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. . regional ice- and rock-sited seismic stations surrounding the RSE. Faster upper mantle P-wave velocities
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(~ +1%) characterize the eastern part of the RSE, indicating that the lithosphere in this part of the

Editor: M. Ishil RSE may not have been reheated by mid-to-late Cenozoic rifting that affected other parts of the Late
Keywords: Cretaceous West Antarctic Rift System. Slower upper mantle velocities (~ —1%) characterize the western
Antarctica part of the RSE over a ~500 km-wide region, extending from the central RSE to the Transantarctic
Ross Sea Embayment Mountains (TAM). Within this region, the model shows two areas of even slower velocities (~ —1.5%)
West Antarctic Rift System centered beneath Mt. Erebus and Mt. Melbourne along the TAM front. We attribute the broader region
mantle structure of slow velocities mainly to reheating of the lithospheric mantle by Paleogene rifting, while the slower

seismic tomography

. velocities beneath the areas of recent volcanism may reflect a Neogene-present phase of rifting and/or
Marie Byrd Land

plume activity associated with the formation of the Terror Rift. Beneath the Ford Ranges and King Edward
VII Peninsula in western Marie Byrd Land, the P-wave model shows lateral variability in upper mantle
velocities of +0.5% over distances of a few hundred km. The heterogeneity in upper mantle velocities
imaged beneath the RSE and western Marie Byrd Land, assuming no significant variation in mantle
composition, indicates variations in upper mantle temperatures of at least 100°C. These temperature
variations could lead to differences in surface heat flow of ~ £10 mW/m? and mantle viscosity of
102 Pas regionally across the study area, possibly influencing the stability of the West Antarctic Ice Sheet
by affecting basal ice conditions and glacial isostatic adjustment.
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1. Introduction

Over the past two decades, substantial progress has been made

in deploying temporary broadband seismic stations throughout

Antarctica, leading to many advances in our understanding of
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is significantly more heterogeneity in West Antarctic (WA) up-
per mantle structure than earlier, lower resolution seismologi-
cal studies of the region suggested (e.g., Masters et al., 1996;
Danesi and Morelli, 2001; Ritzwoller et al.,, 2001). For example,
data from the POLENET network have illuminated differences in
crustal and upper mantle structure beneath the Marie Byrd Land
(MBL) crustal block and portions of the central West Antarctic
Rift System (WARS) (Hansen et al., 2014; Chaput et al., 2014;
Lloyd et al., 2015; Heeszel et al., 2016; Shen et al., 2018) (Fig. 1),
while data from the TAMSEIS and TAMNNET networks have il-
luminated heterogeneous structure beneath WA adjacent to the
boundary with East Antarctica (EA) (e.g., Watson et al., 2006;
Lawrence et al., 2006; Brenn et al., 2017; Graw et al., 2016).

Further characterizing the nature of heterogeneous WA upper
mantle structure is not only important for advancing our under-
standing of the thermo-tectonic state of the crust and upper man-
tle but also for unraveling the geodynamic history of the WARS. In
addition, it can provide improved constraints on surface heat flow
and mantle viscosity, particularly if the heterogeneity is caused by
variations in mantle temperature, and consequently help in esti-
mating future sea level rise. Mantle viscosity affects glacial iso-
static adjustment, and both glacial isostatic adjustment and surface
heat flow can influence the response of ice sheets to climactic forc-
ings (Gomez et al., 2015; Barletta et al., 2018).

Improved data coverage over a large portion of WA not included
within the footprints of previous networks (e.g., TAMSEIS, TAMN-
NET, and POLENET) has recently been provided by the coupled RIS
(Mantle Structure and Dynamics of the Ross Sea from a Passive
Seismic Deployment on the Ross Ice Shelf) and DRIS (Dynamic Re-
sponse of the Ross Ice Shelf to Wave-Induced Vibrations) projects.
The RIS/DRIS network was deployed primarily on the floating ice
of the Ross Ice Shelf between 2014-2017 and spanned much of
the Ross Sea Embayment (RSE) (Fig. 1). In this study, we used data
from the RIS/DRIS deployment and from several other networks
(Fig. 1) to image the P-wave velocity structure of the upper mantle
under the RSE and surrounding areas. Our P-wave model has im-
proved spatial resolution compared to many previously published
models (e.g., Ritzwoller et al.,, 2001; Danesi and Morelli, 2001;
Sieminski et al., 2003 and references therein), revealing new re-
gions of heterogeneity within the WA upper mantle, as well
as providing enhanced resolution of heterogeneous structure ini-
tially identified in previous studies (e.g., Hansen et al., 2014;
Heeszel et al., 2016). We attribute the imaged heterogeneity in up-
per mantle structure primarily to changes in mantle temperature,
discuss how those changes could result from the history of rifting
in WA, and examine the implications of those changes for surface
heat flow and mantle viscosity.

