
1.  Introduction
Unlike other continents, in particular well-instrumented North America and Europe, where seismic anisotropy is 
relatively well studied (Ai et al., 2020; Lin et al., 2011; Nathan et al., 2021; Zhu et al., 2015, 2017), the seismic 
anisotropy within the crust and upper mantle of the Antarctic continent is poorly constrained. In the past, there 
were few detailed studies of the seismic structure of Antarctica, resulting from the lack of instrumentation due 
to logistical and technical challenges. However, more than 200 broadband seismic stations have been deployed 
across the Antarctic plate over the last two decades, allowing for a new era of seismic studies of the crust and 
mantle beneath Antarctica using modern data and methods, including an increasingly detailed understanding of 
the velocity structure (Hansen et al., 2016; Lloyd et al., 2013, 2020; Shen, Wiens, Stern, et al., 2018; Watson 
et al., 2006; White-Gaynor et al., 2019; Wiens et al., 2021).

Abstract  Seismic anisotropy provides essential information for characterizing the orientation of 
deformation and flow in the crust and mantle. The isotropic structure of the Antarctic crust and upper mantle 
has been determined by previous studies, but the azimuthal anisotropy structure has only been constrained by 
mantle core phase (SKS) splitting observations. This study determines the azimuthal anisotropic structure of 
the crust and mantle beneath the central and West Antarctica based on 8—55 s Rayleigh wave phase velocities 
from ambient noise cross-correlation. An anisotropic Rayleigh wave phase velocity map was created using a 
ray—based tomography method. These data are inverted using a Bayesian Monte Carlo method to obtain an 
azimuthal anisotropy model with uncertainties. The azimuthal anisotropy structure in most of the study region 
can be fit by a two-layer structure, with one layer at depths of 0–15 km in the shallow crust and the other layer 
in the uppermost mantle. The azimuthal anisotropic layer in the shallow crust of West Antarctica, where it 
coincides with strong positive radial anisotropy quantified by the previous study, shows a fast direction that is 
subparallel to the inferred extension direction of the West Antarctic Rift System. Fast directions of upper mantle 
azimuthal anisotropy generally align with teleseismic shear wave splitting fast directions, suggesting a thin 
lithosphere or similar lithosphere-asthenosphere deformation. However, inconsistencies in this exist in Marie 
Byrd Land, indicating differing ancient deformation patterns in the shallow mantle lithosphere sampled by 
the surface waves and deformation in the deeper mantle and asthenosphere sampled more strongly by splitting 
measurements.

Plain Language Summary  Seismic anisotropy, which refers to the directional dependence 
of seismic wave propagation, provides crucial information about the orientation of deformation and flow 
within the interior of Earth. While most previous studies have focused on the isotropic structure, our study 
determines the azimuthal anisotropy structure beneath central and west Antarctica. We found that a two-layer 
anisotropic structure fits the study region. In West Antarctica, the fast direction of the azimuthal anisotropy 
in the crust aligns with the extension direction of the West Antarctic Rift System. The agreement between 
our results and teleseismic core phase studies in the uppermost mantle suggests a thin lithosphere or similar 
lithosphere-asthenosphere deformation. However, inconsistencies in certain areas of the study region, such as 
Marie Byrd Land, suggest that the deformation patterns differ between the shallow mantle lithosphere and the 
deeper mantle asthenosphere. These findings offer new insights into Antarctica's geological history.
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There have been only sparse prior studies of the anisotropic structure of Antarctica. Several of these have inves-
tigated radial (transversely isotropic) anisotropic structure using Rayleigh and Love waves (Cheng et al., 2021; 
O’Donnell et al., 2019; Zhou et al., 2022). Radial anisotropy measures the difference between horizontal and 
vertical seismic velocities. Conversely, azimuthal anisotropy describes the variation of seismic velocity with 
different horizontal propagation direction. Until now, studies of azimuthal seismic anisotropy in Antarctica have 
employed core (e.g., SKS) shear wave splitting measurements (Accardo et al., 2014; Barklage et al., 2009; Lucas 
et al., 2022; Reading & Heintz, 2008), which provide detailed measurements of the azimuthal anisotropy beneath 
individual seismic stations, but lack constraint on the depth distribution of anisotropy.

Shear wave splitting studies that incorporate recently retrieved data indicate a relatively consistent fast polariza-
tion direction across much of west Antarctica (Accardo et al., 2014; Lucas et al., 2022) that is generally subpar-
allel to the direction of past extension of the West Antarctica Rift System (WARS). SKS splitting is generally 
assumed to result from azimuthal anisotropy in the mantle, since the path length in the crust is much smaller than 
the mantle, and unrealistically large anisotropy would be required to explain some splitting times with crustal 
anisotropy. Although Global Navigation Satellite Systems (GNSS) and seismicity studies show that the WARS 
is currently inactive (Donnellan & Luyendyk, 2004; Lucas et al., 2021; Winberry & Anandakrishnan, 2003), 
deformation fabrics from past tectonic activity can still control the anisotropy characteristics (Lucas et al., 2021). 
This observation agrees with the assumption that the deformation of olivine, the primary mineral in the mantle, 
records the lithospheric and sub-lithospheric mantle flow (e.g., Fouch & Rondenay, 2006). Second-order varia-
tions in azimuthal anisotropy directions have been observed in other regions of Antarctica, such as Marie Byrd 
Land (MBL), East Antarctica, and the Whitmore-Ellsworth Mountain region. In these cases, regional tectonic 
processes and deformation history have been introduced to explain the observations.

