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The properties and behavior of the West Antarctic Ice Sheet through time are key to understanding climate 
and sea level change in the near future. We analyze different types of seismic waves from an active-source 
acquisition deployed on the West Antarctic Ice Sheet and uncover the internal structures of the ice sheet using 
seismic imaging methods. Surface waves including leaky and normal modes are separated from englacial and bed 
reflections using a cross-component matched filter method. Leaky modes are uniquely strong in the data possibly 
due to the firn layer and ice compaction. We use a joint inversion of leaky and normal surface waves for P- and S-
wave velocity estimation in the near-surface and attribute the ultra-low Vp and Vs ratios to the pore closure. We 
observe englacial reflections down to 50 Hz and bed reflections with multiple branches. Such reflection waves 
are further used to calculate the seismic images of discontinuities in the ice sheet and the bedrock, revealing 
multiple layers within the ice near the bed and a heterogeneous bedrock with a rugged surface and possibly 
existing faults. The fine structure of the ice sheet revealed by seismic data helps with searching for possible drain 
points and evaluating the instability of the ice sheet. Our data analysis shown in the study is also applicable to 
typical data sets collected for critical zone exploration.

1. Introduction

The West Antarctic Ice Sheet (WAIS) is largely below sea level 
and therefore could be unstable. In the past interglacial periods, the 
WAIS completely disappeared (Scherer et al., 1998), and the melted 
ice could lead to sea levels about 3 m higher than at present (Bam-
ber et al., 2009). In glacial periods, the WAIS extended to the edges 
of the continental shelf and was drained by ice streams. Pine Island 
Glacier and Thwaites Glacier discharge much of the ice and sediment 
from the WAIS and affect thermal and saline ocean circulation (Joughin 
et al., 2009). Geodetic and geophysical observations have revealed the 
surface and internal structures of ice and sedimentary layers and ad-
vanced our understanding of ice dynamics and their response to climate 
change (Bentley, 1975; King et al., 2010; Fu et al., 2021a; Wiens et 

* Corresponding author.
E-mail address: zdzhang@mail.iggcas.ac.cn (Z. Zhang).

al., 2022). Radar and seismic surveys are two comparable geophysi-
cal methods that have been used to determine the thickness of ice and 
bed topography. While radar methods can cover large areas in a short 
time on airborne platforms, they often see only the bed (Eisen et al., 
2015). Seismic surveys, especially those using active sources, can pro-
vide high-resolution images of englacial structures within the deep ice 
and physically meaningful model parameters such as P- and S-wave ve-
locities and seismic impedance discontinuities (Horgan et al., 2011).

Seismic waves, which travel through the shallow and deep ice cover, 
contain a wealth of information about the velocities and discontinuities 
of ice and the bedrock that can constrain the structure of glaciers, the 
rate of melting and the ice flow (Zhang et al., 2022). Seismic studies 
in Antarctica can be categorized into passive-source and active-source 
studies, depending on the availability of controlled seismic sources 
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such as explosives, vibroseis, accelerated weight drop, seismic gun, and 
sledgehammer sources. Passive sources such as earthquakes, oceanic 
waves and human activities are less logistically challenging and some-
times more environmentally friendly compared to active sources, but 
they also have limitations in their use for seismic imaging. Earthquakes 
that happened at plate boundaries are far from the stations installed 
on continental Antarctica and can be used for constraining continental-
scale seismic models (Lloyd et al., 2020). Retrieved surface waves from 
the ambient noise data are often used to invert for shear-wave veloci-
ties in the crust or the top 30 meters, depending on the aperture of the 
seismic array (Shen et al., 2018; Fu et al., 2021b; Zhang et al., 2022). 
Aside from searching for velocity models, seismologists also use seismic 
interferometry to estimate anisotropy and internal structures of the ice 
cap (Pha.m and Tkalčić, 2021; Chaput et al., 2022). Interferometric pro-
cessing of ambient noise data is based on cross-correlation of seismic 
wavefields between receivers. In the case of surface stations, seismic 
waves having overlapping wavepaths such as surface waves will be 
reinforced while body waves will be suppressed. Strictly speaking, ex-
traction of Green’s function using seismic interferometry requires that 
the noise sources are distributed homogeneously (Halliday and Curtis, 
2008). In practice, seismic interferometry does not retrieve the exact 
Green’s function, which limits its accuracy in resolving wave dynamics, 
e.g., amplitudes. However, they nonetheless have, historically, provided 
many important insights into the composition structure of ice sheets 
(Diez et al., 2014; Shen et al., 2018; Chaput et al., 2022; Zhang et al., 
2022).

