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Key points:

1. Icequake activity over the grounding zone is modulated by tides, with peaks during mid-rising
and mid-falling phases.

2. Short-scale spatio-temporal variations in icequake activity obtained from a dense array of
seismic nodes outlines the grounding zone.

3. Cryoseismicity provides insights into the 3D dynamics of the grounding zone system as it

undergoes tide-induced flexuring.

Abstract

The grounding zone (GZ) of a marine-terminating glacier, where ice transitions from grounded to
floating, experiences strong mechanical changes, in particular in response to ocean tides. The spatial
and temporal dynamics of these changes, however, remain poorly documented, as they require
multi-scale observations capable of resolving internal ice deformation. Here we use multi-year and
multi scale seismic observations to detect and locate icequakes resulting from the brittle
deformation of the Astrolabe Glacier, an outlet glacier from East Antarctica (Terre Adélie). We find

from automatic detection that seismicity strongly varies with tides and location of the sensors. At a
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multi-kilometer scale, we observe and locate large-magnitude events associated with shear margins.
At smaller scale (few hundreds of meters), using a dense array of seismic nodes deployed across the
GZ, we capture numerous small-magnitude events whose occurrence is controlled by the GZ
geometry and dynamics. At rising tide, seismicity is dominant on the floating part of the glacier while
at falling tides, it is dominant over its grounded part. These short-scale spatio-temporal variations
lead us to propose a conceptual framework for the dynamics of icequake activity at the glacier GZ,
accounting for its three-dimensional tidal-induced bending and its confinement in a fjord. Our
findings highlight the value of dense seismic networks in capturing the high-resolution response of

outlet glaciers to tidal forces at their GZ.

Plain Language Summary

The Antarctic ice sheet naturally flows from its interior toward the oceans through ice shelves and
outlet glaciers, which form large floating ice tongues at the ocean surface. As glaciers transition from
grounded on the continent to floating on the ocean at their grounding zone (GZ), they are impacted
by the ocean effects, such as mechanical deformation caused by daily tides. Here, we present the
analysis of ice deformation at the GZ of the Astrolabe Glacier, in Terre Adélie, East Antarctica. This
analysis is based on data recorded by seismic instruments deployed on and around the glacier, on
land and at sea, from a few weeks to several years, with a particular focus on its GZ. We analyze
continuous seismic records to quantify the time and space occurrence of cryoseismic activity relative
to the GZ geometry and tides. We show that the ice flow is accommodated laterally by large
magnitude events along the lateral shear zones and that the tides are accommodated at the GZ by
numerous small magnitude icequakes occurring dominantly during mid-rising and mid-falling tides,

suggesting a complex three-dimensional bending of the floating tongue.

1 Introduction

Outlet glaciers in Antarctica and Greenland are at the forefront of global climate change (Jordan et
al., 2023). Their mechanical response at the ocean-continent transition influences ice sheet stability
and serves as a sensitive indicator of climate shifts. Monitoring their dynamics is key for accurate
model predictions of future sea level rise. Following the IPCC reports (IPCC Report, 2022),
international initiatives such as RINGS Action Group (2022) or INSTANT
(https://scar.org/science/research-programmes/instant) point the importance of better constraining
the past and present geometries of ice sheets and glaciers, particularly at their continent-ocean
transition (ice thickness, bedrock depth, grounding line and subglacial cavity geometry...). While the

grounding line is classically defined from large-scale satellite imagery as the linear boundary between
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grounded and floating ice, local bedrock geometry can introduce small-scale complexities,
transforming this boundary into a broader area, referred to as the grounding zone (GZ). This
terminology will be used throughout the rest of this paper. The difficulty in apprehending the
behavior of outlet glaciers resides in the multiple thermal and mechanical interactions at the
different interfaces : at its basal and lateral boundaries where ice slides over the bedrock
(Weertman, 1957), at its front where it faces the ocean and sea-ice (Amundson et al., 2010;
Bartholomaus et al., 2015), and at its GZ; A major control on the dynamics of glaciers across their GZ
results from tide activity generating changes in sea surface height, inducing potential GZ horizontal
back and forth motions, depending on the bedrock topography, affecting the ice flux to the ocean
tides and the stability of the entire upstream basin (e.g., Pattyn, 2018; Rignot et al., 2011; Schoof,
2007).

The dynamics of Antarctic outlet glaciers GZ has been widely studied through remote sensing,
providing a large-scale picture of ice masses displacements (Friedl et al., 2020; Rignot et al., 2011),
sometimes complemented by ground GNSS measurements (King et al., 2010; Winberry et al., 2013).
However, these measurements only provide a surface-level perspective over extended time spans
(hours to days, even years), often lacking temporal continuity down to few seconds at which
processes may occur. Recent studies, however, succeeded to indirectly reach the daily tidal temporal
resolution by analyzing long-term remote sensing time-series and stacking observations to recreate
daily cycles (Freer et al., 2023; Rignot et al., 2024). As a complementary approach, cryoseismology
offers a valuable tool to gain insights into glaciers flow and deformation within the ice column—
from the surface to the bedrock — and over short spatial and temporal scales. Continuous recordings
of ice-related seismic activity enable the detection and location of seismic events with spatial
resolution down to a few meters and temporal variability ranging from seconds to seasons. This
approach provides a comprehensive view of the main underlying processes and external forces at

play, such as tides for coastal glaciers (e.g., Aster & Winberry, 2017; Podolskiy & Walter, 2016).