2. Geologic setting

The Antarctic continent is composed of EA, a large Precam-
brian shield, and WA, which consists of several crustal blocks
within a wide region of extended crust (Fig. 1; Dalziel and Elliot,
1982). Separating EA from WA are the ~3500 km-long, 4 km-
high Transantarctic Mountains (TAM) (Fitzgerald, 2002). The EA-
WA lithospheric boundary has experienced numerous periods of
subduction, transpression, and extension since the Neoproterozoic
(Fitzgerald, 2002). The TAM principally consist of metamorphic
basement rocks deformed during the Cambrian-Ordovician Ross
Orogeny overlain by thick, undeformed Devonian to Triassic Beacon
Supergroup sediments (Fitzgerald, 2002). Major uplift of the TAM
is thought to have initiated in the Paleogene (Fitzgerald, 1992).

Bounding the EA margin of the northern TAM within Northern
Victoria Land is the Wilkes Subglacial Basin, a ~400 km-wide de-
pression with mean bedrock elevations ~500 m below sea level
(Fig. 1). Several models have been proposed for the origin of the

Wilkes Subglacial Basin (e.g., Ferraccioli et al., 2009 and references
therein), and its geodynamics are of broad interest because of the
potential for substantial continental ice mass loss from the basin
(Rignot et al., 2008).

MBL and the RSE sector of the WARS make up the majority of
the WA portion of the study area (Fig. 1). MBL is the largest crustal
block in WA and contains numerous Cenozoic volcanic centers that
underlie, and in some cases protrude through the West Antarc-
tic Ice Sheet. Outcrops near the coast indicate that the regional
basement is composed of lowermost Paleozoic metamorphosed
granitic rocks intruded by Devonian through Cretaceous magmas
(Mukasa and Dalziel, 2000). Oligocene to Holocene alkaline vol-
canics associated with rifting of the WARS dominate most of the
interior outcrops (LeMasurier, 1990); however, some lavas within a
region of MBL have isotopic and trace elemental signatures that
suggest a mantle source with a residual subduction component
(LeMasurier et al,, 2016). Proposed mechanisms for melt genera-
tion include a mantle plume, an upper mantle hotspot related to
past subduction, and slab delamination (LeMasurier et al., 2016;
LeMasurier and Landis, 1996; Finn et al., 2005). A region of seis-
micity arising from magmatic activity has been observed in MBL
beneath the Executive Committee Range (Lough et al., 2013), and
a second possible region has been identified in the King Edward
VII Peninsula (KEP; Fig. 1) (Winberry and Anandakrishnan, 2003).

While there is some indication that rifting in WA began in the
Jurassic, along with the emplacement of the Karoo-Ferrar Large Ig-
neous Province, the primary phase of crustal extension occurred in
the Late Cretaceous during the breakup of Gondwana (Siddoway,
2008). A second pulse of extension is thought to have occurred
along the TAM margin in the Cenozoic, coeval with a period of
TAM uplift and volcanism along the TAM margin near Ross Island
(Fig. 1) (Fitzgerald, 2002).

The Ross Ice Shelf overlays much of the RSE sector of the
WARS, which consists of a series of Late Cretaceous asymmet-
ric grabens, including the Eastern Basin, Central Trough, Victoria
Land Basin, and Northern Basin (Fig. 1) (Davey and Brancolini,
1995). The Eastern Basin spans the region east of 180° longitude
in the embayment, from the continental slope southward beneath
the Ross Ice Shelf (Davey, 1981). The western portion of the RSE,
closer to the TAM boundary, is composed of the Central Trough,
Victoria Land Basin, and Northern Basin, hereafter referred to as
the western basins. The Victoria Land Basin has been associated
with a pulse of extension during the Paleogene (Fitzgerald, 2002;
Fielding et al., 2006). Post-Oligocene (Neogene) rifting is thought
to have occurred within the narrow Terror Rift, which lies within
the Victoria Land Basin, and is possibly associated with transten-
sion and seafloor spreading (Fig. 1) (Granot et al., 2013; Fielding
et al., 2006) or the impingement of a mantle plume (Phillips et al.,
2018).

3. Previous geophysical studies

The first continental-scale tomographic images of the upper
mantle beneath Antarctica, extracted from global surface wave to-
mography models and constrained by only a few observations in
Antarctica, showed fast upper mantle velocities beneath much of
the continent (Roult et al., 1994; Masters et al., 1996). By adding
data from additional permanent seismic stations in Antarctica, a
next generation of continental-scale surface wave models achieved
improved resolution and identified a dichotomy in the Antarctic
upper mantle structure, with fast velocities beneath EA and slow
velocities beneath WA (Ritzwoller et al., 2001; Danesi and Morelli,
2001; Sieminski et al., 2003).

