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Abstract Interactions between the Antarctic Ice Sheet and the underlying solid Earth occur within the ice-
bedrock interface zone (IBIZ), containing structures of sediments and rocks that strongly influence ice sheet
dynamics. Existing insights into the Antarctic IBIZ come primarily from interpretations of airborne geophysical
data and active seismic measurements, which require significant logistics. Passive seismic methods provide a
lower cost, lower resolution alternative for subglacial mapping, with the potential for continuous remote
monitoring. Here, we utilize horizontal-to-vertical spectral ratios (HVSRs) of seismic ambient noise to infer the
presence of subglacial low-velocity zones generated by unlithified sediments or porous, water saturated
sedimentary rocks, using existing data from over 80 broadband stations across Antarctica. From 1-D forward
modeling, we identify a decrease in synthetic HVSR peak frequencies dependent on the thickness and S-wave
velocity (V) of the low-velocity zone unrelated to seismic wavefield conditions. This sensitivity in HVSR peak
frequencies is validated by the agreement between synthetic and observed HVSRs at Antarctic stations with
independent prior constraints on subglacial structure. Our observed HVSR analysis additionally reveals a
widespread seasonality in observed HVSR amplitudes between 0.2 and 1 Hz that correlates with sea ice
evolution and the modulation of secondary microseism energies in the Southern Ocean. From the decrease in
observed HVSR peak frequencies, we infer the likelihood of subglacial low-velocity zones across Antarctica
along major passive seismic transects, mapping to key subglacial sedimentary basins. We provide practical
recommendations for future HVSR applications to infer subglacial low-velocity zones reliably.

Plain Language Summary The Antarctic Ice Sheet flows continuously toward and into the
surrounding ocean, where it calves and melts. The movement of ice depends on the connection between the ice
and underlying rocks: specifically, the presence of loose sediments or weak, water saturated rocks allows ice to
slide more easily than when it is in direct contact with solid bedrock. Mapping such sediments and rocks within
this “ice-bedrock interface zone” will therefore improve our understanding of current ice sheet behavior and
help us to better predict Antarctica's future evolution and contributions to global sea levels. However, with ice
covering >99% of the continent and averaging over 2 km in thickness, direct access to the bed is impractical.
Here, we show that background seismic signals generated by ocean waves, known as seismic ambient noise, can
be used to detect the “low-velocity zones” created by these sediments and rocks beneath the ice sheet. We apply
this method across Antarctica, finding low-velocity zones in key areas. Importantly, this analysis only requires a
single sensor and a few hours of recording, encouraging rapid field deployments and improved coverage across
the remote Antarctic interior.

1. Introduction

The polar ice sheets have experienced widespread and sustained mass losses over recent decades (Otosaka
et al., 2023; Rignot et al., 2019; Velicogna et al., 2020). In particular, the Antarctic Ice Sheet (AIS) presents the
major potential contributor to future global sea level rise (Millan et al., 2022) and accurate projections of how the
AIS will continue evolving remains an exigent concern (Constable et al., 2022). Substantial uncertainties exist in
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Figure 1. Diagram illustrating the structures of basal ice, unlithified sediments, sedimentary rocks and crystalline basement
that comprise the IBIZ. Characteristic ranges in Vg and evolutions with depth (e.g., Mavko et al., 2020; Schon, 2015) are
displayed alongside the superposing influence of subglacial water (e.g., Toksoz et al., 1976), which decreases Vg depending on
the saturation content and introduces additional structural complexity into the IBIZ. The red inset highlights the smaller-scale
variability at the ice-bed contact, such as the presence of till, inclusion of debris in the basal ice, anisotropic ice fabric, and
englacial temperature gradients (Section 1).

current estimates of global sea level rise from ice sheet modeling, in large part associated with the coupling
between the AIS and the underlying solid Earth (Fyke et al., 2018; Ritz et al., 2015). This ice-bedrock interface
zone (IBIZ) hosts several mechanisms consequential to ice sheet dynamics and long-term mass balance, including
basal deformation and sliding (Koellner et al., 2019; McCormack et al., 2022), glacial isostatic adjustment
(Whitehouse et al., 2019), geothermal heat flow (Reading et al., 2022), subglacial hydrology (Ashmore &
Bingham, 2014) and groundwater dynamics (Li et al., 2022). A capability to better understand and monitor these
mechanisms is therefore a key priority as the scientific community works toward constraining future AIS evo-
lution (Fricker et al., 2025; Noble et al., 2020; Pattyn & Morlighem, 2020).

Structurally, the Antarctic IBIZ consists of a diverse composition of ice, water, sediments and rocks (Figure 1).
Basal ice can be close to the pressure-melting point (Dawson et al., 2022, 2024), strongly anisotropic in its crystal
orientation fabric (Diez & Eisen, 2015; Diez et al., 2015) and contain significant amounts of entrained debris
(Franke et al., 2023; Winter et al., 2019). The underlying geology is heterogeneous over a continental scale, but
can be broadly described by a crystalline basement overlain in some regions by sedimentary rocks in subglacial
sedimentary basins (Aitken et al., 2023), and/or by thinner layers of unlithified sediments, including till (Evans
et al.,, 2006). Meltwater can permeate the subglacial material, forming a network of channels and lakes
(Dow, 2022; Livingstone et al., 2022) as well as deeper groundwater aquifers (Aitken et al., 2023; Li et al., 2022).
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Insights into the Antarctic IBIZ come predominantly from geophysical surveying, with sub-ice drilling for direct
observations remaining costly and logistically challenging despite ongoing technological developments (Gong
et al., 2019; Goodge et al., 2021; Kuhl et al., 2021). Airborne radio-echo sounding (RES) is used for mapping
subglacial lakes and bed topography (Schroeder et al., 2020), supplying the primary source data for gridded ice
thickness products such as Bedmap (Fretwell et al., 2013; Pritchard et al., 2025) and BedMachine (Morlighem
et al., 2020). The simultaneous collection of gravity and magnetic anomaly data (MacGregor et al., 2021) informs
tectonic structure (e.g., Aitken et al., 2014; Jordan et al., 2023) and enables the coarse delineation of subglacial
sedimentary basins (e.g., Aitken et al., 2016; Frederick et al., 2016). Magnetotellurics has demonstrated the
potential to infer the presence of subglacial groundwater (Gustafson et al., 2022). Meanwhile, reflection seismics
can reveal both englacial and subglacial horizons at high resolution (e.g., Horgan et al., 2011; Muto et al., 2019)
and allows for thin, dilatant till layers to be distinguished and correlated to areas of high ice velocities
(e.g., Brisbourne et al., 2017; Kulessa et al., 2017).

Passive seismic methods have been adopted in recent years to provide alternatives to subglacial imaging without
the need for active sources. Notably, receiver functions of earthquakes (Langston, 1977), exploiting the con-
version of teleseismic arrivals at subsurface contrasts in S-wave velocity (Vy), have inferred thick (>100 m),
low-Vg (<1,000 m/s) units beneath the polar ice sheets (Anandakrishnan & Winberry, 2004; Chaput et al., 2014;
Dunham et al., 2020; Walter et al., 2014). Low-velocity zones formed either by unlithified sediments or porous,
water saturated sedimentary rocks between the ice and basement (Figure 1) shift the dominant Vg contrast from
the ice-bed interface to the subglacial basement interface, causing an arrival delay in the receiver function that can
be used to constrain subglacial layer thickness and average Vg (Anandakrishnan & Winberry, 2004). The need for
a reasonable number of suitable events typically necessitates teleseismic data collection over at least several
weeks for reliable interpretations; in comparison, the use of ambient seismic noise (Nakata et al., 2019) enables
measurements over daily timescales and the opportunity to detect inter-annual and seasonal subsurface variations
(e.g., Mordret et al., 2016; Zhan, 2019).

