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Abstract The upper mantle and transition zone beneath Antarctica and the surrounding oceans are
among the poorest-imaged regions of the Earth's interior. Over the last 15 years, several large broadband
regional seismic arrays have been deployed, as have new permanent seismic stations. Using data from 297
Antarctic and 26 additional seismic stations south of ~40°S, we image the seismic structure of the upper
mantle and transition zone using adjoint tomography. Over the course of 20 iterations, we utilize phase
observations from three-component seismograms containing P, S, Rayleigh, and Love waves, including
reflections and overtones, generated by 270 earthquakes that occurred from 2001-2003 and 2007-2016. The
new continental-scale seismic model (ANT-20) possesses regional-scale resolution south of 60°S. In East
Antarctica, thinner continental lithosphere is found beneath areas of Dronning Maud Land and
Enderby-Kemp Land. A continuous slow wave speed anomaly extends from the Balleny Islands through the
western Ross Embayment and delineates areas of Cenozoic extension and volcanism that span both oceanic
and continental regions. Slow wave speed anomalies are also imaged beneath Marie Byrd Land and along
the Amundsen Sea Coast, extending to the Antarctic Peninsula. These

anomalies are confined to the upper 200-250 km of the mantle, except in the vicinity of Marie Byrd Land
where they extend into the transition zone and possibly deeper. Finally, slow wave speeds along the
Amundsen Sea Coast link to deeper anomalies offshore, suggesting a possible connection with deeper
mantle processes.

1. Introduction

Antarctica is the largest landmass covered by ice sheets, and thus provides a unique scale at which to
study the interactions between large ice sheets and the solid Earth. Earth structure beneath the ice sheet
influences ice dynamics in several important ways and plays a significant role in ice sheet evolution.
Geothermal heat flow, a function of upper mantle temperature, lithospheric thickness, and crustal heat
production, impacts whether the bed of the ice sheet is frozen or supports an active hydrologic system
that can reduce basal friction, thereby increasing ice velocities (e.g., Pollard et al., 2005). Lithospheric
thickness and upper mantle viscosity control the spatial and temporal scales of Glacial Isostatic
Adjustment (GIA), determining whether the solid Earth response to ice mass change occurs across
length scales of tens to many hundreds of kilometers, and over decades, hundreds, or thousands of
years (e.g., Barletta et al., 2018; Kaufmann et al., 2005; Nield et al., 2014). GIA estimates are also impor-
tant for determining the rate of ice mass loss in Antarctica because its rate of gravitational change
greatly impacts satellite gravimetry of the Gravity Recovery and Climate Experiment (GRACE) (e.g.,
Groh et al., 2012; van der Wal et al., 2015). Recent modeling shows that the GIA response time is
critical to both reconstructing past and present-day ice mass loss, and it may play a pivotal role in
the evolution and stability of ice sheets into the future. In particular, the stability of marine-based ice
sheets critically depends on the sub-ice topography (Gomez et al., 2015, 2018), and thus, solid Earth
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Figure 1. Map of Antarctica's subglacial bedrock topography and bathymetry (Fretwell et al., 2013). Abbreviations: EWM
—Ellsworth Whitmore Mountains, GSM—Gamburtsev Subglacial Mountains, LG—Lambert graben, MBL—Marie Byrd
Land, TI—Thurston Island, WARS—West Antarctic rift system.

structure and properties may have a profound impact on the stability of the West Antarctic Ice Sheet,
and by extension, on the rate of sea level rise over the coming centuries (Adhikari et al., 2014;
Barletta et al., 2018; Konrad et al., 2015).

The uniqueness of Antarctica and its ice sheets also leads to an incomplete documentation of the continent's
geologic history and geophysical structure, thereby hindering our understanding of solid Earth-ice sheet
interactions, sub-ice hydrology, seismicity, volcanism, and other key regimes. With rock exposures account-
ing for only ~0.18% of the total Antarctic landmass (Burton-Johnson et al., 2016), in situ geological sampling
is severely limited and largely restricted to coastal regions, as well as the Ellsworth and Transantarctic
Mountains (Figure 1). Thus, even fundamental geologic knowledge, such as the age of various sub-ice geo-
graphic provinces, is generally absent. For example, it is unclear whether most of East Antarctica is of
Archean or early/late Proterozoic age and how its evolution is related to that of the other Gondwanan con-
tinents (e.g., Dalziel, 1992; Fitzsimons, 2003; Goodge et al., 2001; Goodge & Finn, 2010; Tingey, 1991).
Similarly, the geological and geophysical causation, timing, and geographic extent of Mesozoic and
Cenozoic rifting episodes in West Antarctica are incompletely known (e.g., Granot et al., 2013; Harry
et al., 2018; Luyendyk, 1995; Siddoway, 2008). The physical inaccessibility of the sub-ice Antarctic solid
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Earth compels indirect geological (e.g., detrital zircon chronology; Kelly & Harley, 2005) and, especially, geo-
physical methods, such as seismology, potential fields, and radar topography to reveal underlying structures
and processes.

Seismology has proven to be a powerful tool for imaging solid Earth structure because of its versatility and
high fidelity. Images of Earth's seismic structure not only aid in understanding geologic processes and geo-
physical structures but also constrain important parameters affecting solid Earth-ice sheet interactions. For
instance, seismic wave speeds provide the best estimate of the mantle's thermal structure, which to first
order controls heat flow at the bed of the ice sheet (Shapiro & Ritzwoller, 2004), and thus the rate and avail-
ability of water at the bed (Pattyn et al., 2016; Seroussi et al., 2017), as well as mantle viscosity and litho-
spheric thickness that control GIA (Ivins & Sammis, 1995; O'Donnell et al., 2017; Wu et al., 2012). To that
end, recent studies are developing thermal models from seismological data to reveal first-order variations
in heat flow, lithospheric thickness (An et al., 2015b), and mantle viscosity (Hay et al., 2017; van der Wal
et al., 2015) across Antarctica.

Unfortunately, the Antarctic upper mantle and transition zone are among the most poorly imaged regions in
the Earth's interior due to the scarcity of southern midlatitude landmasses and the challenges of operating
seismic stations in extreme environments. This has severely limited the temporal and spatial extent over
which high-quality broadband seismic data may be collected. Thus, advancement beyond the pioneering
tomographic studies that first imaged the shear wave speed structure of the Antarctic upper mantle
(Danesi & Morelli, 2001; Ritzwoller et al., 2001) and transition zone (Sieminski et al., 2003) has required a
surge of seismic deployments targeting major tectonic features, such as the West Antarctic Rift System,
the Transantarctic Mountains, and the Gamburtsev Subglacial Mountains (Figures 1 and 2). Ensuing seis-
mological studies imaging the crust and upper mantle (e.g., Brenn et al., 2017; Chaput et al., 2014; Graw
et al., 2016; Heeszel et al., 2016; Lawrence et al., 2006b; Lloyd et al., 2013, 2015; O'Donnell et al., 2019;
Watson et al., 2006; White-Gaynor et al., 2019) and the transition zone (Emry et al., 2015; Reusch et al,,
2008) at regional-scale resolution are of limited extent, leaving much of Antarctica insufficiently explored.
By integrating high-quality broadband data from many such projects and from (sparse) permanent
Antarctic stations, we can image the entire Antarctic mantle from the crust to the transition zone with
the aid of adjoint tomography (e.g., Bozdag et al., 2016; Chen et al., 2015; Fichtner et al., 2009; Tape et al.,
2009, 2010; Zhu et al., 2015), which in this instance takes on the form of wave-equation traveltime tomogra-
phy (Luo & Schuster, 1991).

This approach relies on high-performance computing combined with both numerical and adjoint methods
to accurately determine synthetic three-component seismograms and sensitivity kernels. Simplifying
assumptions, such as high-frequency asymptotic ray theory, are avoided by solving the weak formulation
of the wave equation and simulating all complexities (e.g., anisotropy and attenuation) of seismic wave pro-
pagation within a complex 3-D medium (Faccioli et al., 1996, 1997; Komatitsch & Tromp, 2002a, 2002b;
Komatitsch & Vilotte, 1998). When combined with adjoint methods, sensitivity kernels associated with dif-
ferent seismic model parameters can be efficiently computed with just two numerical wavefield simulations
(e.g., Bamberger et al., 1982; Tape et al., 2007; Tarantola, 1984; Tromp et al., 2005). These waveforms need
not be identified and may include three-component seismic waveforms containing P, S, Rayleigh, and
Love waves, including reflections and overtones, which provide access to an abundance of waveform-
encoded structural information that would traditionally be partitioned across several independent imaging
techniques. The simultaneous use of these waveforms along with the accurate determination of synthetic
seismograms and sensitivity kernels allows large swaths of Earth's elastic structure to be imaged at higher
fidelity and resolution.

Using these tools, we produce the first tomographic model from the crust to the transition zone beneath
Antarctica and the surrounding oceans, with sufficient resolution to connect tomographic features to dyna-
mical advection of thermal or chemical heterogeneities. These first-of-a-kind images permit new constraints
to be placed on not only geological and geophysical reconstructions encompassing the past ~100 million
years but also the ancient East Antarctic lithosphere. This same model, ANT-20, is also uniquely suited
for estimating solid Earth properties, such as geothermal heat flow, lithospheric thickness, and mantle visc-
osity. In this manuscript we emphasize the geologic interpretation of the tomographic images south of 60°S
latitude. This includes the structure and evolution of the East Antarctic lithosphere and the West Antarctic
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Figure 2. Map of the 323 broadband seismic stations and 270 earthquakes that are used in the adjoint tomographic inver-
sion, which is performed in the area enclosed by the white dashed line. The focal mechanisms for earthquakes that
occurred between 2007 and 2016 are from the global CMT catalog (global.cmt.org), while those for earthquake that
occurred between 2001 and 2003 are from the spectral element moment tensor inversion discussed in section 3.3. In the
background, we show the surface topography and bathymetry from ETOPO1 (Amante & Eakins, 2009). Thin white lines
denote the plate boundaries (Bird, 2003), while the dashed black lines denote lines of latitude every 10° and lines of
longitude every 30°. Abbreviations: NP—Nazca plate, SP—Somalia plate.

Rift System, Cenozoic volcanism in West Antarctica, and the Cenozoic subduction history of the
Antarctic Peninsula.

