models have iden-
tified shear velocities as low as 4.3—-4.4 km/s in the uppermost mantle from surface wave models (e.g., Wagner
et al., 2018), and body wave tomography indicates relative velocity values that are ~4%—-5% slower than average
for S waves and ~2.5%—-3% slower for P waves at a depth of 200 km (e.g., Schmandt & Lin, 2014). It can be
challenging, however, to accurately infer the amplitude of velocity anomalies from seismic tomography models.
Tomographic inversions employ strategies such as damping and smoothing, which means that the amplitudes of
velocity anomalies are typically underestimated. Furthermore, different ray coverage for P and S waves means
that a direct comparison between the amplitude of V, and V, anomalies in tomographic models is not straight-
forward. This is a significant limitation, as the relative size of P and S wave velocity perturbations can contain
important information about the physical properties of the anomalous material. Estimates of the relative ampli-
tudes of P and S wave velocity anomalies can, however, be obtained from measurements of travel time residuals
associated with P and S wave arrivals across a seismic array (e.g., Menke et al., 2016). Such an approach is
particularly useful in cases in which the geometry of the anomaly has been generally well constrained via seismic
tomography. Estimates of body wave travel time residuals (i.e., deviations from measured arrival times and those
predicted by a simple 1-D Earth model) can provide more direct estimates of the relative size of P and S wave
anomalies than comparisons of P and S wave tomographic images. This type of approach is very well suited for
the CAA study area, as the location and dimensions of the velocity anomaly have already been well characterized
by tomographic imaging (Long et al., 2021, and references therein).

The goals of this work are twofold. First, we obtain new constraints on the relative P and S wave velocity pertur-
bations in the upper mantle associated with the CAA by measuring P and S wave travel times from teleseismic
earthquakes. Our approach follows that of Menke et al. (2016; see also Carrero Mustelier & Menke, 2021; Krauss
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Figure 3. Record section (seismograms plotted as a function of increasing distance from the source) showing body wave arrivals on the horizontal component (BHE
channel) for a 6.9 My, earthquake beneath the Aleutian Islands (52.28°, —169.54 °) that occurred on 27 July 2015. The x axis indicates time since the event origin time.
The first P wave arrives at approximately 580 s at the closest station, followed by the first S wave at approximately 1,045 s. The ScS phase follows shortly after the S

wave arrival at about 1,165 s.

& Menke, 2020), who measured differential P and S wave travel times associated with the Northern Appalachian
Anomaly (NAA), another prominent geophysical anomaly beneath eastern North America, this one centered
beneath New England (e.g., Levin et al., 1995, 2018; Menke et al., 2016, 2018). Menke et al. (2016) calculated
observed arrival time deviations by comparing measured teleseismic earthquake travel times against predictions
from a 1-D Earth model using a cross-correlation approach. We apply this measurement strategy to data from the
densely spaced MAGIC array in this study, allowing us to measure a large number of body wave arrival times
and estimate the ratio of P and § wave velocity anomalies. Second, we combine our new estimates of P and S
wave velocity anomaly ratios with previously published estimates of upper mantle seismic attenuation (Byrnes
et al., 2019) and electrical conductivity (Evans et al., 2019) to carry out quantitative modeling of the astheno-
spheric upper mantle in the CAA region. Specifically, we consider what ranges of material properties (temper-
ature, partial melt fraction, water content, and composition) are capable of simultaneously explaining the three
different types of observations.

2. Body Wave Travel Time Residual Measurements: Data and Methods

We used data from the MAGIC experiment (28 stations), the USArray Transportable Array (13 stations), and the
US National Seismic Network (1 station), for a total of 42 seismic stations (Figure 2). We considered earthquakes
occurring between October 2014 and October 2016, the period during which most of the MAGIC stations were
recording. We selected events with moment magnitude (My, ) of 5.7 or greater at epicentral distances between
40° and 80° and measured P and S wave arrivals for each event at each available station. All seismic signals
were bandpass filtered between 0.1 and 1 Hz before analysis. An example of a record section showing body wave
arrivals for an event used in this study showing clear P and § arrivals is shown in Figure 3.

Following the method of Menke et al. (2016), we measured deviations of the recorded P and S wave arrival times
from the predicted arrival times for a standard 1-D Earth model (AK135; Kennett et al., 1995). Travel times will
be affected by a number of aspects of crustal structure (in addition to the upper mantle structure that is the focus
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Figure 4. Map of events (red circles) used in this study. We used 35
high-quality events with moment magnitude My, > 5.7 located at epicentral
distances between 40° and 80° from the center of the Mid-Atlantic

of this study), potentially including crustal thickness variations, topography,
and sedimentary basin structure. Of these, crustal thickness variations will
have the largest effect; in contrast, the effects of topography and sedimentary
basins are expected to be much smaller for our study region. We therefore
corrected the predicted body wave arrival times to account for variations in
crustal thickness. To do this, we used crustal thicknesses estimates obtained
via P-to-S receiver function analysis at stations in our study region (Long
et al., 2019). We compared the estimated crustal thickness beneath each
station to the 35 km global crustal thickness average used in the AK135 model
(Kennett et al., 1995). We predicted deviations in P and S wave travel times
due to deviations from the 1-D model crustal thickness using nominal P and §
wave velocities for the mantle (Vp = 8.04km/s; Vs = 4.48km/s) and crust
(Vp =6.50km/s; Vs = 3.85km/s) and used these to correct the predicted
P and S wave arrival times, assuming vertical wave incidence. While the
assumption of vertical incidence is a simplification, the errors introduced by
this assumption are expected to be small compared to the uncertainties intro-
duced by our imperfect knowledge of crustal thickness and velocity structure.

We designated the station with the first P and S wave arrival for each event as
the “primary” station for that event. We then measured the difference in (both
predicted and measured) arrival times for each station with respect to that of
the “primary” station. The difference in measured arrival time between each
station and the “primary” station was estimated using cross-correlation. The
vertical component (BHZ channel) was used for the cross-correlation of P

Geophysical Integrative Collaboration array. waves, while for § waves, we chose one of the horizontal components (BHE

or BHN channel) for each event based on the prominence and clarity of the

S wave arrival on each channel for that event. We obtained differential travel
times estimates by comparing the differences in the predicted arrival times and recorded arrival times for each
pair of stations.

We calculated differential travel times for P and S waves for pairs of stations for 35 well-recorded events (Figure 4).
For each event, we subtracted the average P and S differential travel time to offset the average to zero (Krauss &
Menke, 2020). The full set of zero-average P and S wave travel time residuals were used to produce a scatterplot,
following Menke et al. (2016). We used Deming regression (Deming, 1943) to calculate the best-fit line through
all measured differential travel times. Deming regression, also known as orthogonal regression, minimizes the
sum of the squared perpendicular distances between the two P and § differential travel time data sets, therefore
accounting for errors in both sets of measurements.