Seismic records from grounded glaciers are generally dominated by two main seismic activities. A
first group of low amplitude, repetitive and high frequency events is known to be induced by the
stick-slip motion at the ice-bedrock interface (e.g., Helmstetter et al., 2015; Lucas et al., 2023; Pirli et
al., 2018; Winberry et al., 2013; Zoet et al., 2012); a second, on which we focus the present study,
represents the primary - or at least the most frequent - source of seismicity, generating the largest
signals in glacier systems and widely accepted to result from ice brittle deformation. In
comprehensive overviews, Podolskiy & Walter (2016) followed by Aster & Winberry (2017)
referenced and synthesized early works on these so-called “icequakes” (Lewandowska and Teisseyre

1964; Neave & Savage, 1970; Osten-Woldenburg, 1990; Rothlisberg, 1955; Rothlisberger, 1972). In
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recent years, subsequent researches have continued to build upon these studies and gained in
spatial resolution (e.g Hammer et al., 2015; Hudson et al., 2019; Kufner et al., 2023). For instance,
icequakes generated by the opening of crevasses have been successfully located to precisely map the
crevasse field of an Alpine glacier and its dynamics (Gimbert et al. 2021, Nanni et al. 2022). If
cryoseismicity has been in few cases described as induced by temperature variation (e.g.,Lombardi et
al., 2019), most events originate from complex time and space variations of stress, resulting from the
brittle behavior of ice as a response to flexuring (e.g., Hulbe et al., 2016), extension and shearing
regimes (e.g., Hudson et al., 2020). For coastal glaciers, the cyclic bending of the glacier floating
tongue under the ocean tidal modulation has been shown to generate such intense seismic activity

(Barruol et al., 2013; Cooley et al., 2019; Fromm et al., 2023; Lombardi et al., 2016).

Seismic records in GZ areas depict recurring patterns in response to tides. At the Ekstrom Ice Shelf,
dominant local and regional icequakes were found to mainly occur during rising tides, and proposed
to be associated with opening of cavities at the bottom of the glacier, driven by the upward bending
of the floating tongue (Fromm et al., 2023; Hammer et al., 2015). Near the Roi Baudouin Ice Shelf,
Lombardi et al. (2016) identified periodic seismic activity correlated with tide-induced bending,
particularly during rising and high tides, that they potentially linked to basal crevassing. By contrast, a
study focused on Ice Stream C from Anandakrishnan & Alley (1997), with a 6-week deployment at a
distance of 85 km from the GZ, revealed basal seismicity mostly activated just before the minimum
tide. In the vicinity of the Mertz Glacier in East Antarctica and of the Bowdoin Glacier in West
Greenland, Barruol et al. (2013) and Podolskiy et al. (2016) highlighted icequake seismicity to have a
clear tidal modulation with a dominant peak of seismic activity at falling tide, i.e., during the
downward bending of the glacier floating tongue and a weaker activity during tide rising phases. In
addition to the double-peak diurnal oscillation, Podolskiy et al. (2016) also found an horizontal
acceleration of the glacier at falling tide, interpreted as its longitudinal stretching. Minowa et al.
(2019) suggested that the extension movement associated to the bending during falling tide could
generate crevasse opening at the surface, leading to higher icequake activity. However, there is no
consensus on whether this bending generates seismic energy mainly during rising and/or falling tides,
and whether it results from basal or surface crevassing, or both. Additionally, the relative importance
of the various mechanisms occurring at different places of the glacier remains uncertain, including
basal slip events, lateral shear zones events, and surface extensional or compressional events caused

by the glacier horizontal acceleration or deceleration.

The present study analyzes the cryoseismic activity of the Astrolabe Glacier in Terre Adélie, East
Antarctica by combining large-scale and long-term with small-scale and short-term seismic networks.

This strategy allows us to investigate the distribution of events by magnitude and location, and to
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understand how these are influenced by the instrumental setup, the 3D geometry of the glacier GZ

and lateral shear zones.

2 Data and Methods

2.1 Study site

The Astrolabe Glacier (66°41'S, 140°05' E) is located in Terre Adélie, East Antarctica, near the
Dumont d’Urville (DDU) French polar base (Fig. 1). The floating tongue of this outlet glacier is
approximately 4 km wide and 10 km long and is fed by a basin extending more than 200 km into the
continent (Mouginot et al., 2014). In the studied area, the ice flows at a rate of up to 500 m/year (Le
Meur et al., 2014; Provost et al., 2024). Compared to its eastward neighbours Cook and Mertz
glaciers, the catchment area of the Astrolabe Glacier is relatively small (~1500 km? against 307 741
km? for the Cook basin and 84 543km? for the Mertz basin, see Rignot et al. (2013)). Its small size and
easy access from the nearby DDU station both provide a unique opportunity to cover the entire
system from its grounded zone to its ocean terminus with a limited number of instruments that can

be deployed with reasonable logistical support.

The floating part of the Astrolabe glacier is laterally constrained within a fjord with valley walls 500 to
600 m deep, covered by grounded stable ice, as imaged by radar surveys (Le Meur et al., 2014) and
bathymetric surveys offshore (Beaman et al., 2011). These features create strong shear zones on
both sides of the glacier, accommodating the relative displacement between the glacier, the bedrock,
and the surrounding stable ice, as evidenced by satellite imagery (e.g., Provost et al., 2024). The
floating tongue thickness is estimated to be around 600 m at the GZ, progressively thinning to about
300 m at its terminus on the ocean (Le Meur et al., 2014). In front of the terminus, the fjord
bathymetry extends deeper than 1000 m (Beaman et al., 2011), resulting in a large subglacial cavity
beneath the floating ice tongue, prone to ocean penetration and ice basal melting. The glacier front

is directly exposed to ocean swells (when there is no sea ice in summer), storms and tides.
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Figure 1: Map of the deployments on and around the Astrolabe glacier. (a) Study site location in East
Antarctica. (b) Astrolabe glacier with locations of the seismic and GNSS stations (symbols explained in
the insert), in the neighborhood of the Dumont d’Urville (DDU) French Polar base. Satellite image is
from Sentinel 2. Grey line represents the grounding line inferred from geodetic GNSS analyzes from
Le Meur et al. (2014). (c) Zoom on the instrumented GZ area of the glacier with location of the GNSS
stations (blue triangles), the broadband seismic network deployed for 3 weeks in January 2022 (red
squares) and the seismic nodes deployed for 3 weeks in January 2023 (black dots). (d) zoom on the
coastal area where Ocean Bottom Seismometers (OBSs) have been deployed in 2022-2023. See

details on instruments deployment in Table S1 (Supp. Info.).