2. Tectonic Setting and Previous Geophysical Studies

A distinction was illustrated by the continent's unique bimodal distribution of deglaciated surface topogra-
phy (Cogley, 1984; O'Donnell & Nyblade, 2014), seismological structure (e.g., Danesi & Morelli, 2001;
Ritzwoller et al., 2001), and geologic history (e.g., Boger, 2011; Dalziel & Elliot, 1982). These observations
require the final assembly of East Antarctica by the early Paleozoic (e.g., Boger, 2011), indicate thick seismi-
cally fast lithosphere characteristic of a Precambrian Shield (e.g., Danesi & Morelli, 2001; Ritzwoller et al.,
2001), and reveal anomalously high deglaciated modal elevation (~650 m; O'Donnell & Nyblade, 2014) rela-
tive to the other continents (Cogley, 1984). In contrast, it was not until the Cenozoic that West Antarctica
began to reach its present-day configuration following multiple phases of extension (e.g., Dalziel & Elliot,
1982; Siddoway, 2008) and widespread volcanism (LeMasurier, 1990). These processes are associated with
seismically slow and warm upper mantle (e.g., Danesi & Morelli, 2001; Ritzwoller et al., 2001) and are
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paradoxically at odds with the anomalously low deglaciated modal elevation (approximately -450 m; Cogley,
1984; O'Donnell & Nyblade, 2014) of the region. Here we briefly review the geologic and geophysical studies
that are making significant strides in refining these first-order observations of Antarctic tectonics.

2.1. East Antarctica

The geologic nature of East Antarctica, while poorly known, is essential for understanding the amalgama-
tion and breakup of Gondwana, as it formed the core of the supercontinent. Although an ice sheet now
covers much of the East Antarctic subcontinent, direct geologic sampling is still possible along the coast
(e.g., Tingey, 1991) and within the Transantarctic Mountains (e.g., Goodge et al., 2001). These studies indi-
cate that Archean to late Proterozoic outcrops dominate the peripheries of East Antarctica and that coastal
outcrops correlate well with the conjugate terranes of the formerly juxtaposed African, Indian, and
Australian continents (e.g., Boger, 2011; Fitzsimons, 2000a,b). Early tectonic reconstructions have therefore
suggested that East Antarctica consists largely of an Archean nucleus that formed prior to or during the for-
mation of Rodinia (Dalziel, 1991; Hoffman, 1991; Moores, 1991; Rogers et al., 1995; Tingey, 1991). The recog-
nition of Neoproterozoic/early Paleozoic orogenic events along the coast and their possible inland
continuation has led others (Boger, 2011; Fitzsimons, 2000a,b; Powell & Pisarevsky, 2002; Torsvik et al.,
2008; Zhao et al., 1995) to instead propose the final assembly of East Antarctica during the early
Paleozoic. This is further supported by the wealth of Archean to Cambrian detrital zircons that are believed
to have originated from igneous and metamorphic rocks comprising the obscured terranes of East Antarctica
(Veevers & Saeed, 2011, and references therein). Similarly, rock clasts and erratics found within glacial tills
in the Transantarctic Mountains suggest the existence of Proterozoic terranes in central East Antarctica
(Goodge et al., 2017). Although evidence suggests limited Phanerozoic tectonic activity in the East
Antarctic interior, the peripheries have been affected by tectonic events such as the formation of the
Lambert Graben (e.g., Phillips & Laufer, 2009) and the Transantarctic Mountains (e.g., Shen, Wiens, Stern
et al., 2018; Stern & ten Brink, 1989), as well as the breakup of Gondwana (e.g., Boger, 2011).

This incomplete picture of East Antarctic tectonics provided by geologic studies is also captured by
near-surface geophysical studies that, in part, seek to map the sub-ice continuations of major tectonic
domains (e.g., Aitken et al., 2014; Ferraccioli et al., 2011; Ruppel et al., 2018). The deeper continental roots
of these regions have in the past primarily been imaged by global- and continental-scale seismic tomography
that reveal thick and fast lithosphere (e.g., Danesi & Morelli, 2001; Ritzwoller et al., 2001) but do not possess
sufficient resolution to delineate tectonic provinces. Aided by additional seismological data, recent studies
are now beginning to hint at lithospheric heterogeneity beneath East Antarctica (e.g., An et al., 2015a;
Heeszel et al., 2013; Lloyd et al., 2013; Shen, Wiens, Anandakrishnan et al., 2018). For example, the mantle
lithosphere beneath the Gamburtsev Subglacial Mountains (Figure 1) is seismically faster than to the north
beneath the Lamber Graben (Heeszel et al., 2013) and to the south beneath the Polar Subglacial Basins
(Heeszel et al., 2013; Lloyd et al., 2013). Regional studies also image variability in the extent of thick East
Antarctic lithosphere relative to the Transantarctic Mountain front (e.g., Brenn et al., 2017; Graw et al.,
2016; Lawrence et al., 2006a, 2006b; Watson et al., 2006).

2.2. West Antarctica

Our understanding of the geologic nature of West Antarctica is greater than that of the East Antarctic, yet it
is still deficient in comparison to the other continents. Nonetheless, geologic and geophysical studies of the
region reveal a complex history of long-lived subduction throughout the Phanerozoic (e.g., Cawood, 2005;
Eagles, 2004) and multiple stages of continental extension since the mid-Jurassic (e.g., Dalziel et al., 2013;
Siddoway, 2008; Wilson & Luyendyk, 2009). These events have led to the amalgamation and tectonic reor-
ganization of at least four distinct West Antarctic crustal blocks, which are now separated by extended con-
tinental lithosphere of the Weddell Sea and the West Antarctic Rift System (Dalziel et al., 1982). Three of
these crustal blocks, Marie Byrd Land, the Thurston Island-Eights Coast, and the Antarctic Peninsula
(Figure 1), are forearc, and magmatic arc terranes that along with Zealandia and the Campbell Plateau
formed the convergent central Pacific margin of Gondwana (Grunow et al., 1991; Mukasa & Dalziel,
2000). In contrast, the Ellsworth-Whitmore Mountains crustal block (Figure 1) may be a fragment of East
Antarctica that underwent counterclockwise rotation and translation to its present-day relative position
during the opening of the Weddell Sea (Grunow et al., 1987; Randall & Mac Niocaill, 2004; Schopf, 1969).
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Whilst subduction along the central Pacific margin of Gondwana can be traced back to the Cambrian
(Allibone & Wysoczanski, 2002) and continental extension initiated during the mid-Jurassic with the
opening of the Weddell Sea (Dalziel et al., 2013), here we focus our attention on the tectonic evolution of
West Antarctica since the late Cretaceous. Beginning at this time (~105-85 Ma), oblique subduction of the
Phoenix plate waned as the stress regime transitioned from transpressional to transtensional, leading to
widespread continental extension and rapid growth of the West Antarctic Rift System (Luyendyk, 1995;
Luyendyk et al., 1996). This followed further extension and eventual sea floor spreading as Zealandia and
the Campbell Plateau detached from West Antarctica (~83-70 Ma; Siddoway, 2008). Although subduction
ceased as part of these events outboard of the Ross Sea sector of the West Antarctic Rift System and Marie
Byrd Land, it continued along the Thurston Island-Eights Coast and the Antarctic Peninsula (Mukasa &
Dalziel, 2000).

The first half of the Cenozoic brought about the main phase of uplift of the present-day Transantarctic
Mountains (~55 Ma; Fitzgerald, 2002) and a further ~150-200 km of extension within the Ross Sea along
the Transantarctic Mountain front (Cande & Stock, 2004; Wilson & Luyendyk, 2009). Sporadic extension
continued within this region throughout the latter half of the Cenozoic (Granot et al., 2010) until possibly
ceasing at ~11 Ma (Granot & Dyment, 2018). In contrast, during this time, the central West Antarctic under-
went dextral strike-slip motion (Miiller et al., 2007) or oblique convergence (Granot et al., 2013). A final stage
of mid-Miocene to recent extension may have occurred in the Ross Sea within the Terror Rift (Fielding et al.,
2008; Henrys et al., 2008), requiring a significant kinematic change to the rift system (Granot et al., 2010).
This change may also be linked to inferred focused extension of narrow subglacial basins within central
West Antarctica (Bingham et al., 2012; Jordan et al., 2010; LeMasurier, 2008; Lloyd et al., 2015; Winberry
& Anandakrishnan, 2004). Currently, the West Antarctic Rift System appears to be dormant, as local seismic
stations record sparse tectonic seismicity (Winberry & Anandakrishnan, 2003) and bedrock-based GPS
indicate no resolvable extension (Donnellan & Luyendyk, 2004; Wilson et al., 2015).

During the Cenozoic, West Antarctica also experienced widespread volcanism that is observed from the
Antarctic Peninsula, across central West Antarctica, and along the Transantarctic Mountains (e.g.,
LeMasurier, 1990). Specifically, volcanism in the Antarctic Peninsula is diagnostic of a slab window
(Smellie, 1987), which formed as subduction of the Phoenix plate ceased from west to east along the
Thurston Island-Eights Coast and the Antarctic Peninsula throughout the Cenozoic (Eagles et al., 2004,
2009; Larter et al., 1997). In central West Antarctica, domal uplift of Marie Byrd Land occurred at ~29-
25 Ma (LeMasurier & Landis, 1996), leading to the development of a volcanic province consisting of three
linear volcanic chains and numerous other volcanic edifices (LeMasurier & Rex, 1989; Panter et al., 1994).
Furthermore, volcanism is observed in the Amundsen Sea Embayment (LeMasurier, 1990) and is geophysi-
cally inferred in the sub-ice regions of the West Antarctic Rift System (e.g., Behrendt et al., 1996). Finally,
along the Transantarctic Mountains, volcanism extends from Mt. Mourning, ~100 km south of Ross
Island, northward along the length of the mountain range (Kyle, 1990; LeMasurier, 1990; Phillips et al.,
2018), except for two outliers in the southern Transantarctic Mountains (Stump et al., 1980).