Many of the earliest geophysical investigations of the WARS
seeking regional-scale resolution of crustal and upper mantle
structure were based on marine and aerogeophysical surveys (e.g.,
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Fig. 1. a) Generalized tectonic map of the study region. Transantarctic Mountains (TAM) are denoted with parallel line segments (Dalziel and Elliot, 1982). The Marie Byrd
Land (MBL) crustal block (Dalziel and Elliot, 1982) and the Wilkes Subglacial Basin (WSB) are outlined by the dotted and solid lines. The West Antarctic Rift System (WARS)
is lightly shaded. RSE: Ross Sea Embayment, EA: East Antarctica. b) Map showing the locations of seismic stations used in this study. Topography is from BEDMAP2 (Fretwell
et al,, 2013). RI: Ross Island, FR: Ford Ranges, KEP: King Edward VII Peninsula, BSB: Byrd Subglacial Basin. Boundaries for the Eastern Basin (EB) are compiled from several
sources (Decesari et al., 2007; Davey and Brancolini, 1995; Brancolini et al., 1995) with the outermost limit shown by the dotted lines and the inner most limit shown by
the solid lines. Shaded regions denoting the Central Trough (CT), Victoria Land Basin (VLB), and Northern Basin (NB) are from Brancolini et al. (1995), while solid outlines
denoting the CT, VLB, NB, and Terror Rift (TR) are from Granot et al. (2013). CH: Central High, RI: Ross Island. ¢) Map of the MBL crustal block (Dalziel and Elliot, 1982)
showing locations of Cenozoic volcanoes (red circles; LeMasurier et al, 2016) and seismicity (orange circles) reported by (1) Lough et al. (2013) and (2) Winberry and
Anandakrishnan (2003). Background topography is from BEDMAP2. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

Behrendt et al.,, 1996; Trey et al., 1999; Karner et al., 2005). For
example, Behrendt et al. (1996) reported evidence for Cenozoic
volcanism, based on aeromagnetic signatures, extending from Ross
Island toward the central RSE along reactivated Mesozoic faults.
A crustal model derived from gravity observations in the RSE
showed anti-correlation of gravity anomalies with many sedimen-
tary basins, suggesting a two-phase rift history that differentiated
the Eastern Basin, Central Trough, Victoria Land Basin and North-
ern Basin from the Terror Rift (Karner et al., 2005). Using data from
a marine seismic refraction survey across the front of the Ross Ice

Shelf, Trey et al. (1999) imaged P, velocities of >8.0 km/s in the
uppermost mantle across the RSE, with a reduction to ~7.8 km/s
near Ross Island. Together, many of the regional-scale geophysical
studies pointed to a degree of heterogeneity in the crust and upper
mantle beneath WA not resolved in continental-scale tomography
models.

Starting in the late 1990s, the development of portable broad-
band seismic stations led to a substantial improvement in Antarctic
terrestrial seismic data coverage. From 2000-2003, the TAMSEIS
project included 45 broadband seismic stations deployed from the
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TAM front near Ross Island into EA. Using data from that project,
Watson et al. (2006) imaged a sharp lithospheric boundary be-
tween EA and WA below the TAM. Since 2007, the POLENET project
has operated a backbone network of seismic stations in EA and WA
augmented with two temporary regional arrays (Fig. 1). Lloyd et
al. (2015) used data from the POLENET stations to develop P- and
S-wave tomography models that show a large-scale low velocity
anomaly in the upper mantle beneath MBL and parts of the central
WARS. Combining the POLENET and TAMSEIS data, continental-
scale body wave (Hansen et al.,, 2014) and surface wave (Heeszel
et al., 2016) tomography models imaged upper mantle structure
more broadly beneath the WARS, but limited resolution in these
models from a lack of stations in the RSE region make it difficult
to determine if low velocity anomalies beneath MBL and Ross Is-
land connect at upper mantle depths beneath the RSE.

The 2012-2015 deployment of the TAMNNET array in North-
ern Victoria Land provided additional data for imaging the WA-EA
boundary, parts of the RSE around the Terror Rift and its active
volcanic centers, and parts of the Wilkes Subglacial Basin (Brenn
et al., 2017; Graw et al.,, 2016). Shen et al. (2018) combined the
previous broadband datasets with the RIS/DRIS data to image the
shear-wave velocity structure of the WA crust and upper mantle
using receiver functions and Rayleigh waves from ambient noise
and earthquakes. Their results show that both the lithosphere and
crustal thickness is highly variable throughout the region, with
thicker lithosphere in the eastern Ross Sea compared to the west-
ern Ross Sea. Ramirez et al. (2016, 2017), Chaput et al. (2014),
and Lawrence et al. (2006) have also investigated crustal and up-
per mantle structure beneath these networks using a variety of
techniques.

4. Data selection and preparation

The primary dataset used for this study comes from the
RIS/DRIS network (https://doi.org/10.7914/SN/XH_2014), which
consisted of a two-year deployment of 34 broadband seismometers
(Fig. 1). The RIS project deployed 18 seismometers with ~80 km
spacing across the Ross Ice Shelf parallel to the shelf coast, from
Ross Island to MBL. The simultaneous DRIS project deployed 16
seismometers N-S along the center of the Ross Ice Shelf, parallel
to ice flow, with ~5-20 km spacing. Because of the up to ~600 m
water column underlying the Ross Ice Shelf, S-waves were not well
recorded, and so we limit our investigation here to the use of tele-
seismic P-waves.