A recently developed 3-D transverse isotropic (TI) structure model of Antarctica (Zhou et al., 2022) shows large 
variations in crustal and uppermost mantle radial anisotropy. A large area in the WARS is dominated by positive 
anisotropy (VSH > VSV) in both the crust and mantle, due to widespread lithosphere-scale extension. Negative 
anisotropy is found at some depths in the middle and lower crust. The uppermost mantle is characterized by 
positive anisotropy, with the strongest anisotropy occurring beneath the Transantarctic (TAM) and the Whitmore 
Mountains. However, the radial anisotropy results provide only a limited picture of the anisotropy variations since 
they do not characterize azimuthal anisotropic structure.

Rayleigh wave phase velocities can potentially be used to determine azimuthal anisotropy and also provide with 
additional constraints on the depth distribution of anisotropy, and are thus complementary to SKS splitting stud-
ies that reflect the integrated effect of anisotropy along the entire mantle raypath. Global studies have investi-
gated azimuthal anisotropy of the Antarctic region from Rayleigh waves (e.g., Debayle et al., 2016; Schaeffer 
et al., 2016), but these inversions have large smoothing lengths of many hundreds to thousands of km and thus 
lack detailed resolution.

In this paper, we analyze Antarctic Rayleigh wave (VSV) azimuthal anisotropy using phase velocities determined 
from ambient noise crosscorrelation (CC) between data at distinct seismic stations using a two-layer azimuthal 
anisotropic structure for the study region. By combining the new azimuthally anisotropic structure with the 
radially anisotropic model of Zhou et al. (2022) a more complete understanding of the seismic anisotropy of the 
crust  and uppermost mantle can be analyzed and discussed. We then discuss and interpret the relationship of 
the  new azimuthal anisotropy results in terms of the previous radial anisotropy and SKS splitting measurements.

2.  Data and Method
2.1.  Seismic Data in Antarctica

We use the Rayleigh wave phase velocity dispersion measurements between 8 and 55  s obtained by Zhou 
et al. (2022). Those measurements are obtained from the CC of ambient noise data extracted from 245 broad-
band seismic stations deployed on the Antarctic continent and surrounding islands, including seven permanent 
stations (e.g., Ringler et al., 2022) and six large temporary networks (Figure 1, Table S1 in Supporting Informa-
tion S1). We applied an ambient noise data processing procedure (Bensen et al., 2007) to the data set to extract the 
surface wave signal between each station pair. We will briefly describe it here. The vertical continuous seismic 
records were divided into 1-day-long time series, after which we computed the vertical-to-vertical CC followed 
by time and frequency domain normalization. Then the time-frequency phase weighted stacking (Schimmel & 
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Gallart, 2007) was applied to the monthly linear stacked CC to construct the final CC. This non-linear stacking 
method allows us to expand the period band from 8–40 s to 8–55 s, which is critical to resolving the structure of 
the deeper uppermost mantle.

2.2.  Phase Velocity Azimuthal Anisotropy Tomography

We use a two step inversion method, in which we first determine the Rayleigh wave phase velocities and aniso-
tropy, and then invert them for the depth dependence of anisotropy at each geographical location. In a weakly 
anisotropic medium, the azimuthal anisotropy of surface wave phase velocity can be represented (Smith & 
Dahlen, 1973) by

𝐶𝐶(𝑇𝑇 𝑇 𝑇𝑇) = 𝐶𝐶0(𝑇𝑇 ){1 + 𝐴𝐴2(𝑇𝑇 ) cos(2(𝜃𝜃 − 𝜃𝜃FA2)) + 𝐴𝐴4(𝑇𝑇 ) cos(4(𝜃𝜃 − 𝜃𝜃FA4))}� (1)

where T is the period, θ is the azimuth direction, measured clockwise from the north, C0(T) is the isotropic phase 
velocity, A2(T) and A4(T) are anisotropic amplitude of the 2θ and 4θ dependence, θFA2 is the 2θ fast-axis direction 
and θFA4 is the 4θ fast-axis direction. According to previous studies (Feng et al., 2020; Smith & Dahlen, 1973; 
Xie et al., 2015), the 2θ term typically dominates the azimuthal anisotropy of Rayleigh waves. Given the limited 
path coverage of the study region and higher azimuthal coverage requirements needed to resolve 4θ dependence, 
we only solve for the 2θ term of Rayleigh wave phase velocity in this study.