Seismic waves originating from a single source are often distinct 
from most of the subsurface noise and thus are easier to monitor (Hal-
liday and Curtis, 2008). In addition, active-source surveys, in practice, 
can record more complete seismic wavefields including surface waves, 
diving waves, reflections and free-surface multiples due to the type of 
sources used. Different types of seismic waves are sensitive to variable 
model parameters of the ice cap and sedimentary layers. For example, 
the thickness and velocity structure of the firn layer is better constrained 
by surface waves than diving waves. Shear waves enable better con-
straints on the anisotropy of seismic waves in the ice sheet than P 
waves (Diez et al., 2014). Seismic reflections caused by abrupt changes 
in seismic impedance retain rich information about the petrophysical 
properties of subsurface interfaces and thus have been used to estimate 
the orientation of ice crystal fabric or the mean grain size and to char-
acterize the ice-basal interface (Horgan et al., 2011; Muto et al., 2019; 
Zhang et al., 2022). Existing seismic studies have assumed that the 
englacial discontinuities of the ice sheet result from either the incursion 
of basal materials (Smith, 1996) or abrupt changes in crystal-orientation 
fabric (Horgan et al., 2011). It is also reported that the instability of 
the ice sheet is highly dependent on the geometry and characteristic 
of the bed (e.g., water content) (Parizek et al., 2013; Lai et al., 2020). 
There have been several active source surveys in the western Antarctic 
in the past (Bentley, 1971; Peters et al., 2006; Holland and Anandakr-
ishnan, 2009; Horgan et al., 2011; Karplus et al., 2019). Recently, as 
part of the Thwaites Interdisciplinary Margin Evolution (TIME) project, 
active-source data were collected by a linear array of three-component 
seismic nodes (Karplus et al., 2019; Kornei, 2020). The new data sets 
provide opportunities to recover the fine structures of the ice sheet and 
the sedimentary layers by applying seismic data processing algorithms 
developed in recent years (Zhang and Alkhalifah, 2019; Li et al., 2022; 
Zhang et al., 2022).

In this study, we identify different types of seismic waves includ-
ing leaky modes, normal modes, diving waves, reflection waves and 
free-surface-related multiples from the linear array deployed on the 
ice sheet that recorded active sources. Such seismic waves illuminate 
the ice sheet from shallow to deep and thus are useful to uncover the 
interior structures of the ice sheet and the bedrock. Specifically, we 
estimate the compressional and shear velocities in the near-surface us-
ing a joint dispersion curve inversion of leaky and normal modes. The 
compressional-to-shear velocity ratio indicates a porosity variation with 

depth. We then analyze the frequency-dependent response of bed re-
flections and neighboring englacial reflections from the vertical- and 
radial-component data. These reflection data are used to seismically 
image the layer boundaries inside the ice sheet, the ice-basal interface, 
and deeper sedimentary layers. Our observations, with previous stud-
ies, provide new insights of the ice structure as pore closing, crystal size 
or sharpness of each layer from the surface to the shallow sedimentary 
layer. We anticipate the wave phenomena and techniques introduced 
in this study are also applicable to a larger number of ice-based and 
land-based data sets.

2. Study site

The WAIS represents the portion of the Antarctic ice sheet that cov-
ers west Antarctica. As a sea-based ice sheet, its bottom lies below sea 
level, and its edges flow into floating ice shelves. The WAIS has con-
tributed to a significant loss in ice, and a rise in the sea level, since the 
start of the 21st century, as a result of the rapid melting, retreating and 
accelerating of major glaciers (Meredith et al., 2019). Geological and 
glaciological data were thus collected to examine the asymmetries of 
the thickness change in the divide. The WAIS Divide ice core data help 
us to understand the crystal structure of the ice (Fitzpatrick et al., 2014) 
and the Holocene accumulation rate (Koutnik et al., 2016). Seismic sur-
veys are also carried out to examine the composition of the ice in the 
vicinity of the WAIS Divide drilling site, which is more cost-effective 
than deep-ice drilling.