Horizontal-to-vertical spectral ratios (HVSRs) provide a practical analysis of seismic ambient noise for deter-
mining the depth of subsurface V discontinuities (Molnar et al., 2022). From the simple computation of the ratio
between the horizontal- and vertical-component Fourier spectra at a single three-component station, bedrock
depths across sedimentary basins can be mapped from recordings of only several minutes (e.g., Farazi et al., 2023;
Garcia-Jerez et al., 2006; Mulargia & Castellaro, 2016; Paolucci et al., 2015). HVSRs have been similarly utilized
to estimate ice thicknesses across a range of glacial settings (e.g., Fu et al., 2023; Kohler et al., 2019; Picotti
et al., 2017; Stevens et al., 2023). Over the AIS however, Yan et al. (2018) found varying discrepancies between
HVSR estimates of ice thickness and Bedmap?2 (Figure 2), which were attributed to a widespread low-velocity
layer in the basal ice (Wittlinger & Farra, 2012, 2015). The proposed ~25% decrease in englacial Vg within
this low-velocity layer has since been shown to require an unrealistic amount of meltwater within the crystalline
ice matrix (Llorens et al., 2020). Considering the spatial correlation of these discrepancies to subglacial sedi-
mentary basins (Figure 2a) and aligning with receiver function interpretations, an alternative explanation to these
discrepancies is the presence of subglacial low-velocity zones generated by unlithified sediments or porous, water
saturated sedimentary rocks.

The potential of HVSRs to track subsurface Vg changes has been recently highlighted in the context of
groundwater dynamics (Rigo et al., 2021; Seivane et al., 2022), seasonal permafrost thawing (Kohler & Wei-
dle, 2019; Kula et al., 2018), and subglacial water drainage (van Ginkel et al., 2025). However, this potential can
be complicated by the influence of varying wavefield conditions (e.g., Benkaci et al., 2021; Chatelain et al., 2008;
Guillier et al., 2007). In Antarctica, low-frequency wavefield variability is largely driven by the seasonal mod-
ulation in primary (0.05-0.1 Hz) and short-period secondary (0.2—1 Hz) ocean microseism energies by sea ice
cover (Sergeant et al.,, 2013; Stutzmann et al., 2009; Tsai & McNamara, 2011). Primary microseisms are
generated by the direct forcing of ocean gravity waves on the seafloor in shallow water, predominantly along the
continental slope (Gualtieri et al., 2019; Hasselmann, 1963). Short-period secondary microseisms are attributed to
pressure fluctuations on the seafloor caused by the interaction between incoming and coastal-reflected ocean
gravity waves (Ardhuin et al., 2011; Longuet-Higgins & Jeffreys, 1950; Yang & Ritzwoller, 2008). The presence
of sea ice inhibits the formation of these coastal microseism sources (Stutzmann et al., 2012), resulting in a
consistent anti-correlation between sea ice extent and single-component seismic noise levels within 0.05-0.1 and
0.2-1 Hz across Antarctica (Anthony et al., 2015, 2017; Grob et al., 2011; Pratt et al., 2017; Turner et al., 2020).
Furthermore, azimuthal HVSR variability can exist due to several factors (Cheng et al., 2020) including non-
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planarity in the basement topography (e.g., Matsushima et al., 2014, 2017), which can distort HVSR in-
terpretations based on horizontal-component averaging (Molnar et al., 2022). Non-planar basement topography
and varying wavefield conditions could therefore complicate the potential of HVSRs to monitor key changes in
sub-ice sheet conditions, for instance, caused by groundwater discharge (Cairns et al., 2025; Li et al., 2022; Robel
et al., 2023) or rapid bed erosion (Smith et al., 2007, 2012).

In this study, we determine the potential of HVSR analysis to infer the presence of subglacial low-velocity zones
formed by unlithified sediments or porous, water saturated sedimentary rocks and enable low cost insights into the
Antarctic IBIZ (Figure 1). We first explore the sensitivity of synthetic HVSRs to subglacial low-velocity zones
through systematic 1-D forward modeling, testing a broad range of plausible configurations for the Antarctic
subsurface and comparing modeling algorithms assuming different wavefield mechanisms. We then newly
compute and analyze observed HVSRs for over 80 stations across the AIS (Figure 2) to compare with our forward
modeling and assess the spatiotemporal consistency of observed HVSRs in Antarctica. From these observed
HVSRs, we interpret the presence of subglacial low-velocity zones beneath the analyzed stations and make
practical recommendations for the future application of HVSRs to map and potentially monitor sub-ice sheet
conditions.

2. Methods and Data
2.1. Theoretical Background of HVSRs

The underlying interpretation of HVSRs relates the frequencies of observed peaks (f,fbs) to the resonance fre-
quencies (f;) of the S-wave transfer function for a 1-D subsurface profile defined by a uniform layer of thickness &
and Vj overlying a half-space (Molnar et al., 2022):

h=EieDY @=012,.) 0

Investigations have consistently matched the dominant, lowest-frequency HVSR peak %Obs) to the fundamental
resonance frequency (f,) expected for the substation bedrock depth (e.g., Haghshenas et al., 2008; Parolai
etal., 2002, 2023), assuming the subsurface structure can be treated as 1-D (Cheng et al., 2020) and the peak does
not arise from noise sources immediately local to the sensor (Benkaci et al., 2021; Chatelain et al., 2008).

Interpretations of ]{)"bs remain robust to the recorded wavefield, whether composed of stationary or non-stationary
noise sources (e.g., Bonnefoy-Claudet, Cotton, & Bard, 2006; Guillier et al., 2007; Parolai et al., 2009), earth-
quake events (e.g., Kawase et al., 2018; Mucciarelli et al., 2003; Parolai et al., 2004) or even active seismic
sources (Mi et al., 2019). Ambiguity has thus emerged surrounding the physical mechanisms underpinning HVSR
interpretations and resulted in a variety of forward models being developed (Lunedei & Malischewsky, 2015;
Molnar et al., 2022). Nakamura (1989) initially proposed a total equivalence between the S-wave transfer function
and HVSRs, allowing both f, and the corresponding site amplification factor to be yielded respectively from £
(i.e., Equation 1) and the amplitude of the fundamental peak. Support for such HVSR interpretations of vertically

Figure 2. (a) Map of the on-ice broadband seismometers in Antarctica considered in this study. Station markers indicate the Trans-Antarctic Mountains Seismic
Experiment (TAMSEIS; Lawrence et al., 2006), Trans-Antarctic Mountains Northern Network (TAMNET; Hansen et al., 2015), Gamburtsev Antarctic Mountains
Seismic Experiment (GAMSEIS; Hansen et al., 2010), Polar Earth Observing Network/Antarctic Network (POLENET/ANET; Chaput et al., 2014), and the permanent
stations installed at Concordia (CCD; Bés de Berc et al., 2023) and the Quiet South Pole Observatory (QSPA; Anthony et al., 2021). The majority of stations are color-
mapped according to the relative discrepancy in substation ice thickness between values estimated by Yan et al. (2018) from observed HVSR peak frequencies (i.e., f;,
from Equation 1, assuming Vg = 1,900 m/s for ice) and Bedmap?2 (Fretwell et al., 2013). Other station markers denote those excluded from further analysis by Yan

et al. (2018) due to the relative discrepancy in substation ice thickness being too large (black), and those not included in their study (white). Shown as a background is the
corresponding bed elevation from Bedmap2, highlighting the major subglacial sedimentary basins (BSB, Byrd Subglacial Basin; PPSB, Pensacola-Pole Subglacial Basin;
SPSB, South Pole Subglacial Basin; WSB, Wilkes Subglacial Basin; ASB, Aurora Subglacial Basin), as well as other key regions (MBL, Marie Byrd Land; GSM,
Gamburtsev Subglacial Mountains). Sub-plots (b, ¢ and d) display example observed HVSRs for the different interpretations made by Yan et al. (2018), with border colors
(yellow, orange, red) matching the symbol highlighting their location in the above map: (b) GMO1, where estimated and expected ice thickness values were consistent;
(c) NO52, where a significant discrepancy is noticed; and (b) ST06, which was excluded from further analysis. The vertical red and blue lines in (b, ¢ and d) illustrate
respectively the frequency of HVSR peaks selected by Yan et al. (2018) and the expected f;, for the Bedmap?2 substation ice thickness. The solid gray, solid black, and
dashed black lines respectively denote the HVSRs from each accepted window (Text S1 in Supporting Information S1), the resulting mean HVSR, and the standard
deviation in the mean HVSR. The horizontal dotted black line indicates HVSR values of unity.
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propagating body-wave resonance (BWR) has persisted (Nakamura, 2019; Oubaiche et al., 2016), despite widely
recognized inconsistencies in the amplitude relationship (e.g., Bard, 1999; Field & Jacob, 1993; Lachet &
Bard, 1994). Considering the dominance of Rayleigh waves in ambient noise (Bonnefoy-Claudet, Cotton, &
Bard, 2006), ﬁ)"bs is more commonly related to peaks in the fundamental-mode Rayleigh-wave ellipticity (RWE;
Fih et al., 2001; Konno & Ohmachi, 1998; Nogoshi & Igarashi, 1971). More recently, full-wavefield approaches
have been developed to assimilate both body- and surface-wave contributions, either by adopting a diffuse field
assumption (DFA; Kawase et al., 2015; Sanchez-Sesma et al., 2011) or through modeling a distribution of surface
sources (DSS) around the sensor (Lunedei & Albarello, 2009, 2010, 2015, 2021).