Early Tomographic models (e.g., Danesi & Morelli, 2001; Ritzwoller et al., 2001) lack the resolution neces-
sary to image the upper mantle structures alluded to by geologic and near-surface geophysical studies.
Instead, images reveal slow wave speeds across West Antarctica that extend to 200 km depth, except beneath
the Marie Byrd Land coast, the Ross Sea, and the Balleny Islands where these features continue into the tran-
sition zone (Sieminski et al., 2003). Recent continental tomographic inversions (An et al., 2015a; Hansen
et al., 2014) achieve higher resolution, but the greatest insights are gained by still higher resolution regional
models. Although these models only reveal patches of the West Antarctic, they indicate variable upper man-
tle wave speeds that coincide with the West Antarctic crustal blocks (Heeszel et al., 2016; Lloyd et al., 2015),
distinguish between zones of late Cretaceous/early Cenozoic and late Cenozoic extension within the West
Antarctic Rift System (e.g., Heeszel et al., 2016; Lloyd et al., 2015; Shen, Wiens, Anandakrishnan et al.,
2018; White Gaynor et al., 2019), and reveal warmer upper mantle beneath late Cenozoic volcanism (e.g.,
Heeszel et al., 2016; Lloyd et al., 2015; Watson et al., 2006). The most prominent features include slow wave
speeds along the Transantarctic Mountain front and those beneath the Marie Byrd Land volcanic dome.
However, the lateral and radial extent of these features remains unclear, while some regions of West
Antarctica have yet to be imaged at similar resolution.
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Figure 3. (a) Horizontally (dashed line) and vertically (dotted line) polarized shear wave speeds from the 1-D reference
Earth model STW105 (Kustowski et al., 2008), which are used to compute the Voigt average shear-wave speed reference
(red line). (b) the 1-D attenuation model QL6 (Durek & Ekstrom, 1996) used in the wavefield simulations.

3. Data and Methodology
3.1. Station and Earthquake Database

We utilize 270 earthquakes and 323 broadband seismic stations (Table S1 in the supporting information) to
image the upper mantle and transition zone beneath Antarctica and portions of the southern midlatitude
oceans (Figure 2). In doing so, we take advantage of the dramatic improvement in Antarctic seismic instru-
mentation since the turn of the 21* century, which by the end of 2016 has brought about the deployment and
operation of over 300 broadband seismic stations. For this study, we obtained data from 297 of these stations,
many of which operated continuously for two or more years as part of temporary regional arrays, such as
TAMSEIS (2001-2003; Lawrence, et al., 2006b), GAMSEIS (2007-2009; Lloyd et al., 2013), POLENET/A-
NET (2007 to present; Lloyd et al., 2015), TAMNNET (2012-2015; Hansen et al., 2015), and RIS (2013-
2016; Chaput et al., 2018). Besides these deployments, numerous other seismic stations have also operated
on the continent, providing invaluable coverage in regions not sampled by the temporary regional arrays.

In addition, we supplement the Antarctic seismic data sets with waveforms from 26 broadband seismic sta-
tions south of ~40°S latitude (Figure 2). The majority of these stations are located in Patagonia or on islands
fringing the Scotia Sea, while only four are located elsewhere on islands in the southern oceans. The poor
station distribution between ~40° and 65°S reflects landmass scarcity, and thus, it is fortunate that the earth-
quake distribution in this study heavily samples this region of the southern oceans (Figure 2).

Focusing on the time periods when temporary regional seismic arrays were operating in Antarctica (2001-
2003 and 2007-2016), we select 270 earthquakes with moment magnitudes of 5.5 to 7.0 (Figure 2). These
time periods are further subdivided into five groups that capture the evolving broadband seismic station dis-
tribution across the Antarctic. Within each group, larger earthquakes possessing good signal to noise are
qualitatively chosen, while simultaneously achieving the most widespread geographic earthquake distribu-
tion in the study region. The majority of the earthquakes are shallow, occurring at depths less than 30 km
and along the mid-ocean ridges that form much of the Antarctic plate boundary. Only a single earthquake
is located within the Antarctic continent, and deeper earthquakes are mostly restricted to the South
Sandwich Arc and along the Australian/Pacific plate boundary (Figure 2).
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3.2. The Starting Model and Spectral Element Mesh

We utilize a 3-D starting model that is mapped to a spectral element representation of the globe (Komatitsch
& Tromp, 2002a, 2002b), on which seismic wave propagation is simulated to refine the centroid moment ten-
sors (section 3.3). This same 3-D starting model is also mapped to a regional spectral element mesh (Chen
et al., 2015; Zhu et al., 2015) and is used in numerical wavefield simulations during the adjoint tomographic
inversion (section 3.4). Our 3-D starting Earth model, hereafter ANT-00, is constructed from a modified ver-
sion of CRUST1.0 (Laske et al., 2013), which approximates the Antarctic ice and crustal structure, and from
the global mantle model S362ANT (Kustowski et al., 2008). S362ANI provides long-wavelength structure for
radially anisotropic compressional-wave and shear-wave speeds (o, o, B, and ;) within the mantle, as
well as topography of the transition zone discontinuities. Kustowski et al. (2008) determined these para-
meters with respect to their own 1-D reference Earth model, STW105 (Figure 3a), from which we also obtain
density (p) and the dimensionless anisotropic parameter 7. Finally, like Kustowski et al. (2008), we adopt the
1-D attenuation model QL6 (Figure 3b; Durek & Ekstrom, 1996). This same mantle structure has been used
successfully as part of the 3-D starting Earth model in both regional and global adjoint tomographic inver-
sions (Bozdag et al., 2016; Chen et al., 2015; Zhu et al., 2015) and is routinely used to compute spectral ele-
ment synthetic seismograms for global earthquakes in near real time (Tromp et al., 2010).

Within the crust, we parameterize ANT-00 in terms of isotropic compressional-wave and shear-wave speed
(aand B), as well as p. These parameters are updated simultaneously, along with those of the mantle, similar
to previous adjoint tomographic studies (Bozdag et al., 2016; Chen et al., 2015; Zhu et al., 2015). We obtain
the initial values of these parameters from the ice layer, the three sedimentary layers, and the three crystal-
line crustal layers of CRUST1.0 (Laske et al., 2013). However, recent geophysical studies of the Antarctic
crustal structure (e.g., An et al., 2015a; Chaput et al., 2014; O'Donnell & Nyblade, 2014; Shen, Wiens,
Anandakrishnan et al., 2018) indicate that CRUST1.0 inadequately constrains the Moho topography across
the Antarctic continent. This is reflected, in part, by its failure to capture the thinned crust of the West
Antarctic Rift System and the thick crustal roots that underlie portions of East Antarctica. Therefore, a more
realistic model of Moho topography is incorporated into ANT-00 by adjusting the thickness of the lower
crustal layer(s) of CRUST1.0 to match the Moho topography inferred by the surface wave study of An
et al. (2015a), which was partially constrained by Moho depth estimates from receiver functions (.g.,
Reading, 2006; Hansen et al., 2009, 2010; Chaput et al., 2014) and from active source seismic studies (e.g.,
Bayer et al., 2009; Trey et al., 1999). Likewise, the surface and bedrock topography of Antarctica is updated
using BEDMAP?2 (Fretwell et al., 2013).

We map ANT-00 to both a global and regional spectral element mesh using a cubed-sphere mapping
(Komatitsch & Tromp, 2002a; Ronchi et al., 1996), which maintains a similar number of spectral elements
per wavelength throughout the mesh. The spectral elements are deformed to account for topography, bathy-
metry, and ellipticity and, where possible, honor first- and second-order seismic discontinuities (Komatitsch
& Tromp, 2002a, 2002b; Tromp et al., 2010). Efficient use of high-performance computing is achieved by dis-
cretizing the global and regional meshes to just resolve the minimum period utilized in the spectral element
moment tensor relocations and the adjoint tomographic inversion. The regional mesh consists of a single
cubed-sphere chunk that is composed of 288-by-288 spectral elements at its free surface. The spectral ele-
ments contain five Gauss-Lobatto-Legendre interpolation points (Canuto et al., 1988, p. 61) in each orthogo-
nal direction, allowing waveforms to be resolved down to a period of ~15 s. We center the regional mesh at
90°S and rotate it by 45° to achieve the best possible geographic distribution of earthquakes and
stations (Figure 2).

Lastly, a key challenge in constructing the spectral element mesh is maintaining adequate sampling within
the crust while still honoring the strongly varying Moho topography. We achieve this by using a single layer
of spectral elements to honor thin, predominantly oceanic crust, and two to three layers of spectral elements
to accommodate thicker continental crust, as was done in previous studies (e.g., Tromp et al., 2010; Zhu
et al., 2015). In this study, the spectral element mesh realistically models the Moho at depths shallower than
15 km and between 22- and 50-km depth. Otherwise, the Moho is represented within the spectral elements
using the Gauss-Lobatto-Legendre interpolation points. A unique challenge to the construction of the spec-
tral element mesh arises from the Antarctic ice sheet, as it has a mean thickness of ~2.1 km and has thick-
nesses in excess of 3 km across much of East Antarctica (Fretwell et al., 2013). The Antarctic ice sheet
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strongly influences surface wave velocities at both short and intermediate periods (Ritzwoller et al., 2001).
Therefore, across much of Antarctica the first layer of spectral elements is held fixed at 10 km, allowing
the Antarctic ice sheet to be coarsely captured by the Gauss-Lobatto-Legendre interpolation points, which
have an average vertical spacing of 2.5 km.

3.3. Earthquake Source Parameters

We obtain the source parameters for each earthquake from the Global Centroid-Moment-Tensor (CMT)
catalog (global.cmt.org; Ekstrom et al., 2012), which includes the earthquake's origin time, half dura-
tion, centroid location, and moment tensor solution. Previous adjoint tomographic studies (Bozdag
et al., 2016; Chen et al., 2015; Zhu et al., 2015) have refined a subset of these parameters (moment ten-
sor solution, depth, latitude, and longitude) through a computationally intensive CMT inversion based
on the spectral element method (Liu et al., 2004). Typically, these inversions reduce the scalar moment
and shift the centroid by less than 10 km. This often includes 3-8 km of shallowing and helps to offset
a CMT catalog bias toward deeper earthquake depths (Hjorleifsdottir & Ekstrom, 2010). Despite the
benefits, it is challenging to justify the high computational cost (~1 million CPU hours) required to
refine the CMT solution for all 270 earthquakes when the typical centroid shift is less than one fifth
of the crustal wavelength of the shortest period waveforms (T = 15 s) utilized in the inversion. To inves-
tigate this, we performed the inversion on a subset of our earthquakes and confirmed only small
changes to the centroid and moment tensor parameters, thus justifying our decision to use the original
CMT solutions in this study.