2.2 Seismological deployments

With support from the French Polar Institute, we deployed a network of seismometers on and
around the glacier from 2020 to 2024. This included both terrestrial and ocean-bottom seismometers
(OBS) respectively on land and at sea (Fig. 1 and Table S1. of Supp. Info. for details). Starting in 2022,
broadband stations were deployed during several years around the glacier on grounded (stable) ice
or on rocky outcrops. For these stations, the sampling rate has been set to 100 Hz. We also use the
permanent Geoscope station DRV at the DDU base, operational since 1986 (Leroy et al., 2023;

Institut de physique du globe de Paris (IPGP) and Ecole et Observatoire des Sciences de la Terre de
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Strasbourg (EOST), 1982) and set at 20 Hz sampling frequency since 1999, allowing long-term

seismological investigation over several decades (Grob et al., 2011; Stutzmann et al., 2009).

In January 2022, a temporary network of 6 broadband seismometers was deployed for 3 weeks in the
grounding zone area of the glacier (Fig. 1), all recording at 200 Hz. Due to melt-induced sensor tilting,
data from ASTO5 were unusable. Simultaneously, five short period [4.5- 300] Hz and intermediate
band [0.1-100] Hz OBS were deployed in front of the glacier terminus for 2 to 3 weeks in January
2022. Two of these were redeployed in early February 2022 for a full year, including a wintering

under the sea ice.

In January 2023, we enhanced event detection and structural imaging by deploying a network of 50
three-component seismic nodes in the GZ (Fig. 1). Spaced 300-400 m apart, the seismic nodes
covered ~2x2 km? and recorded continuously at 500 Hz for about three weeks. In the present paper,
data analysis focuses on January 14-24, 2023, after which stormy weather caused considerably

decreased data quality.

2.3 Complementary deployments

To complement the seismological observations, we gather GNSS data from 9 autonomous GPS
beacons that have been recording over the GZ area almost continuously since 2010 (Le Meur et al.,
2014). In our 2022 and 2023 instrumental deployments, some seismic stations were co-located with
the GNSS stations (Fig. 1c). For those, the sampling rate was set to 30s during the seismic survey
period to provide better resolution of vertical and horizontal ice motion. During the remaining time
of the year, the stations recorded one sample every 30s during each two-hour session occurring

three times every day. GPS data processing details are available in Text S1 (Supp. Info.).

We evaluate and quantify tides using the PM36S MarArgos automatic tide gauge called DUMON,
installed at the DDU base. This station measures local tide height with a 2-minute sampling rate
(NIVMER/ROSAME project, Calzas et al., 1992). Data are transmitted in real time via Argos, and have
been used to perform frequency spectral harmonic analysis of the signal (Pawlowicz et al., 2002), to
extract phases and amplitudes of the tidal components, and to compare seismic activity with tidal

dynamics.

2.4 Icequake detection

We identify icequakes within continuous seismic records and analyze their occurrence using a
systematic event triggering algorithm based on the STA/LTA (short-term average/long-term average)
method (Allen, 1978; Lesage, 2009), well adapted for detecting impulsive events. Fig. 2a displays a

representative 8-min long recording from the AST03 broadband seismic station situated on the
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Astrolabe GZ. Among the diverse signals, icequakes are easily identifiable by their impulsive arrivals
and the lack of clear distinction between seismic phases. We use the following parameters: STA is set
to 0.5s, LTA to 5s, trigger threshold On and Off to 5 and 2, respectively. These values were
determined by minimizing missed events and false detections based on visual comparisons between
detections and phase arrivals observed in the waveforms (1 hour of record screened per day). We
apply these parameters for all the stations. By bandpass filtering the data, we narrow down the used
frequency band to [5-40] Hz, where most icequake energy is concentrated (see spectrogram in Fig.
2b). The dashed grey lines in Fig. 2a indicate the icequakes detected over the 8 min recording
example. Fig. 2c and 2d present an example of the trigger on (red) and trigger off (blue) thresholds
over a single event and its corresponding STA/LTA ratio curve. In our analysis, events with duration
smaller than 0.4 seconds are set aside as they are under-represented and might originate from false

detections.

Despite the limitations inherent to the method (i.e. false detections, missing events), we expect
some consistency in the error rates for each station, ensuring a rather robust relative comparison
between them. Systematic detections performed at each station display a significant number of
events with considerable hourly variability (typically ranging between few tenths and 500
events/hour). From the catalogues of detections obtained for each station, we compute time series
of icequake occurrences every hour, which is long enough to gather sufficient statistics while short

enough to investigate diurnal modulation.

The systematic use of the STA/LTA detection algorithm also provides an event duration for each
detected icequake (Fig. 2c). From this measured duration, we attribute an event magnitude of
duration (Md) using the empirical relationship expressed as Md = -0.9 + 2log(d) with d the event
duration (Lee et al., 1972). While this empirical relationship is commonly used in earthquake studies,
we acknowledge limitations in our present situation, mainly due to difficulties in precisely identifying
event start and end times (due to the complex waveform of icequakes), but also due to icequakes
not necessarily obeying similar laws to earthquakes. The duration magnitudes thus should not be

interpreted in an absolute sense but rather as a proxy for relative comparison between events.
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Figure 2: Seismic waveforms and icequakes detection. (a) Seismic waveform and (b) spectrogram of
eight minutes of recording on the Z component of station ASTO08, located on the GZ of the Astrolabe
glacier (Fig. 1), on Jan. 20, 2022. Data sampled at 200 Hz are bandpass filtered between 5 and 100 Hz.
Seismic event detections are indicated by timestamps (grey dotted lines) for events detected by the
STA/ LTA algorithm. (c) Zoom on 8s of records (vertical, HHZ component) showing a single detection
with the trigger On (red) and Off (blue) timestamps. (d) Corresponding STA/LTA amplitude ratio curve

with the amplitude ratio trigger On (red) and trigger Off (blue) thresholds.