Regardless of the assumed model, ﬁ)"bs can be consistently predicted for normally dispersive velocity profiles,
despite significant discrepancies in the fundamental peak amplitude (Albarello et al., 2023; Bonnefoy-Claudet,
Cornou, et al., 2006). However, the performance and consistency of HVSR forward models when a low-velocity
zone exists is poorly known. Studies of dispersion curve behavior highlight dominant contributions from higher
surface-wave modes with increasing frequency when a low-velocity zone is present (Dou & Ajo-Franklin, 2014;
Foti et al., 2018; Mi et al., 2018), which have the potential to promote the excitation of higher-mode HVSR peaks
(i.e., n > 0, Equation 1). Secondary peaks above ﬁ)"bs are typically interpreted to arise from shallower discon-
tinuities (Molnar et al., 2022), likely due to the strong attenuation properties of surficial sediments (Toksoz
etal., 1979). In contrast, glacial ice presents a homogeneous, weakly attenuating medium (Peters et al., 2012) that
supports multi-mode resonance patterns in teleseismic signals (Zhang & Olugboji, 2023). Higher-mode surface-
wave energies may therefore offer an alternative explanation to secondary peak features observable in Antarctic
HVSRs (Figure 2), aligning with interpretations of RWE over the Greenland Ice Sheet (Jones et al., 2023).
Consequently, a forward modeling approach that can simulate both fundamental and higher-mode peak behavior
under the influence of a low-velocity zone is required.

2.2. Forward Modeling of Synthetic HVSRs

To investigate HVSR sensitivity under different wavefield mechanisms, we employ the algorithms provided by
Albarello et al. (2023) to model and compare synthetic HVSRs from the BWR, RWE, DFA and DSS models
(Table S1 in Supporting Information S1). For all cases, HVSRs are modeled within the frequency range of
0.01-5 Hz for 1-D profiles consisting of a series of layers with thickness / overlying a half-space, each defined by
a uniform Vg, P-wave velocity Vp and density p. Seismic attenuation is also incorporated in the BWR and DSS
algorithms through quality factors Qg and Qp, although alongside other parameterization differences
(e.g., wavefield components, number of surface-wave modes), this causes a variability in HVSR amplitudes
between models and limits inter-model comparisons to the frequency domain (Albarello et al., 2023). Other
algorithm settings are kept as per Albarello et al. (2023), with the exception of the source correlation range d; in
the full-wavefield implementation of the DSS model, which is increased to artificially enhance higher-mode
peaks (Lunedei & Albarello, 2015).

We henceforth use the BWR model to exemplify synthetic HVSR behavior in our study (Text S2 in Supporting
Information S1). Shallow profile tests isolating modal RWE (Figure S1 in Supporting Information S1) and
different surface-wave components in the DFA and DSS models (Figure S2 in Supporting Information S1)
identify numerical irregularities that emerge at higher frequencies when a low-velocity zone is introduced, related
to higher-mode surface-wave contributions and preventing the characterization of higher-mode HVSR peaks.
This is attributed to the modal summation calculation used in these algorithms to determine modal surface-wave
branches (Aki & Richards, 2002), which can fail for inversely dispersive profiles (Wathelet, 2008). Nevertheless,
we find the synthetic fundamental peak frequency (f;°") to be consistent between these models and the BWR
model despite differences in amplitude behavior, supporting the conclusions of Albarello et al. (2023). Moreover,
further testing (Text S2 in Supporting Information S1) provides strong evidence that in the absence of numerical
irregularities, both higher surface-wave modes and higher BWR modes can explain higher-mode peak fre-
quencies in the synthetic HVSRs (£2)). We therefore select the BWR model to represent the wavefield-
independent behavior of both fundamental and higher-mode HVSR peak frequencies, ensuring a consistency
with other wavefield mechanisms by comparing synthetic HVSRs from the fundamental-mode RWE and full-
wavefield representations of the DSS and DFA models in the supplement.
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We apply these algorithms to generate synthetic HVSRs for “simple-case” profiles describing the Antarctic
subsurface by a single subglacial layer (with thickness &, and S-wave velocity V) between a uniform ice sheet
(with thickness h; and S-wave velocity Vg; = 1,900 m/s) and basement half-space, similar to previous studies
(Anandakrishnan & Winberry, 2004; Chaput et al., 2014; Dunham et al., 2020; Pham & Tkal¢i¢, 2018). For the
subglacial layer, we make the additional distinction between unlithified sediments and sedimentary rocks,
defining separate parameter ranges for the two scenarios by combining present knowledge of Antarctic subsurface
structure with viscoelastic properties assumed from rock physics (Text S3 and Table S2 in Supporting Infor-
mation S1). Our parameter choices are further supported by sensitivity tests for Vp, p, Qg, Op and the basement Vg
(Figures S3—S7 in Supporting Information S1).

We also perform forward modeling for several “complex-case” end-member scenarios to explore if HVSR
behavior is complicated by more realistic variability in the ice sheet and underlying geology (Figure 1). These
scenarios separately consider (Text S4 in Supporting Information S1): (a) the presence of a surficial firn layer (van
den Broeke, 2008; Pearce et al., 2023, 2024); (b) depth-wise evolution in ice sheet properties due to englacial
temperature, ice fabric anisotropy, and debris entrainment (Franke et al., 2023; Llorens et al., 2020), and (c)
additional layering and gradual consolidation with depth in the subglacial material.

2.3. Data and Processing of Observed HVSRs

For our observed HVSR analysis, we initially consider all stations shown in Figure 2, comprising the majority of
broadband seismometers available on the AIS (excluding ice shelf stations). Data consistency and quality were
found to vary significantly between these stations, leading to a total of 82 stations being selected for HVSR
analysis (Text S5 in Supporting Information S1). We compute observed HVSRs (Text S1 in Supporting Infor-
mation S1) for each selected station over time series of 5 days with window lengths of 600 s, similar to Yan
et al. (2018), although use the hvsrpy package (Vantassel, 2025) for data processing and window rejection (Cox
et al., 2020).

At most stations, we extend HVSR analysis over a selected yearly period of good-quality data to assess the in-
fluence of the seasonal modulation in ocean microseism energies by sea ice cover (Section 1). This excludes the
22 stations within the TAMSEIS network, where available recordings are restricted to the austral summer (Text
S5 in Supporting Information S1). We additionally quantify azimuthal HVSR variability using hvsrpy by
interpolating our observed HVSRs across the separate horizontal components into 2-D surface plots (Cheng
et al., 2020).

3. Results
3.1. Sensitivity of Synthetic HVSR Peak Frequencies

Figures 3 and 4 summarize synthetic HVSR behavior for the two simple-case scenarios with a single subglacial
layer of either unlithified sediments or sedimentary rocks. In both cases, we observe a downwards shift in all
synthetic peak frequencies (f;”") dependent on the subglacial low-velocity zone defined relative to /;, scaling with
hy and inversely with V. A low-velocity zone exists for all unlithified sediment Vj,, resulting in a smooth
transition in ﬁf "I as hy increases and Vs, decreases, as well as an amplification in the fundamental peak. For a
sedimentary rock layer, the shifted fundamental peak can only be clearly distinguished from that of an ice-
basement interface when Vs, < Vg (relating to porous or water saturated sedimentary rocks). With peak fre-
quency shifting consistent for f;°" between the different models (Figures S8-S15 in Supporting Information S1),
we interpret a wavefield-independent mechanism arising from low-velocity subglacial material refining the
dominant subsurface Vg contrast, similar to the arrival delay observed in receiver functions (Section 1).
Conversely, we find that synthetic HVSR amplitudes vary greatly between the models (Figures S8-S15 in
Supporting Information S1), as well as with parameters unrelated to subsurface Vg (Text S3 in Supporting
Information S1).