3. Body Wave Travel Time Residual Measurements: Results and Discussion
3.1. Estimates of P and S Travel Time and Velocity Anomaly Ratios

We produced maps of travel time residuals (with respect to the AK135 reference model) across the MAGIC
study area for each event in our study. Examples for three different events from different backazimuths are
shown in Figure 5. As discussed by, for example, Carrero Mustelier and Menke (2021), maps of travel time
residuals for individual events arriving from different directions can shed light on the geographic location
and depth extent of the anomaly; indeed, this notion underpins the method of body wave tomography. We
find that events originating to the south of the array, such as the example event from northern Chile shown
in Figures 5a and 5b, typically have the largest travel time residuals. In comparison, events originating to the
east of the array, such as the example event from the Mid-Atlantic Ridge shown in Figures 5c and 5d, typi-
cally show travel time residuals that are smaller in magnitude and only exhibit significantly delayed P and S
wave arrivals at stations located in the Appalachian Mountains. Body wave arrivals from events to the north
of the array, such as the example event from the Kamchatka Peninsula shown in Figures Se and 5f, also show
delayed arrivals at stations located within the mountain range; delayed arrivals are also observed at stations in
the easternmost portion of the array. Taken together, our observations of travel time residuals for all events are
consistent with a low-velocity anomaly that is likely centered directly beneath or slightly east of the Appala-
chian Mountains and may extend significantly to the south of the MAGIC line, such that waves arriving from
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Figure 5.
the south accumulate more significant time delays than those arriving from the east or north. As expected, this
is consistent with inferences from tomographic imaging of the CAA (see examples in Figure 1 and the discus-
sion in Long et al. (2021)). It is possible that events arriving from the south and measured across the MAGIC
line may also sample some portions of the so-called South Coastal Anomaly described by Carrero Mustelier
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Figure 6. Scatterplot of P (x axis) and S (y axis) travel time residual measurements for all 35 earthquakes examined in this
study. Red line indicates the best linear fit to the data, with a slope (ATs/ATp) of 3.269 + 0.006.

and Menke (2021), a weaker and more diffuse zone of slow upper mantle velocities that lies to the south of the
CAA itself.

Following Menke et al. (2016), we constructed a scatterplot (Figure 6) that compares travel time residuals for
P (ATp, x axis) and S (AT, y axis) wave arrivals for the entire data set. Because the only major upper mantle
velocity anomaly beneath the region is the CAA (e.g., Porter et al., 2015; Schmandt & Lin, 2014), the bulk of
the variability in the travel time residuals should be due to the presence of the CAA, and the slope of the line
in Figure 6 mainly reflects the character of the CAA upper mantle. Furthermore, including both the slow CAA
region as well as the more “standard” continental lithosphere beneath other parts of the MAGIC line in our
calculation allows us to understand the properties of the slow region as compared to the non-perturbed region.
The best-fitting line to these data, obtained via Deming regression after removing the mean from the data so that
the line passes through the origin, yields an estimate of the ratio of the delay time residuals (ATs /ATp) of 3.269.
From this, we estimate the ratio of the S to P wave velocity anomalies, again following Menke et al. (2016). A
velocity perturbation Av associated with a wave with a background velocity v, traveling along a path of length H
will produce a delay time AT, such that:

_ —ATv,?
—5

Av )]

Using the expression for Av, the ratio of the S to P velocity anomalies is:

Figure 5. Single-event delay time residual maps for three different earthquakes. (a) P wave delay time residuals measured for a 6.2 My, earthquake in northern Chile
(—24.83°, —=70.60°) that occurred on 27 November 2015. Circles show station locations, with the color indicating AT in s, according to the colorbar. Red arrow shows
the propagation direction (azimuth) of the arriving waves. (b) S wave delay time residuals for the same earthquake as in panel (a), with colors indicating AT. (c) P
wave delay time residuals measured for a 7.1 My, earthquake along the Mid-Atlantic Ridge (—0.05°, —17.83 °) that occurred on 29 August 2016. Plotting conventions
are as in panel (a); however, note the difference in the color scale. (d) S wave delay time residuals for the same earthquake as in panel (c). Plotting conventions are as in
panel (b); however, note the difference in the color scale. (e) P wave delay time residuals measured for a 7.2 My, earthquake beneath the Kamchatka Peninsula (54.01°,
158.51°) that occurred on 30 January 2016. Plotting conventions are as in panel (a); however, note the difference in the color scale. (f) S wave delay time residuals for
the same event as in panel (e). Plotting conventions are as in panel (b); however, note the difference in the color scale.
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For this calculation, we assume a nominal depth of the velocity anomaly to be 200 km, based on the tomog-
raphy model of Schmandt and Lin (2014). Using the AK135 model velocities at a depth of 210 km
(vp = 8.300km/s; vs = 4.518km/s), and the AT's /ATp value of 3.269 estimated from Figure 6, we estimate the
ratio of the S and P wave velocity anomalies (Avs/Avp) in the upper mantle of the CAA as 0.969. This ratio is
not dissimilar to that determined at similar upper mantle depths by Menke et al. (2016) for the NAA (1.18 + 0.08)

and to that estimated by Krauss and Menke (2020) for the Northern Gulf Anomaly, another low velocity anomaly
beneath eastern North America (1.03 + 0.20).

In addition to calculating Avgs/Avp from the scatterplot in Figure 6, we can also use the maximum values of
observed differential travel times (without the mean removed) to obtain a rough estimate of the amplitude of the
P and S wave velocity anomalies. This allows us to estimate the likely maximum velocity reduction associated
with the CAA velocity anomaly, which in turn will help us to constrain the plausible range of temperatures,
compositions, and melt fractions for the region (Section 4). The maximum observed differential travel times for
delayed arrivals that have sampled the slow upper mantle velocity anomaly in our work are 2.07 s for P waves and
6.36 s for S waves. From these values, we can estimate the maximum velocity reduction, following the arguments
in Menke et al. (2016) and making some assumptions about the depth range of the anomaly from previous tomo-
graphic imaging. Maximum velocity reductions for these differential travel times can be estimated by rearranging
Equation 1 (Menke et al., 2016):

Av _ —ATw,

o 7 3
where AT is the largest absolute delay time measured for P and S waves respectively. Menke et al. (2016) used
this relationship to argue that their maximum S wave delay time (~6.8 s) could be explained by a ~10% reduction
in S wave velocities associated with the NAA. For the CAA, we estimate that if the CAA velocity perturbation
is distributed over a 200 km thick mantle column, the P and S wave velocity reductions would be about 8.2%
for P waves and 13.7% for S waves. If the velocity perturbation was distributed over a 300 km thick column of
mantle, then the velocity perturbations would be smaller (~5.5% for P and 9.1% for S). This range of estimates
(200-300 km) for the vertical extent of the CAA velocity anomaly is consistent with recent detailed tomographic
imaging using MAGIC data (Lee, 2021), which suggests that the anomaly extends to ~200 km depth directly
beneath the Central Appalachians Mountains and ~300 km depth just to the east.