We estimate isotropic phase velocity as well as its azimuthal anisotropy direction and amplitude using a ray-based 
tomography method with Gaussian regularization (Barmin et al., 2001). To improve the azimuthal coverage and 
reduce uncertainty, different grid sizes are used for isotropic and azimuthally anisotropic tomography. A set of 
checkerboard resolution tests with different grid sizes employing synthetic data mimicking actual path coverage 
was performed to determine optimal grid sizes and test the recovery of anisotropic structure for real data. We 
found that the tomographic inversion based on a 0.5° by 0.5° grid for isotropic structure with a grid size of 2° by 
2° for azimuthal anisotropy shows the best recovery result for simultaneously determining isotropic and azimuth-
ally anisotropic structure. Figure 2 shows the checkerboard test result using final grid settings. The 10-s and 40-s 
period maps show good recovery in both isotropic and azimuthal anisotropic structures. For the 50-s map, the 
isotropic structure is still recovered well in the study region, and the azimuthal anisotropy is recovered for the 
majority of West Antarctica and part of East Antarctica.

Figure 1.  (a) The seismic stations used in this study, with different colors indicating different major networks. The red dotted line outlines the inversion study 
region. (b) Subglacial topography of the study region with major geological features labeled, again with a red contour enclosing the study region. Abbreviations: 
GSM—Gamburtsev Subglacial Mountains, PSB—Polar Subglacial Basin, TAM—Transantarctic Mountains, RE—Ross Embayment, MBL—Marie Byrd Land, EM—
Ellsworth Mountains. WM—Whitmore Mountains, VLB—Victory Land Basin, SWSB—South Wilkes Subglacial Basin, PPB—Pensacola-Pole Basin, BST—Bentley 
Subglacial Basin, WARS—West Antarctic Rift System, and BSB—Byrd Subglacial Basin.

 21699356, 2024, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JB

027556 by W
ashington U

niversity School, W
iley O

nline Library on [06/02/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



Journal of Geophysical Research: Solid Earth

ZHOU ET AL.

10.1029/2023JB027556

4 of 13

Quality controls based on path coverage and azimuthal coverage were imposed on the phase velocity and anisotropy 
maps resulting from the data analysis to ensure that all measurements are reliable. (a)We removed all grid points 
with less than 100 ° of azimuthal coverage or 50 total paths to determine the region of well resolved isotropic velocity, 
denoted by the red boundary on Figures 2 and 3. (b) Within the well resolved isotropic region, we further removed the 
grid points with less than 180° azimuthal coverage, to define the well resolved region for azimuthal anisotropy. The 
final maps are constructed from more than 8,000 raypaths, with good results obtained between 8 and 55 s period The 
region of well resolved azimuthal anisotropy varies by period, with the best results obtained for periods of 15–30 s.

Isotropic phase velocity maps (Figure 3) display strong commonalities with those obtained by previous ambient 
noise studies (Shen, Wiens, Anandakrishnan, et al., 2018; Zhou et al., 2022). At 10 s period, anisotropy patterns 
are mainly controlled by the crustal structure and we observe strong anisotropy amplitudes in the RE and GSM 
regions. At 24 s, isotropic structure shows the characteristic thin crust beneath West Antarctica and much thicker 
crust beneath East Antarctica (e.g., Chaput et al., 2014; Dunham et al., 2020; Ritzwoller et al., 2001; Shen, Wiens, 
Stern, et al., 2018). Anisotropic patterns in West Antarctica are sensitive to both the lower crust and uppermost 

Figure 2.  (a) Starting model for checkboard resolution tests utilizing actual data raypaths. Colors denote variation in 
isotropic phase velocity as denoted in accompanying color bars. The size of each checker is about 500 km by 500 km. The 
red boundary denotes the isotropic study region. (b–d) Isotropic phase velocity, azimuthal fast axis direction, and amplitude 
recovery from the actual data path coverage at 10, 30 and 50 s periods.
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mantle, whereas in East  Antarctica the results are still reflecting middle to lower crust anisotropy due to the much 
thicker crust there. Anisotropy amplitude is generally larger at 24 s than at 10 s. For the 50-s map, the resolvable 
region in East Antarctica is reduced due to the poorer path coverage, and the results are largely sensitive to upper 
mantle structure and anisotropy. The absolute amplitude of anisotropy at 35—50 s is noticeably weaker compared 
with the shorter periods.

We estimate the uncertainty of the isotropic phase velocity from the path density (Shen et  al.,  2016; Zhou 
et al., 2022) for each period band. The uncertainties of the azimuthal parameters (A2(T) and θFA2) are estimated by 
error propagation from the isotropic phase velocity uncertainties. The uncertainties are increased by a factor of 
1.2 to conservatively account for the weak recovery ability revealed by the checkboard tests.

Figure 3.  Maps of Rayleigh wave anisotropic phase velocities at 10, 24, 35, and 50 s, respectively. Colors indicates the 
isotropic velocity variation relative to the average velocity at each reference period shown in the lower left corner. The 
direction of the small bars show local fast azimuthal directions with length proportional to anisotropic amplitude. The 
red boundary indicates the study region determined by isotropic velocity-constraining raypath coverage. Bars denoting 
anisotropic directions are only shown for nodes passing the quality control metrics discussed in the text.
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2.3.  Model Parameterization

We use a Bayesian Monte-Carlo method to invert the azimuthally anisotropic Rayleigh wave phase velocity 
dispersion curves to obtain a 3-D shear wave velocity model including azimuthal anisotropy. The 3-D structure 
is determined on a grid with 1 ° spacing by inverting the phase velocities determined for each node to obtain the 
structure at each depth.