We study the active-source seismic data collected about 5 km north-
east of the WAIS Divide Camp along-flow toward the Walgreen Coast. 
The acquisition line has 36 explosive sources (each 300 grams pentolite) 
placed in shallow drilled holes (1.3-3.1 m deep) and 76 3-component 
(3C), Z-land Gen2, 5 Hz Magseis Fairfield seismic nodes buried at 30 
cm depth (Ringler et al., 2018). The seismic array is about 2.25 km 
long with 30 m and 60 m separated nodes and sources, respectively, 
as shown in Fig. 1. These seismic node configurations were designed to 
record controlled seismic source tests during January 2019 (Karplus et 
al., 2019), but they are also very useful for passive seismic studies (Cha-
put et al., 2022; Zhang et al., 2022). The seismic line used in this study 
follows the same location as a previous controlled-source seismic reflec-
tion line collected in 2008-2009 (Horgan et al., 2011, Figure 1b) and 
is partially co-located with a radar line collected in 2020 (Young et al., 
2021).

3. Separation of surface and reflection waves

We observe a series of seismic waves such as surface waves, reflec-
tions and multiples in the common-shot gathers (one of 36 gathers is 
shown in Fig. 2). Different types of seismic waves travel different paths 
in the ice sheet and are sensitive to variable subsurface parameters. 
Surface waves include leaky and normal modes traveling along the free 
surface and are useful signals for velocity estimation in the near-surface. 
Reflected waves from englacial reflectors or the bedrock are helpful in 
imaging seismic discontinuities. However, surface waves often contam-
inate reflection waves and thus surface-wave attenuation is needed to 
utilize body waves. Conventional ground-roll attenuation approaches 
separate surface waves and body waves by examining their different 
frequency-slowness responses (Wang and Wang, 2017; Zheng and Hu, 
2021). Such methods treat the vertical and horizontal component data 
independently and assume a mild lateral variation in velocity. In fact, 
with the availability of multi-component data, we may take one com-
ponent of the recordings as the template surface waves for another. We 
designed non-stationary matching filters to attenuate surface waves by 
minimizing the difference of vertical- and horizontal-component data. 
This idea is supported by the fact that the main difference between the 
radial and vertical components of the leaky and normal modes is the 
phase shift (Schröder and Scott, 2001). Technical details and waveform 
comparisons are provided in the Supplementary Material.
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Fig. 1. a) Map of explosive sources and three-component nodes used in this study overlaid with the 15 arc-second global relief (ETOPO, 2022) for the ice surface 
and b) photos from fieldwork showing a team drilling a hole (less than 5 m) for an explosive source and c) a three-component (3C) Magseis Fairfield seismic node 
deployed in a 30-cm-deep hole. The array is about 2250 m-long with 76 3C nodes and 36 sources separated by 30 m and 60 m, respectively. We set the receiver 
located at the northeast corner as the first trace.

Fig. 2. Example of raw and processed (PROCD) vertical- and radial-component common-shot gathers. We observe strong leaky (Gp) and normal (Gs) modes from 
the raw vertical- and radial-component recordings. After applying the proposed data processing, we attenuate such surface waves and highlight body waves, such 
as direct P- and S-waves traveling at about 3700 m/s and 1800 m/s, respectively. Englacial (ER), ice-rock basal interface reflections (PPb and PSb) and their 
free-surface-related multiples (M1b) are also highlighted.