Earthquakes occurring prior to 2004, for which CMT solutions have not been determined with intermediate
period surface waves (Ekstrom et al., 2012), may have less well-resolved parameters. They may thus benefit
from the spectral element CMT inversion, as waveforms from both long-period body waves and
intermediate-period surface waves are utilized. Therefore, we inverted all 32 earthquakes in our database
that occur prior to 2004 using the spectral element CMT algorithm developed by Liu et al. (2004). This algo-
rithm refines a subset of the source parameters (six unique moment tensor components, depth, latitude, and
longitude) by minimizing the nondimensional least squares waveform differences between observed and
synthetic three-component seismograms. To that end, the spectral element solver SPECFEM3D_GLOBE
(Komatitsch & Tromp, 2002a, 2002b) is used to simulate seismic wave propagation down to a period of 30
s within the ANT-00 global mesh in order to compute 100-min synthetic seismograms for the initial CMT
solution. For these inversions, we utilize measurement windows containing long-period body waves (30 s
< T <80 s) and intermediate-period surface waves (80 s < T < 120 s) that are recorded by a global distribu-
tion of broadband seismic stations (FDSN Network Codes G, GE, II, and IU) and are identified, in part, on
the basis of observed and synthetic waveform similarity using the automated window selection tool
FLEXWIN (Maggi et al., 2009).

As part of the source inversion algorithm (Liu et al., 2004), we require that the earthquake not produce any
change in volume (i.e., the moment tensor has zero trace) and explore whether we can attain further
improvement by prescribing a double-couple source (i.e., the determinant of the moment tensor is zero).
We then invert for just the moment tensor, the moment tensor plus depth, and the moment tensor plus cen-
troid. Of these six variants, the source parameters that maximize the variance reduction are taken as the new
CMT solution. The 32 spectral element CMT inversions give rise to changes in source parameters similar to
those reported in previous studies (Bozdag et al., 2016; Chen et al., 2015; Zhu et al., 2015).

3.4. Adjoint Inversion for Seismic Structure

We utilize frequency-dependent phase differences between observed and synthetic three-component seis-
mograms, along with adjoint tomographic techniques (e.g., Luo & Schuster, 1991; Tape et al., 2007;
Tromp et al., 2005; Zhu et al., 2015), to image the seismic structure of both the crust and mantle beneath
Antarctica and surrounding ocean basins (Figure 2). In doing so, we assume that the crust is isotropic (a
and ), while the mantle is taken to be radially anisotropic («,, ay, B, B, and n). Furthermore, by assuming
that the bulk modulus (x) is isotropic, and thus radial anisotropy arises exclusively from the shear modulus
(u), we may recast the compressional-wave speeds (, and «;,) in terms of isotropic bulk sound wave speed (c)
and the shear-wave speeds (5, and (). This reduces the model parameters considered in the adjoint

LLOYD ET AL.

85U8017 SUOWWIOD 8AIIeID 8|qeoljdde ays Aq peusenob a1e ssjolie O ‘88N JO Sa|nJ o Akeiqi8uljuO 3|1 UO (SUOTPUOD-PUe-SWBI W00 A3 [IM"A g Ul UO//SdnL) SUORIPUOD pue swie 1 8y} 88s *[6202/20/6T] Uo Ariq)Tauluo /oM Buede|Y JO AiseAlN AQ €282 TOS6T0Z/620T OT/10p/wioo" A3 1m Ariqipul|uo'sqndnBe//sdny wouy pepeojumod ‘€ ‘0202 ‘95€669T2


http://global.cmt.org

Journal of Geophysical Research: Solid Earth 10.1029/2019JB017823

Figure 4. An example of synthetic (red) and observed (black) three-component seismograms used in the 20th iteration of
the adjoint tomographic inversion. The blue boxes identify measurement windows utilized in the inversion. A map of
surface topography and bathymetry (Amante and Eakins, 2009) on the left shows the path between the earthquake epi-
center (red circle) and seismic station HOWE (blue triangle).

inversion to c, f3,, B, and 7. Finally, although we do not invert for density (o), it is iteratively updated using
the following empirical relationship from Montagner and Anderson (1989),

8lnp = 0.3381nBy4ig 1)

and Byoig is the Voigt average of the radially anisotropic shear-wave speeds (Babuska & Cara, 1991):

2 2
ABVoigt = M M )

The adjoint tomographic inversion leverages the spectral element solver SPECFEM3D_GLOBE
(Komatitsch & Tromp, 2002a, 2002b) and its ability to efficiently simulate all complexities of seismic
wave propagation (Komatitsch & Tromp, 1999) in order to iteratively refine the Earth's structure. We
begin by simulating the seismic wavefield produced by each of the 270 earthquakes within the regional
mesh, by first using the starting model ANT-00 and thereafter the updated model from the prior iteration, to
obtain 55-min synthetic three-component displacement seismograms for each of the 323 broadband seismic
stations. In preparation for identifying the measurement windows, a Gaussian moment-rate function with a
width of approximately twice the CMT solution's half duration is convolved with the synthetic seismograms,
while the instrument responses are removed from the observed seismograms. Both the observed and syn-
thetic seismograms are then filtered, resampled at 10 Hz, and their horizontals are rotated to obtain the
radial and transverse components. We use FLEXWIN (Maggi et al., 2009) to identify measurement windows
on all three components (Z, R, and T) and within two period bands: a short-period band (15s < T < 50 s)
targets body waves and a long-period band (initially 50 s < T < 150 s) targets both body and surface waves
(Figure 4). As the fit between the observed and synthetic seismograms improves, and thus the elastic
structure is further refined, the short-period corner of the long-period band is gradually reduced from 50 to
25 s (Figure 5a).

For each window, the traveltime difference and a nondimensional phase misfit between the observed and
synthetic seismogram is measured preferentially with frequency-dependent multitaper techniques (Laske
& Masters, 1998; Zhou et al., 2004) or else by cross correlation. The nondimensional multitaper phase misfit
may be expressed as
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Figure 5. (a) Evolution of the total phase misfit (green circles) and the total number of measurement windows (orange
squares) as a function of the model number. The black dotted lines indicate when the short-period corner of the long-
period band was decreased from (1) 50 to 40 s, (3) then to 30 s, and (5) finally to 25 s. the red dashed lines indicate (2) when
seismic data from international stations located in East Antarctica and (4) when new earthquake waveforms recorded in
2016 were added to the adjoint inversion. (b) Histograms of the traveltime phase differences between the observed and
synthetic seismograms along with their variances (GZAT) are shown for the starting model ANT-00 (red) and the final
model ANT-20 (blue). Figures S1 and S2 show similar plots for each of the six measurement categories.

x =3 (@ (T(;‘z’w")” ) de, ©)

where w(w) represents a windowing filter, At(w,m) is the frequency-dependent traveltime difference, and
o(w) is the standard deviation of the observed and the reconstructed synthetic seismograms. For
frequency-independent measurements, equation (3) reduces to the cross-correlation phase misfit function.
The total phase misfit (Figure 5a) gives equal weight to the phase misfit from each of the six measurement
categories (Figure S1) and by extension to each earthquake. Perhaps most importantly, the choice of the mis-
fit function directly impacts the form of the adjoint source and thus the information conveyed by the sensi-
tivity kernels (Tromp et al., 2005; Yuan et al., 2016).

The gradient of the total phase misfit function with respect to the model parameters may also be written as
o = |y [KedIne + K, 6Ing, + K, 6Ing, + K,Slnp]dV, )

where K; are summed, preconditioned, and smoothed traveltime event sensitivity kernels with respect to the
model parameters that fully account for the anelasticity arising from the attenuation model QL6 (Durek &
Ekstrom, 1996). For each earthquake, these kernels are calculated by way of two numerical simulations:
A forward wavefield simulation using the earthquake source and a time-reversed adjoint wavefield simula-
tion consisting of fictitious three-component adjoint sources placed at the seismic stations (Komatitsch et al.,
2016; Tromp et al., 2005). In order to better balance the sensitivity kernels, and thus data coverage, we follow
Zhu et al. (2015) and divide by a preconditioner based on the forward (s) and adjoint sH
wavefield accelerations,

Happrox (X) = [82s(x, 1)-82s" (x, T—t)dL, 5)

which also approximates the diagonals of the Hessian matrix—a square matrix of second-order partial deri-
vatives of the misfit function with respect to density. Lastly, the kernels are convolved with a 3-D Gaussian
smoothing operator in which the radial half width is 15 km (smoothing length: ~45 km) and the lateral half
width varies with depth and model iteration. Within the upper mantle, the lateral half width decreases from
100 to 50 km (smoothing length: ~280 and ~140 km, respectively) in unison with the reduction of the short-
period corner of the long-period band, while within the transition zone and lower mantle, the lateral half
width is held fixed at 120 and 150 km, respectively (smoothing length: ~340 and ~425 km, respectively).

Finally, we update the model by determining the search direction and step length necessary to minimize the
misfit function. For the first iteration, the search direction is aligned by the negative of the gradient
(equation (4)), while in subsequent iterations, it is determined from the current gradient and the search
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Figure 6. Horizontal and vertical slices from a point-spread function test that is centered on the Fimbulheimen Mountains of Dronning Maud land. The first two
columns show the localized model perturbation to the 8, and 8, components. Note that we only perturb the 8, component using a spherical Gaussian anomaly
with a half width of ~120 km and a peak amplitude of 0.09 km/s. The last two columns show the point-spread functions (K, and K, ). In the third column the blue
line shows the 0.01-km/s contour of the localized model perturbation. The horizontal slices are at 100-km depth and also depicts bathymetry and bedrock
topography contours for 1,000 m (thin green line) and —500 m (thin brown line), as well as —2,500 m (thin dark gray line) in the oceans (Fretwell et al., 2013).
Thicker red lines denote the plate boundaries (Bird, 2003), while thin dashed black lines are lines of latitude every 10° or lines of longitude every 30°. Within the
main plot of the vertical slices the dashed black lines indicate the Moho topography (section 3.2) and a uniform 410- and 650-km seismic discontinuity. Atop of
each vertical slice is the exaggerated bedrock (gray) and surface (cyan) topography with the red dashed line indicating sea level. Abbreviations: DML—Dronning
Maud land, F—Fimbulheimen.

direction of the prior iteration using a conjugate gradient approach (Fletcher & Reeves, 1964). The optimal
step length, and thus the model update, is determined by a line search that tests several candidate models to
identify which minimizes the phase misfit for a subset of 18 geographically and temporally well-distributed
earthquakes. Following 20 preconditioned conjugate gradient iterations, we arrive at the current model,
ANT-20, which reduces both the total phase misfit and the variance of the observed and synthetic
traveltime differences by a factor of 3 (Figure 5). The evolution of these parameters for each of the six
measurement categories can also be viewed in Figures S1 and S2. By the final iterations of the inversion
each successive iteration results in a relatively small reduction to the total phase misfit, suggesting further
improvement of the model will require more complex parameterization that more fully and accurately
accounts for anisotropy and anelasticity (Zhu et al., 2015).