Based on the first-order perturbation theory (Montagner & Nataf,  1986), Rayleigh wave phase velocity (CR) 
perturbation can be expressed as

𝛿𝛿𝛿𝛿𝑅𝑅(𝑇𝑇 𝑇 𝑇𝑇) = ∫
𝐻𝐻

0

⎡
⎢
⎢
⎢
⎢
⎣

𝜕𝜕𝜕𝜕𝑅𝑅

𝜕𝜕𝜕𝜕
(𝛿𝛿𝛿𝛿 + 𝐵𝐵𝑐𝑐 cos 2𝜃𝜃 + 𝐵𝐵𝑠𝑠 sin 2𝜃𝜃)+

𝜕𝜕𝜕𝜕𝑅𝑅

𝜕𝜕𝜕𝜕
(𝛿𝛿𝛿𝛿 +𝐻𝐻𝑐𝑐 cos 2𝜃𝜃 +𝐻𝐻𝑠𝑠 sin 2𝜃𝜃)+

𝜕𝜕𝜕𝜕𝑅𝑅

𝜕𝜕𝜕𝜕
(𝛿𝛿𝛿𝛿 + 𝐺𝐺𝑐𝑐 cos 2𝜃𝜃 + 𝐺𝐺𝑠𝑠 sin 2𝜃𝜃)

⎤
⎥
⎥
⎥
⎥
⎦

𝑑𝑑𝑑𝑑� (2)

where A, F and L are three of five elastic parameters of the TI medium (𝐴𝐴 𝐴𝐴 = 𝜌𝜌𝜌𝜌 2

PH
; 𝐶𝐶 = 𝜌𝜌𝜌𝜌 2

PV
;𝐿𝐿 = 𝜌𝜌𝜌𝜌 2

SV
;𝑁𝑁 =

𝐴𝐴 𝐴𝐴 = 𝜌𝜌𝜌𝜌 2

PH
; 𝐶𝐶 = 𝜌𝜌𝜌𝜌 2

PV
;𝐿𝐿 = 𝜌𝜌𝜌𝜌 2

SV
;𝑁𝑁 = 𝜌𝜌𝜌𝜌 2

SH
;𝐹𝐹 = 𝜂𝜂(𝐴𝐴 − 2𝐿𝐿) ); Bc, Bs, Hc, Hs, Gc and Gs are the amplitude cosine and sine terms of the azimuthal 

variation; 𝐴𝐴
𝜕𝜕𝜕𝜕𝑅𝑅

𝜕𝜕𝜕𝜕
 , 𝐴𝐴
𝜕𝜕𝜕𝜕𝑅𝑅

𝜕𝜕𝜕𝜕
 and 𝐴𝐴

𝜕𝜕𝜕𝜕𝑅𝑅

𝜕𝜕𝜕𝜕
 are the sensitivity kernels of each elastic parameter; H is the maximum depth of the 

model, and z is the depth.

Rayleigh wave phase velocity is mostly sensitive to the VSV(L) and VPH(A) (Feng, 2021; Lin et al., 2011; Yao 
et al., 2010), so we ignore Hc, Hs terms, which are related to F. We also assume that 𝐴𝐴

𝐵𝐵𝑐𝑐𝑐𝑐𝑐

𝐴𝐴
=

𝐺𝐺𝑐𝑐𝑐𝑐𝑐

𝐿𝐿
 as (Lin et al., 2011) 

Then Equation 2 can be simplified as

𝛿𝛿𝛿𝛿𝑅𝑅(𝑇𝑇 𝑇 𝑇𝑇) = ∫
𝐻𝐻

0

[
𝐺𝐺𝑐𝑐

(
𝐴𝐴

𝐿𝐿

𝜕𝜕𝜕𝜕𝑅𝑅

𝜕𝜕𝜕𝜕
+

𝜕𝜕𝜕𝜕𝑅𝑅

𝜕𝜕𝜕𝜕

)
sin 2𝜃𝜃 + 𝐺𝐺𝑆𝑆

(
𝐴𝐴

𝐿𝐿

𝜕𝜕𝜕𝜕𝑅𝑅

𝜕𝜕𝜕𝜕
+

𝜕𝜕𝜕𝜕𝑅𝑅

𝜕𝜕𝜕𝜕

)
cos 2𝜃𝜃

]
𝑑𝑑𝑑𝑑� (3)

The amplitude of the azimuthal anisotropy is 𝐴𝐴 𝐴𝐴SV =
1

2𝐿𝐿

√
𝐺𝐺2

𝑐𝑐 + 𝐺𝐺2

𝑠𝑠  and the fast direction is 𝐴𝐴 𝐴𝐴SV =
1

2
arctan

(
𝐺𝐺𝑆𝑆

𝐺𝐺𝐶𝐶

)
 .

We use the SV component of the 3-D TI structure developed by (Zhou et al., 2022) as the starting model. Depend-
ing on the location, the TI structure is constructed by three (sediment, crust, and mantle), four (ice or water, plus  
3 solid Earth), or five (ice and water, plus 3 solid Earth) layers and extends to 300 km. For the TI structure, we 
fix the thickness and seismic velocities of the ice and water (if existing) layer and use the 4 and 6 B-splines func-
tions to describe the shear wave velocity and radial anisotropy in the crust and mantle, respectively. To simplify  
the azimuthal anisotropic structure, we only allow azimuthal anisotropy in the crust and mantle layer. There is 
certainly anisotropy in the ice sheet, but the ice layer is too thin and located too near the surface to resolve the ice 
layer anisotropy.