The processed vertical-component data highlight PP reflections from 
the ice-basal interface previously hidden by surface waves in the far-
offset. Similarly, the processed radial-component data also emphasize 
the converted waves at the ice-basal interface (PSb) and englacial re-
flections. More importantly, surface waves are greatly attenuated and 
the first breaks of the primary S-waves distinguish themselves from 
the background data, which facilitates the traveltime picking of pri-
mary S-waves. Waveforms of the preprocessed first breaks are slightly 
different from the raw data, which may be due to the interference be-

tween the body and surface waves. Nevertheless, the processed data 
highlight the first breaks of primary P- and S-waves in vertical and 
radial components and allow robust traveltime picking. We show the 
shear-to-compressional wave traveltime ratio versus the source-receiver 
distance in Fig. 3. The ratio of primary (i.e., diving) S- and P-time in-
creases rapidly for source-receiver (S-R) distances smaller than 500 m 
and stabilizes at around 1.91 (mean value) in mid-to-far offsets, and 
thus we anticipate that a two-layer model may explain the observed 
traveltime ratios. The shallow firn layer has a large velocity gradient 
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Fig. 3. P- and S-wave traveltime ratios for all source and receiver pairs (2736 
picks). They are picked from the processed waveforms and sorted into ascending 
source-receiver (S-R) distances. The red dashed line indicates the mean value of 
the P- and S-time ratio (1.91).

with increasing P- and S-wave velocity ratios while the deep ice layer 
has a more constant P- and S-wave velocity ratio. Such a velocity model 
revealed by diving waves also agrees with velocity models calculated 
from the dispersion spectrum inversion of surface waves (Zhang et al., 
2022). However, the empirical analysis is not accurate enough to make 
a quantitative comparison and thus we use a joint inversion of leaky 
and normal modes for an accurate estimation of P- and S-waves in the 
near-surface, which will be explained in the following sections.

4. Shallow ice-sheet structure revealed by a joint inversion of 
leaky and normal modes

Leaky surface waves are a type of wave that travel along a surface 
and have a phase velocity that falls between the P- and S-waves. They 
are known to be inhomogeneous and exist only for materials with a 
Poisson ratio above 0.263 (Schröder and Scott, 2001). Leaky modes 
are sensitive to shallow velocity changes of P-waves and are useful for 
constraining P-wave velocities in the near-surface (Oliver and Major, 
1960; Gao et al., 2014; Li et al., 2021, 2022). With the previously 
picked first breaks of primary P- and S-waves, we are able to isolate 
the potential leaky modes from the raw waveform data. The vertical-
component leaky surface waves shown in Fig. 4a are overlaid with the 
picked traveltimes of primary P- and S-waves. To facilitate analysis of 
data at the desired frequencies, we convolve the raw recording with a 
Ricker wavelet dominated at 40 Hz. The first breaks are probably diving 
P-waves, while the later dispersive arrivals are believed to be leaky sur-
face waves formed by post-critical P-wave reflections and refractions at 
the firn-ice interface (Roth et al., 1998). We also plot the waveforms ex-
tracted at different locations for a better comparison in Fig. 4b and the 
first breaks overlap with picked traveltimes reasonably well. The plot 
in addition verifies the accuracy of the previously picked traveltimes of 
diving P-waves. Leaky surface waves are known as dispersive and thus 
we show their frequency and phase velocity spectrum in Fig. 4c. Three 
potential dispersion modes are visually identifiable from the plot and 
we pick the corresponding dispersion curves for velocity inversion in 
the following sections.

Normal modes or Rayleigh waves have been widely observed and 
utilized for shear-wave velocity estimation in the near-surface (Xia et 
al., 1999; Shearer, 2019). Rayleigh waves that emerged from correla-
tions of the ambient noise were reported using the same acquisition 
line in a previous study (Zhang et al., 2022). In this work, we revisit 

Rayleigh waves recorded in an active-source survey. With the previ-
ously picked traveltimes of primary S-waves, we can easily highlight 
possible Rayleigh waves as shown in Fig. 5. These are band-limited sig-
nals, which are convolutions of the raw recording with a Ricker wavelet 
dominated at 20 Hz. Limited by the sparse sampling of receivers and 
the low velocity in the near-surface, the maximum frequency of mea-
surable Rayleigh waves should be lower than 30 Hz (see Foti et al. 
(2018) for guidelines). The vertical component of selected waves is dis-
persive as expected but also shows complex mode conversions right 
after the first breaks of primary S-waves. For a better comparison, we 
also plot the waveforms at selected locations in Fig. 5b. The time-series 
data show a time-dependent variation of the frequency content and clus-
tering of arrivals. The picked traveltime of diving S-waves overlaps with 
the first breaks of S-waves, which in addition verifies the accuracy of 
the picked traveltime for S-waves. The dispersion spectra of the vertical-
component Rayleigh waves are calculated and plotted in Figs. 5c. The 
fundamental mode is dominant in energy and a potential higher-order 
mode is also observed from the dispersion spectra. We pick the dis-
persion curve of the fundamental mode from the vertical-component 
data and ignore higher-order modes since the target frequency range is 
reaching or above the limit of data aliasing. Artificial dispersion ener-
gies marked by a single arrow are likely caused by data aliasing and 
thus are ignored.