4. Results

4.1. Resolution Analysis

Traditional tomographic studies often rely on synthetic model recovery tests (e.g., Lloyd et al., 2013, 2015)
and in some instances utilize Monte Carlo techniques (e.g., Shen, Wiens, Anandakrishnan et al., 2018) to
assess model recovery and reliability. Both approaches rely on the ability to quickly and efficiently solve
the forward and inverse problem. These approaches are not practical in adjoint tomography as each addi-
tional inversion carries the same (considerable) computational cost as the initial tomographic inversion.
However, it is still possible to obtain some insight into the reliability of the tomographic model ANT-20
by performing point-spread function tests (Fichtner & Trampert, 2011) or by stochastically probing the
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Figure 7. Horizontal and vertical slices from a point-spread function test that is centered on the Amundsen Sea embayment. The first two columns show the loca-
lized model perturbation in the 8, and 8, components. Note that we once again only perturb the 3, component using a spherical Gaussian anomaly with a half
width of ~120 km and a peak amplitude of 0.09 km/s. The last two columns show the point-spread functions (K, and K, ). The details of each plot are similar to
Figure 6. ABBREVIATIONS: ASE—Amundsen Sea EMBAYMENT, MBL—Marie Byrd Land, WARS—West Antarctic rift system.

Hessian matrix (Fichtner & Leeuwen, 2015). Here we present three targeted point-spread function tests and
also examine the approximate diagonal Hessian matrix—a proxy for relative data coverage.

Following Fichtner and Trampert (2011), point-spread function tests are utilized to assess the curvature of
the misfit function and thus the degree of blurring, both spatially and across different types of model para-
meters, due to a localized model perturbation. Because the Hessian matrix is not easily calculated, its action
on a localized model perturbation is determined using a finite difference approximation of the gradient:

Hémzaxmtal(m + Sm) _axmtal(m)’ (6)

where H is the Hessian matrix, dm is the localized model perturbation, and Sx;ota is the misfit gradient eval-
uated for both models m and m + dm. The gradient §y;i.(m) is available from the tomographic inversion
and only the perturbed gradient Sy;oa(m + dm) needs to be determined. This requires the same computa-
tional cost as a single tomographic iteration, and therefore only a handful of these tests can be
realistically performed.

We conduct two point-spread function tests in which a single localized 3, perturbation is added to the penul-
timate model, ANT-19, in the Fimbulheimen Mountains of Dronning Maud Land (Figures 6) and the
Amundsen Sea Embayment (Figures 7). In both instances, a spherical Gaussian model perturbation with
a maximum amplitude of 0.09 km/s and a half width of ~120 km is placed near 100-km depth. Each localized
model perturbation is reasonably well preserved in the point-spread function, despite exhibiting some
degree of blurring due to smoothing of the preconditioned gradients and the resolution limits imposed by
the geographic distribution of earthquakes and stations. For example, in the Fimbulheimen Mountains
(Figures 6) the point-spread function for 8, is characterized by predominantly lateral inland smearing in
the direction of more limited seismic coverage (Figure 2). Equally important is the near absence of features
in the point-spread functions for 8, (Figures 6), which indicates minimal cross contamination between (3,
and B, in ANT-20. These results are roughly similar to the point-spread function test conducted in the
Amundsen Sea Embayment (Figure 7).
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Figure 8. Horizontal and vertical slices from a point-spread function test consisting of three localized model perturbations
that are located beneath the Antarctic Peninsula, Ross Island, and the Lambert Graben. The model perturbations are
applied to only the 8, component, and each is identical to the perturbation used in Figures 6 and 7. Unlike Figures 6 and 7,
we show only the point-spread function K, and indicate the 0.01-km/s contour of the localized model perturbations. The
details of each plot are similar to Figure 6. Abbreviations: AP—Antarctic Peninsula, BS—Bellingshausen Sea, EKL—
Enderby-Kemp Land, LG—Lambert Graben, PEL—Princess Elizabeth Land, RSE—Ross Sea Embayment, TAMS—
Transantarctic Mountains, WSB Wilkes Subglacial Basin, WSE—Weddell Sea Embayment.

To further probe the Hessian matrix across Antarctica, we perform a point-spread function test that intro-
duces localized S3, perturbations beneath the Antarctic Peninsula, Ross Island, and the Lambert Graben.
The extent, amplitude, and depth of these localized model perturbations are identical to those used in the
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Figure 9. The approximate diagonal Hessian (equation (5)) used in the final model update is shown at 125-, 250-, 500-,
and 800-km depth, and its variations serve as a proxy for relative data coverage. The thin green line denotes the
—2 contour of Logyo(Happrox/Ho)- The blue line at 60°S denotes the northern boundary of the tomographic images
shown in this study. The location of the broadband seismic stations (inverted triangles) and earthquakes (circles) are
shown in the 125- and 250-km depth slices, respectively. Bathymetry, topography, plate boundaries, and lines of latitude
and longitude are denoted similar to Figure 6.

previous two point-spread function tests. Images of the 8, component of the point-spread function (Figure 8)
similarly indicate that the localized model perturbations are reasonably well preserved and also demonstrate
distinct spatial variations in the curvature of the misfit function. For example, each region is characterized
by differences in the strength of the misfit function's curvature, which is an intriguing observation, as well as
varying degrees of vertical blurring. However, in all three instances variable lateral blurring is observed at
depths shallower than 50 km, a region of the model we anticipate being less well resolved due to an
absence of short (<25 s) period surface waves.

Beyond the results of the point-spread function tests, it is difficult to assess the reliability of ANT-20 else-
where in the tomographic model, and thus, we must rely on other proxies (Bozdag et al., 2016; Zhu et al.,
2015). Equation (5), which approximates the diagonals of the Hessian matrix, is one such proxy that is diag-
nostic of the relative data coverage (Luo et al., 2013). The ability to resolve structure is directly dependent on
data coverage, and in the case of adjoint tomography the degree of smoothing applied to the preconditioned
kernels limits the length scales at which this structure may be resolved (Tape et al., 2007). Images of the
approximate diagonals of the Hessian matrix (Figures 9, S3, and S4) suggest similar data coverage within
the upper mantle south of 60°S, although slightly poorer coverage is suggested beneath some regions of
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Figure 10. Comparisons of the Voigt average shear-wave speed structure of the starting model S362ANT (Kustowski et al.,
2008) with that of ANT-20 at 125- and 500-km depths with respect to sea level. Mantle velocity anomalies are relative to the
1-D Earth model STW105 (Kustowski et al., 2008), which has been slightly modified to account for the topography of
first- and second- order seismic discontinuities. Bathymetry and bedrock topography contours are shown for 1,000 m
(thin white line) and —500 m (thin brown line), as well as —2,500 m (thin dark gray line) elevation in the oceans
(Fretwell et al., 2013). Thicker white lines denote the plate boundaries (Bird, 2003), while dashed white lines denote
lines of latitude every 10° or lines of longitude every 30°.

coastal East Antarctica. This includes the Lambert Graben, where weakening of the misfit function's curva-
ture is observed in the point-spread function (Figure 8), suggesting perhaps slightly poorer resolution in this
region, and thus a link between data coverage and resolution. Although this link cannot quantify the relia-
bility of ANT-20, the similarity in relative data coverage (Figures 9, S3, and S4) combined with the geographic
earthquake and station distribution (Figure 2) suggests that resolution throughout the upper mantle south of
60°S is likely similar to those regions probed by the point-spread function tests (Figures 6-8).

At transition zone depths relative data coverage begins to slowly decrease and may indicate poorer resolution.
The potential inability of ANT-20 to resolve short-wavelength structures at these depths is countered by
increasing the smoothing applied to the preconditioned kernels (section 3.4). Near 800-km depth data cover-
age rapidly deteriorates (Figures 9, S3, and S4) as does the reliability of the newly mapped features. Based on
these observations, we only present and discuss ANT-20 south of 60°S and at depths shallower than 800 km.
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Figure 11. Tomographic images of the Voigt average shear-wave speed structure of ANT-20 at 75-, 150-, 250-, and 350-km
depth with respect to sea level. Velocity anomalies, bathymetry, topography, plate boundaries, and lines of latitude

and longitude are denoted as in Figure 10. Abbreviations: AT—Adare Trough, AS—Amundsen Sea, AP—Antarctic
Peninsula, BI—Balleny Islands, BS—Bellingshausen Sea, LG—Lambert Graben, LHB—Liitzow-Holm Bay, MTJ—
Macquarie Triple Junction, MBL—Marie Byrd Land, RE—Ross Embayment, RI—Ross Island, SSR—South Scotia Ridge,
TI—Thurston Island, WE—Weddell Embayment.

4.2. Voigt Average Shear-wave Speed Structure

The final seismic model obtained after 20 iterations, ANT-20, reveals strong short-wavelength heterogeneity
within the Antarctic upper mantle and improved tomographic images of the transition zone compared to the
starting model (Figure 10). Although c and 7 are also updated in the adjoint inversion, here we focus on the
Voigt average shear-wave speed structure (Figures 10, 11, S5, and S6), which is calculated from S, and ..
Radial anisotropy can also be computed from g, and 5,; however, given the imbalance in sensitivity of these
two parameters (French & Romanowicz, 2014; Chang et al., 2015; Zhu et al., 2017), we refrain from inter-
preting the radial anisotropic structure at this time. To first order, the uppermost mantle is dominated by
three prominent shear-wave speed anomalies that lie beneath East Antarctica, the northern West
Antarctic Coast, and along the Transantarctic Mountains extending seaward (Figures 10, 11, S5, and S6).
Within these features, the largest amplitude anomalies range from more than 8% faster than the reference
model, STW105 (Kustowski et al., 2008), beneath East Antarctica, to slower than —6% in the vicinity of
the Balleny Islands and the Macquarie Triple Junction. At greater depths, such as within the transition
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zone, wave speed anomalies are between +2%. We now briefly summarize a number of intriguing features
observed in the tomographic images. The interpretation and implications of these features are discussed in
section 5.