We also used data from 28 regional POLENET (https://doi.org/
10.7914/SN/YT_2007) stations in the TAM, MBL, and the central
WARS, 15 TAMNNET stations (https://doi.org/10.7914/SN/Z]_2012)
in Northern Victoria Land, and 35 TAMSEIS stations (https://
doi.org/10.7914/SN/XP_2000) in the TAM and EA. In addition, data
were used from two Antarctic Network of Unattended Broad-
band Seismometers (ANUBIS; https://doi.org/10.7914/SN/YI_1997),
as well as from permanent Global Seismic Network stations
SBA (https://doi.org/10.7914/SN/GT) and VNDA (https://doi.org/10.
7914/SN/IU). In total, data from 116 stations were used, spanning
a timeframe from 2001-2017 and ranging geographically from the
EA craton, across the TAM and the Ross Ice Shelf, and throughout
much of MBL and the WARS (Fig. 1; Supp. Table 1).

We gathered teleseismic P-waves for M > 5.5 earthquakes
at epicentral distances ranging from 30-90°. Vertical-component
waveforms for 1881 events were corrected for instrument response
and bandpass filtered between 0.5-5 Hz. We manually picked ini-
tial P-wave arrivals on all available traces for each event. More
precise relative arrival times were then determined for events
with three or more picks using the multichannel cross-correlation
(MCCC) approach of VanDecar and Crosson (1990). This technique
uses a three-second window around the initial picks and cross-

Fig. 2. Locations of M > 5.5 earthquakes (red circles) used in this study plotted with
respect to the center of the study area (inverted blue triangle).

correlates all combinations of traces for each event to find the
ensemble correlation maxima. We accepted only cross-correlation
coefficients of >0.70, with 93% (i.e.,, 1727) of the events meet-
ing this threshold. A regularized least-squares optimization was
used to find the best-fitting mean arrival time, from which cross-
correlation coefficients and their distributions, as well as relative
arrival times and data error, were calculated. Fig. 2 shows the
locations of all events used in the final inversion, and event in-
formation can be found in Supplemental Table 2. It is important
to note that uneven azimuthal source distribution can lead to a
bias of the model in the direction of the denser source coverage.
Fortunately, the dense source distribution from the Andean and
Sumatran subduction zones led to an increased sensitivity in our
model to structure roughly along strike of the linear portion of
the RIS/DRIS deployment. The dataset yielded a total of 32,454
P-wave relative arrival times, with 11,381 (~35%) coming from the
RIS/DRIS stations.

5. Inversion of travel-time residuals

The relative P-wave arrival times were inverted for variations
in mantle velocities using the VanDecar (1991) method, which em-
ploys a conjugate-gradient algorithm and simultaneously solves for
3D updates to model slowness, station static terms, and event re-
location terms by reducing the misfit of travel-time residuals. The
station terms account for shallow structure at depths that lack
crossing ray paths (i.e.,, <50 km), and the event relocation terms
absorb event location error and heterogeneous structure outside of
the model domain. We incorporated smoothing and flattening reg-
ularization to stabilize the inversion.

The model domain for the inversion extended from 132°E to
97°W longitude, 67°S to 89°S latitude, and from the surface to
1600 km depth. Intersecting grid lines, or knots, were spaced 2°
apart in longitude and 0.5° apart in latitude within the central por-
tion of the model domain (i.e., between 72-83°S, 139°180°E, and
180-107°W; Supp. Fig. 1), with variable knot spacing at depth. Be-
tween the surface and 200 km depth, knots were spaced at 25 km,
between 200-1200 km depth knots were spaced at 50 km, and be-
tween 1200-1600 km depth they were spaced at 100 km. Outside
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this central region, knot spacing gradually increased in longitude
and latitude, with the same vertical spacing as the central por-
tion.

As first steps in the inversion method, we numerically calcu-
lated partial derivatives at each knot using slowness perturbations
from the 1D IASP91 model (Kennett and Engdahl, 1991), and ini-
tial travel-time residuals were calculated relative to that veloc-
ity model. During the inversion process, models were then itera-
tively updated until changes in the model resulted in insignificant
(<0.01 s) changes to the RMS travel-time residual. To select op-
timal smoothing and flattening parameters, we used a trade-off
curve between the RMS travel-time residual reduction and the
model roughness (Supp. Fig. 2).