Shallow structures of the firn and ice layers are often obtained from 
1D inversion of Rayleigh and/or Love waves. Only S-wave velocity is 
well-constrained by normal modes inversion due to the variable data 
sensitivity. The P-wave velocity can be estimated from primary P-waves 
or the empirical relation with S-wave velocity. However, primary P-
waves may not penetrate the ice layer due to the strong velocity contrast 
between the shallow firn and deep ice. The leaky modes, which are 
more sensitive to perturbations of P-wave velocity, could be used for P-
wave velocity estimation in the near-surface. Here we use the previously 
picked dispersion curves of leaky and normal modes jointly (e.g., Figs. 4
and 5) to invert for 1D P- and S-wave velocity model. Following the 
work of Li et al. (2022), we simulate the leaky and normal modes using 
a semi-analytical spectral element method (Shi et al., 2022) and calcu-
late Vp and Vs updates using the Levenberg-Marquardt method (Xia et 
al., 1999). As we mentioned earlier, Vp and Vs are mainly constrained 
by leaky and normal modes, respectively, in the proposed joint inver-
sion. Figs. 6a and 6b show the initial and inverted 1D P- and S-wave 
velocities and their ratios. The starting S-wave velocity was obtained 
from a 2D wave-equation dispersion spectrum inversion (Zhang et al., 
2022) and the starting P-wave velocity is a scaled version (2X) of the 
S-wave velocity. The newly inverted P- and S-wave velocity model in-
dicates a low-velocity firn-air layer in the shallow (< 12 m) and a firn 
layer with a large velocity gradient (< 70 m). In comparison, Zhang et 
al. (2022) estimated the thicknesses of the firn-air layer and firn-layer 
to be about 17 m and 62 m, respectively, using low-frequency (e.g., 
2-20 Hz) ambient noise data. The compressional to shear wave veloc-
ity ratio (𝑉𝑝∕𝑉𝑠) is often used as a key parameter for lithology and fluid 
prediction (Duffaut and Landrø, 2007). With the relation between 𝑉𝑝∕𝑉𝑠
ratios and the differential stress learned from ultrasonic core measure-
ments, the increased 𝑉𝑝∕𝑉𝑠 ratio at shallow depth may correspond to 
the unconsolidated snow layer (e.g., Fig. 6). The accumulation of un-
consolidated snow and firn up to about 70 m depth will increase the 
differential stress and thus result in a decrease of 𝑉𝑝∕𝑉𝑠 ratio. With an 
increased portion of consolidated ice at larger depths, the 𝑉𝑝∕𝑉𝑠 ratio 
is approaching a constant value of standard ice (Wittlinger and Farra, 
2012). The ratios of 𝑉𝑝∕𝑉𝑠, calculated from the inverted 1D velocities, 
in general, agree with the measured P- and S-wave traveltime ratios 
(e.g., Fig. 3) except for the very shallow layers (e.g., 0-70 m). We trust 
the calculated 𝑉𝑝∕𝑉𝑠 ratios more than the traveltime ratios because of 
the higher data sensitivity of normal and leaky modes than diving waves 
at such shallow depths. The synthetic dispersion curves agree well with 
those calculated from the observed data. The high-order leaky modes 
are also correctly identified and utilized.
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Fig. 4. Windowed leaky modes of the vertical-component data. a) Example common-shot gathers overlaid with picked P- and S-wave traveltimes. b) Trace-by-
trace waveforms at selected locations. The picked S-wave traveltime is beyond the maximum plotting time for the last trace and thus is not showing. c) The 
frequency-velocity spectrum overlaid with picked three leaky modes (G1-G3).