Tomographic images of the East Antarctic upper mantle reveal shear-wave speed anomalies that range from
~0% to greater than 8% (Figures 10, 11, S5, and S6). Wave speed anomalies faster than 2%, relative to the
reference model, are largely confined to depths shallower than 300-350 km within the East Antarctic sub-
continent, except at shallow (<100 km) depths where they extend beneath juxtaposed regions of relatively
ancient oceanic lithosphere. The depth extent of the fast wave speed anomalies is not uniform and ranges
from 250- to 350-km beneath the East Antarctic interior to 100-150 km along portions of the East
Antarctic coast. In most instances, the thinner regions are relatively limited, extending inland by at most
~200 km. However, beneath Enderby-Kemp Land a thinner layer of fast wave speeds is imaged over an
expansive region that extends inland by ~700 km.

The boundary between East and West Antarctica is delineated at shallow mantle depths by a lateral shear-
wave speed gradient that is strongest along the Transantarctic Mountains near the Ross Embayment and les-
sens toward the Weddell Embayment (Figures 10, 11, S5, and S6). In the vicinity of the Ross Embayment,
this gradient is strengthened by a slow, —2 to —4%, wave speed anomaly that extends from the Macquarie
Triple Junction to the Balleny Islands and the Adare Trough, beyond which it bends inland, roughly follow-
ing the western edge of the Ross Embayment. The depth extent of this feature is variable, but it appears to be
almost entirely confined to the upper mantle. The slow wave speed anomalies extend to 250-300-km depth
in the Balleny Islands region, to 350-400-km depth in the northern Victoria Land sector of the
Transantarctic Mountains, and to less than 200-km depth beneath the southern Transantarctic
Mountains. At mantle depths shallower than 100 km, a weak slow (~ —2%) wave speed anomaly extends
from the southern Transantarctic Mountains, across the West Antarctic Rift System, and into Marie Byrd
Land, where it connects to a large and geometrically complex shear-wave speed anomaly.

Along the Bellingshausen and Amundsen Sea Coasts, a prominent slow (<—2%) shear-wave speed anomaly
extends from Marie Byrd Land, through the Antarctic Peninsula, and then bends east following the South
Scotia Ridge (Figures 10, 11, S5, and S6). At depths shallower than 100 km, this anomaly is confined inboard
of the continental shelf until reaching the northern half of the Antarctic Peninsula, which is juxtaposed by
relatively young oceanic lithosphere originating from the ancestral Phoenix-Antarctic spreading center in
the Bellingshausen Sea. Much of this anomaly extends no deeper than 200-250-km depth. However, beneath
Marie Byrd Land and the adjacent regions of the West Antarctic Rift System slow wave speeds extend down
from the upper mantle, through the transition zone, and into the lower mantle. Intriguingly, the slow wave
speed anomalies beneath Marie Byrd Land and the Amundsen Sea Coast also appear to be linked to a broad
region of slow shear wave speeds offshore beneath the Bellingshausen and Amundsen Seas that extends into
the deeper mantle (Figures 10, 11, S5, and S6).

4.3. A Comparison With Previous Tomographic Studies

Since pioneering surface wave studies of the Antarctic upper mantle have revealed the strong seismic dichot-
omy of the east and west subcontinents (e.g.,Danesi & Morelli, 2001 ; Ritzwoller et al., 2001), only a few mod-
els have attempted regional tomographic inversions that span the entire continent (e.g., An et al., 2015a).
Therefore, seismological constraints across the Antarctic are, in part, obtained from global tomographic
models. Despite recent models being generally consistent worldwide (Lekic et al., 2012), they still suggest
vastly different structure beneath Antarctica (Figure 12; e.g., Ritsema et al., 2011; French et al., 2013;
Schaeffer & Lebedev, 2013). For example, at 100-km depth, S40RTS (Ritsema et al., 2011) depicts shear-wave
speed anomalies no faster than ~2% beneath East Antarctica and near the 1-D global average beneath West
Antarctica. At the same depth, models like SEMUM-2 (French et al., 2013) and SL2013sv (Schaeffer &
Lebedev, 2015), which utilize additional Antarctic seismic data, reveal anomalies with amplitudes similar
to the pioneering continental-scale surface wave studies conducted more than 15 years ago (e.g., Danesi &
Morelli, 2001; Ritzwoller et al., 2001) and begin to just hint at second-order features that are well resolved
in regional studies (e.g., Brenn et al., 2017; Graw et al., 2016; Lloyd et al., 2013, 2015; Shen, Wiens,
Anandakrishnan et al., 2018; Watson et al., 2006).
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Figure 12. A comparison of ANT-20 with other recent global shear-wave speed models at 100-km depth. ANT-20 and
SEMUM-2 (French et al., 2013) show Voigt average shear-wave speed anomalies, while SL2013sv (Schaeffer &

Lebedev, 2013) and S40RTS (Ritsema et al., 2011) depict vertically polarized shear-wave speed anomalies. Bathymetry,
topography, plate boundaries, and lines of latitude and longitude are denoted as in Figure 10.

These emerging features include prominent slow shear-wave speeds beneath portions of West Antarctica
and the Ross Embayment and evidence of seismic heterogeneity beneath East Antarctica (Figure 12).
Relative to global models, ANT-20 provides significantly enhanced tomographic images, revealing that the
slowest West Antarctic shear-wave speeds are concentrated beneath Marie Byrd Land and are limited in
their extent beneath the adjacent subglacial basins of the West Antarctic Rift System. Regional studies
(Lloyd et al., 2015; Shen, Wiens, Anandakrishnan et al., 2018) report similar findings and also differentiate
the Ellsworth-Whitmore mountains crustal block, as does ANT-20. Likewise, in the Ross Embayment, ANT-
20 images the slowest regional wave speeds along and in places beneath the Transantarctic Mountains, while
revealing moderate anomalies beneath the eastern basins of the Ross Embayment, consistent with a number
of regional studies (Brenn et al., 2017; Graw et al., 2016; Heeszel et al., 2016; Shen, Wiens, Anandakrishnan
et al., 2018; Watson et al., 2006). Finally, ANT-20 exhibits greater seismic heterogeneity beneath East
Antarctica, but it is the sharp boundaries of the fast upper mantle anomalies that are most striking in com-
parison to the smoother global tomographic models.

For example, at 100 km depth vertically polarized shear-wave speeds in ANT-20 are on average ~0.09 km/s
(~2%) faster than those reported by Shen, Wiens, Anandakrishnan et al. (2018) but are on average
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~0.02 km/s(~0.4%) slower than in O'Donnell et al. (2019) (Figure S7). Understanding these differences is
important, as studies of solid Earth and cryosphere interactions are now merging multiple tomographic
models to constrain solid Earth properties. While differences among models are related to the parameteriza-
tion and regularization of the inversion, differences in average wave speed often arise from the effect of ane-
lasticity. Because anelasticity causes physical dispersion of seismic waves and, thus, seismic wave speeds are
frequency dependent, a reference frequency is chosen (conventionally 1 Hz) or implied by the frequency
content of the seismic observations. The latter is the case for many Antarctic studies, including An et al.
(2015a), Graw et al. (2016), and Heeszel et al. (2013, 2016), who forgo the needed anelastic correction to
obtain 1 Hz wave speeds. Some recent Antarctic studies do account for anelasticity and report 1 Hz
wave speeds assuming either constant attenuation in the upper mantle (Qu = 150; Shen, Wiens,
Anandakrishnan et al., 2018) or the PREM 1-D attenuation model (Qu = 80 at 100 km depth; O'Donnell
et al., 2019). ANT-20 presents 1 Hz wave speeds based on the attenuation model QL6 (Qu = 70 at 100 km
depth; Durek & Ekstrom, 1996). Shen, Wiens, Anandakrishnan et al. (2018) report that using an upper man-
tle Qu of 70 increases wave speeds by ~1% and thus reduces the average difference between their model and
ANT-20 to ~1% (0.045 km/s at 100 km depth). Thus, the average wave speed difference between ANT-20 and
these other studies is within reported uncertainties (0.05-0.065 km/s, Shen, Wiens, Anandakrishnan et al.,
2018; 0.02-0.05 km/s, O'Donnell et al., 2019) when attenuation is considered. This comparison demonstrates
the importance of correcting wave speeds to the same reference frequency using the same attenuation struc-
ture prior to merging or comparing tomographic models.

5. Discussion

5.1. Implications for the Structure of East Antarctica

Much of East Antarctica is underlain by fast shear-wave speed anomalies that extend to 250-350-km depth
beneath the East Antarctic interior and to 100-150-km depth along the East Antarctic coast (Figures 10, 11,
S5, S6, and 13). These anomalies are the manifestations of cold thick lithospheric roots that are characteristic
of cratons and Proterozoic fold belts (Grand & Helmberger, 1984; Jordan, 1975). The depth extent and mag-
nitude of these fast wave speed anomalies can provide a measure of the relative thickness of the lithosphere.
Thus, our tomographic images suggest thicker lithosphere within the interior of East Antarctica and thinner
lithosphere along the East Antarctica coast. Thinner lithosphere is perhaps expected along the coast, asitisa
former rifted margin from the Jurassic/Cretaceous breakup of Gondwana (Boger, 2011). In most regions, the
thinner lithosphere extends inland by less than ~200 km, but to some extent the thinner coastal lithosphere
may be an artifact of the natural smoothing of the tomography. In contrast to the rest of East Antarctica,
much greater variability in lithospheric thickness, as well as structure, is found stretching from western
Dronning Maud Land to the Lambert Graben. This includes a broad region of inferred thinner lithosphere
beneath Enderby-Kemp Land that extends inland several hundred kilometers from the coast, as well as a
region of distinctly average upper mantle wave speeds beneath Fimbulheimen in Dronning Maud
Land (Figure 13).