2.5 Icequake location

To evaluate icequake locations we use the dense seismic array, and adopt two distinct strategies. For
large magnitude events, which generate a coherent wavefield all across the seismic node array, we
apply Match Field Processing (MFP) as described and detailed in other studies (Chmiel et al., 2019;
Gimbert et al., 2021; Nanni et al., 2022). This method recursively matches observed seismic field

phase delays with a modeled one using a point-like source and a frequency-domain Green’s function,
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which depends on four parameters: the source spatial coordinates (x, y, z) and the medium
homogeneous phase velocity (c). For each time window, chosen to approximate the seismic wave
travel time across the array, the best source likelihood is determined by minimizing the relative
difference between observed and modeled phase delays. The MFP output is normalized between 0
and 1, with higher values indicating a better match and greater confidence in the source location.
Instead of using a computationally expensive multi-dimensional grid search, we employ a
minimization algorithm based on the downhill simplex method (Nelder-Mead optimization) as
described by Nelder & Mead (1965) and Lagarias et al. (1998). To maximize the likelihood of
identifying dominant sources within 2-second time windows, we initiate the algorithm from 13
starting points distributed over a 1500 x 1500 m? area centered on the node array, reducing
azimuthal bias. All localizations from these 13 minimizations are evaluated based on their MFP
output values. The algorithm is allowed to detect multiple sources within the same time window,

selecting those with MFP outputs above 0.2 to ensure meaningful source localization.

For the numerous small magnitude events, which are higher frequency and which do not generate
coherent waves across the array, MFP turns out unsuccessful. Instead of looking at individual event
location, we thus map sources only in a statistical sense, either by mapping icequake occurrence
detected at each node sensor, or by mapping the number of seismic nodes that detected a given

event, which turn to be extremely informative.

3 Results

3.1 Long-range and long-term tide-modulated seismicity

We first characterize the relationship between icequake activity and ocean tides using data from two
stations located at a large distance from the GZ (>10 km), on a rocky outcrop (DRV) and on the ocean
bottom (OBS06) and running over the course of the year 2022. The 3 months event detection on the
DRV 20 Hz vertical data channel (Fig. 3a) displays a distinct modulation in icequake hourly occurrence
across successive spring and neap tide cycles, exhibiting event counts ranging from 10 to over 200
events per hour. Zooming on a shorter time scale, we observe double peaks for diurnal cycles,
aligning with rising and falling tides (Fig. 3a). During periods with high tide amplitude, we often
observe a stronger activity during the falling tide phase (from July 07, 2022 to July 15, 2022 on Fig.
3b). Although this pattern is recurring across consecutive tide cycles, it does not consistently appear
throughout the entire analyzed time series. At station OBS06 deployed at sea close to the glacier
front, we also observe a clear correlation of the icequake occurrence with the tidal amplitudes across
spring and neap tide cycles (Fig. 3b), showcasing an increase in icequake activity during high tide

periods. On average, the rate of icequake occurrences surpasses that observed at the DRV station,
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varying between 100 and 400 events per hour. Additionally, we identify distinct double peaks of
seismicity during diurnal cycles, also aligning with rising and falling tides (zoom Fig. 3b). Although the
two peaks of seismicity mainly exhibit similar amplitudes, we punctually find a slightly higher activity

during the falling tide similar to what is observed at DRV station.

We perform a Fast Fourier Transform (FFT) spectral analysis on the hourly icequake occurrence time
series and compare it with tidal harmonics issued from tide gauge data (Fig. 4). The timeseries, of
same duration for both stations (i.e., 9 months), allow to compare spectral amplitudes and are long
enough to properly resolve periods of up to one month. Tide gauge measurements mostly show
diurnal and semidiurnal tidal cycles, with smaller amplitude peaks for monthly, fortnightly and
terdiurnal cycles (Fig. 4a). These cycles stand out very clearly for FFT spectra of DRV and OBS06
stations (Fig. 4b and 4c). OBS06 frequency peak amplitudes are twice as strong as those at DRV, and
the noise level is also higher. This difference with DRV may be due to OBS06 proximity to the glacier
terminus and the local submarine conditions, respectively increasing both signal amplitude and
noise. The monthly and fortnightly, as well as diurnal and semidiurnal, tidal modulations of the
cryoseismicity are well-documented in several studies focused on ice displacement and icequake
activity (Adalgeirsdottir et al., 2008; Barruol et al., 2013; Bindschadler et al., 2003; Fromm et al.,
2023; Gudmundsson, 2007; Minowa et al., 2019; Murray et al., 2007), reflecting that ice deformation
at the GZ is controlled by glacier displacement and tidal amplitudes. Sensitivity to higher tidal cycle
frequencies (3 and 4 cycles per day - cpd for both stations and up to 8 cpd for DRV) have also been
observed in other seismic or GNSS datasets (Barruol et al., 2013; Fromm et al., 2023; Minowa et al.,
2019). While the 4 cpd peak can be explained by the double seismicity peak at mid-rising and mid-
falling tides, the terdiurnal peak at 3 cpd and higher frequency peaks remain open to interpretation.
They could reflect tidal overharmonics (generated by non-linear interactions of the main tidal
harmonics as a result of ice/ocean interactions) as proposed by Fromm et al. (2023) or alternatively

result from anelastic processes at the GZ as suggested by Pedley et al. (1986).
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Figure 3: Examples of icequake occurrence (black curves, number of icequakes per hour) compared
to the local tide amplitudes measured at the DUMON tide gauge at Dumont d’Urville base (red
curves, tide amplitude in m). (a) Top: for seismic station DRV over 4 months (May-Aug 2022).
Bottom: Zoom of DRV over a 20-day period in July 2022. (b) Top: for the ocean bottom seismometer
0OBS06 deployed on the seafloor near the glacier terminus (see location Fig. 1). Bottom: Zoom of