Fig. 5. The vertical component of selected normal modes. a) Example common-shot gathers overlaid with picked P- and S-wave traveltimes. b) Trace-by-trace 
waveforms at selected locations. c) The frequency-velocity spectrum overlaid with the picked fundamental mode. The single arrow points to the aliased energy due 
to the sparse receiver sampling. The double arrows may indicate potential higher-order modes.
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Fig. 6. 1D velocity models. a) P- and S-wave velocity profiles. b) P- and S-wave 
velocity ratios. Vp and Vs were jointly inverted using the picked dispersion 
curves from leaky and normal modes, respectively. The dashed vertical line 
indicates the Vp and Vs ratio of 1.91 or the Possion’s ratio of 0.3112. The 
smooth models from (Zhang et al., 2022) were used as the starting models.

5. Reflection wave analysis and deep-structure

Active-source surveys record high-quality seismic reflections from 
the englacial discontinuities and the bedrock, which are often not re-
coverable by crosscorrelation of ambient noise or radio-echo-sounding 
techniques. Our experiment repeats the active-source survey of the L-
line in Horgan et al. (2011) and expands our knowledge about layer 
boundaries in the target area. In summary, we observe englacial PP
and PS reflections at lower frequencies (e.g., 50-100 Hz for PP and 
2-50 Hz for PS) and obtain cleaner seismic images of the ice-basal in-
terface and sub-ice materials than existing studies. In Fig. 7, we show 
the vertical component of seismic reflections and free-surface-related 
multiples, after applying band-pass zero-phase Butterworth filters. Note 
that we use surface-wave-attenuated data in the following analysis. Bed 
reflections have a reasonably broad frequency band (e.g., 2-400 Hz), 
which is expected for the ice-basal boundary. Multi-pathing bed reflec-
tions caused by the topography of the basement are observed (see the 
Supplementary Material for evidence). Complicated reflections arriving 
later than bed reflections may indicate a heterogeneous basement. The 
free-surface-related multiples traveling through the shallow firn layer 
one more time than primary reflections only exist at lower frequencies 
(e.g., below 100 Hz) and have a much weaker amplitude. We observe 
englacial reflections at even lower frequencies (e.g., 50-100 Hz) than 
an earlier study at the same location (e.g., Horgan et al. (2011)). The 
englacial reflections do not exist at lower frequencies (e.g., 2-50 Hz), 
indicating small-scale discontinuities that may cause such reflections. 
Recent studies have associated such seismic discontinuities with either 
enclosing basal materials (Smith, 1996) or abrupt changes in crystal-
orientation fabric (Horgan et al., 2008) and/or grain size (Zhang et 
al., 2022). The radial-component data, containing mainly converted S-
waves, show clear bed reflections at frequencies lower than 100 Hz (see 
the Supplementary Material). Such converted waves only exist at far 
offsets and also have weaker amplitudes. The seismic velocity in porous 
media is constituted of the matrix and fluid velocities (Han et al., 1986), 
and the substitution of the fluid would result in velocity alterations for 
P-waves, not S-waves. With reference to such established seismic reac-
tions to petrophysical characteristics in the subsurface, we anticipate 
that the fluid replacement in the porous ice may cause strong PP and 

weak PS reflections. There are also some low-frequency (below 50 Hz) 
englacial-like PS reflections that arrived earlier than the bed reflection. 
By comparing with the arrival time of the two englacial reflections iden-
tified from the vertical component data (e.g., Fig. 7), we conclude that 
such converted waves should come from shallower englacial reflectors.

We then calculate seismic images of the englacial, ice-basal, 
and bedrock discontinuities using the reverse-time migration method 
(Zhang et al., 2022). Reverse-time migration (RTM) maps the time-
domain seismic reflections to depth-domain seismic images by back-
propagating the surface wavefields to the subsurface location where 
they were generated. When the velocity model is kinematically accu-
rate, the imaged reflectors will be placed in the correct locations. Since 
the target area is mostly ice, obtaining a kinematically accurate velocity 
model for migration is easy. Both the constant ice velocity model (e.g., 
Vp=3850 in Horgan et al. (2011)) and the depth-extended inverted ve-
locity model (Zhang et al., 2022) can provide similar seismic migration 
images (see the Supplementary Material).