Although the amplitude of the fast shear-wave speed anomalies beneath East Antarctica may exceed 8%,
they more commonly range from 2% to 6%. This is consistent with global observations of shear-wave speed
anomalies within the lithosphere of cratons and Proterozoic fold belts, which are between 5-6% and 2-3%,
respectively (Lebedev et al., 2009). The tomographic images indicate that cratonic-like fast (>5%) wave speed
anomalies are observed beneath central East Antarctica and the deep subglacial basins of Wilkes Land
(Figure 13). The thick lithosphere and extremely fast velocities beneath the Gamburtsev Subglacial
Mountains are consistent with Heeszel et al. (2013), who showed that Rayleigh wave phase velocity curves
in this region are most compatible with Archean or Early Proterozoic cratonic lithosphere worldwide. In
contrast, only moderately fast (<5%) wave speed anomalies are imaged beneath Dronning Maud Land
and Enderby-Kemp Land, where greater variability in lithospheric thickness is also suggested. Thus, there
is a striking dichotomy between extremely thick and fast continental lithosphere beneath central
Antarctica and the subglacial basins that originally rifted from Australia, versus the thinner and more vari-
able lithosphere characterized by modest wave speed anomalies beneath Donning Maud Land and adjoining
regions of Indian and African affinity.
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It is noteworthy that regions of high modal deglaciated elevation, such as Enderby-Kemp Land, are ~700-
800 m higher than the deep subglacial basins of Wilkes Land, despite both regions possessing similar crustal
thicknesses of ~40 km (O'Donnell & Nyblade, 2014). Therefore, the warmer geotherm of Enderby-Kemp
Land, suggested by our tomographic images, implies the existence of less dense mantle material that could,
in part, provide support for the elevated topography of the region.

The uppermost mantle beneath Fimbulheimen is characterized by an absence of fast (>2%) shear-wave
speeds (Figures 10, 11, S5, S6, and 13). These near average wave speeds are inconsistent with a region that
coalesced during or prior to the Neoproterozoic(e.g., Lebedev et al., 2009), suggesting delamination of what
must have been Precambrian age lithosphere. Unlike the southern Transantarctic Mountains (Shen, Wiens,
Stern et al., 2018), no shallow slow wave speed anomaly is observed. Thus, we suggest that the astheno-
sphere, which flowed in above the foundered lithosphere, has already cooled, suggesting delamination
occurred prior to the Cenozoic. Possible times consistent with geologic studies include the Late Cambrian
or Mid-Jurassic. Jacobs et al. (2008) suggested a delamination event occurring at ~500 Ma in order to explain
the late-tectonic granitoid intrusions found in Dronning Maud Land. Alternatively, within this region of
Dronning Maud Land, there exists remnants of mid-Jurassic flood basalts associated with the Karoo plume,
which are estimated to have originally been as much as 2-km thick (Sirevaag et al., 2018). The impingement
of the Karoo plume beneath this sector may have thermally and chemically modified the overlying litho-
sphere, triggering destabilization of the lithosphere. A similar plume-triggered delamination event has been
proposed for the Yellowstone hot spot based on geological studies of the Columbia River flood basalts (Camp
& Hanan, 2008). Finally, the tomographic images are unable to differentiate between these events, and thus
either or both are possible.

5.2. Mantle Velocity Anomalies and the Tectonics of West Antarctica

West Antarctica contains several prominent slow shear-wave speed anomalies. One of the largest and stron-
gest anomalies is located beneath eastern Marie Byrd Land, centered near Mt. Sidley in the Executive
Committee Range (Figures 10, 11, S5, S6, and 14). Marie Byrd Land consists of a topographic dome and sev-
eral prominent volcanic systems characterized by recent volcanic or ongoing magmatic activity (LeMasurier,
1990; Lough et al., 2013; Panter et al., 1994; Wilch et al., 1999). The pattern of the slow wave speed anomalies
beneath Marie Byrd Land correlates well with long-wavelength elevated topography that is not isostatically
supported by the crust (Chaput et al., 2014). This fact, along with the active magmatism, suggests that both
the high elevation and volcanism result from elevated upper mantle temperatures (Hansen et al., 2014; Lloyd
et al., 2015). The anomaly has a large geographical extent (~1,000 km) and amplitude (~—4 to —6%) between
depths of about 75-250 km. At greater depths, the anomaly’'s amplitude is reduced and moves somewhat
further south but remains visible within the transition zone (Figure 13). Poor resolution at depths greater
than 800 km prevents determining whether this feature represents a plume originating in the lower mantle
or a thermal anomaly restricted to the transition zone and shallower depths.

Previous studies have attempted to image the configuration of the Marie Byrd Land anomaly in the transi-
tion zone. Hansen et al. (2014) detected slow wave speed anomalies in the transition zone beneath Marie
Byrd Land and suggested that this anomaly extended into the transition zone, but the anomalies were not
well localized. Emry et al. (2015) investigated the thickness of the transition zone as a proxy for temperature,
as the transition zone should be thinner in hot regions. They found evidence for higher temperatures
beneath the northeast coast of Marie Byrd Land and also along the southern edge of West Antarctica, but
not beneath central Marie Byrd Land. In contrast, the images here show significant slow anomalies beneath
central West Antarctica not far from the Marie Byrd Land dome, suggesting that the Marie Byrd Land ther-
mal anomalies in the upper mantle are linked to thermal anomalies in similar locations within the transition
zone. Thus, the slow shear wave speed anomalies beneath Marie Byrd Land are consistent with the presence
of a mantle plume, as suggested by some studies (Behrendt, 1999; LeMasurier & Landis, 1996). A comparison
of recent global-scale tomographic inversions with deeper resolution than ANT-20 also generally supports
slow wave speed structure through and below the transition zone in the Marie Byrd Land region (Phillips
et al., 2018).

The Marie Byrd Land slow shear-wave speed anomaly is linked at shallow depths to a continuous band of
slow wave speeds extending along the West Antarctic coast from Marie Byrd Land through the
Amundsen Sea Embayment to the Antarctic Peninsula (Figures 10, 11, S5, S6, and 14). In contrast to the
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Figure 15. Expanded image of the Voigt average shear wave speed structure beneath the Ross Sea Embayment at 75-km
depth and along profiles G, H, and I. Note that the shear-wave speeds range from +6% and +4% in the horizontal and
vertical slices, respectively. The horizontal slice depicts the locations of the profiles, shear-wave speeds, bedrock topo-
graphy, bathymetry, plate boundaries, and lines of latitude and longitude similar to Figure 13. Meanwhile, the particulars
of the vertical slices are similar to Figure 6. Abbreviations: APR—Antarctic-Pacific Ridge, AT—Adare Trough, BI—
Balleny Islands, RSE—Ross Sea Embayment, (n, s)TAMS—(northern, southern) Transantarctic Mountains, WSB—
Wilkes Subglacial Basin.

Marie Byrd Land anomaly, this slow anomaly becomes much weaker below 200-km depth and is replaced by
fast wave speeds beneath the Antarctic Peninsula. In addition, profiles normal to the coast near Marie Byrd
Land and the Amundsen Sea Embayment (Figure 14), show that the shallow coastal wave speed anomalies
are connected to a broad slow anomaly at greater depths (beginning at ~250 km) beneath old oceanic
lithosphere that formed following the separation of Zealandia and Antarctica around 90 Ma (Eagles et al.,
2004). The slow upper mantle wave speeds are consistent with recent volcanism, both onshore along the
Amundsen Sea Embayment (Corr & Vaughan, 2008) and at Peter I Island (Kipf et al., 2014), and with anom-
alously elevated bathymetry in the oceanic regions (Wobbe et al., 2014). This feature offshore of the
Amundsen Sea Embayment can be attributed to upper mantle thermal anomalies near the region where
spreading originated between Zealandia and Antarctica, in which the initiation of spreading has been attrib-
uted to a mantle plume (Weaver et al., 1994). Because shallower slow wave speeds along the coastline are
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connected to both the deep anomaly offshore and the Marie Byrd Land anomaly they may be influenced by
both sources.

Beneath the Antarctic Peninsula slow wave speeds are limited to depths shallower than ~200 km and are
underlain by fast seismic anomalies towards the end of the Peninsula (Figures 10, 11, S5, S6, and 14). We
interpret this structural pattern in term of the Cenozoic subduction history of the Phoenix plate along this
margin. Although subduction of the Phoenix plate beneath the Antarctic Peninsula throughout the
Mesozoic, subduction sequentially ceased from southwest to northeast during the Cenozoic as ridge seg-
ments of the Phoenix-Antarctic ridge were subducted beneath the Antarctic Peninsula (Eagles et al., 2004,
2009; Larter et al., 1997). Thus, leading to the formation of a slab window that started near the southernmost
base of the Antarctic Peninsula at ~61 Ma and grew along the Peninsula until significant subduction of the
remnant Phoenix plate ceased beneath the South Shetland Islands at 3.3 Ma (Eagles, 2004). Slab windows
observed elsewhere in the world are accompanied by the destruction of the overriding plate's lithosphere
and its replacement by warm, slow wave speeds (Russo et al., 2010), as predicted by geodynamic models
(Groome & Thorkelson, 2009). We propose that the subduction of the Phoenix-Antarctic spreading center
destroyed the continental lithosphere along the Pacific coast of the Antarctic Peninsula and replaced it with
hot, slow wave speed mantle. The time elapsed since this activity (<60 Ma) is insufficient to form new litho-
sphere and to significantly cool the infilled asthenosphere, thus the thermal anomaly formed by ridge sub-
duction remains in the upper mantle along the western side of the Antarctic Peninsula. Fast velocity
anomalies at depths from 300 to 700 km below the Antarctic Peninsula are likely remnants of the subducted
Phoenix plate.