OBSO06 over a 20-day period in July 2022.
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313  Figure 4: Tides and cryoseismic spectra. (a) Fast Fourier Transform (FFT) of the tide amplitude

314  measured at the DUMON tide gauge installed at the Dumont d’Urville station, (b) FFT of the icequake
315 hourly occurrence at the Geoscope DRV seismological station (over 9 months) and (c) FFT of the

316  icequake hourly occurrence at the ocean bottom station OBS06 (over 9 months). Seismic frequency
317 peaks are well correlated with tide harmonics, as calculated from t-tides software (Pawlowicz et al.,
318  2002) and marked by vertical dotted lines with red dots at the extremity: Fortnightly (MSF), diurnal
319 (2Q1,Q1,01,N01,K1,J1,001), semidiurnal (EPS2,MU2,N2,M2,12,52,ETA2), terdiurnal

320 (M0O3,M3,MK3,SK3) and quarterdiurnal (MN4,M4,SN4,MS4,MK4,54,SK4) temporal tidal cycles.
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b. Stable grounded ice (AST02)
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Figure 5: Tide amplitudes, tide velocity, icequake rate and spectral energy at few examples of
terrestrial and ocean bottom seismic stations for the period January 16 to 29, 2022. Top plots:
Number of detected seismic events (black curve) per hour compared with tide amplitude (red curve)
and tide vertical velocity (blue curve) for (a) seismic stations ASTO3 on floating ice, (b) AST02 on
stable grounded ice and (c) OBS01 on the seafloor near the glacier terminus. Bottom plots:
Spectrograms of seismic energy alongside tide amplitude (red curves) for the same seismic stations.
Spectrograms are generated using the Logarithmic Power Spectral Density (LPSD) method on the
vertical (Z) component of the data, with 10-minute windows covering the 1-100 Hz frequency range.
Welch’s method is applied on 10-second segments within each window, and the mean power is
computed and converted to decibels (dB). For broadband stations, the instrumental response is
removed. This correction was not available for the OBS station. The distinct monochromatic spectral
lines at ~30 Hz and higher frequencies at ASTO02 are likely caused by wind-induced vibrations

affecting the cables holding the station solar panels.

3.2 Tidal modulation of icequake occurrence around the grounding zone
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While the seismic observations performed at a large distance to the GZ highlight similar global
patterns, we observe differences in the phasing between the tides and the icequake peak
occurrences at stations located closer to the GZ (Fig. 5). There, we detect a large number of events
(e.g. 450 and 300 events/hr for AST03 and OBS01, respectively) clearly modulated by the tides with
peak seismicity mostly occurring at highest tide amplitude, such as before Jan. 21, 2022 for AST0O3 on
Fig. 5a. We can occasionally observe double peaks of seismicity (well visible after Jan. 27, 2022 for
ASTO3 on Fig. 5a) that match double peaks in absolute tide vertical velocity, (calculated as the norm
of the time derivative of sea surface height). For the OBSs at sea, we mainly observe double peaks of
seismicity also happening when the tide vertical velocity is the highest (mid-rising and mid-falling
tide), particularly well visible Fig. 3b and prominent at rising tide before Jan 21, 2022 on Fig. 5c. A
distinct pattern is observed for stations AST02 (Fig. 5b) and ASTO1 (Fig. S1, Supp. Info.), both located
on the stable, grounded ice (see Fig. 1), where we detect only a small number of events (generally
less than 100 events/h), without any clear correlation with the ocean tides. This different behavior
can be explained by sensors being primarily sensitive to the local seismicity, i.e. from the lateral
shear zone of the glacier around 1 km away, and much less sensitive to events from the GZ, likely too
far away (around 5 km). Dominant tide-modulated seismicity thus occurs locally near the GZ, but is

not detected at larger distances.

Spectrograms from stations located on the GZ (e.g., AST03, Fig. 5a) follow the same tidal variations,
with energy primarily released during both rising and falling tides. The tidally modulated increase of
energy is particularly strong between 10 Hz and 20 Hz, matching with the frequency band where
icequake energy is most prominent. At station AST02 installed on the stable grounded ice,
spectrogram also shows daily seismic energy modulation (Fig. 5b) which is likely dominated by the
wind daily variation, and not by the icequake signal which is found to be very low in this area. The
spectrogram from the OBS (Fig. 5c) shows strong energy levels above 20 Hz during high tide,

especially between the 16th and 22nd of January.

Distinct temporalities in seismicity across seismic stations also reflect in distinct event magnitude
distributions (see few selected stations is shown in Fig. 6), among which two distinct regimes
emerge. Stations on the glacier (e.g., AST03, AST08) and near the glacier terminus (e.g., OBS01)
exhibit similar icequake duration and magnitude distributions, with duration completeness typically
observed between 0.5 and 0.7 seconds (corresponding magnitudes completeness between -1.5 and -
1.2) consistent with observations of Barruol et al. (2013) and Podolskiy et al. (2016). Stations located
around the glacier, at a larger distance to its GZ (e.g., AST02, DRV), display a notably different
distribution, characterized by a completeness shifted towards longer durations, around 1 second

(magnitude of completeness around -0.9). The strong deficit in short duration/magnitude events
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recorded at these sites indicates that they do not catch the icequake activity from the GZ, which is
clearly dominated by much smaller magnitude events. This confirms that small icequakes dominate

the signal in the active area of the glacier, causing distinct seismicity patterns and tidal signatures.
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Figure 6: Icequake duration (left) and magnitude distribution (right) for stations AST02 (red), ASTO3
(blue), ASTO8 (green), DRV (grey) and OBSO01 (black). X-axis and y-axis are in logarithmic scale.