We first calculate the RTM image using high-frequency (i.e., 
2-200 Hz) data after surface wave removal. As shown in Fig. 8, there are 
five englacial reflectors imaged within about 700 m above the bedrock, 
indicating a variation in seismic impedance (e.g., velocity product den-
sity) of the ice layers. We further confirm the accuracy of the imaged 
englacial reflector by comparing with Kirchhoff migration with vari-
able velocities (see the Supplementary Material). The dipping direction 
of imaged englacial reflectors generally agrees with the bedrock’s to-
pography and the ice flow direction. A shallow ice layer is offlapping a 
deeper one at about 3000 m depth, considering the direction of ice flow. 
A partial melting of ice near the bedrock might explain the disappear-
ance of the deepest dipping englacial reflector. The imaged englacial 
reflectors are unlikely caused by the inclusion of basal since they’re 
nearly laterally homogeneous, and seismic anisotropy caused by varia-
tions in the c-axis is a possible reason. However, the physical reasons for 
the c-axis change between layers need further exploration. According 
to petrophysical responses of reflected P- and S-waves, fluid replace-
ment in layers can cause stronger PP reflections than PS reflections. 
We anticipate fluid replacement near the bedrock alternates the fric-
tion of englacial layers, and ice flow further rearranges the c-axis of 
ice.

The topography of the ice-basal interface and detailed structures of 
the bedding rock are further investigated using lower-frequency data. 
In specific, we use the vertical component of 2-50 Hz processed data 
(e.g., shown in Fig. 7) as the input wavefield for reverse-time migration 
(Zhang et al., 2022). The seismic image shown in Fig. 9 shows a clear 
seismic image of the ice-basal interface centered at around 3340 m. 
The imaged ice-basal interface has a topography varying from 3440 m 
(north) to 3240 m (south), sloping downward inland, agreeing with the 
bed topography based on seismic methods (e.g., Figure 2 in Horgan et 
al. (2011)), mass conservation, streamline diffusion, and other methods 
(Morlighem, 2022). The rugged ice-basal interface causes the bright or 
dimming of reflector images and the triplications of bed reflections, 
as shown in Fig. 7. However, neither the rugged surface nor a lay-
ered bedrock model can generate complicated later reflections observed 
from the data (see the Supplementary Material). The structural image 
indicates that the bedrock itself is heterogeneous and faults may exist, 
agreeing with the geology background that thin sediments or extensive 
volcanic rocks or intrusions widely exist in West Antarctica (Artemieva 
and Thybo, 2020; Jordan et al., 2023). Kirchhoff and RTM migration 
images calculated from variable band-limited reflections and a constant 
migration velocity and a numerical test also support our finding (see 
the Supplementary Material).

6. Discussion: structure of the ice-sheet and the basement

Seismic waves recorded by the active-source survey contain rich in-
formation about the internal structure and petrophysical properties of 
the ice sheet and the bedrock. After composing the velocity and struc-
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Fig. 7. A zoomed-in view of the vertical-component reflection data, after applying zero-phase band-pass Butterworth filters. The ice-rock basal interface reflections 
(PPb) show overall flat but rugged features in the wide-bandwidth data (2-400 Hz). Reflections from the rock (geology) beneath the ice are also observable. The 
free-surface related multiples of the ice-rock basal interface reflections only appear in waveform data below 200 Hz and have lower apparent frequencies than the 
primary reflections. Several englacial reflections caused by seismic discontinuities in ice are identified at certain frequencies such as 50-200 Hz.