We tested different crust and mantle azimuthal parameters to determine the most appropriate anisotropy model 
parameterization. Lack of long period (T > 55 s) signal prevents our ambient noise data set from constraining 
deeper mantle structure, leading to our choice of a single layer for characterizing mantle anisotropy. For choosing 
the thickness of the mantle anisotropy layer, we performed tests with 80 km thickness through to the entire upper 
mantle to 300 km. The misfit and results from these thickness parameterization tests show negligible differences, 
but the 80 km layer thickness model has slightly smaller uncertainty.

Regional crustal structure shows wide thickness velocity structure variation (Shen, Wiens, Anandakrishnan, 
et al., 2018; Zhou et al., 2022). Crustal thickness varies from about 55 to 18 km, and the much greater thickness 
in East Antarctica compared to West Antarctica is well resolved. This causes some complexity in choosing a 
uniform parameterization for anisotropic crustal structure. For the crust, we performed three tests with (a) a single 
anisotropic layer from the top of the solid Earth to 15 km; (b) a single anisotropic layer encompassing the entire 
crust; (c) two anisotropic layers, with the first layer from the surface to 15 km depth and the second layer from 
15 km to the Moho. Although the 2-layer crustal model allows us to fit the data better for some inversion points 
and potentially provides a better estimate of the true complexity of the crustal anisotropy, the misfit improvement 
compared to the 1-layer crustal model is less than 20% for more than two-thirds of the inversion points. Also, 
for about one-quarter of the inversion points, the azimuthal anisotropy parameters of the lower crustal layer are 
not constrained by the current data set. For the single layer azimuthal anisotropy through the entire crust (test 2), 
the misfit is larger than for the single shallow layer (test 1). Based on these tests, we restricted crustal azimuthal 
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anisotropy to the topmost 15 km of the crust. We note that a similar parameterization of the depth distribution of 
anisotropy has been used in other recent studies of similar data sets, due to the lack of resolution for the anisotropy 
of the lower crust with ambient noise data (e.g., Feng et al., 2020).

2.4.  Bayesian Monte Carlo Inversion

The complete parameterization uses two azimuthal anisotropic structural layers, one in the crust, from the bottom 
of the sediment to 15 km depth, and one in the uppermost mantle extending down from the Moho, with 80 km 
thickness. This parameterization does not imply that the lower crust lacks azimuthal anisotropy, but rather results 
from the inability for the data set to independently resolve azimuthal anisotropy in a lower crustal layer sand-
wiched between azimuthally anisotropic upper crustal and mantle layers. Since the prior isotropic structure model 
is well constrained from the Zhou et al. (2022) study using the same Rayleigh wave data set, we limited the pertur-
bation of the VSV structure to 5%. We only invert the Rayleigh wave data set here to introduce azimuthal anisot-
ropy, fixing the VSH structure to that determined by Zhou et al. (2022). For the azimuthal anisotropy, we allowed 
the amplitude to be perturbed up to 10% with a 180° ambiguity in direction for each azimuthal anisotropy layer. 
The starting model has zero azimuthal anisotropic amplitude. In summary, there are total of 15 free parameters 
in the Bayesian Monte Carlo inversion, including 2 in the sedimentary layer (top and bottom velocity), 6 in the 
crust (2 azimuthal anisotropy parameters in top 15 km, 4 B-spline velocity in the whole crust), 5 in the mantle 
(2 azimuthal anisotropy parameters in top 80 km, 3 B-spline velocity in the whole mantle) and the thickness of 
sediment and crust.

One advantage of the Bayesian Monte Carlo inversion method is that uncertainty and trade-off estimates are 
naturally obtained for parameters from the posterior distribution. As the main goal of this study is to constrain the 
azimuthal anisotropy, which can be difficult to resolve independent of isotropic shear velocity structure, accurate 
estimation of uncertainty for the anisotropic parameters is extremely important. Figure 4 shows an example of 
the  inversion results for a representative model node.

3.  Results
The results show that the azimuthal anisotropy can be resolved for the two layers throughout most of the study 
region. Figure 5 shows azimuthal anisotropy results for the crust and mantle plotted on top of the radial anisotropy 
result modified from (Zhou et al., 2022).

In the majority of the study area, the shallow crust's fast direction aligns with the short-period phase veloc-
ity results, while in the mantle, the fast directions is sub-parallel with the result from the longer-period phase 
velocity map, as anticipated. It is difficult to meaningfully describe fast directions near the South Pole in terms 
of geographic north, south, east, and west, due to the convergence of latitude lines. Therefore, we use a grid 
system in the following section, where grid-north is oriented along 0° longitude (upward direction in these maps), 
grid-south is along 180°, grid-east is along 90°and grid-west is along −90°.