6. Results

Model results are shown in Fig. 3, where the P-wave veloci-
ties (Vp) are plotted as percent differences relative to the model
mean. Across MBL, a —0.75% Vp anomaly is observed between
~75 and >500 km depth (Anomaly A; Fig. 3). There is some evi-
dence that Anomaly A continues into the central WARS along the
linear portion of the POLENET Transect array (Fig. 1); however, out-
side of this region, Anomaly A is located mainly beneath the area
of Cenozoic volcanism in MBL (Fig. 3). In the regions surround-
ing Anomaly A, relatively fast (0.75% Vp) structure is present from
~75-300 km depth. Anomaly B, a region of higher Vp (~0.75%),
separates Anomaly A from a region of lower Vp (Anomaly C) within
the KEP (Fig. 3). Anomaly C is isolated laterally and is present to
a depth of ~400 km. Both Anomalies B and C are ~200 km wide
along-strike of the RIS/DRIS network.

Our model also shows clear differences in the upper mantle
structure between the eastern and western RSE. The eastern RSE
is associated with a ~0.25% Vp anomaly in the upper 400 km of
the model space (Anomaly D). This anomaly is ~500 km wide, ex-
tending from the edge of the KEP to the center of the RSE. In the
western RSE, a ~500 km wide low Vp anomaly (—0.50%; Anomaly
E) parallels the front of the TAM and is present down to ~600 km
depth. Within this broader low velocity region, three distinct ar-
eas of even lower Vp exist (Anomalies F, G, and H). Anomaly F
is located in the central RSE, near the front of the Ross Ice Shelf,
while Anomalies G and H are situated along the TAM boundary,
directly beneath areas of recent and active volcanism (Fig. 1). In
cross-section, Anomaly F is separated from Anomaly G by mantle
with mean Vp structure (Fig. 3e); however, there is connectivity
between Anomalies G and H along the Terror Rift (Fig. 3f). Anoma-
lies F, G, and H are restricted to the upper 300 km of the model
space.

A pronounced Vp gradient is present in our model under the
TAM north of ~80°S latitude. There is a ~2.5% increase in Vp from
the WARS to the EA flank of the TAM. Within EA, a ~1.25% Vp
anomaly (Anomaly I) is present between ~50-500 km depth. All
of EA has above average Vp except for the Wilkes Subglacial Basin.
Anomaly ] within the Wilkes Subglacial Basin has a peak anoma-
lous Vp of —0.75% and is found north of ~75°S latitude (Fig. 3).

The station static terms removed during the inversion process
are positive for regions with slower and somewhat thinner than
average crust (i.e., MBL, 27 km; Chaput et al., 2014; Ramirez et
al.,, 2017) and negative in areas of faster and thicker than average
crust (i.e.,, TAM, 42 km; Chaput et al., 2014; Ramirez et al., 2017).
Where crustal thickness is much thinner than average (i.e., RSE,
19 km; Trey et al., 1999), station static corrections are relatively
small (Supp. Fig. 3).

7. Resolution tests
7.1. Checkerboard tests

Model resolution was tested using a series of synthetic checker-
board tests (Fig. 4). We placed gaussian tapered spheres with peak
amplitudes of +5% and radii of 50 km and 100 km at depths
of 100 km and 200 km, respectively. Travel times with added
noise (4% standard deviation) were then calculated for the syn-
thetic models and inverted to determine which parts of the model
domain show the best recovery. For the 50 km radius spheres
centered at 100 km depth, a majority of the checkers are recov-
ered along the A-A’ transect (Fig. 4e). The model recovers roughly
10-15% of the initial amplitudes, with the best recovery around
Ross Island (Fig. 4a-b). Vertical smearing is common in body wave
tomography because of the vertical nature of the ray paths. On the
A-A’ transect, vertical smearing of ~100 km places peak ampli-
tudes at ~200 km depth rather than at the initial 100 km posi-
tion (Fig. 4e). Likewise, for the 100 km radius spheres placed at
200 km depth (Fig. 4c-d, f), vertical smearing of ~100 km oc-
curs, resulting in peak amplitude (20-30%) recovery at ~300 km
depth. Amplitude recovery of the checkerboard structures depends
on the regularization (i.e.,, smoothing and flattening) used in the
inversion. Because our model spans a relatively wide region (55°
in longitude or ~2500 km), relatively high smoothing and flatten-
ing weights were applied in the inversion. Nonetheless, the 20-30%
amplitude recovery achieved is within the range of previous stud-
ies using similar tomographic techniques (e.g., Watson et al., 2006).