The relative decrease in peak frequency caused by the presence of a subglacial low-velocity zone compared with

an expected ice-basement interface (where f,°" = f,) is potentially explained by the f, relating to the effective
average of layers above the half-space (ffff), a metric commonly used to convert ﬁ)"bs to sedimentary basin depths

using borehole calibrations (Molnar et al., 2022). As an example, we compute f;ff for the lowest values of Vg for
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Figure 3. Synthetic HVSRs (from the BWR model) for the simple-case scenario of a single subglacial layer of unlithified
sediments. Subplots (a—d) show synthetic HVSRs for a set ;, with each row corresponding to a set /; with varying V; as per
Table S2 in Supporting Information S1. The vertical lines illustrate the f, expected from an ice-basement interface (black lines)
and the f:ff (Section 3.1) combining the ice and lowest-V subglacial layers (green lines), forn = 0 (solid lines), n = 1 (dashed
lines), n = 2 (dashed-dotted lines), and n = 3 (dotted lines). Refer to Figures S8—S11 in Supporting Information S1 for the full
set of synthetic HVSRs for this scenario, including an inter-model comparison.
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Figure 4. Synthetic HVSRs (from the BWR model) for the simple-case scenario of a single subglacial layer of sedimentary
rocks. Refer to Figure 3 for plot details and to Figures S12—S15 in Supporting Information S1 for the full set of synthetic
HVSRs for this scenario, including an inter-model comparison.
both subglacial layer scenarios (Figures 3 and 4) using the standard harmonic mean (Ibs-von Seht & Wohlen-
berg, 1999) of the ice and subglacial layers for f, up to n = 3. For the layer of unlithified sediment (Figure 3), we
find that f(fff underestimates f;"" for the lowest Vs, which is noticed for the other models (Figures S8-S11 in
Supporting Information S1). The corresponding behavior in nsino appears to be less consistent for the unlithified
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sediment scenario, with the synthetic higher-mode peaks appearing with weak amplitudes and lying above or
below the corresponding f;fff depending on the combination of #; and &; (Figure 3). In contrast, we find the peak
frequencies for the sedimentary rock layers to be well predicted by fneff for all h; and h; (Figure 4), with a similar
agreement between f;°" and ﬁfff for the other models (Figures S12-S15 in Supporting Information S1). For the
sedimentary rock scenario, we also note that the envelope of synthetic HVSR amplitudes roughly matches with
the synthetic HVSR generated from an ice-basement interface in many cases (Figure 4); for instance, for
h; = 2,000 m, the synthetic second higher-mode peak from the subglacial layer emerges at a comparable fre-
quency to the first higher-mode peak predicted for an ice-basement interface (Figure 4c). This underlines the
possibility to misinterpret the modes of observed HVSR peaks (e.g., Figure 2d), particularly when the funda-
mental peak is not clearly observed (Section 3.2).

Our complex-case end-member scenarios indicate that additional complexity in the Antarctic subsurface has
minimal influence on peak frequency behavior. Incorporating a surficial firn layer (Figure S16 in Supporting
Information S1) does not appreciably affect the Vi ; profile and only generates HVSR peaks if the firn is treated as
an unrealistic, uniformly low-V layer (Lévéque et al., 2010). Realistic heterogeneity in the glacial ice can also be
ignored (Figure S17 in Supporting Information S1), with /¥" only discernibly affected by the low-velocity layer
in the basal ice suggested by Yan et al. (2018). Meanwhile, additional layering or gradual consolidation in the
subglacial material (Figures S18-S20 in Supporting Information S1) yields comparable f>*" to the synthetic
HVSRs generated from a single subglacial layer. We therefore establish that the simple-case approximation of the
IBIZ can be reliably used for HVSR interpretations, with peak frequencies being predominantly sensitive to the
bulk presence of a subglacial low-velocity zone.

Our forward modeling results indicate that HVSRs can be used to infer the presence of subglacial low-velocity
zones formed by either unlithified sediments or porous, water saturated sedimentary rocks from the decrease in

_anbS relative to the f, expected from an ice-basement interface, using substation ice sheet thicknesses given by

gridded products (Section 1) and a reasonable assumption of ice sheet Vg ~ 1,900 m/s. In this study, we addi-
tionally consider uncertainties in f, (c) by incorporating uncertainties in ice thickness estimates and plausible
variations in ice sheet Vg between 1,800 and 2,000 m/s (Text S3 in Supporting Information S1) into Equation 1.

3.2. Sensitivity of Observed HVSR Peak Frequencies

We first compare synthetic and observed HVSRs at stations where subglacial structure has been independently
constrained by previous receiver function inversions (Figure 5). This enables us to assess if the modeled sensi-
tivity in HVSR peak frequencies (Section 3.1) has practical application for the interpretation of observed HVSRs.
At the majority of sites (Figure 5), we see a clear relation between f°* and f" up to n = 2, supporting our
forward modeling results and confirming the observed higher-frequency peaks as higher-mode resonances from
the basement half-space, rather than fundamental resonances from shallower discontinuities (Section 2.1). An
excellent correspondence in the shape between the observed and synthetic HVSRs is found at several stations
(e.g., GMO1, ST04, ST06, STO9; Figure 5), especially against the DFA model for stations located toward the quiet
continental interior (e.g., QSPA, N052, STO1; Figure S21 in Supporting Information S1). At some sites inferred to
overlie subglacial low-velocity zones (e.g., ST04, ST0O6, UPTW; Figure 5), only the higher-mode peaks are
observable, with the expected fundamental peak lost to incoherencies below 0.1 Hz likely associated with sensor
tilt (Text S5 in Supporting Information S1). We note that our interpretations are independent of the character-
istically weak HVSR amplitudes observed (e.g., QSPA; Figure S21 in Supporting Information S1), considering
that synthetic and observed HVSR amplitudes are affected by a number of factors unrelated to subsurface Vg
(Section 4.4).

Discrepancies between the synthetic and observed HVSRs at some stations (Figure 5) can be largely explained by
improvements in RES data coverage and substation ice thickness estimates between the receiver function studies
and more recent data sets such as BedMachine (Table 1). By computing f, using substation ice thicknesses from
BedMachine, we can reassess the subglacial structures interpreted at stations ST01, ST10 and ST13 by Chaput
et al. (2014), where either an ice-basement interface or an unresolvable subglacial layer (Section 4.4) is indicated
by the agreement between f;’bs and the BedMachine f, (Figure 5). Thinner subglacial layers are suggested at ST09
and UPTW, whilst the improved alignment between f;bs and the BedMachine f, provides stronger evidence for an
ice-basement interface at BYRD and STO3 (Figure 5). This highlights the importance of accurate ice thickness
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estimates for inferring subglacial structures from passive seismic observations (Section 4.4), and we henceforth
rely on ice thickness estimates from BedMachine to interpret the observed HVSRs in this study. At other sites
where the substation ice thickness estimates have remained consistent between the receiver function studies and

BedMachine (Figure 5), the correspondence between /3" and f,fbs reinforces the physically meaningful sensitivity

n
of HVSR peak frequencies to subglacial low-velocity zones. Exceptions are noted at KOLR and SIPL, where the
significant discrepancies between f;*" and f,‘,’bS are likely attributed to the limited higher-frequency resolution of

receiver functions compared to HVSRs (Section 4.4).

The above findings additionally help to update previous interpretations of Antarctic HVSRs, exemplified using
the observed HVSR at ST06 (Figure 6). The unrealistic low-velocity layer in the basal ice proposed by Yan
et al. (2018) generates a similar decrease in peak frequency and explains their interpretation, albeit with the
limited representation of higher-mode peak energies provided by the DFA model (Text S2 in Supporting In-
formation S1). Carcione et al. (2017) alternatively suggested that the reversed impedance contrast between the ice
and subglacial low-velocity zone could entirely explain the ﬁ)"bs found at the Whillans Ice Stream (Picotti
etal., 2017), supported by BWR forward modeling for an ice layer overlying a variable half-space. However, we
find that this instead causes an upwards shift in £;*" and misidentifies the modes of the observed peaks. The
assumption of a subglacial low-velocity zone is therefore required to account correctly for all peaks in the
observed HVSRs.