3.3 Small scale spatial and temporal icequake activity within the grounding zone area

3.3.1. Source locations of small events

In order to explore with high resolution the temporal and spatial variability of small magnitude
icequake activity at the Astrolabe Glacier GZ, we use the data acquired in January 2023 by 50 seismic
nodes (Fig. 1b and c). In Fig. 7a we present an overlay of the 50 icequakes hourly occurrence time
series (in black), superimposed with the measured tide amplitude (in red) and the derived tide
vertical velocity (in blue), complemented by a zoom over 4 days for a clearer view (Fig. 7b).
Consistent with our observations from the 2022 seismic broadband network (Section 3.2, Fig. 5), we
observe a clear period of seismic quiescence during low tides and peaks of seismic activity
concomitant with high tides. Additionally, we observe double peaks in icequake occurrence during

cycles with larger tide amplitudes, which are well correlated with peaks in tidal velocities.
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Figure 7: Icequakes occurrence at the seismic nodes. (a) Time series of icequakes hourly occurrence
measured at each of the 50 seismic nodes (black curves), along with the sea surface height (red
curve) and the derived tide vertical velocity (blue curve) on the Astrolabe Glacier GZ during the
period Jan 13-25, 2023. (b) Zoom on the period Jan 19-25, 2024. The network deployment was
completed on Jan 16, 2023. STA/LTA parameters: sta = 0.5s, Ita = 5s, ThrOn = 5, ThrOff = 2.

Interestingly, we observe that the number of detected events strongly varies across the various
seismic nodes, with peaks lower than 100 events per hour to peaks higher than 400 events per hour.
When examining the average detected seismicity at each node (Fig. 8a), these variations reveal a
coherent spatial structure strikingly outlining the GZ. Regions of floating ice northeast of the GZ
(indicated by stronger reddish colors) exhibit higher seismic activity than the western and
southwestern parts of the network. These seismic observations match well with the GNSS-derived
vertical motions (see grey squares), which show large values in the northeast corner, where the
glacier is floating and seismicity is high, and weaker vertical motions in the southern and western

regions, where the glacier is likely grounded and seismicity is low.

In order to further investigate the fine-scale spatial pattern of icequake occurrence, we count the

number of stations detecting any given event (using a 2-second time window). This allows us to make
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maps of the number of events detected by a given number of stations. This is illustrated Fig. 8b and ¢
by the number of events detected by less than 10 and more than 40 stations. Events detected by 10
stations or less (Fig. 8b) are clearly concentrated near the GZ in the eastern part of the network,
corresponding to the glacier floating sector. In contrast, events detected by more than 40 stations
(Fig. 8c) show an even distribution across the network, indicating that fewer but larger-magnitude
events are detected. The statistics of events by bins of number of sensors are summarized in Table S2
(Supp. Info.). The majority of events (63%) are detected by less than 10 stations or between 11 and
20 stations (25%), while only a small percentage (2%) are detected by more than 40 stations. This
detection pattern aligns well with the magnitude distribution in Fig. 6, where small magnitude events
dominate and are mostly not coherently observed across the whole array, despite its restricted

spatial scale of few kilometers.
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Figure 8: (a) Map of the hourly average icequake activity during the period Jan 14-24, 2023 (color-
coded in red, indicating the average icequakes count per hour) recorded at each station of the
seismic node network (circles), together with the average vertical ice displacements shown as
squares filled with a level of grey indicating the mean value in mm measured by the GNSS stations.
Continuous grey line represents the grounding line (GL) inferred from GPS observations (Le Meur et
al., 2014). (b) Map of the number of icequakes detected by less than 10 stations (color-coded in
green), for one day (Jan 17, 2023) representative of an “average” tide cycle (i.e. with a mean tide
height of +/- 0.5m). (c) Map of the number of events seen by more than 40 stations for the same day.
Each station is colour-coded based on the number of icequakes detected in the corresponding

category.
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The temporal distribution of event number between rising and falling tides also follows a specific
spatial pattern. To illustrate this, we analyze the variance of icequake occurrence at each station as
the difference between the average hourly icequake number during rising and falling tides, divided
by the average number during rising tides (Fig. 9). During rising tides, icequake activity increases in
the floating part of the network (reddish dots in Fig. 9), while during falling tides, activity rises in the
grounded part (blueish dots in Fig. 9), particularly in the western and southern sectors. In both cases,
the variance of icequake occurrence can reach up to 40%, indicating significant shift of the seismic
activity at a fine spatio-temporal scale, from the floating area at rising tides toward the grounded
area at falling tides. Despite such spatial map of icequakes occurrence, we are unable to individually
locate them because most events are recorded by too few stations and exhibit strong waveforms
variations likely caused by surface crevassing. In the following section, we will address this by using
the Match Field Processing (MFP) technique to localize the fraction of larger magnitude events that

are coherently detected across the entire array.
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Figure 9: Map summarising the icequake variance (in %). Reddish colors indicate dominant icequake
activity during rising tides whereas blueish colors indicate dominant icequake activity during falling
tides. Continuous grey line represents the grounding line (GL) inferred from GPS observations (Le

Meur et al., 2014).
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3.3.2 Seismic source locations for large events