7.2. Tabular body test

To further evaluate the resolution of anomalies in our model,
we created a number of synthetic velocity structures, or tabular
bodies, along profile A-A’ (Fig. 5). As with the checkerboard tests,
we calculated associated travel times and inverted them to assess
recoverability. For each tabular body, we specify a peak amplitude
of the velocity anomaly, its length along-strike, its width, and the
depth range over which the velocity anomaly tapers off, which we
derive to be consistent with our final model (Fig. 3e). Fig. 5 shows
the corresponding tabular body input model as well as the recov-
ered structure obtained from inverting the synthetic travel times
using the same parameterization as in our actual model. The re-
covered amplitudes of the tabular velocity anomalies are between
20-25% of the input, except for the anomaly beneath RI. Since the
recovered synthetic anomaly beneath Ross Island is smaller than
Anomaly G in our model (Fig. 3), this low Vp structure must either
be relatively stronger or broader than our input tabular body. The
recovered synthetic structure in the tabular test already extends
deeper than Anomaly G in our model, suggesting a stronger, rather
than a deeper, structure is present beneath Ross Island when com-
pared to our input tabular body (Fig. 5). Another difference be-
tween the pattern in the recovered tabular test and our final model
occurs within EA, where the recovered high Vp anomaly does not
extend as deep as Anomaly I in our model (Figs. 3 and 5). This
suggests that the input synthetic anomaly was either too weak or
too shallow, implying that the peak amplitude of the fast structure
beneath EA could be deeper than 100 km, the depth of the in-
put body. Overall, the vertical smearing in the recovered synthetic
tabular test is very similar to the model (Fig. 5c).

8. Discussion

The wide aperture of the combined seismic networks used in
this study allows us to investigate relative variations in upper
mantle structure beneath several Antarctic terranes within a sin-
gle consistently referenced model. Previous regional body wave
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studies have identified heterogeneity within various regions in ficult. With the RIS/DRIS network connecting seismic stations in
Antarctica, but making comparisons between terranes greater than the TAM region to those in MBL and the central WARS, we can
1000 km apart relative to the same model mean has been dif- assess relative Vp variations between these provinces while si-
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multaneously focusing on the previously poorly resolved region of
the RSE. Additionally, by including data from seismic stations in
regions adjacent to the RSE, we can evaluate the consistency of
our model with previous tomographic results (Watson et al., 2006;
Brenn et al., 2017; Lawrence et al., 2006; Hansen et al., 2014; Lloyd
et al., 2015; Heeszel et al., 2016; Shen et al., 2018).

Given the results of the tabular body tests (Fig. 5) and the
limited resolution of our model below 300 km, we believe that
anomalies present in our model, with the exception of Anomaly A
in MBL (Fig. 3), arise primarily from heterogeneous structure
within the lithospheric mantle. However, heterogeneous upper
mantle structure may not necessarily be confined to the mantle
lithosphere and could in some places extend below the lithosphere
into the asthenosphere. While difficult to constrain, recent shear
wave velocity models of West Antarctica (Shen et al., 2018; Heeszel
et al., 2016) indicate a lithospheric thickness of >80-100 km for

much of the RSE, 70-100 km for the central WARS, and 60-100 km
in MBL.

Because a primary influence on Vp variability in the upper
mantle is temperature (Cammarano et al., 2003), and, because geo-
chemical analyses of Cenozoic mafic alkaline volcanic rocks across
WA reveal a fairly narrow range of isotopic and trace element
compositions (Hole and LeMasurier, 1994), we attribute the ve-
locity variations in our model mainly to relative temperature dif-
ferences. For calculations, we use the Vp temperature sensitivity
(£0.75% per 100°C) from Cammarano et al. (2003). Because of the
~20-25% amplitude recovery in our resolution tests (see Figs. 4-5),
this approach yields minimum temperature change estimates. Be-
neath MBL, however, water content in the upper mantle may be
elevated compared to other areas of WA due to a history of sub-
duction in the region (LeMasurier et al, 2016). Elevated pH20
could suppress the mantle solidus and lead to greater amounts of
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partial melt in the upper mantle. If this is happening, then up-
per mantle temperatures beneath MBL may not be as elevated as
elsewhere in WA where we also image Vp anomalies of —1.5%.
Our model reveals heterogeneous structure not clearly seen in
previous tomographic models of WA (e.g., Anomalies B and C).
Faster Vp in Anomaly B underlying the Ford Ranges separates
Anomaly C in the KEP area from Anomaly A beneath MBL, previ-
ously imaged and interpreted by Lloyd et al. (2015) and Hansen
et al. (2014) as thermally perturbed upper mantle (Figs. 1 and
3b). Along cross-section A-A’ (Fig. 3e), it is difficult to ascertain
whether Anomaly C connects to Anomaly A at depth because
of the limited depth resolution of the model. The tabular body
test (Fig. 5) suggests little to no connectivity between these two
anomalies; however, there is some indication of connectivity be-
tween Anomalies A and C south of Anomaly B in the 400 km
depth slice (Fig. 3d). Given the geographic proximity of Anoma-
lies A and C, it seems possible that the mantle beneath the KEP
could be influenced by thermochemically perturbed upper mantle
structure beneath MBL but separated by less perturbed lithosphere
beneath the Ford Ranges. While there are no known Cenozoic vol-
canoes in the KEP, the high geothermal heat flux (Maule et al.,
2005) and seismic activity (Winberry and Anandakrishnan, 2003)

. N
P-wave % velocity anomaly
-15-1.0-05 0.0 05 1.0 1.5

| — |
|
1000 km

found there could be linked to magmatic processes occurring in
the region (Fig. 1b).