3.3. Seasonal Trends in Observed HVSR Amplitudes

Our inter-annual analysis reveals a clear seasonal trend in observed HVSR amplitudes across all stations within
the 0.2-1 Hz frequency range (Figure 7), generally reaching a maximum in the austral late summer and autumn
months (February—April) and weakening during the winter and spring. This variability in observed HVSR am-
plitudes is dependent on the relative coastal proximity of the stations, with weaker and smoother changes in
amplitude seen for stations toward the continental interior (e.g., QSPA, STO1, P061; Figure 7) compared to
stations closer to the coastline (e.g., ST13, KOLR, DNTW; Figure 7), where observed HVSR amplitudes fluctuate
more greatly, over shorter timescales, and across a wider bandwidth. These seasonal trends in observed HVSR
amplitudes are also found to be consistent across different years by analyzing stations with multi-year recordings
(Figure S22 in Supporting Information S1). In contrast, we find little variability in observed HVSR amplitudes
within 0.1-0.2 Hz and no consistent trend across the stations within 0.05-0.1 Hz (Figure 7).

The seasonal trend in observed HVSR amplitudes within 0.2—1 Hz highlights a likely connection to the influence
of sea ice cover on short-period secondary ocean microseism energies (Section 1), considering that sea ice
coverage over the Southern Ocean is typically minimal in February—April and greatest during August—September
(Parkinson & Cavalieri, 2012). We illustrate this connection by computing and comparing relative changes in
average observed HVSR amplitudes for each time series between 0.2 and 1 Hz against corresponding 5-day
averages of relative sea ice extent in the Southern Ocean (Figure 8). A strong, consistent anti-correlation is
mapped between the observed HVSR amplitudes and sea ice extent for all stations, indicating the dominant
contribution of secondary microseisms to Antarctic HVSRs within 0.2-1 Hz. We additionally note the clear
dependency on the relative coastal proximity of the stations, with both the relative magnitude and volatility of
observed HVSR amplitude variability increasing as station distance decreases from the coastline (Figure 8). Our
results evidence an enhanced sensitivity of coastal stations to local sea ice conditions compared to interior sites,
where higher frequencies are attenuated and recorded energies correlate with longer-wavelength sea ice evolution
(Anthony et al., 2015; Grob et al., 2011; Stutzmann et al., 2009).

Figure 5. Comparing synthetic HVSRs against observed HVSRs from 5-day time series during the austral summer at stations with independent constraints on subglacial
structure from previous receiver function inversions. The synthetic HVSRs are generated (Text S6 in Supporting Information S1) using the subsurface profiles inferred
by Anandakrishnan and Winberry (2004) (dotted red lines) and Chaput et al. (2014) (dashed red lines). SIPL was simultaneously analyzed by both studies, whilst we
also include GMO1 in reference to Figure 2, where the synthetic HVSR from an ice-basement interface is reasonably assumed considering its location above the
Gamburtsev Subglacial Mountains (Figure 2; Aitken et al., 2023). The vertical lines denote the expected f, from an ice-basement interface up and including n = 3 (as
described in Figure 3) with ice sheet Vg = 1,900 m/s and ice thicknesses either fixed from the receiver function studies (blue lines) or assumed from BedMachine (green
lines). The associated o, (Section 3.1) are given by the vertical green bars. The solid gray, solid black, dashed black, and dotted black lines are as described in
Figures 2b-2d. Refer to Table 1 for the parameters used to generate the synthetic HVSRs and to calculate f, and 6 at each station, and to Figure S21 in Supporting

Information S1 for an inter-model comparison including additional stations (Table S3 in Supporting Information S1).
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Table 1
Summary of the Subglacial Layers Inferred at the Stations Shown in Figure 5 From the Receiver Function (RF) Inversions of Anandakrishnan and Winberry (2004)
(AW2004) and Chaput et al. (2014) (C2014), Alongside the Substation Ice Thicknesses and Uncertainties Used in the RF Studies and Provided by BedMachine

Subglacial layer inferred ~ Subglacial layer thickness &  Subglacial layer Ice thickness & uncertainty Ice thickness & uncertainty [m]

Station  RF study by RF study? uncertainty [m] Vs [m/s] [m] (RF study) (BedMachine)
BYRD C2014 No - - 2,450 = 90 2,130 £+ 30
GMO1 Assumed No - - - 3,110 + 150
KOLR C2014 Yes 620 = 620 610 1,790 = 300 2,320 £+ 30
QSPA*  AW2004 Yes 200 = 50 850 2,800 £ 30 2,860 £ 40
NO052 AW2004 Yes 300 £ 50 ~900 2,400 £ 30 2,420 + 20
SIPL AW2004; Yes; Yes 300 £ 50; 200 £ 200 ~650; 420 1,020 + 30; 1,030 = 150 1,000 + 30
C2014
STO1 C2014 Yes 200 = 110 450 2,240 = 300 3,040 £+ 30
ST02 C2014 Yes 270 = 120 610 2,140 £ 90 2,100 £+ 110
STO3 No - - C2014 2,230 = 150 1,920 £+ 20
STO04 C2014 Yes 350 £ 120 620 2,960 £ 90 3,090 + 50
STO6 C2014 Yes 230 £ 100 450 2,400 £ 90 2,680 + 30
STO8 C2014 Yes 150 £ 100 600 2,300 = 90 2,320 = 30
ST09 C2014 Yes 450 = 600 780 2,140 = 200 2,740 £ 30
ST10 C2014 Yes 300 = 120 700 1,130 £+ 1,000 1,730 £+ 30
ST13 C2014 Yes 250 = 500 800 1,980 £+ 90 2,290 £ 30
ST14 C2014 No - - 1,730 = 90 1,360 + 40
UPTW C2014 Yes 350 £+ 60 520 2,390 £ 90 2,700 + 30
WAIS C2014 No - - 3,370 = 150 3,300 £ 30

Note. *RF inversion performed at old SPA station, ~8 km south of QSPA.

(a) (b)

| [= = BWR(C2014)
4| DFA (Yan et al., 2018)
S 3 | S \ I — — BWR (Carcione et al., 2017)

2
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Figure 6. (a) Vg-depth profiles and (b) associated synthetic HVSRs from different assumptions of the Antarctic subsurface,
either with the low-velocity subglacial layer inferred from the receiver function inversion of Chaput et al. (2014) (C2014; red
dashed line), the low-velocity basal ice layer suggested from the DFA inversion of Yan et al. (2018) (yellow dashed line), or
the low-velocity half-space proposed by Carcione et al. (2017) (blue dashed line). The synthetic HVSRs in (b) are compared
against the observed HVSR at ST06 (Figure 5). An ice-basement configuration with substation ice thickness from
BedMachine is also shown for reference (green solid line in (a)), corresponding to the f, mapped up to and including n = 3 in
(b) (green vertical lines), as in Figure 5. The vertical green bars and solid gray, solid black, dashed black, and dotted black lines
in (b) are as described in Figures 2b—2d and 5.
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Figure 7. Seasonal trends in observed mean HVSRs for several stations over selected yearly recording periods. Stations are
approximately ordered top-down by their relative proximity to the coast (Figure 2), with each HVSR colored according to the
central Julian day of the 5-day time series within the yearly period. As in Figure 5, the vertical green lines denote the expected

fo (up to and including n = 3) using substation ice thicknesses from BedMachine, with associated uncertainties ¢ ; (Section 3.1)
given by the vertical green bars. The horizontal black dotted line defines HVSR values of unity.

