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Abstract

Comprehensive geophysical surveys including magnetotelluric, seismic, and aerial grav-
ity—-magnetic surveys are essential for understanding the history of Antarctic tectonics.
The ice sheet and uppermost structure derived from those geophysical methods are
relatively low resolution. Although ice-penetrating radar can provide high-resolution
reflectivity images of the ice sheet, it cannot provide constraints on subice physical
properties, which are important for geological understanding of the Antarctic conti-
nent. To obtain high-resolution images of the ice sheet and uppermost crustal structure
beneath the Larsemann Hills, Prydz Bay, East Antarctica, we conduct an ambient noise
seismic experiment with 100 short-period seismometers spaced at 0.2 km intervals.
Continuous seismic waveforms are recorded for one month at a 2 ms sampling rate.
Empirical Green's functions are extracted by cross correlating the seismic waveform
of one station with that of another station, and dispersion curves are extracted using
a new phase-shift method. A high-resolution shear-velocity model is derived by
inverting the dispersion curves. Furthermore, body waves are enhanced using a set
of processing techniques commonly used in seismic exploration. The stacked body-
wave image clearly shows a geological structure similar to that revealed by the
shear-wave velocity model. This study, which is the first of its kind in Antarctica, pos-
sibly reveals a near-vertical intrusive rock covered by an ice sheet with a horizontal
extent of 4 km. Our results help to improve the understanding of the subice environ-
ment and geological evolution in the Larsemann Hills, Prydz Bay, East Antarctica.
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Supplemental Material

Introduction is located inside the previously assumed unified East

Geologic research on the Antarctica continent holds great sig-
nificance for understanding the evolution of the Earth’s litho-
sphere (Yoshida et al., 1992; Fitzsimons, 2000; Liu et al., 2007;
Boger, 2011). Geologically, Antarctica can be divided into two
major tectonic units, namely, the East Antarctica shield and the
West Antarctica Phanerozoic active zone (Fitzsimons, 2000).
The late Neoproterozoic—early Paleozoic tectonic thermal
events in East Antarctica and their role and significance in the
assembly process of the Gondwana supercontinent (Unrug,
1997; Kemp et al., 2006) are the frontiers and hotspots of
international geoscience research. The Prydz orogenic belt
(Boger et al, 2001) is mainly exposed in Prydz Bay and
Denman Glacier (Black et al., 1992). There are two different
understandings of the causes of the Prydz orogenic belt: colli-
sion orogen (Hensen and Zhou, 1997; Boger et al., 2001; Zhao
et al., 2003) and intraplate transformation (Yoshida, 1995;
Wilson et al., 1997). The reason is that the Prydz orogenic belt
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Gondwana block and lack high-pressure metamorphic rocks
related to oceanic plate subduction. In addition, the internal
composition, structure, and extension direction of the Prydz
orogenic belt are unclear (Liu et al., 2007).

Less than 2% of Antarctica’s surface contains exposed rock
outcrops, limiting our understanding of Antarctica’s tectonic
evolution. Comprehensive geophysical surveys including
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magnetotelluric (Beblo and Liebig, 1990; Wannamaker et al.,
2004), deep seismic sounding (Janik et al., 2014), and surface-
wave imaging (Knopoff and Vane, 1978; Danesi and Morelli,
2001; Ritzwoller et al., 2001; Lawrence et al., 2006) are essential
for understanding Antarctic tectonics. For example, An et al.
(2015) built a 3D S-velocity model for the Antarctic lithosphere
using a single-step surface-wave tomographic method with
seismic records from 122 broadband seismic stations, and
the very thick crust beneath the East Antarctic Mountain
Range may represent the collision suture of East Gondwana
with Indo-Antarctica and West Gondwana during the Pan-
African orogeny.

With the emergence and development of ambient noise
technology (Shapiro et al., 2005; Yao et al., 2006, 2008), the
ambient noise recorded by broadband seismic stations can
be used to image subsurface structures. Ambient noise technol-
ogy uses cross correlation to calculate the empirical Green’s
function (EGF) between pairs of stations and then generates
tomographic images or dispersion-curve inversions to obtain
the corresponding shear-wave velocity structure. Zhan et al.
(2014) studied noise cross correlations and autocorrelations
on the Amery Ice Shelf and obtained an independent estimate
of the water column thickness. Diez et al. (2016) analyzed the
ice-shelf structure by inverting dispersion curves from ambient
noise in the Ross Ice Shelf. Yan et al. (2018) estimated ice-sheet
thickness using the horizontal-to-vertical spectral ratio
(HVSR) method with single-station seismic ambient noise
in Antarctica. O’Donnell et al. (2019) obtained a 3D shear-
wave velocity model and estimated the radial anisotropy in
West Antarctica crust from 8- to 25-s-period Rayleigh- and
Love-wave phase velocity dispersion data extracted from seis-
mic ambient noise.