3.2. Errors and Uncertainties

A large number of factors contribute to uncertainties on our estimates of ATs/ATp and Avs/Avp for the CAA
upper mantle. These include the measurement uncertainties on the P and S wave cross-correlation arrival time
estimates themselves, which may be as high as tenths of a second, as well as other factors such as so-called
signal-generated noise (distortion in pulse shapes), uncertainties in crustal structure, and the presence of seis-
mic anisotropy (discussed in Section 3.3). It is evident from Figure 6 that there is considerable scatter in the
ATs/ATp data set, reflecting these uncertainties; the level of scatter in our data is comparable to similar data
sets (Carrero Mustelier & Menke, 2021; Krauss & Menke, 2020; Menke et al., 2016). We determined a simple
estimate of the error on the slope of the line in Figure 6 via a bootstrap resampling approach; we calculated
a 95% confidence interval using the standard deviation of the calculated slope values for 100 runs, in which
each run randomly sampled 60% of the differential travel time data. This exercise yields an error estimate of
+0.006 (95% confidence interval); however, given that this does not take into account measurement uncertain-
ties or other factors, this is a considerable underestimate of the actual error. Following Menke et al. (2016),
and taking into account the measurement uncertainties and the assumptions made in the crustal corrections,
we estimate that our uncertainties on our ATs/ATp value of 3.269 are at least as large as those estimated by
Menke et al. (2016), and perhaps somewhat larger, given the significant variability in crustal structure along
the MAGIC line (Long et al., 2019). Following the arguments in Menke et al. (2016), we estimate that the
95% confidence region on our ATs/ATp is at least +£0.3; an additional source of error that is introduced in
our estimate of Avs/Auvp is our use, again following Menke et al. (2016), of a nominal depth of 200 km for
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Figure 7. Investigation of the possible effects of upper mantle anisotropy on our ATs /ATp estimates. Data from a 7.1 My, earthquake along the Mid-Atlantic Ridge
(—0.05°, —17.83°) that occurred on 29 August 2016 are used. (a) Scatterplot of P (x axis) and S (y axis) travel time residual measurements, with S wave arrival times
measured from the unrotated horizontal component. Red line indicates the best linear fit to the data. Panel (b) same as panel (a), but using the horizontal component
rotated to the average fast splitting direction across the Mid-Atlantic Geophysical Integrative Collaboration array. Panel (c) same as panel (a), but using the horizontal
component rotated to the slow splitting direction. The estimated slopes for the three components are within 2.5% of each other.

the velocity anomaly rather than integrating over the upper mantle column that contains the anomaly (whose
depth range is itself uncertain). We estimate that this propagates into an error of +0.15 on Avs/Avp in our
study.

3.3. Possible Effects of Seismic Anisotropy

Lattice-preferred orientation of anisotropic minerals in the upper mantle often causes seismic anisotropy (e.g.,
Karato et al., 2008), which may potentially affect any differential travel time measurements. Here, we investi-
gate the possible effects of seismic anisotropy on our estimates of P and S velocity anomaly ratios beneath our
study region. First, we consider the amplitude of potential body wave travel time anomalies due to the effect
of upper mantle anisotropy. Levin et al. (1996) estimated that P wave travel time anomalies of approximately
0.2-0.3 s should correspond to S wave splitting delay times of about 1 s for lateral variations in upper mantle
anisotropy. Long et al. (2016) and Aragon et al. (2017) documented SKS splitting delay times of roughly 1 s or
less throughout the MAGIC study area; however, the documented P wave travel time anomalies in this study are
roughly an order of magnitude larger than the corresponding P wave anomalies predicted for anisotropy by Levin
et al. (1996). It is unlikely, therefore, that upper mantle anisotropy makes a major contribution to the travel time
residuals we document in this study.

In order to further confirm this impression, we selected a few events and measured the S wave arrival times
on both the fast and the slow horizontal components to verify that the estimated slope of the ATs versus ATp
scatterplot does not depend on whether the fast or slow quasi-S waves were measured. For this exercise, we
computed an average fast direction across the MAGIC array from the work of Aragon et al. (2017). Fortunately,
the fast directions do not vary drastically across the array; dominantly NE-SW fast directions are observed in the
western part of the study area, with a clockwise rotation to more nearly E-W fast directions in the east (Aragon
et al., 2017). We then rotated the horizontal components to the average fast and slow directions and measured
the S wave differential travel times for each component using cross-correlation. Scatterplots of differential travel
times measured on each component for an example event (located along the Mid-Atlantic Ridge) are shown in
Figure 7. This example demonstrates that the differences in the P and S wave travel time residual ratios among
the fast, slow, and unrotated horizontal components are not significant; specifically, the estimated slopes for the
three components are within 2.5% of each other, much smaller than the likely level of uncertainty introduced by
other factors (Section 3.2). This is true for the entire subset of events we considered in this test, thereby providing
further confirmation that seismic anisotropy does not strongly influence the travel time residual estimates in this
study.
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4. Modeling of Travel Time, Seismic Attenuation, and Electrical Conductivity
Measurements

Our next step is to use the insights into P and S wave velocity anomaly ratios gleaned from travel time resid-
ual measurements to understand the physical state of the asthenospheric upper mantle in the CAA region. Our
approach combines the interpretation of our velocity perturbation estimates with previous measurements of seis-
mic attenuation (Byrnes et al., 2019) and electrical conductivity (Evans et al., 2019) across the MAGIC profile.
For each of our three observables (seismic velocities, seismic attenuation, and electrical conductivity), we deter-
mine the range of temperatures, melt fractions, water contents, and compositions (specifically variations in Fe
number) that would be needed to plausibly explain the observations. We then consider the suite of observations as
a whole and investigate what effect (or combination of effects) is most likely to explain the anomalous structure
of the CAA upper mantle.

4.1. P and S Wave Velocity and Travel Time Perturbations

We first explore the range of asthenospheric upper mantle conditions that can explain the travel time residual
measurements for P and S waves discussed in Section 3. Our measurements reveal an estimated ratio of the
velocity anomalies (Avg/Avp) at 210 km depth of 0.969 + 0.15, with maximum estimated velocity reductions of
~9.1%—-13.7% for S waves.

4.1.1. Effects of Temperature

Seismic wave velocity perturbations can be caused by temperature anomalies, and temperature is often invoked
as the primary explanation for seismic velocity heterogeneity in the upper mantle. Cammarano et al. (2003)
examined the combined effects of anharmonicity and anelasticity on seismic wave velocities from previously
published mineral physics data to determine temperature derivatives for vp and v as a function of depth. The
model by Cammarano et al. (2003) estimates a value for dln vs/dln vp of 1.73 at 200 km depth along a 1300°C
adiabat, which translates to a Avs/Avp value of 0.94. The similarity between the Avg/Avp value of 0.969 +
0.15 from this study and the one predicted by Cammarano et al. (2003) suggests that the velocity perturbations
associated with the CAA can potentially be explained purely in terms of temperature. Velocity anomaly ratios of
1.18 + 0.08 and 1.03 + 0.20 that have previously been determined for other low velocity anomalies in the upper
mantle beneath eastern North America (the NAA and the NGA, respectively) have also been interpreted as being
due to thermal anomalies (Krauss & Menke, 2020; Menke et al., 2016), based on the model of Cammarano
et al. (2003). We note that this model uses a range of possible anelasticity values for the upper mantle that are
consistent with global seismic data (e.g., Romanowicz & Durek, 2000), with Q, values that range from ~50 to
250 in the 100-300 km depth range.