Figure 4.  The inversion result for a representative node (86.85°S, 108.33°W). (a) the fit to the isotropic Rayleigh wave phase 
velocity (red). The black symbols represent observed data, and uncertainty (±1 standard deviation) is shown as the length 
of the bar (b) and (c) show the amplitude and fast axis of the azimuthal anisotropy; the legends are the same as (a). For this 
point, the result for crustal azimuthal anisotropy amplitude is 1.4% ± 0.6% with fast axis as 124° ± 12°, and for the mantle is 
0.8% ± 0.3% with 167° ± 19°.
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To analyze these azimuthal anisotropy results, we must consider the amplitude and fast direction simultaneously. 
Large uncertainty in either of them will introduce instability in the other parameter. Therefore, in order to limit 
the plots to well constrained results, we only show results where (a) the uncertainty of the fast direction is less 
than 20° and (b) the anisotropy amplitude uncertainty is smaller than half of the actual amplitude.

The average amplitude of the azimuthal anisotropy for the well determined regions of the crust is 2.1%, with an 
uncertainty of 0.91%. The average uncertainty of the fast direction in the crust is 12.5°. For the crust, regions with 
strong positive radial anisotropy also show large azimuthal anisotropy amplitude, as observed for the WARS and 
the Ellsworth-Whitmore Mountains.

For the well resolved region of the mantle, the average amplitude is 1.3% with 0.60% uncertainty, and the average 
uncertainty of the fast direction is about 16.7°. West Antarctica has a smaller directional uncertainty in the mantle 
than East Antarctica, due to the better long period coverage and thinner crust, which allows mantle anisotropy to 
be determined by shorter period Rayleigh waves. Limited by the station coverage and period band, the uppermost 
mantle azimuthal anisotropy is less well constrained compared with the crustal anisotropy, and the amplitude may 
be underestimated. However, the average amplitude of this study is similar to that from global-scale multimode 
Rayleigh wave studies (Debayle et al., 2016; Schaeffer et al., 2016) in the Antarctic region, and the new model 
provides higher spatial resolution. The average amplitude of this result also agrees with regional studies in other 
continental regions (e.g., Alaska (Feng et al., 2020), Mediterranean (Feng & Díaz, 2022) and North America t 
(Zhu et al., 2020)).

4.  Discussion
4.1.  Crustal Anisotropy of the West Antarctic Rift System

A first order feature of the upper crustal result (Figure 5a) is strong azimuthal anisotropy that is correlated with 
the strong positive radial anisotropy beneath the Southern Ross Embayment and the WARS. It is commonly 
assumed that shape preferred orientation (SPO) from high-angle cracks and faults, which usually result in nega-
tive radial anisotropy, are the dominant source of the shallow crust anisotropy (Feng et al., 2020; Ojo et al., 2017; 
Xie et al., 2013). Extensional stress during WARS rifting would have opened many faults and cracks; however, 
GNSS and seismicity studies show that the WARS is currently inactive, and other studies suggest that faults 
begin healing rapidly after motion ceases (Hiramatsu et al., 2005). In addition, the fast direction of azimuthal 
anisotropy is subparallel to the to the inferred direction of past extension in the Ross Embayment and the WARS 
(Siddoway, 2008; Wilson & Luyendyk, 2009), whereas the horizontal fast axis of anisotropy from extensional 
cracks should be perpendicular to the extension direction. This, combined with the observation of positive radial 
anisotropy instead of the typical negative radial anisotropy, suggests that the upper crustal anisotropy here cannot 
be due to extensional cracks.

Figure 5.  Inversion result of the azimuthal anisotropy for 0–15 km depth in the upper crust (a) and in the uppermost mantle 
(b) plotted on top of the radial anisotropy from (Zhou et al., 2022) For the crust (a), the radial anisotropy is the average of the 
upper 15 km of the crust. For the mantle (b), the radial anisotropy is sampled from 15 to 80 km below the Moho depth.
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In this case, the association of strong azimuthal anisotropy showing fast axes subparallel to the extension direc-
tion with positive radial anisotropy suggests that the anisotropy may result from lattice preferred orientation 
(LPO). Upper and mid-crustal rocks can show strong LPO due to the orientation of mica and amphibole minerals 
by deformation (Aster & Shearer, 1992; Dempsey et al., 2011; Ji et al., 2015; Shao et al., 2016). Alignment of 
these minerals due to deformation introduces directional dependence of bulk seismic velocities shows orthorhom-
bic symmetry. In a region of extension and crustal flow, this may produce strong positive radial anisotropy, with 
azimuthal anisotropy showing the fast axes pointing in the extension direction. LPO from deformation can persist 
indefinitely after tectonic activity ceases unless it is overprinted by a later deformational event. With the strong 
azimuthal anisotropy subparallel with the extension direction and the positive radial anisotropy, we contend that 
is likely that the shallow crust in the WARS is controlled by the LPO of anisotropic crust minerals instead of SPO 
from the cracks and faults.