4. Discussion
4.1. Complexities in Observed HVSRs

Observed HVSRs at several sites exhibit complex behavior and require further interpretation (Text S7 in Sup-
porting Information S1). At some stations (e.g., CCD, AGO03; Figure 7), we observe slight evolutions in the
frequency of single HVSR peaks with time. This is most clearly discerned at BYRD (Figure 9a), where a rapid
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Figure 8. The relative change in mean HVSR amplitudes averaged within 0.2—1 Hz (red lines) against the relative average sea
ice extent in the Southern Ocean (blue lines; Fetterer et al., 2017), for each station and yearly period shown in Figure 7. Both
variables are averaged within the windows defined by the 5-day HVSR time series and taken relative to the yearly average,
with a sixth-order Fourier series fit following Turner et al. (2020). Note the reversal in axis for sea ice extent to highlight the
inverse relationship with HVSR amplitudes.

increase in f3™

frequency behavior to the interaction between non-planar basement topography beneath the station (Figure 9c)
and a shift in the dominant propagation direction of the microseism wavefield within ~0.2-0.3 Hz, rather than an
implausible change in subsurface conditions (Text S7 in Supporting Information S1). 2-D surface plots of
azimuthal HVSR variability (Figure 9b) highlight that the shift in f(;"” occurs with azimuth, initially decreasing
below and then jumping above f,, as the dominant wavefield direction rotates away from north. Notably, this
azimuthal pattern in ﬁ,"bs inversely correlates with the azimuthal pattern in mean BedMachine ice thickness within
the substation footprint (Figure 9d), indicating the presence of non-planar basement topography. We note that the
azimuthal variance in mean BedMachine ice thickness (~25 m; Figure 9d) underestimates the shift in jg’bs: this is
likely explained by the coarse resolutions (~500 m) and deterministic interpolation schemes used by gridded ice

from ~0.22 to 0.29 Hz occurs over several days in mid to late January. We attribute this peak
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Figure 9. (a) The seasonal trend in observed mean HVSRs at BYRD, with a rapid change in f;* in mid to late January
(highlighted in cyan box). Other plot details are as described in Figure 7. (b) 2-D surface plots of azimuthal HVSR variability

at BYRD, revealing the change in fg)‘“ to occur with azimuth (highlighted in cyan boxes). As in Figure 5, the vertical green
lines denote the expected f, (up to and including n = 3) using the substation ice thickness from BedMachine, assuming a flat
ice-basement interface across all azimuths. (c) BedMachine bed elevation around BYRD, illustrating the likelihood of non-
planar basement topography beneath the station. (d) The substation ice thickness from BedMachine (green line) compared
against the mean BedMachine ice thickness sampled along different azimuths within the substation footprint (blue line), given
by aradius equal to the substation ice thickness (Picotti et al., 2017). Note that the azimuth for (b, d) is taken clockwise relative
to north.

thickness products such as BedMachine and Bedmap, which fail to capture the true bed relief (e.g., Bartlett
et al., 2020; Yin et al., 2022).

Non-planar basement topography can also explain other complexities in our observed HVSRs, including broad
and bimodal peaks (e.g., KOLR, ST13; Figure 7) caused by horizontal-component averaging of azimuthally
distributed wavefield conditions. We note that our HVSR interpretations are generally limited around the Trans-
Antarctic Mountains (Text S7 in Supporting Information S1), where consistently lower f:bs relative to f,
(e.g., RKST; Figure S23a in Supporting Information S1) are potentially related to steep underlying bed relief
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Figure 10. Likelihood of subglacial low-velocity zones inferred from the shift in f:’bs at each station analyzed in this study
(color of station markers), compared with the background map of subglacial sedimentary basin likelihood from Li

et al. (2022). Stations where we are unable to interpret the observed HVSRs are classified as unknown, whilst stations that
lack good-quality data (Text S5 in Supporting Information S1) are excluded from analysis. Station markers and region labels
are as per Figure 2.

(Figure S23b in Supporting Information S1) poorly resolved by our observed HVSRs, rather than the presence of
a subglacial low-velocity zone. Lower-than-expected f,fbs are found elsewhere, but fall within the high uncertainty
range of f, (e.g., GMO03; Figure S23c in Supporting Information S1) due to the lack of RES data coverage and poor
resulting constraints on substation ice thickness (Figure S23d in Supporting Information S1). Some stations over
the Trans-Antarctic Mountains are additionally affected by transient energies > 1 Hz that distort the observed
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HVSRs (e.g., EO12; Figure S23e in Supporting Information S1) and likely arise (Text S7 in Supporting Infor-
mation S1) from wind-forced resonance in nearby outcrops (Figure S23f in Supporting Information S1; Anthony
et al., 2015). Meanwhile, a few stations (e.g., DNTW; Figure 7) exhibit highly erratic HVSR behavior without a
clear multi-modal resonance pattern (Text S7 in Supporting Information S1): this is possibly caused by a dynamic
englacial or subglacial hydrology system, as is inferred beneath DNTW at Thwaites Glacier (Dow, 2022;
Hoffman et al., 2020). We additionally note the emergence of weak-amplitude HVSR peaks between ~0.2-0.3 Hz
and ~0.5-0.6 Hz during the austral summer (e.g., UPTW; Figure 7) that potentially indicate strong englacial
layering (Diez et al., 2015) or a stiffer basement capable of inducing secondary peaks from subglacial interfaces
(Figure S7d in Supporting Information S1).

4.2. Subglacial Low-Velocity Zones in Antarctica

From our observed HVSRs, we qualitatively infer the likelihood of subglacial low-velocity zones across
Antarctica beneath the 82 stations analyzed in this study (Figure 10). For each station, we assess the observed
HVSRs across the selected analysis period (Section 2.3) for clear and consistent peaks. The presence of subglacial
low-velocity zones is inferred at stations where f:bs remains below the corresponding lower-bound uncertainty in
Ju (ie., f, — o Section 3.1) throughout the analysis period and across all azimuths, where f, and 6, use sub-

station ice thicknesses and uncertainties from BedMachine (Section 3.2). The comparison between ff"s and
Jo — o across all azimuths ensures that any possible misinterpretation caused by non-planar basement topog-
raphy (Section 4.1) is avoided. We avoid interpretations (i.e., unknown likelihood in Figure 10) at stations where a
multi-modal resonance pattern from the basement half-space is not clearly discerned (Text S7 in Supporting
Information S1).

Our inference (Figure 10) reveals subglacial low-velocity zones with a broad spatial correspondence to major
subglacial sedimentary basins (Li et al., 2022), indicating a composition of porous, possibly water saturated
sedimentary rocks or overlying deposits of unlithified sediments (Figure 1). Notably, stations in East Antarctica
map an expected ice-basement interface across the Gamburtsev Subglacial Mountains, whilst the subglacial
packages found beneath NO52 and NO60 at the southern sub-basin of the Wilkes Subglacial Basin align with
gravity and magnetic anomalies interpreting ~5 km of sedimentary basin fill (Aitken et al., 2023; Frederick
etal., 2016). Likewise, the low-velocity zones beneath QSPA and UPTW correlate respectively to the Pensacola-
Pole and Byrd subglacial basins (Aitken et al., 2023; Paxman et al., 2019). We note that the general agreement
with the map of sedimentary basin likelihood at these sites is unsurprising, given that Li et al. (2022) included the
receiver function inversions of Anandakrishnan and Winberry (2004) and Chaput et al. (2014) as training points
(Section 3.2).

New and improved insights into the Antarctic IBIZ are yielded from our HVSR analysis. In West Antarctica, the
ambiguous presence and distribution of subglacial sedimentary basins (Figure 10) is resolved, with thick sub-
glacial material isolated within the deep troughs of Marie Byrd Land (Figure 2) and away from the elevated
highlands around ST10, ST13, and KOLR. Our interpretation at STO9 provides a clear contrast in this region,
although could be explained by its location within a subglacial trough (Figure 2) which potentially preserves a
local sediment deposit (Aitken et al., 2023). At UPTW, we discover that the subglacial low-velocity zone inferred
(Figure 5) coincides with soft lineated bedforms determined by active seismic and radar surveying above the
Thwaites Glacier (Holschuh et al., 2020; Muto et al., 2019), providing further context into their formation (Alley
et al., 2021). Meanwhile toward the Weddell Coast, the updated ice thickness estimates beneath STO1 (Sec-
tion 3.2) suggests a continuation in basement rocks between the Ellsworth-Whitmore and Trans-Antarctic
Mountains.