Broadband seismographs are expensive and difficult to
deploy on the Antarctic continent. Furthermore, the distance
between broadband stations is usually tens of kilometers;
therefore, obtaining high-resolution lithospheric images
beneath the ice sheet using limited seismic data from broad-
band stations is impossible. Recently, with the advancement of
observation technology, dense seismic arrays have provided
new options for obtaining high-resolution images of litho-
spheric structures. For example, Lin et al. (2013) derived a
high-resolution near-surface shear-wave velocity model for
Long Beach, U.S.A., using 5200 short-period stations with
an average spacing of 100 m. Z. Liu et al. (2017) obtained
new images of the crustal structure beneath eastern Tibet from
a high-density seismic array with 330 short-period seismo-
graphs spaced at 500 m intervals.

In the past five austral seasons, the Polar Research Institute of
China acquired aerial gravity-magnetic and ice-penetrating
radar data in the Larsemann Hills with Snow Eagle 601 (Cui,
Greenbaum, et al., 2020). However, the resolution of the crustal
structure derived from aerial gravity-magnetic data is relatively
low. Although ice-penetrating radar can produce high-
Volume 93« Number 1

January 2022 « www.srl-online.org

Downloaded from http://pubs.geoscienceworld.org/ssalsrl/article-pdf/93/1/288/5492383/srl-2021135.1.pdf
bv China | Iniversity of Geosciences Reiiina user

resolution images of ice sheets (Cui, Jeofry, et al, 2020), it can-
not provide the physical properties of subice material that are
important for geological research in Prydz Bay. To obtain
high-resolution images of the geologic structures within the
ice sheet and the uppermost crust in the Larsemann Hills, we
carry out a seismic experiment in the Larsemann Hills, during
the 36th Chinese National Antarctic Research Expedition
(CHINARE36). Stacked body-wave images and inverted
shear-wave velocity model reveal the geologic structure of the
ice sheet and the uppermost crust beneath the survey line, which
provides the first high-resolution seismic evidence for wide-
spread intrusive rocks covered by ice sheets in the Prydz oro-
genic belt, East Antarctica.

Geological Setting

The basement of the Antarctic continent was formed during the
Proterozoic. The central part of the Delonging-Maud continent
in eastern Antarctica is mainly composed of high-grade meta-
morphic rocks. These metamorphic rocks are intruded by igne-
ous rocks, forming coastal and inland mountain outcrops
(Dallmann et al., 1990). Studies from Grove Mountain and
Prince Charles Mountain (X. Liu et al., 2017) show that intrusive
rocks from the Pan-African event are widely present in East
Antarctica and represent the impact of the Prydz orogen on this
region. The formation of the Larsemann Hills, Princess
Elizabeth Land, and MacRobertson Land had important
influences on the formation of subglacial tectonics (Sun et al,
2009, 2014; Cui et al., 2015; Cui, Jeofry, et al., 2020). The study
area shown in Figure 1c is located on the Westodon Peninsula in
the Larsemann Hills region of Prydz Bay, Princess Elizabeth
Land, East Antarctica. It is dominated by Quaternary glacial
meltwater deposits, metamorphic rocks, and intrusive rocks
according to limited outcrops. The representative lithologies
of metamorphic rocks are fine-grained massive gneiss, mafic
granulite, felsic gneiss (some containing pyroxene), argilla-
ceous-felsic gneiss (some containing magnetite), and garnet bio-
tite quartz schist; intrusive rocks are mainly granite (Liu et al.,
2006, 2007). These representative rocks are an important com-
ponent of the Grenville period in East Antarctica and for a long
time were considered to represent only the orogenic products of
the Grenville period (Harley et al, 1998; Liu et al., 2006).