Another model that can be used to determine whether our observed Avs/Avp values are consistent with purely
thermal perturbations is that of Karato (1993), who provides temperature derivatives for seismic velocities due to
both anharmonic and anelastic effects. Equation 6 from Karato (1993) allows us to calculate temperature deriva-
tives for seismic velocities that are specific to the attenuation profile of the CAA. The temperature derivatives for
seismic velocities (Equations 6 and 7 from Karato (1993)) is represented as:

T = (5)(5)(7) () @

where v, is the unrelaxed reference velocity, a is the frequency dependence of the quality factor Q, Q~'is the atten-
uation, H* is the activation enthalpy, and R is the gas constant. Use of this relationship requires explicit knowl-
edge of the attenuation structure of the CAA. Estimates of seismic attenuation (discussed further in Section 4.2
below) from Byrnes et al. (2019) suggest Qp values between 50 and 63 for the region, which correspond to Qs
values of 22 and 28 (assuming a Qp/Qs ratio of 2.25, following Karato and Spetzler (1990)). The temperature
derivatives for seismic velocities due to anharmonic effects (first term of Equation 4), corresponding to infinite
Q, are taken from Isaak (1992) and can be found in Table 1 of Karato (1993). Using the higher end of the range
of allowed quality factors (Qp of 63 and Qs of 28) and assuming 7 = 1600 K, @ = 0.2, and H* = 500 kJ/mol for
olivine, we obtain:

dlnvp

T -1.77x 107 K 5)
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Jdln Us

o = 3:34x 107 K~! ©6)

dlnvs
dlnvp

=1.89 @)

This roughly corresponds to a Avs /Avp value of 1.03 at 200 km depth. Since the temperature derivatives for seis-
mic velocities using Karato (1993) are calculated using the attenuation measurements from Byrnes et al. (2019)
for the region, the Avs/Avp ratio differs slightly from the value predicted by the Cammarano et al. (2003)
model, although it is still comparable to the 0.969 + 0.15 value determined in this study. Therefore, both the
Karato (1993) and Cammarano et al. (2003) models predict Avs/Avp ratios for a purely thermal anomaly that are
consistent with our observations.

We can also consider the magnitude of the temperature anomaly that would be required to explain the estimated
maximum velocity reductions from our travel time data (ranging from 5.5% to 8.2% for P waves and 9.1%-13.7%
for § waves). From Equations 5 and 6, we find that a temperature contrast of ~410—460 K would be required to
explain the maximum P and S wave velocity reductions we estimate (8.2% for P and 13.7% for S). At the lower
end of the range (5.5% for P waves and 9.1% for S waves), a temperature contrast of ~275 K would be needed
to explain both types of data. As noted by Menke et al. (2016), the high temperature contrasts suggested by our
travel time residual data seem somewhat extreme for a mature passive continental margin setting; furthermore,
such contrasts would imply that the upper mantle temperature might be above the solidus, such that the presence
of partial melt would also potentially have significant effect on the velocity reductions. Therefore, while we find
that a thermal anomaly is consistent with the slope of our ATs/ATp data (Figure 6), a particularly large temper-
ature anomaly would be needed to explain the full range of ATs and ATp values that we document in the CAA
region.

4.1.2. Effects of Partial Melt

The presence of partial melt in a system can greatly reduce seismic wave velocities. Moreover, the size and shape
of the melt-filled pores are a significant factor in the magnitude of the velocity reduction. Takei (2002) studied
the effect of partial melt on P and S wave velocities for different melt models that included a range of pore shapes
and sizes. Takei (2002; see their Figure 2) demonstrated that for two particular models (the equilibrium geometry
model and the oblate spheroid model), both the melt-solid dihedral angle and the aspect ratio significantly affect
the elastic moduli of a material for a given melt fraction. For smaller values of the dihedral angle/aspect ratio,
partial melt starts to form melt films, which completely wet grain boundaries and greatly reduce the material's
elastic moduli. For higher values of the dihedral angle, partial melt tends to isolate itself within the grain triple
junctions; in this geometry, melt does not affect the material's elastic moduli as much. A texturally equilibrated
melt system, in which the melt network is configured such that the energy of the melt-solid interfaces is mini-
mized (e.g., Rudge, 2018), should have a typical dihedral angle between 20° and 40° (corresponding to an aspect
ratio of 0.1-0.15; Takei, 2002). For this range of dihedral angles, the dln vs/0dln vp ratio is 1-1.5. This translates
to a Avs/Avp value of 0.54-0.82 at 200 km depth, which is not in agreement with the Avs/Avp value of 0.969
+ 0.15 we estimated from the travel time data.

However, Takei (2002) suggests that for regions with melt configurations involving structures such as dikes
and veins, the melt system is not, in fact, in textural equilibrium. In such cases, the aspect ratio would be less
than 1072 and the S-wave velocities would be reduced far more than the P-wave velocities. It is possible that the
Central Appalachians might be one of these regions. Such regions would have substantially higher dln vs /dln vp
ratios (between 1.7 and 2.3), which translates to a Avg/Avp values between 0.93 and— 1.25 at 200 km depth,
which would be in agreement with our measured ratio. Moreover, only a small melt fraction of about 1% would
be required to explain the velocity reductions observed (Takei, 2002). We suggest, therefore, that the estimated
Avs /Avp values associated with the CAA could be explained by the presence of ~1% partial melt if the melt
system is far from textural equilibrium.

4.1.3. Effects of Water

Water incorporated into nominally anhydrous minerals, as hydrogen-related point defects, can also reduce seis-
mic wave velocities, although the effect of water on the reduction of elastic moduli is generally small, as shown
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by laboratory experiments performed on hydrous olivine by Jacobsen et al. (2008). The estimated effect of water
on seismic velocities is shown in Equations 4 and 5 from Jacobsen et al. (2008):

vp = 8.35(x0.01) — 0.035(+0.002)Ch20 (8

vs = 4.81(x0.02) — 0.025(+0.003)Ch20 9)

where vp(s) is the P wave (S wave) seismic velocity measured in km/s and Cypo is the water content measured
in weight percent. The velocity perturbation ratio for water-rich olivine is calculated using Equations 8 and 9
above would be

AUS
— =0.71. 1
Aoy (10)
The Avs/Avp value of 0.969 + 0.15 obtained from the travel time data in this study is significantly higher than
the velocity perturbation ratio using Jacobsen et al. (2008), suggesting that a local anomaly in water content is not
a good explanation for our observations.

We note, additionally, that Equations 8 and 9 show that a water content of roughly 15 wt.% or greater would be
required to explain even the lower end of our estimated range for the maximum S wave velocity reduction for the
CAA (9.1%-13.7% for S waves). Such a water content is unrealistic for the upper mantle (indeed, it far exceeds
the water solubility limit for olivine), again suggesting that the presence of water in the upper mantle cannot
explain our observations of the CAA.

4.1.4. Effects of Composition

Seismic wave velocities are sensitive to compositional changes in mantle minerals. When associated with a
change in Fe number, the compositional effect on seismic velocities is largely due to the density contrast between
Fe and Mg; effects of Fe number on the elastic moduli for the forsterite-fayalite system are thought to be gener-
ally small (e.g., Nestola et al., 2011). Speziale et al. (2005) analyzed the effect of compositional changes, and in
particular changes in Fe number, on seismic velocities using elasticity data from single-crystal experiments on
mantle minerals. Table 3 from Speziale et al. (2005) shows the relations between seismic velocities and mineral
composition at different temperature and pressure conditions. From Table 3 of Speziale et al. (2005) for olivine
at 4 GPa and high T (for the high T case, values were calculated along an adiabat with 1673 K foot temperature
[i.e., the temperature at zero depth]):

dlnvp

=-0.25
OXn. (11)
dlnvg
— =-0.39
X re (12)
dlnvg
=1.56
dlnvp a3)

The velocity perturbation ratio (Avs/Avp) calculated using Equation 13 (Speziale et al., 2005) yields a value
of 0.85 at 200 km depth, which is inconsistent with the ratio determined from the travel time data of 0.969 +
0.15 except at the low end of the range predicted by our error estimates. Therefore, compositional changes, as
expressed by a change in Fe number, are not a likely explanation for our observations in the CAA region, although
they cannot completely be ruled out.