4.2.  Mantle Azimuthal Anisotropy

4.2.1.  Comparison With Previous Shear Wave Splitting Measurements

It is useful to compare the azimuthal anisotropy results from this study to those of mantle core phase (e.g., SKS) split-
ting studies (Accardo et al., 2014; Lucas et al., 2022), which constrain azimuthal anisotropy beneath seismic stations 
and are generally interpreted as measuring upper mantle anisotropy. However, the depth distribution of  sensitivity is 
very different for SKS splitting measurements versus the intermediate-period Rayleigh waves used in this study. SKS 
splitting measurements are sensitive to azimuthal anisotropy occurring generally anywhere between the core-mantle 
boundary and the surface, although considerable evidence suggests they typically measure anisotropy in the upper-
most 200—300 km of the mantle (Fischer & Wiens, 1996; Savage, 1999). In contrast, this study constrains only a 
single layer of anisotropy comprising the upper 80 km of the mantle, since the periods with good Rayleigh wave ambi-
ent noise results (8–55 s) fail to constrain anisotropy at greater depth. Given that the peak sensitivity of 55 s Rayleigh 
waves is near 75 km depth (Figure S1 in Supporting Information S1), the results shown here are more sensitive to 
the anisotropy in the shallowest upper mantle as well as being nonuniformly sensitive to anisotropy throughout the 
parameterized 80 km thick layer. Therefore the surface wave results characterize anisotropy within a relatively thin 
layer at the top of the upper mantle, whereas the SKS measurements may reflect an average over several hundred km.

Figure 6 shows a comparison between results from this study and the SKS fast directions from Accardo et al. (2014) 
and Lucas et al. (2022). To make a reliable comparison, both the SKS measurements and the uppermost mantle 
azimuthal fast directions are required to satisfy a quality control process and matching procedure based on the distance 
between the station and the grid point of the azimuthal anisotropy model. First, we only consider station-averaged 
shear wave splitting measurements with a splitting time greater than 0.5 s, since small splitting times are subject to 
larger uncertainties and may reflect weak or complicated anisotropy. Second, we associate quality shear wave split-
ting measurements with the closest node having a high-quality Rayleigh wave anisotropy result, using the quality 
control outlined in Section 2.1. We require that the distance between the station and the node be less than 60 km to 
ensure that they sample a similar region of the mantle. We then calculate the angle between the fast directions from 

Figure 6.  Comparison between fast shear wave direction estimates from station-averaged splitting measurements (Lucas 
et al., 2022) and uppermost mantle azimuthal anisotropy derived from Rayleigh waves by this study. Data selecton is 
described in the main text. (a) Map comparing fast axis orientations from shear wave splitting (gray bars) and Rayleigh waves 
from this study (colored bar ranges show in panel (b)). The different colors represent the different azimuthal differences, 
with blue indicating differences less 30°, green between 30°—60°, and red 60°—90°. (b) A histogram of the distribution 
differences in fast axis orientation.
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the splitting observation and the Rayleigh wave anisotropy result. Note that the Ross Ice Shelf in the Ross Embay-
ment lacks splitting measurements because the ocean layer beneath the ice shelf precludes the passage of S waves.

We assembled 187 splitting measurements associated with 59 azimuthal anisotropy results (Figure 6). More than 
50% of stations indicate less than 30° difference between the fast direction from splitting and from our results for 
Rayleigh wave azimuthal anisotropy. Most of these are located in the Ross Embayment and the WARS, indicating 
that in much of West Antarctica the shallow mantle lithosphere sampled by the surface waves and the thicker 
region including the asthenosphere sampled by the core phase measurements have similar anisotropy patterns. This 
indicates that the lithosphere and asthenosphere were deformed by similar tectonics and processes in these regions.

In contrast, other regions show larger discrepancies between the quality-controlled fast directions from Rayleigh 
waves and published shear wave splitting estimates, suggesting that the LPO of the shallow mantle lithosphere 
is significantly different from the LPO in the asthenosphere in these regions. This is likely due to the litho-
spheric anisotropy recording deformation from past tectonic episodes, that remains preserved because of the 
cold temperatures. In contrast, the asthenosphere sampled by the core phases may reflect present-day mantle 
flow processes.

4.2.2.  Mantle Azimuthal Fast Axis Patterns and Interpretation

Our mantle azimuthal anisotropy results show some distinct patterns (Figure 5b). For the TAM (grid east of the 
Ross Embayment) the observed strong grid NE—SW azimuthal fast direction is consistent with a previous study 
using teleseismic earthquake Rayleigh waves (Lawrence et al., 2006), as well as shear wave splitting measure-
ments (Barklage et al., 2009; Figure 6). This fast direction is consistant with LPO induced by Cenezoic extension 
of the Ross Sea region or by mantle flow caused by edge-driven convection associated with the boundary of 
cold East Antarctic lithosphere (Barklage et al., 2009). Along the Ross Sea coast, our fast direction estimates 
change to grid NW--SE, and there is a large discrepancy between splitting measurements and surface wave results 
(Figure 6a). The may result from the larger geographic averaging of the surface wave results relative to the core 
phase measurements, which are sensitive to only the structure immediately beneath the station. Alternatively, 
this may reflect differing depth resolution between the two methods; for example, there may be a two-layered 
anisotropy structure in the mantle, where the surface wave results indicating grid NW–SE fast directions in the 
lithosphere and the splitting measurements consistent with NS fast directions in the asthenosphere.