Within the RSE (Fig. 1), our model shows a clear dichotomy
between faster, cooler upper mantle structure in the eastern RSE
(Anomaly D) and slower, warmer upper mantle structure in the
western RSE (Anomaly E; Fig. 3e). The difference in Vp between
these regions indicates at least a ~100°C change in upper mantle
temperature across the RSE. We attribute the temperature differ-
ence to the presence of colder and/or thicker lithosphere under the
eastern RSE, in which case there may have been little, if any, Ceno-
zoic reheating of the lithosphere in that part of the WARS. Spa-
tially, Anomaly D correlates with the location of the Eastern Basin
(Fig. 1c) (e.g., Decesari et al.,, 2007; Davey and Brancolini, 1995;
Brancolini et al., 1995; and Granot et al., 2013), and extends be-
neath the interior of the Ross Ice Shelf (Fig. 6).

In the western RSE, our model shows three very low Vp anoma-
lies (—1.25%; Anomalies F, G, and H) within a broader region of low
Vp (—0.75%; Anomaly E). Anomalies G and H, which underlie the
two active volcanoes Mt. Erebus and Mt. Melbourne along the TAM
front (Fig. 6), are similar to the low velocity regions beneath these
volcanoes imaged by Brenn et al. (2017). Anomaly F is located in
the central RSE (Fig. 3). Bifurcation of the input anomaly in the
tabular body test (Fig. 5) suggests that Anomaly F could simply be
part of the broader Anomaly E. The dense cluster of DRIS stations
in the central Ross Ice Shelf significantly increases ray density in
this portion of the model (Supp. Fig. 4). Several iterations of the
model were run with various station configurations, including the
removal of all of the DRIS stations. While the bifurcated velocity
pattern still persists when the DRIS stations are removed, the am-
plitude of Anomaly F approaches that of Anomaly E (Supp. Fig. 4),
indicating that Anomaly F could be an artefact from high ray den-
sity. Because of that, we argue that the western RSE is primarily
characterized by a broad region (~500 km wide) of thermally per-
turbed lithosphere (Vp ~ —0.75%), with focused lower Vp regions
(—1.5%) along the TAM front under areas of recent magmatism (i.e.,
Anomalies G and H). The larger reduction (—1.5%) in P-wave veloc-
ities beneath these volcanoes suggests a further ~100°C increase
in upper mantle temperatures and/or the presence of partial melt,
which is consistent with the suggestion by Brenn et al. (2017) that
partial melt, either within the lithosphere or ponded at its base,
could be present.

The east-to-west change in the RSE upper mantle tempera-
ture, from the cooler temperatures beneath the Eastern Basin to
the warmer temperatures beneath the western basins, to the even
warmer temperatures and/or partially melted rock beneath Mt Ere-
bus and Mt. Melbourne can be interpreted as evidence of multiple
phases of rifting in the WARS. Broad-scale rifting during the Late

Fig. 6. Depth slice at 200 km through P-wave model (same as Fig. 3b), showing the eastern (EB) and western (WB) portions of the RSE, the locations of seismicity in MBL

(orange circles), active volcanoes (orange triangles) and seismic stations (open triangles).
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Cretaceous led to many of the extensional structures present in the
RSE (i.e., thinned crust and rift basins; Siddoway, 2008). The rela-
tively low seismic velocities across the western portion of the RSE,
compared to the eastern portion, can be explained by a Paleogene
phase of extension that resulted in thinning and warming of the
lithosphere (Anomaly E) and regional transtensional deformation
(Faccenna et al., 2008). An even younger (Neogene-Present) period
of extension focused along the TAM front, associated with the de-
velopment of the Terror Rift and alkaline shield volcanism, may
have followed that phase of rifting, and was possibly influenced by
plume processes in the mantle (Phillips et al., 2018; and references
therein).

Away from the KEP and RSE, our model shows similar struc-
tures to previous body wave tomography models. For instance,
our model shows a strong horizontal velocity contrast directly
beneath the TAM. Watson et al. (2006) imaged similar struc-
ture and showed a 2-3% change in Vp over a lateral distance of
~50-100 km, demarcating the sharp boundary between the EA
and WA lithosphere. Further to the north beneath Northern Vic-
toria Land, Brenn et al. (2017) modeled a similar velocity contrast
(~2-3%) beneath the TAM, marking an abrupt transition from WA
to EA lithosphere.

Beneath the Wilkes Subglacial Basin, both our model and the
Brenn et al. (2017) model show a velocity reduction in the up-
per mantle. Although the Wilkes Subglacial Basin is near the edge
of the model, where model resolution degrades, we believe that
the imaged velocity reduction is sufficiently resolved to suggest
the presence of thermally perturbed lithospheric mantle and/or
lithosphere that is thinner than the surrounding areas of EA, as
suggested by aeromagnetic surveys (Ferraccioli et al., 2009).