By using the Match Field Processing (MFP) method described in section 2.5, we locate events over
the selected period Jan 17, 2023 to Jan 24, 2023 (Fig. 10). The frequency range where MFP can be
applied is conditioned by subwavelength spatial sampling, which, for an average sensor spacing of
around 350 meters and surface wave velocities on the order of 1600 m/s, corresponds to an upper
limit frequency of about 3 Hz. Meanwhile, signals below 1 Hz may be contaminated by the ocean-
induced secondary microseisms, which are not of interest here. Thus, we apply the MFP in the [1-3]
Hz frequency band, for which only the largest icequakes are observed, and for which seismic waves
are not significantly attenuated across the 3-km scale of the seismic array, such that spatial seismic
waveform coherency is preserved. We find that these large magnitude events are dominantly
clustered on the lateral shear margins and in the floating part of the node array, thus exhibiting a
similar pattern that the smaller seismicity shown in Fig. 8. We also evidence a population of deeper
events distributed over the area, including a small linear cluster of events located over a section of
the GZ border, that could correspond to brittle deformation at the base of the glacier related to
opening of basal crevasses during the tide-induced bending of the glacier. Also consistent with
observations regarding the small seismicity in Fig. 8, the largest seismicity shows little activity in
south-western part of the array, and seismicity is also modulated by the tides although we identify

no trend between rising and falling tides.
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Figure 10: Map of seismic sources located using MFP analysis applied to the seismic node array. Black
triangles mark the positions of the seismic nodes, while red dots represent the starting points for the
MFP computations. Continuous grey line represents the grounding line (GL) inferred from GPS

observations (Le Meur et al., 2014). Seismic sources are shown as colored dots, with colors

representing their depth.

4 DISCUSSION

4.1 Glacier dynamics and icequakes tidal modulation

The occurrence of icequakes, which indicates brittle failure of the ice, provides insight into how
stress from the glacier floating tongue flexure is accommodated during tidal cycles. The presence of
two distinct phases of seismicity—associated with rising and falling tides—illustrates the complex
response of glacier bending to ocean activity. The vertical motion of the floating tongue, whether

upwards or downwards, alters the state of stress and subsequently the strain state to accommodate
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the glacier flexure at its GZ. At low tide systematically, and at high tide more sporadically, we observe
a clear reduction of the seismic activity, even though the bending of the floating tongue is at its
maximum compared to an expected floating equilibrium position. On the other hand, during rising
and falling tides when strain rate is the highest, seismicity is observed to be the highest. Generally,
the intensity of the flexure-related icequake activity correlates well with the tide magnitude.
However, some stations show persistent seismic activity despite small tide amplitudes, indicating
possible nonlinear interactions between ocean tides and non-elastic processes at the GZ. This
highlights the complex relationship between tides and glacier dynamics already observed at other
glaciers (e.g., Fromm et al., 2023). At certain stations on the glacier floating part, high seismic activity
at high tide (e.g., ASTO3 on Jan. 18 and 19, 2022, as shown in Fig. 5a) suggests additional glacier
acceleration effects. This may contribute to longitudinal extension observed by remote sensing
(Provost et al., 2024) and could be accommodated by numerous low-magnitude icequakes, as noted

by Minowa et al. (2019).

4.2 Small versus large seismicity

Our seismic measurements reveal a wide range of icequake activity. Small magnitude events
(maximum magnitude around 1.2, magnitude of completeness around -1.5, see Fig. 6) have
frequency contents dominating in the range of 5-40 Hz and can occur up to 5000 times per day at
some stations. They exhibit hardly discernible seismic phases and their waveforms and arrival times
are strongly affected along their traveling path - likely by surface heterogeneities induced by open
crevasses but also due to attenuation. These events are widespread across the node network but are
most prominent on the glacier floating tongue. They exhibit clear tidal modulation, peaking at mid-
rising and mid-falling tides, with the seismic activity at mid-rising tide being predominantly observed
on the floating tongue while the seismic activity at mid-falling tide is concentrated in the (partly)
grounded area upstream of the GZ. Large magnitude and low frequency events, with frequency
ranging down to 1 Hz, can occur up to 200 times per day, and are well detected using Match Field
Processing (MFP) analysis. These large events are primarily located outside the seismic node
network, often at shallow depths (<100m), particularly in the lateral shear zones where the ice
deforms relative to stable ice or bedrock (see yellow stars in Fig. 11b and c). They are also observed
on the floating part of the network, suggesting significant deformation possibly linked to longitudinal
glacier acceleration. They are clearly absent from the grounded part of the node network, where
deformation is dominated by small magnitude events accommodating the glacier flexure. These
findings highlight the power of dense seismic network in discriminating various seismic sources (GZ

and shear margins). In addition to GZ networks, future deployments on outlet glaciers should
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therefore include dense arrays at the shear margins, with the aim of identifying and locating its
seismicity to better discriminate the one at the GZ. Additionally, in order to properly locate the small
seismicity around the GZ, one should reduce the inter station distance to increase the aliasing
threshold to higher frequencies, allowing then to look into smaller magnitude events. In a case such
as the Astrolabe Glacier, this would require having a dense array with average inter-station distance

around or below 100m over the GZ.