In the WARS, to the grid west of the Ross Embayment, the fast azimuthal axis changes to grid NE–SW. A 
similar direction is found along the boundary between the WARS and the Whitmore Mountains, where previous 
studies found extremely strong (>1 s) and consistent shear wave splitting patterns (Accardo et al., 2014; Lucas 
et al., 2022). These fast directions are subparallel with the general extension direction in the WARS, consistent 
with a mantle olivine LPO oriented by tectonic extensional deformation. The good fit between the surface wave 
results and the splitting measurements, as well as the generally large splitting times are consistent with a thick 
layer of uniformly oriented azimuthal anisotropy in the mantle.

For the MBL region, although there are only three stations satisfying the comparison criteria, all intercomparisons 
show poor fits between splitting measurements and our results. This indicates a difference between the anisotropy 
in the shallow mantle lithosphere detected by the surface wave result and the deeper signal of mantle flow in the 
asthenosphere recorded by SKS splitting. Considering evidence suggesting a disrupted mantle plume beneath 
the MBL dome (Emry et al., 2015; Lloyd et al., 2015; Panter et al., 1997; Sims et al., 2021), a complicated deep 
mantle anisotropy structure may be expected, and this could explain the differences between the splitting and 
surface wave results. The anisotropy pattern of the mantle plumes predicted by geodynamic models (Druken 
et al., 2013) indicates a complex fast direction at different depths, where the deeper portion is perpendicular to 
the radial flow pattern, and the shallow part is approximately parallel to the radial flow direction, for instance.

This study shows relatively low azimuthal anisotropy amplitudes with larger uncertainties across East Antarctica 
and results do not pass the quality controls at most locations. Compared with West Antarctica, the thicker crust 
and limited data coverage at 45–55 s (Figure 3) in East Antarctica constrain our ability to image mantle anisotropy 
using surface waves. The uppermost mantle in East Antarctica may also have lower anisotropy amplitudes due to 
its cratonic setting and lack of recent tectonic activity, as suggested by a previous study using teleseismic earth-
quake Rayleigh waves (Heeszel et al., 2013) and the small magnitude of most shear wave splitting measurements 
(Lucas et al., 2022) in the region. Studies in other regions also suggest that continental cratonic lithosphere shows 
smaller mantle azimuthal anisotropy than is found in regions of recent tectonic activity (e.g., Chen et al., 2021).
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5.  Conclusions
We present a new model of crust and uppermost mantle azimuthal anisotropic structure beneath West and Central 
Antarctica derived from ambient noise Rayleigh wave observations between 8 and 55  s. Due to the limited 
frequency content of these data, lower crustal azimuthal anisotropy cannot be constrained by the data set. We 
parameterize the model using a two-layer azimuthal anisotropic structure, with one layer in the shallow crust 
down to 15 km depth and the other layer in the uppermost mantle to 80 km. The use of a Bayesian Monte-Carlo 
inversion allows quantification of uncertainties and anisotropy is only interpreted in regions where this indicates 
that anisotropic parameters are well resolved.

Combined with recently obtained radial anisotropy results (Zhou et  al.,  2022), our results reveal (a) strong 
azimuthal and radial anisotropy in the shallow crust beneath the WARS, which we interpret as being caused by 
the LPO of crustal minerals during a long history of tectonic extension (b) widespread azimuthal anisotropy with 
a grid NW–SE fast axis in the WARS (grid west of the Ross Embayment) and near the boundary of the WARS 
and the Whitmore Mountains. This orientation is subparallel with inferred direction of past extension along the 
WARS and is consistent with strong shear wave splitting measurements. This is consistent with both the upper-
most mantle and the deeper asthenosphere are characterized by deformation patterns resulting from tectonic 
extension. (c) In the MBL region, there is a discrepancy between the azimuthal anisotropy from Rayleigh waves 
and shear wave splitting measurements, indicating that the shallowest mantle lithosphere differs anisotropically 
compared to asthenospheric mantle, and that anisotropy may be perturbed by mantle flow associated with the 
MBL mantle plume. (d) The mantle anisotropy of East Antarctica is more difficult to characterize due to thicker 
crust and limitations of data, and results are consistent with lesser intrinsic lower magnitude of uppermost mantle 
azimuthal anisotropy in this cratonic region.

This study provides the first model of the azimuthal anisotropy of the crust and uppermost mantle beneath West 
and central Antarctica from regional distance surface waves derived from ambient noise. As more data become 
available, higher resolution models of anisotropy as well as longer period studies using earthquake data will 
provide a more complete model of anisotropy, to further advance understanding of the tectonics, deformation, and 
mantle flow beneath the Antarctic continent.

Data Availability Statement
All raw seismic data used in this study are available without restriction through the Earthscope Data Management 
Center (https://ds.iris.edu/ds/nodes/dmc/), including station with network identifiers 1D (Brisbourne et al., 2016), 
YT (Wiens et al., 2007), ZJ (Hansen, 2012), ZM (Wiens & Nyblade, 2007), XP (Anandakrishnan et al., 2000), 
and XH (Wiens et al., 2014). All figures are made with Generic Mapping Tools version 6 (Wessel et al., 2019), 
available at https://www.generic-mapping-tools.org/.
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