In MBL, Lloyd et al. (2015) reported a 2-3% Vp variation in
the upper mantle structure between the Executive Committee
Range and adjacent areas, and attributed the velocity variation to
a ~150°C thermal anomaly. However, as noted previously, if the
MBL upper mantle has a higher water content than elsewhere in
WA, the velocity variation could also be caused by an increase in
partial melt and a thermal anomaly less than +150°C. Hansen
et al. (2014) also imaged a similar upper mantle low velocity
structure beneath MBL. The location and amplitude of Anomaly A
(Fig. 3) is consistent with the Lloyd et al. (2015) and Hansen et
al. (2014) models. When taking vertical smearing into account,
Anomaly A could be confined to the upper 400 km; however, given
the limited vertical resolution in our model, we are not able to
tightly constrain the depth extent of the anomaly. The tabular body
test (Fig. 5) mimics Anomaly A in our model and requires that the
input structure extend to at least 300 km depth, suggesting that
the structure beneath MBL is present at sublithospheric depths but
may not extend as deep as the transition zone. This suggestion is
consistent with Emry et al. (2015), who show little evidence for
thinning of the transition zone beneath MBL.

Our model is also broadly consistent with previous regional sur-
face wave models that image upper mantle structure beneath MBL
and the RSE. For example, both Heeszel et al. (2016) and Shen et al.
(2018) show faster shear-wave velocities (Vs ~ 4.5-4.6 km/s) down
to ~80 km depth within the Eastern Basin and parts of the central
WARS, with slower Vs (~4.2-4.3 km/s) at similar depths beneath
the western basins. The variation in upper mantle Vs between the
eastern and western basins is consistent with the variation in Vp
in our model. The Shen et al. (2018) model also suggests slower
upper mantle velocities beneath the KEP than the Ford Ranges at
80 km depth; however, the broad sensitivity kernels, wide Fresnel
zones, and long wavelengths (~300 km) of Rayleigh waves sensi-
tive to structure at ~100 km depth (Yang and Forsyth, 2006) make
the KEP structure difficult to constrain using surface waves.

The heterogeneity in upper mantle Vp structure (~ +0.75%)
present throughout much of WA has important implications for

surface heat flow and upper mantle viscosity. The variability in
the velocity structure suggests at least +=100 °C variations in up-
per mantle temperatures over length scales of 100 km and more.
In steady state, lithospheric mantle temperature anomalies of
+100°C would lead to ~ +10 mW/m? changes in surface heat
flow. While this variability does not account for the large range in
point estimates of heat flow across WA (e.g., 69 mW/m?, Engel-
hardt, 2004; 115 mW/m?, Morin et al, 2010; and 285 mW/m?2,
Fisher et al, 2015), it is consistent with the variability in re-
gional heat flow (Schroeder et al, 2014; Maule et al, 2005;
Pollard et al., 2005), and may be large enough to affect basal ice
conditions. With regard to mantle viscosity, O'Donnell et al. (2017)
showed that £100°C temperature variations in the upper mantle
can result in viscosity changes of ~2 orders of magnitude, which
Barletta et al. (2018) argued can have a significant impact on ice
sheet stability by influencing glacial isostatic adjustment.

9. Summary and conclusions

A P-wave model of upper mantle structure, extending from MBL
and the WARS into EA, has been generated by inverting 32,454
relative P-wave travel-time residuals recorded by the RIS/DRIS and
other Antarctic seismic networks. The model has improved resolu-
tion over previously published body wave models for the region,
particularly within the RSE sector of the WARS.

Within the RSE, our model shows a clear dichotomy in the up-
per mantle velocity structure between the eastern and western
basins. Seismically fast upper mantle beneath the eastern RSE cor-
relates with the Eastern Basin and suggests that the lithosphere in
this region may not have been reheated by Cenozoic rifting. Seis-
mically slow upper mantle over a ~500 km-wide area beneath
the western RSE transitions to more focused, ~100 km-wide re-
gions of even slower velocity along the TAM front beneath Mt.
Erebus and Mt. Melbourne. We attributed the broad slow veloc-
ity region beneath the western RSE to Paleogene rifting, while
the focused slower velocity anomalies under Mt. Erebus and Mt.
Melbourne could be associated with a Neogene-Present phase of
rifting and/or plume activity, which created the Terror Rift. Within
the Ford Ranges and KEP in western MBL, we also see significant
lateral variability in upper mantle velocity structure (4+0.50%) over
distances of only a few hundred km.

The heterogeneity in upper mantle velocity structure in our
model, assuming no significant variation in composition, repre-
sents changes in temperature of at least 100 °C over distances of
hundreds of km. This variability in mantle temperature could lead
to surface heat flow variations of ~ +10 mW/m? and 10% Pas
changes in mantle viscosity, which could influence the stability of
the West Antarctic Ice Sheet by affecting basal ice conditions and
glacial isostatic adjustment.
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