4.2. Seismic Attenuation

Byrnes et al. (2019) used teleseismic P waves to determine the 1-D attenuation profile of the CAA across the
MAGIC array. Byrnes et al. (2019) estimated the attenuation parameter Ar*, which measures the differential
attenuation of a P wave, and used these values to produce estimates of Qp in the asthenospheric upper mantle.
The preferred model from Byrnes et al. (2019), showing variations in Az}, across the MAGIC array, is shown in
Figure 8. Byrnes et al. estimated Q p values between 50 and 63 beneath the Central Appalachians (associated with
the CAA anomaly) and 103 to 125 to the east of the Appalachian mountain range. Using the nominal Qp/Qs
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Figure 8. Attenuation measurements across the Mid-Atlantic Geophysical Integrative Collaboration array, adapted from
Byrnes et al. (2019). (a) Topographic cross-section across the study region. (b) Model of best-fitting apparent P wave
attenuation parameter (At},; thick blue line) across the MAGIC array. The Mountain Crest Domain region (bounded by black
dashed lines) corresponds to the anomalously high attenuation associated with the Central Appalachian Anomaly. Dashed
blue lines show the uncertainty estimates on At},.

ratio of 2.25 from Karato and Spetzler (1990), these values imply that Qg ranges between 22 and 28 (10™"* to
107" for Q5™") for the CAA.

The results of Byrnes et al. (2019) are valid only so far as the apparent attenuation of the P phases reflects the
intrinsic attenuation of the mantle. However, two mechanisms for extrinsic attenuation are well documented in the
literature—scattering and focusing. In these scenarios, energy is not removed from the wavefield, but redistrib-
uted so as to cause the appearance of attenuation of a specific phase. Both mechanisms were rejected by Byrnes
et al. (2019) as satisfactory explanations for the MAGIC observations on the basis of wavefield simulations.
Scattering is caused by small-scale heterogeneities redistributing high frequency energy into the P wave coda
(e.g., Richards & Menke, 1983). Significant artifacts in At}, for a ~1 Hz P phase can be generated by small-scale,
stochastic heterogeneities (~+10%) for frequency domain approaches to A%, but not for the time-domain method
used with the MAGIC data set (Figure S6 in Byrnes et al. (2019), see also Bezada (2017) and Bezada et al. (2019)
for discussion). Focusing artifacts in At} occur when anomalies in velocity are of the right length-scale for
finite-frequency effects to modulate the amplitude differently for different frequencies (Allen et al., 1999; Sigloch
& Nolet, 2006). For 1 Hz P phases, plausible mantle structures generate small focusing artifacts that oscillate
between positive and negative values over length-scales shorter than the anomaly in the CAA (Figure S8 in
Byrnes et al., 2019). In fact, the velocity model of Schmandt and Lin (2014) predicts peak artifacts that are an
order of magnitude smaller than the observational uncertainty.

Byrnes et al. (2019) argued that the high attenuation observed beneath the Central Appalachians cannot be
solely explained by a plausible range of temperatures and grain sizes, implying that the CAA region exhibits
near-solidus to super-solidus conditions and that melting or pre-melting processes contribute to the attenua-
tion. Byrnes et al. (2019) suggested that the attenuation observations could either be explained by the presence
of partial melt, or by a mechanism proposed by Yamauchi and Takei (2016) that predicts an enhancement in
attenuation of seismic waves when temperatures approach the solidus. Here, we revisit and expand on the discus-
sion in Byrnes et al. (2019), reproducing some of their calculations for completeness and also considering the
potential role of additional factors (variability in water content and composition).

4.2.1. Effects of Temperature

High temperatures enhance anelasticity, as shown by Jackson and Faul (2010) in their experiments studying
attenuation in melt-free olivine as a function of temperature and grain size. Following Byrnes et al. (2019), we use
the Very Broadband Rheology Calculator (Havlin et al., 2021; Holtzman, 2016) to determine 057! according to
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Figure 9. Attenuation values (lines) predicted by the model of Jackson and Faul (2010) using the Very Broadband Rheology Calculator (Havlin et al., 2021;

Holtzman, 2016). Attenuation is plotted as a function of seismic wave period (in s) for a range of temperatures for grain sizes of (a) 0.01 mm, (b) 0.1 mm, (c) 1 mm, (d)
1 cm, and (e) 10 cm. We calculate attenuation values for a range of temperatures, indicated by the color of the lines (blue: 1400°C; orange: 1500°C; yellow: 1600°C; and
purple: 1700°C). Gray shaded area indicates the range of attenuation values permitted by the observations beneath Mid-Atlantic Geophysical Integrative Collaboration.

the model of Jackson and Faul (2010). Figure 9 shows predicted Qs as a function of seismic wave period for a
range of temperatures at different grain sizes. Reiterating the arguments from Byrnes et al. (2019), these diagrams
demonstrate that only unreasonably small grain sizes and high temperatures can achieve the attenuation measure-
ments (values between 22 and 28 for Q) for the region (for a typical seismic wave period of 1-10 s). Attenuation
values from Byrnes et al. (2019) can be explained with temperatures around 1400°C, but only with extremely
small grain sizes (0.01-0.1 mm). For larger and more realistic grain sizes (1 mm-10 cm), only temperatures of
1700°C and higher are consistent with the attenuation observations (Figures 9c—9e). Since these temperatures and
grain-sizes are unlikely for this region (indeed, 1700°C would be above the dry solidus), a purely thermal anomaly
cannot explain the CAA attenuation measurements, and additional factors such as the presence of partial melt
must be invoked (Byrnes et al., 2019).

4.2.2. Effects of Partial Melt or a Pre-Melting Mechanism

As discussed by Byrnes et al. (2019), the “pre-melting” effect proposed by Yamauchi and Takei (2016) would
predict a Qp value of 102 underneath the Central Appalachians based on conditions relevant for the region
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(potential temperature of 1400°C at 150 km, a period of 0.5 s for the incoming wave, an upper mantle viscosity of
10'8 Pa's, and a Q p / Qs ratio of 2.25). This prediction is not consisted with the Q p values of 50-63 estimated from
MAGIC seismic data, which suggests that other mechanisms, such as the presence of partial melt, are needed.
However, Byrnes et al. (2019) noted that if the amplitude of the low V_ anomaly is greater than that suggested by
tomographic models (specifically that of Schmandt & Lin, 2014), then the pre-melting model of Yamauchi and
Takei (2016) could be reconciled with the observations. The pre-melting model can explain velocities as low as
approximately 4.1 km/s at 150 km depth (given the trade-offs between the period and viscosity parameters in
the Yamauchi and Takei (2016) model) if the temperature is not allowed to exceed 1450° C (Havlin et al., 2021).
Assuming a reference velocity of 4.5 km/s, a ~9% shear velocity reduction (on the low end of our estimated range
of 9.1%—-13.7%) suggests an absolute V, of ~4.1 km/s. Therefore, the pre-melting model could plausibly explain
the attenuation observations at the lower end of the maximum velocity reduction or if the ideal reference velocity
for the study area is higher than 4.5 km/s.