Near-average mantle wave speeds dominate at most depths beneath inland region of West Antarctica
(Figures 10, 11, S5, S6, and 14). This suggests an absence of major large-scale thermal anomalies and is gen-
erally consistent with previous studies suggesting a modest thickness of cold lithosphere in this region
(Heeszel et al., 2016; Shen, Wiens, Anandakrishnan, et al., 2018). It is also broadly consistent with geologic
evidence suggesting that most of the West Antarctic Rift System's extension occurred in the Cretaceous and
early Cenozoic (Siddoway, 2008; Wilson & Luyendyk, 2009), although spatially restricted rifts with lesser
amounts of extension may have been active more recently (Granot et al., 2010; Lloyd et al., 2015). Near-
average mantle velocities also characterize the Ronne Ice Shelf region, which is consistent with a
Mesozoic origin of extended crust in this area (Jordan et al., 2013).

5.3. A Continuous Mantle Seismic Anomaly From the Balleny Islands to the Transantarctic
Mountain Front

A striking feature of the uppermost mantle image is a band of slow shear-wave speeds extending from the
southeast Indian and Pacific-Antarctic spreading centers at the Macquarie Triple Junction, through the vol-
canic Balleny Islands, the extinct Adare Trough spreading center, and along the front of the Transantarctic
Mountains (Figures 10, 11, S5, S6, and 15). This pattern provides important evidence linking the tectonic
development of the Transantarctic Mountains with Cenozoic plate tectonic and geodynamic
processes offshore.

The Balleny Islands lie between the currently active spreading centers of the Macquarie Triple Junction and
the extinct Adare Trough spreading center. Although remote and little studied, the volcanism of the Balleny
Islands contains a HIMU signature (Berg et al., 1997), and they have been associated with a mantle plume
based on the upper and middle mantle slow wave speed anomalies (Zhao, 2007). However, in this region
slow wave speeds are not imaged at depths greater than 250 km in this study (Figures 10, 11, S5, S6, and
15). The Adare Trough is located just north of the Ross Embayment and near the northern terminus of
the Transantarctic Mountains, and it displays magnetic anomalies resulting from sea floor spreading from
46 to 26 Ma (Cande et al., 2000; Granot et al., 2013), with slow spreading continuing to 11 Ma and evidence
of some extensional faulting up to the present (Granot et al., 2010; Granot & Dyment, 2018). The slow wave
speeds observed in this region show that the upper mantle retains the signature of an extensional tectonic
environment despite the fact that plate tectonic motion along this boundary has ceased.

The slow shear-wave speed anomaly continues southward along the western margin of the Ross Embayment
to the southern Transantarctic Mountains (Figure 15). The Ross Embayment formed through a series of
extensional events beginning in the Cretaceous (Luyendyk et al., 2003; Siddoway, 2008) and continued
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through Terror Rift extension from the mid-Miocene to recent (Henrys et al., 2008; Fielding et al., 2008). The
initial stages of rifting affected Marie Byrd Land and the eastern Ross Embayment, whereas later stages were
narrowly concentrated along the western margin of the Ross Embayment adjacent to the Transantarctic
Mountains (Wilson & Luyendyk, 2009). The upper mantle seismic structure reflects this history, as the
recently active western side of the Ross Embayment shows much slower wave speeds than the long dormant
eastern side. This pattern is in agreement with upper mantle structure imaged by other tomographic studies
(e.g., Heeszel et al., 2016; Shen, Wiens, Anandakrishnan et al., 2018; White-Gaynor et al., 2019).

The upper mantle structure along the western and southern boundary of the Ross Embayment shows three
prominent higher amplitude anomalies. These anomalies located beneath the Hallet Volcanic Zone, the Mt.
Erebus and Terror Rift region, and the southern Transantarctic Mountains, are all located beneath regions of
mid-to-late Cenozoic volcanism (Figure 15). In general, where this anomaly extends beneath the
Transantarctic Mountains, the region is characterized by greater width and elevation. The slow wave speed
anomaly is much narrower and less pronounced in the central Transantarctic Mountains where the moun-
tains are narrower, lacking volcanism, and where the cold continental lithosphere extends up to the
Transantarctic Mountains front (Wannamaker et al., 2017). Thus, the width and amplitude of the upper
mantle slow wave speed anomaly adjacent to the Transantarctic Mountains front correlates well with the
broad-scale structural and tectonic variation along the front, as also discussed in Graw et al. (2016), Brenn
et al. (2017), and Shen, Wiens, Stern et al. (2018). Here, we discuss each of these regions individually.

The slow wave speed anomaly is broad beneath the Hallett Volcanic Zone, along the northwestern boundary
between the Ross Embayment and East Antarctica. The region around the Hallett Volcanic Zone shows vol-
canism dating from at various times between 48 and 1 Ma (Mortimer et al., 2007; Rocchi et al., 2002). The
geochemistry of the lavas has an ocean island basalt affinity, similar to other volcanoes in the Balleny
Islands and in the Erebus Volcanic Province to the north and south, respectively. Thus, the slow upper man-
tle wave speeds spatially align with Neogene volcanism and are consistent with thin lithosphere as well as
the presence of warm mantle that may contain partial melt. Graw et al. (2016) and Brenn et al. (2017) also
find slow upper mantle wave speeds along the northwestern margin of the Ross Embayment and interpreted
them as the signature of rift-related decompression melting.

The Mt. Erebus region comprises several large volcanic systems and the Terror Rift, which has undergone 15
km of extension from 17 Ma to recent (Henrys et al., 2008). Detailed body and surface wave tomography
using temporary seismic stations in this region shows a sharp boundary between slow and fast upper mantle
near the crest of the Transantarctic Mountains (Brenn et al., 2017; Graw et al., 2016; Lawrence et al., 2006a,
2006b; Watson et al., 2006), in agreement with the present study. The slow wave speeds in this region are
consistent with the general absence of lithosphere and high upper mantle temperatures expected beneath
a recently extending rift zone with a small amount of continuing decompression melting. There has been
considerable discussion about the origin of Mt. Erebus volcanics, with some proposing a deep mantle plume
source based on geochemical studies (Kyle et al., 1992; Phillips et al., 2018), whereas other investigations
suggest that rift-related decompression melting is a better explanation (Cooper et al., 2007). Figures 10,
11, S5, S6, and 15 show that the Erebus region is underlain by slow wave speeds throughout the upper man-
tle, but with little to no evidence of a significant slow wave speed signature in the transition zone. Global
tomography (e.g., French et al., 2013) reveals additional slow wave speeds in the region to depths of
~1,000 km, but no evidence of a deeper slow wave speed structure. This leaves the results inconclusive about
the possible plume origin of Mt. Erebus and surrounding volcanoes.

The tomographic images (Figures 10, 11, S5, S6, and 15) indicate lower amplitude slow- wave speeds to the
south of Mt. Erebus, but the amplitude of the slow anomalies again increase beneath the southern
Transantarctic Mountains. This is the only location along the Transantarctic Mountains front where
Cenozoic volcanism occurs on the East Antarctic side of the mountain range, at Mt. Early (Stump et al.,
1980) and where Cenozoic volcanic rocks are found in moraine deposits (Licht et al., 2018). Previous studies
show that the lithospheric mantle is missing beneath the southern Transantarctic Mountains and has been
replaced by warm asthenosphere that reaches very close to the Moho (Heeszel et al., 2016; Shen, Wiens,
Stern, et al., 2018). This study provides superior structural resolution at greater depths, thus confirming that
this mantle anomaly is caused by missing lithosphere and that it is confined to depths shallower than 150
km, as would be expected for an anomaly caused by lithospheric delamination.
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Overall, the slow shear-wave speed anomaly extending from the Macquarie Triple Junction to the southern
Transantarctic Mountains connects multiple regions of late Cenozoic extension and volcanism. It most likely
marks the trace of late Cenozoic extensional tectonics, with mantle temperatures remaining elevated after
cessation of lithospheric thinning. Where this former plate boundary traverses the Antarctic continent, it
supplies additional buoyancy and is accompanied in some places by lithospheric destruction, creating broad
regions of elevated topography.

6. Summary and Conclusions

We use adjoint tomography (e.g., Tape et al., 2007; Tromp et al., 2005; Zhu et al., 2015) along with a growing
Antarctic broadband seismic data set (Figure 2 and Table S1) to seismically image the upper mantle and
transition zone beneath Antarctica and portions of the southern midlatitude oceans. This new tomographic
model, ANT-20, assumes a radially anisotropic mantle and is constructed from observations of three-
component waveforms containing P, S, Rayleigh, and Love waves, including reflections and overtones, from
270 earthquakes recorded by 323 seismic stations (Figure 2). Although c and 7 are imaged by the inversion
and p is scaled based on equation (1), herein we present and discuss the high-resolution images of the Voigt
average shear-wave speed structure of ANT-20 (Figures 10-15 and S5-S7). Assessing the resolution and
quality of ANT-20 is challenging, but a series of point-spread function tests (Figures 6-8) along with a proxy
for data coverage (Figure 9) suggest that structure is reliably resolved south of 60°S latitude and within the
mantle at depths shallower than 800 km (section 4.1). Within this region, ANT-20 is a significant improve-
ment over global and continental-scale tomography models (Figures 10 and 12) and it approaches the level
of resolution obtained by spatially limited regional studies (section 4.3 and Figure S7).

Our new tomographic images reveal variable lithospheric thickness across East Antarctica and a region of
possible lithospheric destruction beneath Fimbulheimen in Dronning Maud Land (Section 5.1; Figure 13).
We suggest that the lithosphere in this region delaminated either during the Early Paleozoic (Jacobs et al.,
2008) or the mid-Jurassic due to the Karoo plume. We also image pronounced slowshear-wave speed anoma-
lies along the Transantarctic Mountain front, which extend seaward beneath the Adare Trough and the
Balleny Islands, connecting with the Macquarie Triple Junction (Section 5.3; Figure 15). Another band of
slow wave speeds are observed beneath Marie Byrd Land, extending along the coast and through the
Antarctic Peninsula (Section 5.2; Figure 14). Beneath Marie Byrd Land, this anomaly extends into the tran-
sition zone, possibly indicating the presence of a mantle plume, whereas elsewhere, it is mostly confined to
depth shallower than 250 km. Along the Antarctic Peninsula, we interpret these slow wave speeds to reflect a
slab window that formed as subduction ceased northeastward in the Cenozoic. In addition, beneath the
northern part of the Antarctic Peninsula, we find fast wave speeds consistent with the subducted Phoenix
plate. Finally, the slow wave speed anomalies beneath the Amundsen Sea coast are connected to deeper
anomalies offshore, suggesting a connection to a deeper mantle process.
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