Fig. 8. Reverse-time migration image of the englacial discontinuities. Five englacial reflectors are identified within 700 m above the bedrock, and they’re dipping in 
the direction of the ice flow.

ture information we have in this study and some prior knowledge about 
the WAIS, we use a sketch plot to show our interpreted structures of the 
ice sheet and the bedrock in Fig. 10. The compressional and shear ve-
locities estimated from a joint inversion of leaky and normal modes 
indicate a two-layer model of the near-surface. The calculated 𝑉𝑝∕𝑉𝑠
ratio is dependent on the differential stress (Duffaut and Landrø, 2007) 
and thus is used to infer the depth of unconsolidated and consolidated 
firn layers. From the 1D velocity models, as shown in Fig. 6, we ob-
serve a reduction of 𝑉𝑝∕𝑉𝑠 ratios from about 30 m to 70 m depths, 
which may indicate an increase of the differential stress. The increased 
differential stress may compact the firn layer and close the pores. Such 
depth coincides with the firn thickness calculated using the empirical 
equation (Zhang et al., 2022) and the core analysis (Battle et al., 2011). 
At greater depths, 𝑉𝑝∕𝑉𝑠 ratios gradually increase to those of the ice. 
We anticipate that the pure ice layer starting from about 120 m depth 
contains ice crystals with variable grain size and c-axis according to our 
previous analysis of the SH reflections (Zhang et al., 2022) and other lit-

erature works (Horgan et al., 2011; Muto et al., 2019). We exclude the 
case of basal intrusion that causes such englacial reflections since the 
imaged reflectors are horizontally continuous and nearly flat. Strong PP 
and weak PS reflections at these discontinuities indicate that fluid re-
placement at layers may happen, which will change the friction of ice 
sheets and further cause variations in the c-axis. The seismic image de-
rived using reverse time migration indicates that the ice-basal interface 
has a rugged surface (e.g., 3340±100 m), and the bedrock is heteroge-
neous, in agreement with existing studies in nearby areas (Horgan et 
al., 2011; Muto et al., 2019; Clyne et al., 2020). Our new results show 
a much cleaner image of the ice-basal interface than a previous study 
(e.g., Figure 2 in Horgan et al. (2011)). Previous studies have indicated 
the existence of subglacial lakes (Siegert et al., 2005) and a lower shear 
wave velocity in the deep ice sheets (Wittlinger and Farra, 2015). We 
haven’t searched for direct evidence of the presence of liquid water in 
this study. In our future work, we plan to update the P- and S-wave 
velocities of the whole ice sheet using reflection waveform inversion 
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Fig. 9. Reverse-time migration image of the ice-rock and rock discontinuities. a) For the whole array and b) for the selected locations. We use the processed vertical-
component data of 36 shots (e.g., data shown in Figs. 2) as the input data. The ice-rock basal interface is coherently reconstructed at all the selected locations while 
the rock discontinuities are present as local structures.

Fig. 10. Sketch of the possible structures of the ice-sheet and the basement 
revealed by seismic waves.

of bed reflections to uncover the petrophysical properties of associated 
englacial discontinuities.

7. Conclusions

We observe a series of seismic waves from an active-source acqui-
sition in the west Antarctic. The methods we use can be applied to 
a variety of subsurface structures where there is a near-surface low-
velocity zone on top of a higher velocity zone, such as an ice sheet 
with shallow firn or a critical zone environment with shallow uncon-
solidated sediment. The joint leaky and normal modes dispersion curve 
inversion returns an estimation for both P- and S-wave velocities in 
the near-surface. The velocities themselves and their ratios are key to 
understanding the fine structures of the ice sheet and inferring the 
petrophysics of the shallow firn and ice. Different from the previous 
studies, we observe strong PP and weak PS englacial reflections at lower 

frequencies and show a much cleaner seismic image of layer bound-
aries. The ice sheet near the basement exhibits multiple continuous and 
nearly flat layers, indicating a heterogeneous composition of the deep 
ice sheet. We attribute the englacial reflectivity to variations in c-axis 
orientation and fluid replacement in the porous ice. Our reverse-time 
migration seismic image indicates a rugged topography of the ice-basal 
interface, and heterogeneous bedrock with faults may exist. In the fu-
ture, we plan to examine the material properties of the ice sheet in more 
detail, including looking for evidence of liquid water.

Code availability

The numerical solver for seismic wavefield extrapolation and in-
version (SPECFEM2D) is available at https://github .com /geodynamics /
specfem2d. We also use Madagascar to process the data and calculate 
the Kirchhoff migration image (https://www .reproducibility .org /wiki /
Main _Page).
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