In East Antarctica, we highlight the new observation at SWEI, which supports evidence of significant sedi-
mentary fill preserved in the South Pole Subglacial Basin (Aitken et al., 2023). The consistent inference of an ice-
basement interface from NO68 to the Gamburtsev Subglacial Mountains (Figure 10) aligns with elevated bed
topography (Figure 2), indicating that the northward connection between the South Pole and Aurora subglacial
basins is more strongly truncated than suggested from Li et al. (2022). An ice-bedrock interface is also identified
beneath CCD (Figure 10), which refines existing interpretations from gravity data of the Belgica Subglacial
Highlands (Aitken et al., 2023). Along the eastern reaches of the Wilkes Subglacial Basin, a pattern of subglacial
low-velocity zones (E018, E020, N036, RKST, SAMH) and ice-bedrock conditions (N028, N020, APRL, FOOT,
BEBP) is inferred that conflicts with sedimentary basin likelihoods (Figure 10) and potentially reflects the
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complex geological mosaic of the region (Aitken et al., 2023). However, we reiterate that our HVSR in-
terpretations are hindered by the steep bed relief around the Trans-Antarctic Mountains (Text S7 in Supporting
Information S1).

4.3. Seasonal Trends in Observed HVSR Amplitudes

In Section 3.3, we identify a clear seasonal trend in observed HVSR amplitudes within 0.2—1 Hz that likely relates
to the evolution of sea ice cover in the Southern Ocean and the consequent modulation of short-period secondary
microseism energies, consistent with previous studies of single-component seismic noise levels (Section 1).

Ocean microseisms are predominantly associated with Rayleigh waves and vertical particle motion (Gualtieri
et al., 2013; Haubrich & McCamy, 1969), which explains the characteristically weak amplitudes of our observed
HVSRs (Section 3.2). However, the seasonal trends in HVSR amplitudes (Figure 7) suggest either a relative
increase in horizontal-component energies or a relative decrease in vertical-component energies as sea ice re-
treats. Separating the component spectra (Figure S24 in Supporting Information S1) highlights the dominant
variability in horizontal-component energies, but the source of these horizontal-component contributions and
reasons behind their seasonal variability are unknown and not investigated further in this study. Possible sources
are Love waves in the secondary microseisms (Gualtieri et al., 2020, 2021) or other propagating modes, such as L,
phases (Pratt et al., 2017), Lamb waves guided through the ice sheet (Baker et al., 2019) or body S-waves from the
cryoseismic activities of marine-terminating glaciers (Podolskiy & Walter, 2016). Interestingly, we see that the
observed HVSR amplitudes are closely aligned in phase with sea ice extent (Figure 8), in contrast to the 20-50-
day time lag found for vertical-component spectral amplitudes (Turner et al., 2020). This suggests that the
horizontal-component contributions are generated by sources near to the ice sheet margin that are immediately
affected by sea ice build-up. The comparative stability of observed HVSR and component spectra amplitudes
(Figure 7 and Figure S24 in Supporting Information S1) within the long-period secondary microseism band
(0.1-0.2 Hz) also agree with previous findings and suggest distant source locations less affected by sea ice cover,
such as from deep ocean storms (Pratt et al., 2017; Turner et al., 2020) or offshore reflections from bathymetric
features (Grob et al., 2011). A seasonal modulation of spectral amplitudes in the primary microseism band
(0.05-0.1 Hz) is expected as well (Section 1), but is not clearly discerned in our observed HVSRs (Section 3.3),
likely due to the impact of low-frequency incoherencies caused by sensor tilt (Text S5 in Supporting
Information S1).

4.4. Strengths and Limitations of Using HVSR Peak Frequencies

Our findings establish the capability of HVSRs to determine subglacial low-velocity zones from the shift in f,f’bs
relative to the f, expected for the substation ice thickness. This facilitates a straightforward, approximate
discrimination of deformable (i.e., subglacial Vg < ice sheet Vy) versus stiff (subglacial Vg > ice sheet Vi)
subglacial material, valuable for informing the choice and parameterization of basal sliding/friction laws in ice
sheet modeling, which causes substantial variability in projected ice mass loss and sea level rise (e.g., Brondex
etal., 2017; Zhao et al., 2025). We demonstrate that the interpretation of HVSR peak frequencies is robust to the
seasonal trends in observed HVSR amplitudes, with f,f’bs remaining consistent at most stations analyzed in this
study (Figure 8). This enables us to infer the presence of subglacial low-velocity zones across Antarctica inde-
pendent of the recording length or period (Section 4.2). Conversely, we highlight the unreliability in interpreting
observed HVSR amplitudes; for instance, seasonal changes in RWE observed over the Greenland Ice Sheet
suggested as thermally driven modulations in ice sheet Qg (Jones et al., 2023) can be additionally or alternatively
explained by the seasonal modulation of ocean microseism energies by sea ice cover (Section 3.3). We note that
interpretations of HVSR amplitudes are additionally influenced by the choice and parameterization of the forward
model (Section 3.1), as well as by deployment factors such as the instrument type and ground-sensor coupling
(e.g., Chatelain et al., 2008; Guillier et al., 2008; Molnar et al., 2022).

The key strengths of using HVSR peak frequencies to infer subglacial structure are the short deployment times
and wide bandwidths facilitated by seismic ambient noise. Standard guidelines (Molnar et al., 2022) advise
minimum window lengths of 10 X T, s (with f,, = 1/T,, being the lowest frequency considered) and at least
30-60 windows for reliable HVSR interpretations. We conservatively use ambient noise recordings of a few
hours for our HVSR investigations over the Antarctic Ice Sheet. aligning with the recommendations of Yan
et al. (2018). Nevertheless, this enables subglacial low-velocity zones to be determined from a single day of
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fieldwork. The wide bandwidths facilitated by seismic ambient noise are highlighted by comparing the observed
HVSRs against the synthetic HVSRs generated using the subglacial layers estimated previously from earthquake
receiver functions (Section 3.2). In particular, we highlight the poor fit between the observed and synthetic
HVSRs at SIPL (Figure 5), the thinnest ice site considered (Table 1), and the significant uncertainties in subglacial
layer thickness estimated by the receiver functions at KOLR (Table 1). The observed HVSRs clearly indicate a
considerably thicker or lower-Vg subglacial layer beneath SIPL and exhibit strong peaks at KOLR without any
substantial ambiguity (Figure 5). Earthquake receiver functions are limited for shallow crustal investigations (i.e.,
<1-2 km depth) due to poor signal-to-noise ratios at higher frequencies and ice sheet reverberation multiples
complicating arrivals (Anandakrishnan & Winberry, 2004). In contrast, HVSR analyses of seismic ambient noise
leverage subsurface resonance and are well suited to studying subglacial structure for most ice sheet and glacier
thicknesses (Picotti et al., 2017).

We note that reliable interpretations of subglacial low-velocity zones from HVSR peak frequencies require ac-
curate constraints of substation ice thickness, with the uncertainty in gridded ice thickness estimates being the
major contribution to o, (Section 3.1) and hindering our inferences of subglacial low-velocity zone presence
across Antarctica (Section 4.2). The use of gridded ice thickness products is particularly limited if non-planar
basement topography is significant beneath the station (Section 4.1) and encourages the co-located acquisition
of RES or swath radar data (e.g., Holschuh et al., 2020) to map the ice thickness within the substation footprint and
fully quantify azimuthal HVSR variability. 6, can be further reduced by constraining the ice sheet Vg profile
through active seismic measurements. We demonstrate the practical sensitivity of HVSR peak frequencies to the
bulk thickness and Vg of subglacial low-velocity zones by using synthetic HVSRs (Figure S25 in Supporting
Information S1). Sensitivities to layer thickness and Vg generally decrease with increasing ice thickness; for
instance, for a subglacial layer with Vg = 1,000 m/s, the minimum layer thickness reliably detected (assuming an
ice thickness uncertainty of 50 m in o ;) varies roughly from (55, 65, 105, 135) m with ice thicknesses of (500,
1,000, 2,000, 3,000) m. For typical ice sheet thicknesses (i.e., >500 m), we expect HVSRs to be negligibly
sensitive to meter-thick layers of subglacial till (Figure 1), except if the till is extremely low-Vy (i.e., <300 m/s).
Sedimentary rock layers with Vg greater than or equal to the ice sheet, meanwhile, primarily affect HVSR am-
plitudes (e.g., Figure 4) and therefore cannot be reliably detected from HVSRs. Nevertheless, the analysis of
HVSR peak frequencies is capable of detecting subglacial layers comprising either a few hundred meters of
unlithified sediments or kilometers of sedimentary rocks with Vg less than the overlying ice (Figure S25 in
Supporting Information S1). This highlights that the detection and characterization of subglacial sediments using
HVSR analysis is a valuable approach to apply over Antarctic sedimentary basins (Section 4.2), which can
support significant deposits of both unlithified sediments and sedimentary rocks (Aitken et al., 2023).