The presence of partial melt enhances seismic attenuation, as observed in experimental studies for melt-bearing
olivine (Chantel et al., 2016; Faul et al., 2004; Jackson et al., 2004). Jackson et al. (2004) observed a prominent
broad dissipation peak associated with the presence of partial melt, with the amplitude of the peak increas-
ing with the amount of partial melt in the olivine samples. When extrapolated to upper mantle conditions, the
melt-related peak could be a likely explanation for the increased attenuation observed in partially molten regions
in the Earth's interior (Faul et al., 2004). The precise amount of melt required varies with temperature and grain
size; however, a melt fraction of approximately 1% would be enough to explain the estimated attenuation values
for the CAA (107" to 10™** for 057, assuming a temperature of 1250°C and 1 cm grain size (Faul et al., 2004).
Experiments conducted at ultrasonic frequencies on melt-bearing olivine (Chantel et al., 2016) can also plausibly
explain our results. At seismic frequencies, the experimental results of Chantel et al. (2016) can explain a Qg
value of 25 (corresponding to a Q,, value of ~56) with a melt fraction as low as 0.5%. The extrapolation to seismic
frequencies assumes a power law frequency dependence based on melt-free samples, which may be valid for the
relatively low melt fractions inferred (Chantel et al., 2016).

We conclude that the presence of ~1% partial melt (or less) in the CAA upper mantle is consistent with the
experimental predictions for the effect of melt on attenuation and with our observational results. However, the
pre-melting effect proposed by Yamauchi and Takei (2016) may also lower the value of Q enough to explain
the observations, so we cannot say that partial melt is strictly required to explain the attenuation measurements.

4.2.3. Effects of Water and Composition

Water could potentially influence seismic wave attenuation, but there are conflicting views reported in experi-
mental results (Aizawa et al., 2008; Cline et al., 2018). Experiments studying the effect of water on attenuation
are difficult to perform and few have been published. A preliminary study on natural olivine-rich dunite found
that attenuation is greatly enhanced in water-rich samples when compared to the corresponding dry samples,
but this study did not quantify the effect (Aizawa et al., 2008). However, a recent systematic study on synthetic
olivine argued that attenuation is insensitive to water content (Cline et al., 2018). The results from these studies
seem to contradict one another; we note, however, that Cline et al. (2018) doped their samples with excess Ti to
control water content (H content), and this may account for the discrepancy. Specifically, an excess amount of Ti
may plausibly affect the mobility (and diffusion) of the H-related defect, and thus may affect seismic attenuation.
It remains possible, therefore, that water enhances attenuation, but since there is as yet no definite evidence on
its effect, we cannot firmly conclude whether or not water can be the cause for the attenuation measurements
inferred for the CAA. Because seismic attenuation is relatively insensitive to changes in major element chemistry
(Karato, 2008), compositional variations are not a plausible explanation for the variations in seismic attenuation
documented by Byrnes et al. (2019).

4.3. Electrical Conductivity

Evans et al. (2019) combined MT data with S-to-P receiver functions to interpret the upper mantle struc-
ture beneath the Central Appalachians. A 2-D inversion of the MT data from Evans et al. (2019) is shown in
Figure 10. This model suggests variable lithospheric thickness along the MAGIC array, consistent with the
results from the receiver function analysis, with a lithospheric thickness of roughly 80 km directly above the
CAA. A region of highly conductive asthenospheric upper mantle associated with the CAA is inferred to lie
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Figure 10. Interpreted 2-D electrical conductivity model across the Mid-Atlantic Geophysical Integrative Collaboration
profile, lightly modified from Evans et al. (2019). Background colors show resistivity values, as indicated by the color bar
at right. The likely location of the Moho, as inferred from receiver function analysis (Long et al., 2019), is shown with

a short dashed line. The edges of the thick lithospheric blocks to the east and west of the Central Appalachian Anomaly
(CAA) (prominent low resistivity anomaly in the center of the profile) are shown with solid black lines. The likely location
of the lithosphere-asthenosphere boundary (LAB) is shown with a long dashed line. The lowest resistivity values (highest
conductivity values) associated with the CAA are observed at depths between 150 and 200 km, but the high-conductivity
anomaly extends up to the base of the lithosphere.

directly beneath the mountains; the CAA region is surrounded by thicker and more resistive lithosphere on
either side of the mountain range. Estimated values for electrical conductivity in the CAA asthenosphere from
the model of Evans et al. (2019) are as high as 0.1 S/m in the 150-200 km depth range. Evans et al. (2019)
argued that the high conductivities observed beneath the Central Appalachians cannot be explained by increased
temperatures or the presence of water, but require a small amount of partial melt (less than 1%). Here, we
expand on the calculations presented in Evans et al. (2019), providing quantitative constraints on the temper-
atures, partial melt fractions, and water contents needed to explain the conductivity measurements; we also
consider the potential effect of composition in explaining the observed CAA conductivity values. In this anal-
ysis, we treat the value of 0.1 S/m obtained from the Evans et al. (2019) model as an upper bound on the upper
mantle conductivity value.

4.3.1. Effects of Temperature

Dai and Karato (2014) studied the effects of variable iron and water (hydrogen) content on the electrical conduc-
tivity of olivine aggregates. They prepared synthetic olivine samples with varying Fe and H contents to measure
conductivity at 4 GPa as a function of temperature. To ensure consistent results, they ensured that the difference
between the water contents measured for the samples before and after each experiment was not significant (less
than 7%) (Dai & Karato, 2014). They found that electrical conductivity was enhanced with increasing iron and
water content, as described in Equations 3-5 from Dai and Karato (2014):

Co \ H;, H;
0 = Gowet <C_,Z)> exp(— R; ) + Godry exp(— R'Ir"y > (14)

log,y0, = 10g,y000 + BXFre (15)

H* = H; + CXF. (16)

where 6, veiary) 1S the wet (dry) pre-exponential factor (dependent on the Fe number, Xg.) and H e (dry) is the wet
(dry) activation enthalpy (also dependent on Xg.). B and C represent the dependence of the pre-exponential
factor and activation enthalpy on Xpg. respectively. C,, is the water content, C, the reference water content,
and r is an exponent describing the dependence of conductivity on water content. Values for c¢,,, H;, B, C,
and C, for wet and dry mechanisms can be found in Table 4 of Dai and Karato (2014). Equations 14-16
allow us to calculate the temperatures needed to explain the conductivity values from Evans et al. (2019).
We assume dry conditions and Xg. = 0.1. We find that temperatures greater than 1950°C, unreasonably high
(and above the dry solidus), are needed to match the high conductivity values of 0.1 S/m inferred by Evans

et al. (2019).
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Figure 11. Bulk conductivity as a function of melt fraction for various basaltic melt compositions obtained from SIGMELTS (Pommier & Le-Trong, 2011). Bulk
conductivity was calculated assuming a mantle conductivity of 0.03 S/m with different melt compositions indicated by colors (Fe free: Ni et al., 2011; Fe bearing:
Tyburczy & Watf, 1983; volatile bearing: Sifré et al., 2014; see legend at top left). Dashed and solid lines indicate conductivities calculated at 1300°C and 1400°C,

respectively.