4.3 Icequake activity from 2D to 3D GZ geometries

Our analysis demonstrates the benefit of high-resolution seismic observations for revealing the
three-dimensional (3D) nature of the GZ. For a hypothetical two-dimensional (2D) GZ, downward
bending of the glacier should occur at falling tides as illustrated in Fig. 11a. This bending would
primarily result in Mode | extension, opening cracks and crevasses near the surface above the GZ
(blue star, Fig. 11a), as described by Hulbe et al. (2016). In contrast, rising tides would cause the
floating tongue to move upward, reducing bending at the GZ with cracks and crevasses closing
aseismically while new flexure and seismic crevassing are expected to develop slightly downstream
(red star, Fig. 11a), as proposed by Rack et al. (2017). The offset between icequake activity during
falling and rising tides, related to the glacier curvature and ice thickness at the GZ, aligns with our
observations: more icequakes occur on the floating tongue during rising tides, and more on the GZ
during falling tides (Fig. 9). In addition to this 2D picture, we expect that the 3D geometry of the
Astrolabe Glacier also plays a role, given that the glacier is 3 to 4 km wide, about 0.6 km thick, and
laterally confined within a fjord with steep walls. Our measurements, along with the node network
over the U-shaped GZ (Fig. 1), indicate that the glacier is grounded beneath both its southern and
western sections. This is confirmed by stronger icequake activity at stations on the floating part of
the glacier (Figs. 7 and 8) and differing seismic activity patterns between rising and falling tides (Fig.
9). During rising tides, the glacier lateral boundaries may restrict vertical displacement, causing
transverse bulging of the floating part of the glacier and Mode | extension near the surface on both
lateral sides (red stars, Fig. 11b). This effect is sampled by the western part of our node network. At
falling tides, surface crack closure is mostly seismically silent. We propose that both 2D and 3D
processes could explain the two distinct peaks in seismicity, which reflect surface brittle deformation
and spatial variations in icequake activity relative to the GZ during different tide phases. For a more
detailed understanding of the 3D flexure and associated seismicity, further modeling of stress
distribution across complex GZ systems under tidal oscillations would be required, including complex

bedrock topography and realistic tide activity.
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Figure 11: Schematic cartoons illustrating the possible origin of the surface icequakes observed on
the Astrolabe Glacier: a.) Icequakes generated by the longitudinal bending of the glacier in response
to tidal vertical variations (cross-section a in red), with the blue star indicating the extrados crevasse
opening during falling tides and the red star the extrados crevassing at rising tides. b.) Cartoon of the
transverse bending of the glacier during rising tides (cross-section b in green). c.) Large-magnitude
icequakes primarily associated with the lateral shear zones (yellow stars) accommodating the relative
displacement of the glacier horizontal flow compared to the stationary ice at the surface or bedrock
at greater depths. d.) Position of the longitudinal (red) and transverse (green) schematic cross

sections.

4.4 Dense seismic arrays for efficient monitoring of the GZ position

Our observations indicate that the timing at which we observe maximum icequake activity at a given
site is strongly dependent on the sensor location relative to the GZ. Seismicity on the GZ is of
particularly small magnitude and thus not regionally detectable, while seismicity on the shear
margins is higher in magnitude and thus may dominate records at stations farther away from the GZ.
This relative location may control if the icequake detection peak occurs either during rising, falling, or

both tide periods. Despite limitations in instrument number and fieldwork logistics, our setup on the
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Astrolabe Glacier demonstrates that a well-distributed, km-scale network with sufficient station
density can effectively capture the diverse signals generated by the glacier complex structure and
dynamics. Initial observations with a limited number of broadband stations already provided a great
overview of key patterns, such as very low seismic activity at low tides and increased seismic strain
accommodation during rising and falling tides. A denser network of seismic nodes on the GZ proved,
however, much higher resolution in both time and space, allowing detailed monitoring of the glacier
response to tidal movements within its complex bedrock geometry and, in our case, even allows to
resolve the GZ position. Indeed, by deploying a dense network of seismic nodes over a marine-
terminating glacier GZ, we effectively delineate and monitor this critical boundary through its
cryoseismicity. Our observations reveal how seismic activity reflects glacier deformation at the GZ in
response to tidal forces, highlighting significant strain in regions where the glacier transitions from
grounded to floating. This refined understanding of the GZ location and dynamics is achievable only
with a dense network of seismic stations, as sparse or remote setups would not capture the fine-
scale variations of seismicity associated with tidal cycles. In the studied case of the Astrolabe Glacier,
the kilometer-scale experiment has proven to be sufficient to observe with a good resolution the
variations in the icequake activity during tidal cycles in the different areas of the GZ (floating versus
grounded). This setup is particularly well-suited for glaciers of moderate size. Deployments on much
larger glaciers would require a rough estimate of the GZ position to ensure that a dense seismic array
spans the transition zone, which can extend several tens of kilometers for some glaciers. To maintain
high resolution within the array while keeping inter-station distances relatively small (a few hundred

meters), more sensors would be needed, thus presenting both logistical and instrumental challenges.

5 Conclusions

By deploying broadband and short-period seismometers and a dense seismic array over periods
ranging from weeks to years at the grounding zone (GZ) of an Antarctic outlet glacier, we quantified
icequake activity at this critical frontier where continental ice reaches the ocean. While diurnal and
semidiurnal tidal periods dominate in the seismic patterns, we also observe significant effects at
fortnightly, monthly, terdiurnal, and quarterdiurnal cycles, indicating complex interactions between
tides, the floating ice tongue, and the underlying ocean. We observe very low seismicity at low tide
and peaks during rising and falling phases, often correlated with tide vertical velocities. From the
dense seismic array, we detect and locate large magnitude cryoseismic events, primarily induced by
deformation along the glacier lateral shear margins. Our detections also reveal numerous small-

magnitude events in the vicinity of the grounding zone, strongly influenced by tidal amplitudes and



596
597
598
599
600
601
602
603

604

605

606
607
608
609
610
611
612

613
614
615

616
617

618
619
620
621
622

623
624
625

GZ geometry. This latter seismicity is found to be more intense on the floating part of the glacier near
the GZ, suggesting that small, numerous icequakes accommodate its tide-induced bending. We
propose that the complex icequake patterns may be explained by the successive flexure and bulging
of the glacier confined within a fjord, in response to falling and rising tides, respectively. Finally, the
dense seismic array covering a large part of the GZ enables us to capture short-scale spatio-temporal
variations in icequake activity reflecting its outline. Such precise monitoring of the GZ will be of great
importance in characterizing its potential retreat induced by the changing climate, threatening the

future stability of the upstream ice sheet basin.
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