4.5. Future Potential of HVSRs

HVSR analyses of seismic ambient noise can promote the rapid and widespread mapping of subglacial low-
velocity zones across Antarctica (Section 4.4), particularly over subglacial sedimentary basins where IBIZ
structure is poorly known (Section 4.2). High-resolution measurements of substation bed topography (Sec-
tion 4.4) additionally enable f,fbs to be interpreted separately across different azimuths, potentially inferring the
geometry of sedimentary material in subglacial troughs. The deployment of nodal seismic arrays (e.g., Agnew
et al., 2025) can leverage relative HVSR amplitudes for refined subsurface interpretations (assuming similar
wavefield conditions over the array), including the use of HVSR trough amplitudes, which deepen in response to
subglacial low-velocity zones (Guillemot et al., 2024; van Ginkel et al., 2025). Long-term seismic installations,
facilitated by step-wise improvements in sensor technology and remote power systems (e.g., Hansen et al., 2015),
offer the opportunity to monitor changes in subglacial Vg using HVSRs (Section 1), potentially in real time at
telemetered sites. Our findings highlight that changes in subglacial Vg can be reliably distinguished from varying

-obs

wavefield conditions by shifts in f;>° that are consistent across all peaks and all azimuths (Section 4.1).

The ability to interpret multiple HVSR peak frequencies reliably suggests a potential framework for robust in-
versions of subglacial layer thickness and V. As supported by Section 3.1, any forward model can be employed to
describe HVSR peak frequency behavior (with appropriate consideration of higher SW modes; Text S2 in
Supporting Information S1), circumventing ongoing debate regarding the optimal choice of forward model for
HVSR inversion (Molnar et al., 2022). The characteristic behavior we find in synthetic HVSR peak frequencies
(Section 3.1) moreover highlights a possible basis for HVSR inversions to distinguish subglacial low-velocity
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zones associated with unlithified sediments from those associated with sedimentary rocks. For instance, we note
the model-independent decrease in f;”" compared to foeff for subglacial layers with extremely low Vg (Section 3.1),
likely indicative of fine grained, water saturated sediments (Text S3 in Supporting Information S1). This distinct
behavior in HVSR peak frequencies between unlithified sediments and sedimentary rocks is potentially explained
by the enhanced trapping of seismic energies in extremely low-velocity layers (Aki & Richards, 2002), causing an
increase in the effective resonance path length, as well as attenuation effects that result in HVSR trough deepening
(Hobiger et al., 2021). HVSR trough frequencies also exhibit consistent behavior across different models (Figures
S8-S15 in Supporting Information S1) and can therefore be incorporated into the inversion framework to provide
additional constraints on subsurface structure (Tuan et al., 2011). Future work will aim to develop an inversion
framework using HVSR peak and trough frequencies, addressing the ambiguity in qualitative interpretations of
f;’bs relative to f, (Section 4.2) due to the inherent trade-off between subglacial layer thickness and Vg (Figure S25
in Supporting Information S1).

Future HVSR applications offer a valuable complement to other geophysical interpretations of subglacial
structure. The combined interpretation of HVSRs and aerogeophysical data can reveal the structure and
composition of subglacial sedimentary basins (Section 4.2). Joint inversions with earthquake receiver functions
and auto-correlations (e.g., Pham & Tkalci¢, 2018) can leverage the different energies available from the passive
seismic wavefield and enhance the capabilities of profiling the Antarctic IBIZ using a single seismic station. The
deployment of seismic arrays enables the simultaneous use of microtremor array methods (Hayashi et al., 2022),
providing complementary insights into subsurface Vg gradients. Active seismic measurements during sensor
deployment or collection can delineate layers of subglacial till (Section 1) and compensate for the limited res-
olution of HVSR peak frequencies (Section 4.4). Meanwhile, the determination of subglacial conductivity from
magnetotellurics (Section 1) has the potential to refine HVSR interpretations of subglacial hydrology
(Section 4.1).

4.6. Practical Recommendations

Based on our findings, we provide key recommendations for data collection to guide robust HVSR interpretations
of subglacial low-velocity zones in Antarctica (and other ice sheet settings):

o Sensor deployments with strong ground-sensor coupling are preferred (ideally borehole installations in ice) to
minimize low-frequency (<0.1 Hz) incoherencies related to sensor tilt (Text S5 in Supporting Information S1)
and high-frequency (<1-2 Hz) contamination from wind-driven effects (Text S7 in Supporting Informa-
tion S1), potentially increasing the number of resolvable resonance modes and depth sensitivity of HVSR
interpretations.

« HVSR applications are best suited over subglacial sedimentary basins or other sites with relatively flat
basement topography (Section 4.1). Elsewhere, careful analysis of azimuthal HVSR characteristics alongside
accurate independent constraints of bed topography within the substation footprint is required to distinguish
subglacial low-velocity zones from basement non-planarity. Deploying stations near outcrops or over steep
bed relief (e.g., the Trans-Antarctic Mountains) should generally be avoided (Text S7 in Supporting
Information S1).

o For short-term deployments, data should ideally be acquired toward the end of the austral summer season (i.e.,
February—April) to ensure the clearest HVSR peaks for interpretation (Section 3.2). However, longer-term
deployments (i.e., >1 year) are preferred to assess the influence of varying wavefield conditions (Sec-
tion 4.1) and provide the potential to monitor changes in subglacial Vg (Section 4.5).

5. Conclusions

In this contribution, we have established that horizontal-to-vertical spectral ratios (HVSRs) of seismic ambient
noise can be used to detect subglacial low-velocity zones, owing either to unlithified sediments or porous, water
saturated sedimentary rocks, in between the Antarctic Ice Sheet (AIS) and underlying crystalline basement.
Through comprehensive 1-D forward modeling of synthetic HVSRs, we identified a decrease in HVSR peak
frequencies (compared with the expected peak frequency for an ice-basement interface with no low-velocity
zone) that is dependent on the bulk thickness and S-wave velocity (V) of the subglacial low-velocity zone, as
well as on the overlying ice sheet thickness. This decrease was found to be independent of the forward model and
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assumed wavefield composition. Further modeling demonstrated that additional complexity in the Antarctic
subsurface (i.e., a surficial firn layer, basal ice variations, sedimentary layering) has a negligible influence on
HVSR peak frequency behavior.

We computed and analyzed observed HVSRs for over 80 broadband seismic stations across the AIS. Our
observed HVSRs confirmed the physical sensitivity of HVSR peak frequencies to subglacial low-velocity zones
and revealed the existence of both fundamental and higher-mode resonance peaks from the Vg contrast defined
between the ice (or subglacial material) and the basement. A consistent seasonal trend in observed HVSR am-
plitudes was also identified within 0.2—1 Hz, which was found to relate to sea ice evolution in the Southern Ocean
and the consequent modulation of secondary microseism energies. We additionally highlighted the influence of
directional wavefield conditions and non-planar basement topography on the reliable interpretation of HVSR
peak frequencies.

Based on our observed HVSR peak frequencies, we inferred the presence of subglacial low-velocity zones across
Antarctica, finding a strong spatial correspondence with several known subglacial sedimentary basins. Notably,
we refined the presence of thick subglacial material in West Antarctica to subglacial troughs, and confirmed soft
bed conditions beneath Thwaites Glacier. In East Antarctica, we provided new constraints on the sedimentary
material within the South Pole and Wilkes subglacial basins, and highlighted their delineation by subglacial
highlands.

HVSR analysis offers a practical tool to characterize subglacial structure using seismic ambient noise recordings
of just a few hours from a single three-component station. The capability for rapid deployments is particularly
attractive for improving insights into the remote subglacial sedimentary basins in East Antarctica, where sub-
glacial conditions are poorly known. Short-term deployments should prioritize data acquisition during the late
austral summer season to ensure the strongest HVSR peaks. Future HVSR applications have the potential to
detect transient variations in subglacial Vg from long-term deployments, with the opportunity to improve un-
derstanding of subglacial water drainage and sediment dynamics beneath the AIS. The potential of HVSRs to both
improve seismic data coverage across the AIS and facilitate subsurface monitoring at key locations will contribute
toward the future understanding of the influence of the ice-bedrock interface zone (IBIZ) on ice sheet behavior.
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