4.3.2. Effects of Partial Melt

Evans et al. (2019) proposed that only a small fraction of partial melt (less than 1%) would be needed to explain
the electrical conductivity anomaly associated with the CAA. Here, we expand on their calculations by consid-
ering the conductivities of a range of basaltic melts with different compositions and estimating the melt frac-
tion needed to achieve a bulk conductivity of approximately 0.1 S/m. We consider the conductivities of Fe-free
basalt (Ni et al., 2011), Fe-bearing basalt (Tyburczy & Waff, 1983), and hydrous, volatile-bearing basalt (Sifré
et al., 2014) in these calculations. We use SIGMELTS (Pommier & Le-Trong, 2011), a web application contain-
ing a database of electrical conductivity measurements of Earth materials from previous studies, and we calculate
the conductivities of the basaltic melts at 1300°C and 1400°C. Fe-free basalts (Ni et al., 2011) have the lowest
conductivities (1.43-3.45 S/m). The presence of Fe increases the melt conductivities; for Fe-bearing basalts,
conductivities of 3.18-6.18 S/m are inferred (Tyburczy & Waff, 1983). The addition of water and volatiles further
dramatically increases the conductivities of melts, as can be seen for basalts with 4.4 wt.% water and 10.4 wt.%
CO, (28.43-50.69 S/m) (Sifré et al., 2014). Using these melt conductivities, we calculate the conductivity of
a mantle with partial melt present by assuming a conductivity value of 0.03 S/m for the solid mantle (follow-
ing Evans et al., 2019). This calculation relies on a models described by Schmeling (1986) and Hashin and
Shtrikman (1962), who developed a set of theoretical models for bulk electrical conductivities of melt-bearing
rocks in a variety of geometries. In this calculation, we used the upper Hashin-Shtrikman (HS) bound for the
conductivity of a multiphase material. Figure 11 shows the melt fractions required to achieve a conductivity of
0.1 S/m, calculated for a range of partial melt conductivities using a tube geometry model. This demonstrates that
depending on the melt composition and temperature, the melt fraction required to match the Evans et al. (2019)
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is estimated to be between 0.5% and 15%. This is a large range of possible melt fractions and estimates on the
higher end are unrealistic. However, since compositions estimated by Mazza et al. (2014) for the Eocene basalts
in the CAA region contain Fe, conductivities calculated for Fe-bearing melts would be most appropriate, and
these suggest a required melt fraction closer to ~1%—2%.

Following the discussion of Evans et al. (2019), we note further that the conductivities of melts could actually
even be up to five times higher than those reported in the literature, as melts tend to have a higher Na content
during the initiation of melting (Pommier & Garnero, 2014), which increases their conductivities. Therefore, even
though consideration of laboratory data of Fe-free basalt (Ni et al., 2011), which has the lowest conductivity due
to the absence of Fe and volatiles, suggests that melt fractions of between 3% and 7% would be needed to produce
a bulk conductivity of 0.1 S/m (Figure 11), the additional enhancement in conductivity due to Fe and Na could
push this melt fraction estimate down substantially. We conclude, therefore, that the asthenospheric conductivity
values associated with the CAA can be explained with a model that invokes a modest partial melt fraction (likely
1%-2%), with the most likely scenario being that the melts contain some Na and Fe (Mazza et al., 2014).

Our assumption of ideal melt interconnectivity in our calculation of bulk conductivity, which follows from our
use of the upper HS bound (Hashin & Shtrikman, 1962; Schmeling, 1986), is often used for the asthenospheric
upper mantle. In any case, our use of the upper HS bound would provide a lower bound on the estimated melt
fraction, as any unconnected melt will not impact the conductivity value. Interestingly, our comparison between
our seismic observables and the predictions of a partial melt model suggest that melt, if present, may not be in
textural equilibrium, and may instead be distributed in dikes or veins (Section 4.1.2). As melt is expected to be in
textural equilibrium in the absence of external forcing (e.g., Rudge, 2018), such a melt distribution would require
forces such as pressure gradients to be acting on the melt, or for the melt to be undergoing gravity-driven compac-
tion, as discussed in Section 5. Although we have not explicitly calculated effective conductivity for models that
include sheets or veins of melt, such a melt configuration would also allow melt to efficiently impact the bulk
conductivity of the upper mantle.

4.3.3. Effects of Water and Composition

As discussed by Evans et al. (2019), the magnitude of the effect of water on the conductivity of the upper mantle
remains somewhat controversial, despite extensive study (e.g., Dai & Karato, 2014; Karato, 2019; Naif, 2018;
Wang et al., 2006; Yoshino & Katsura, 2013; Yoshino et al., 2009). Using the results of Dai and Karato (2014),
we can infer the range of water and iron contents that would be consistent with the observed conductivity values.
From Equations 14-16 (Dai & Karato, 2014), we infer that only water contents greater than 0.01 wt.% in olivine
(with Xfe. = 0.1) can achieve the conductivity of 0.1 S/m inferred for the region for a reasonable temperature range
(1300°C-1400°C). These values are generally consistent with our understanding of the likely water contents for
oceanic asthenosphere (e.g., Hirschmann, 2006; Wang et al., 2006), but are higher than what is thought to be
typical of subcontinental mantle (e.g., Wang et al., 2006). As discussed by Evans et al. (2019), therefore, it is
likely that water enrichment is not sufficient to explain the observed electrical conductivity values, and other
mechanisms such as partial melt are likely involved.

When it comes to compositional variations, even considering a very high iron content (with an Fe number of 1
for the fayalite endmember) for dry olivine, Fe content cannot explain the required conductivity. Assuming upper
mantle temperatures between 1300°C and 1400°C, Equations 14-16 (Dai & Karato, 2014) predict conductivity
values in the range of 0.02—0.03 S/m for the fayalite endmember, which do not match the observations. Therefore,
we conclude that neither increased water content nor increased iron content are satisfactory explanations for the
CAA electrical conductivity anomaly.

5. Discussion

The arguments presented in Section 4 about the range of temperatures, water contents, partial melt fractions,
and iron contents that can individually explain each of our geophysical observables can be considered together
as a whole to suggest a model for the CAA that can explain all the observations. As argued above, a purely ther-
mal anomaly (in which the temperature is below the solidus) can potentially explain both the seismic velocity
ratios (Avs/Avp) and the attenuation observations (if the effect of the pre-melting mechanism of Yamauchi and
Takei (2016) is maximized), but it cannot explain the electrical conductivity values. Anomalously wet mantle,
with high water content, is not a good explanation for the Avg/Avp observations or the electrical conductivity
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Figure 12. Schematic diagram of the Central Appalachian Anomaly, modified
after Long et al. (2021). Top panel shows topography in cross section (black
line; scale in km at left), apparent attenuation parameter (At}, red line; scale at
right) from Byrnes et al. (2019; see also Figure 8), and the location of Eocene
(gray triangles) and Late Jurassic (black triangles) volcanic and magmatic
products. Bottom panel shows shear wave velocities from the model of Wagner
et al. (2018; see colorbar at bottom). Green line indicates location of the
Moho; blue line indicates the likely location of the lithosphere-asthenosphere
boundary (Evans et al., 2019). Red arrow indicates small-scale mantle flow,
likely with a component of upwelling, that maintains the “divot” in the
lithosphere and may play a role in generating melt. Partial melt (red shapes)
may be ponded in the uppermost asthenosphere but is also likely distributed

as deep as ~150-200 km in the upper mantle. (Note that the red shapes are
schematic and are not intended to be a literal depiction of melt geometries.)

et al., 2018). Local enrichment in Fe cannot reasonably explain the attenu-
ation observations or the electrical conductivity model, and it is unlikely to
be a good explanation for the seismic velocity observations. Only the partial
melt model can reasonably explain all three observations simultaneously.
A small amount of partial melt (~1%-2%) can lower the seismic velocities
enough to be consistent with the amplitude of travel time residuals we observe
and is consistent with our estimated seismic velocity ratios (Avs/Avp) as
long as the melt is out of textural equilibrium (Takei, 2002). Furthermore, a
small partial melt fraction of ~1%—-2% can also explain the seismic attenua-
tion and electrical conductivity observations. We conclude that, when taken
together, three different lines of geophysical evidence are all consistent with
the presence of a small amount of partial melt in the asthenosphere of the
CAA, and no alternative explanation can satisfactorily explain the full set of
observations. For the case of the CAA, the electrical conductivity constraints
have proven to be particularly important to understanding the character of
the geophysical anomaly; while enhanced temperature and partial melt can
each potentially explain the seismic observables, the conductivity observa-
tions are able to definitively rule out a purely thermal anomaly. This helps
to illustrate the importance of co-located seismic and MT deployments for
constraining the structure and properties of the upper mantle, as also demon-
strated by other studies (e.g., Chen et al., 2009; Iwamori et al., 2021; McGary
et al., 2014; Moorkamp et al., 2007).