Data and Methods

During the CHINARE36 field seasons, we deployed 100 short-
period, three-component seismometers (Fig. 1c), each with a
corner frequency of 0.2 Hz, on the ice sheet in the
Larsemann Hills. All seismometers were buried at a depth
of one-half meter in the snow. A wooden stick was placed near
the seismometer to assist with instrument retrieval, as the ice
flow velocity was more than 10 m/a here. The first seismometer
was located at the north end of the seismic survey line (Fig. 1¢),
and the interstation distance was 0.2 km, which resulted in a
total survey length of 19.8 km. The seismic survey line turns
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east at the 78th station because there are many crevasses
toward the south. The sampling frequency was 500 Hz for
all stations, and we recorded ambient seismic noise for one
month. We focus on the straight-line section between stations
1-78 in this study. The raw vertical-component data were
divided into one-day segments, and the preprocessing steps,
including instrument response and trend removal as well as
band-pass filtering, were applied to all segments. EGFs are cal-
culated by correlating the preprocessed waveforms with those
recorded at other stations. Figure 2a shows the raw virtual
common shot gathers (CSGs; Draganov et al., 2009) with the
virtual shot position located at the first station. Figure 2b-d
shows the band-pass-filtered CSGs with different filters. The
red arrows represent the surface waves. We note that the body-
wave reflections from shallow interfaces are contaminated by
surface waves. Special processing steps are essential to enhance
the body-wave reflections from subsurface interfaces.

Retrieving the body-wave image

The energy of body waves is much weaker than that of surface
waves, which results in invisibility by the naked eye. Several
processing steps are needed to enhance the body waves. The first
step is geometric spreading compensation (Cerveny et al., 1974),
which is mainly used to account for the energy dissipation of
seismic-wave propagation with depth, so that the reflected
energy at different depths is consistent. The second step is
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Figure 1. (a) Antarctic map. (b) Portion geologic map of East
Antarctic. The red box indicates the study area where the
basement consists of Proterozoic high-grade metamorphic rocks.
(c) Digital elevation map showing the location of the linear dense
seismic array (red-dotted line) deployed in the Larsemann Hills.
The color version of this figure is available only in the electronic
edition.

denoising (Liu et al,, 2021), which transforms the data to differ-
ent trace positions and removes strong surface waves and abnor-
mal amplitudes. During this process, maintaining the energy
integrity of the reflections in the frequency band is important.
Figure 3b shows the denoised CSG, in which the energy of low-
frequency (<10 Hz) surface waves is largely suppressed, and the
energy of high-frequency (>10 Hz) body waves is enhanced; in
contrast, the energy of the CSG in Figure 3a is dominated by the
surface wave. The third step is to compensate for the uniform
amplitude of the ground surface, so that the energy from differ-
ent shots can reach the same level. The fourth step is deconvo-
lution (Idier and Goussard, 1993), which mainly expands the
frequency bandwidth of the seismic record and makes the source
wavelets in the record consistent. The CSG after deconvolution
is shown in Figure 3¢, in which the reflections are clearly
revealed in the area indicated by the red ellipse. The fifth step
is to transform the data to the common midpoint domain,
Volume 93 '« Number 1 .
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perform velocity analysis (Wood et al., 1994), and then use the
velocity result for normal moveout correction (Dunkin and
Levin, 1973). Finally, coherent in-phase reflections are enhanced
by stacking. Figure Sla-c, available in the supplemental material
to this article, shows the stacked images with the original,
denoised, and deconvolutional CSGs, respectively. The body-
wave reflections are enhanced in the final stacking image after
the data-processing steps.

Inversion of Rayleigh-wave dispersion curves

The extended range phase-shift (ERPS) method is used to
extract broadband frequency dispersion curves. First, the inter-
nal-array phase shift and external-array phase shift are sepa-
rately applied to measure the phase velocity at high and low
frequencies. Then, we merge the two types of dispersion curves
at an appropriate frequency band for each station. Therefore,
broadband dispersion curves that have strong constraints from
both shallow and deep structures are acquired, so that we can
image the near-surface structure with high resolution. The
phase velocity maps from 0.2 to 3 s derived by the ERPS
method for the straight-line profile (stations 1-78) are shown
in Figure S2. The low phase velocity in short period is about
1.6-2.0 km/s, which is related to the ice sheet, and the high
phase velocity (>3 km/s) in long period is corresponding to
the bedrock. A low-velocity anomaly between —69.55° and
—69.52° latitude, from 0.5 to 1 s, is found in the phase velocity
map.
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Figure 2. (a) Raw virtual common shot gather (CSG). CSGs filtered
at (b) 0.4-0.6 Hz, (c) 0.6-0.8 Hz, and (d) 0.8-1.0 Hz. The virtual
shot position is located at the first station; red arrows indicate
surface waves. The color version of this figure is available only in
the electronic edition.