A partially molten asthenospheric upper mantle beneath the Central Appala-
chians has some important implications for our understanding of formation

and evolution of the CAA. Previous studies have suggested that there may have been one or more episodes of lith-

ospheric loss beneath the Central Appalachians in the geologic past, with the most recent episode likely resulting

in upwelling return flow, decompression melting, and magmatic and volcanic activity during the Eocene (Mazza
et al., 2014). Geophysical imaging of thin lithosphere beneath the Central Appalachians (Byrnes et al., 2019;
Evans et al., 2019) have lent support to this interpretation. Recently, Long et al. (2021) evaluated a suite of
possible models for the formation and evolution of the CAA and proposed a model that invokes lithospheric loss
(likely via a gravity-driven Rayleigh-Tayler instability) during the Eocene, with ongoing small-scale mantle flow
that has maintained the thin lithosphere through time. This conceptual model, shown as a sketch in Figure 12,
invokes ongoing small-scale mantle flow and upwelling beneath the lithospheric “divot”; this upwelling produces
partial melt in the shallowest upper mantle. In this study, we have provided additional support for the idea that
the asthenospheric upper mantle in the CAA region contains partial melt today. While our observations do not
provide tight constraints on the distribution of partial melt with depth, the fact that the electrical conductivity
model of Evans et al. (2019) exhibits relatively high conductivity values to depths of ~150-200 km suggests that
some partial melt may be present relatively deep in the upper mantle.

The model shown in Figure 12 invokes the continuous replenishing of the partial melt via ongoing small-scale
mantle flow and upwelling. An alternative scenario, however, is that partial melt is not being continuously
produced, but rather that the melt (which may have been produced during the Eocene lithospheric loss episode)
is dynamically stable in the upper mantle. In order for such a partial melt layer to be geophysically detectable,
the compaction length must be sufficiently large. Depending on the relative density of the melt, the melt could be
transported upward or downward; thus, the stability of an appropriate amount of melt in the upper mantle would
need to be explained (Karato, 2014). Using the model of Richter and McKenzie (1984), the compaction length,
éc, for melt that is lighter than the surrounding rock and migrates upward can be expressed as

k
So =+ /S
Nm

an

where k is the permeability of the melt (dependent on the melt fraction and grain size), 5 is the viscosity of the

solid skeleton, and #,, is the viscosity of the melt. Using the values for the material properties from Table 1 of
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Richter and McKenzie (1984) for a nominal 2% melt fraction (k = 7.2 x 10™'? m? assuming a grain size of few

cm, s = 10" Pas, ny = 1 Pas), the compaction length of the melt would be just a few km. The melt layer accu-
mulated in a region with this compaction length would be too thin to be detected geophysically. However, as we
are investigating the possibility of the presence of partial melt in the asthenosphere as deep as 100-200 km depth,
the viscosity of the solid skeleton might actually be higher than the value used by Richter and McKenzie (1984).
If we assume the viscosity of the solid skeleton to be approximately the same as the viscosity of the upper asthe-
nosphere, 10°! Pas, then melt would be accumulated with a compaction length closer to 85 km, which would
imply a thick enough partially molten region for geophysical detection.

In any case, whether the melt is dynamically stable or whether it is being continually replenished via
small-scale mantle flow and ongoing upwelling, there is strong evidence from geophysical observations that
there is partial melt in the upper mantle (depths shallower than ~200 km) beneath the Central Appalachians
today. As discussed by Long et al. (2021), this has some interesting implications for our understanding of the
relationships between the production of melt in the upper mantle and its expression (or non-expression) in
terms of surface volcanism or magmatic activity, given the lack of contemporaneous volcanism in the Central
Appalachians. Long et al. (2021) proposed that the present-day melt fractions in the upper mantle may be
too low (perhaps infinitesimal) to produce a volcanic eruption. While Long et al. (2021) speculated that the
geophysical anomalies could perhaps be explained by very small melt fractions, the quantitative analysis
presented here suggests that melt fractions of ~1%-2% associated with the CAA are likely. As an alternative
scenario, Long et al. (2021) proposed that the mantle lithosphere and/or the crust above the CAA may be
essentially impermeable, such that partial melt present in the shallow asthenosphere cannot migrate to the
surface. If this is the case, then it of course raises the question of why melt was able to reach the surface in
this region during the Eocene. Havlin et al. (2013) proposed a model for episodic dike propagation from the
accumulation of melt at the lithosphere-asthenosphere boundary, with very rapid timescales for dike injection,
which may be relevant for the CAA. We can hypothesize that changes in the tectonic stress field may make it
more or less difficult for accumulating melt to migrate through the crust and/or mantle lithosphere, particu-
larly if migrating melt takes advantage of preexisting structures, but this is speculative. In any case, however,
this region of the Central Appalachians hosts partial melt in the upper mantle with no-present day volcanic
activity, and thus represents an interesting case study for the behavior of partial melt in the sub-continental
asthenosphere.

6. Summary

We have presented new observations of P and S wave travel time residuals across the MAGIC array that
constrain the likely maximum amplitude of the P and S wave velocity anomalies, as well as the ratio of S to
P wave travel time perturbations (and, with some assumptions, the ratio of velocity perturbations Avs/Avp).
We then combined these constraints with previously published observations of seismic attenuation (Byrnes
et al., 2019) and electrical conductivity (Evans et al., 2019) beneath MAGIC and systematically investigated
the range of upper mantle properties (temperature, partial melt content, water content, and composition) that
are consistent with the full suite of observations. We find that an upper mantle anomaly that is purely thermal
or that involves variations in water or iron content is not consistent with the geophysical observations. However,
the presence of 1%—2% partial melt in the CAA asthenosphere is consistent with multiple types of geophysical
observations, with some important implications for our understanding of how the CAA has evolved through
time.

Data Availability Statement

Data used in this paper are publicly available via the Incorporated Research Institutions for Seismology (IRIS)
Data Management Center (DMC) at https://ds.iris.edu/ds/nodes/dmc. These include seismic waveform data from
the MAGIC seismic experiment (network code 7A; https://doi.org/10.7914/XN/7A_2013), the U.S. National
Seismic Network (network code US; https://doi.org/10.7914/SN/US), and the EarthScope USArray Transport-
able Array (network code TA; https://doi.org/10.7914/SN/TA), as well as transfer functions from the MAGIC
magnetotelluric experiment (network code EM; https://doi.org/10.17611/DP/EMTF/MAGIC).
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