Next, the obtained dispersion curves are used to simultane-
ously invert for the shear-wave velocity profile, as opposed to
inverting them independently at each point (Feng and An,
2010). The shear-wave velocity (V) model is estimated with
an iteratively damped least-squares algorithm that adds verti-
cal and horizontal constraints. This problem is linearized by a
first-order Taylor expansion as follows:

Goém = &d, (1)

in which G denotes the Jacobian matrix, elements of which
represent the sensitivity of the phase velocity with respect to
Vs Om denotes the difference between the current model
and the true model; and &d denotes the misfit for the
dispersion curves. To solve equation (1), second-order
Tikhonov regularization is employed, and different damping
parameters for the vertical and horizontal directions are
selected. For the kth iteration, we obtain,

dmk = (GG + M, LIL, + A,LfL,) ' G"8d, (2)
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Figure 3. (a) Original virtual CSGs, (b) denoised CSG with surface
wave suppressed, and (c) deconvolutional CSG, in which the
reflections are clearly revealed in the area indicated by the red
ellipse. The subplots in the lower-right panel are the average
normalized magnitude spectrum. The color version of this figure
is available only in the electronic edition.

in which dm* denotes the adjustment to update the model; L,
and L, are the vertical and horizontal Laplacian constraints,
respectively; and A, and A, are the corresponding damping
parameters.

Results and Discussion

The body-wave stacking image is shown in Figure 4a. A clear
arrival, indicated by the red arrow and associated curve, marks
the reflection from the ice-rock interface. The estimated thick-
ness of the ice sheet varies from 0.2 (in the north) to 0.5 km (in
the south), which is consistent with the HVSR (Picotti et al,
2017) estimates shown in Figure S3. Another clear arrival,
identified by the black arrow and the purple curve in
Figure 4a, indicates a subsurface geologic interface, and the
thickness of this layer should be greater than 0.2 km. Our
shear-wave velocity model is shown in Figure 4b. The maxi-
mum depth of the shear-wave velocity model shown in
Figure 4 is less than 2.5 km, which is reasonable and reliable,
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as the maximum period in our data is approximately 3 s, and
the corresponding dominant wavelength is approximately
7.5 km, assuming the average shear velocity of 2.5 km/s.
Therefore, we constrain the depth in the shear-wave velocity
model to approximately 1/3 of the dominant wavelength.
To obtain the high-resolution geologic structure at deeper
depths, the aperture of the seismic survey line would need to
be increased to capture low-frequency signals. Furthermore,
the acquisition time of ambient noise recording should be
increased.

The blue-purple section at shallow depths in Figure 4b is the
ice sheet, in which the average shear-wave velocity is approx-
imately 1.85 km/s, and the ice-rock interface is marked by the
red curve. The average shear-wave velocity of the green area
(between the red and purple curves) is approximately
2.9 km/s, whereas the average shear-wave velocity for the
red section is approximately 3.6 km/s. In addition, we find
a near-vertical low-velocity anomaly between —69.55° and
—-69.52° latitude, marked by the dashed-white line, with a hori-
zontal extent of 4 km. The average shear-wave velocity of the
anomaly is approximately 3.4 km/s.

Our geologic interpretation is shown in Figure 5. The aver-
age shear-wave velocity of ice sheet is approximately 1.85 km/s,
which is close to that estimated by Wittlinger and Farra (2012).
The ice shear-wave velocity increases from 1.6 km/s at the sur-
face to 2.2 km/s at the base of the ice sheet; the velocity var-
iations below the firn-ice transition zone are mostly due to
crystal fabric (Kluskiewicz et al., 2017). We infer that the yel-
low sections in Figure 5, with shear-wave velocity of ~3.6 km/s,
should correspond to high-grade metamorphic rocks, as the
seismic survey line (Fig. 1) is located above the corresponding
geologic unit. In addition, the shear-wave velocity for meta-
morphic rocks is typically high (Christensen, 1966). The red
section in Figure 5 is interpreted as a granite intrusive rock
with a horizontal extent of 4 km, possibly associated with
Pan-African thermal events. The shear-wave velocity near
the ice-rock interface is slightly lower than the average velocity
(Hansen et al., 2010). This may be because the granitic rocks
have undergone weathering.

Conclusions
A dense linear seismic array was deployed in the Larsemann
Hills, East Antarctica, with a station spacing of 0.2 km.
Continuous seismic waveforms were recorded for one month
with a 2 ms sampling rate. Stacked body-wave images are
extracted from EGFs from ambient noise using a set of process-
ing techniques commonly employed in seismic exploration. In
addition, dispersion curves are extracted from the EGFs using
the extended phase-shift method, and a shear-wave velocity
model is then generated by simultaneously inverting those
dispersion curves. The shear-wave velocity model shows good
agreement with the stacked body-wave image. Our results pro-
vide a high-resolution image of the seismic structure, in which
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