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SUMMARY

Permafrost can be highly heterogeneous, and variability in its subsurface structure under cli-
mate warming remains poorly understood despite the critical role of permafrost in Arctic
hydrology, ecosystems, and infrastructure stability. Distributed acoustic sensing (DAS) pro-
vides a long-term method for dense seismic array monitoring in remote regions with passively
recorded seismic activities.We deployed a 2 km fiber-optic DAS array across disturbed and
undisturbed tundra near Utqiagvik, Alaska. It recorded naturally occurring cryoseismic events
generated by shallow thermal contraction cracking. These events fill data gaps and provide
seismic energy for imaging subsurface permafrost structure. We assessed the effects of gauge
length and wave-propagation direction on the extracted dispersion characteristics and evaluated
the stability and uncertainty of the resulting shear-wave velocity (Vs) inversions. The resulting
Vs models reveal deep ice-rich layers interpreted as massive ground ice. This demonstrates a

new, scalable technique for permafrost characterization using cryoseismic energy, which may
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have potential for time-lapse monitoring of permafrost dynamics and supporting infrastructure

resilience in remote regions.
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1 INTRODUCTION

Permafrost is a key component of the cryosphere and plays a crucial role in maintaining the stabil-
ity of Arctic ecosystems and ensuring the integrity of infrastructure (Hjort et al., 2022)). Permafrost
is often highly heterogeneous due to variations in ice content, grain size, salinity, and moisture
distribution, all of which influence its thermal and mechanical behaviors (Toure1 et al., 20244
Wu et al., 2017)). With accelerating climate warming, thawing permafrost leads to rapid changes
in subsurface structure, including ice thaw, pore pressure buildup, and subsidence. Near-surface
shear-wave velocity (Vs) profiling provides key insights into subsurface mechanical properties
(Babaee et al.,|2025; Socco & Strobbia, [2004). High-resolution imaging is crucial to capture sub-
surface changes, quantify degradation rates, and improve permafrost stability predictions, as many
permafrost processes occur on the meter to tens-of-meter scales. However, repeated active-source
surveys in remote Arctic regions are logistically challenging, costly, and can disturb sensitive tun-
dra conditions, so we are motivated to monitor subsurface structures through passively recorded
energy. Further, geophone and nodal arrays require logistics and support costs that are infeasible
for multi-year or multi-decadal monitoring needs. From both the source and sensor perspective,
permafrost characterization suffers from a major data gap.

Distributed acoustic sensing (DAS) enables continuous permafrost monitoring with dense spa-
tial coverage over kilometer-scale fiber-optic cables (Cheng et al., 2022; Wagner et al., 2018]).
Where seismic noise distributions are appropriate, it can be integrated with ambient noise inter-
ferometry to image subsurface structure and evolution (Dou et al.l 2017; Rodriguez Tribaldos &
Ajo-Franklin, |2021; Wapenaar et al., 2010). However, passive seismic monitoring often lacks suf-

ficient high-frequency energy to resolve shallow layers (Dangwal et al., 2023). Particularly, low
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ambient noise levels in winter in remote regions can limit stability of Green’s functions, inhibit-
ing time-lapse monitoring. Passive DAS monitoring in Arctic environments is challenged by weak
seismic energy, anisotropic noise fields, fiber installation challenges, and signal attenuation in het-
erogeneous ground, which reduces waveform coherence and amplitude interpretation (Castongia
et al., 2017; Harmon et al., 2022} Sun et al., [2025). Turning from ambient noise, the other alterna-
tive for passive monitoring with DAS is to use a selection of naturally occurring seismic events.
Because DAS can cover a large region with high resolution, many signals can be recorded as poten-
tial energy sources for imaging. However, fiber orientation and wave propagation characteristics
are crucial to accurately using and interpreting any DAS-based passive event recordings. In surface
wave recordings, DAS is particularly responsive to Rayleigh waves propagating along the cable,
but can also introduce mode-dependent biases when compared to traditional vertical-component
geophones (Martin, 2021} [Luo et al., [2021; |Yuan & Martin, 2025} Gribler et al., 2016; Shapiro
et al., [2001}; |Viens et al., [2022).

Cryoseisms, or frost quakes, are seismic events that occur when rapid surface cooling causes
frozen, water-saturated ground to contract and crack, releasing accumulated stress explosively
(Barosh, [2000). These shallow events generate strong surface waves and may be accompanied by
audible cracking or booming sounds, but their seismic energy decays quickly with distance (Leung
et al., 2017; Nikonov, |[2010). A recent study in Adventdalen, Svalbard by Romeyn et al. (2021) has
demonstrated the potential of cryoseismic and surface-wave analyses to characterize near-surface
permafrost structure and dynamics. Passive seismic recordings of cryoseisms in Adventdalen re-
vealed that frost-quake events generate strong surface-wave energy, enabling multichannel anal-
ysis of surface waves (MASW), a non-invasive monitoring technique, to delineate ice-rich layers
within the active layer and upper permafrost (Romeyn et al.,|[2021)). Similarly, long-term cryoseis-
mic catalogs derived from the smaller-aperture Spitsbergen seismic array highlight the sensitivity
of ground thermal stress and frost cracking to environmental forcing (Romeyn et al., 2022)).

Ice content strongly controls permafrost strength, making seismic velocity a sensitive tool
for mapping ground ice distribution (Akhtarshenas et al., |2024; Wu et al., 2017; Ji et al., 2024)).

However, inverting surface-wave dispersion in permafrost is challenging due to strong velocity
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contrasts and lateral heterogeneity, which can lead to non-unique or unstable solutions. Linearized
inversion methods are computationally efficient but sensitive to the initial model (Wang et al.,
2022). Nonlinear approaches better capture complex velocity structures and parameter trade-offs
but may converge to local minima and provide limited uncertainty estimates (Xia et al., [1999). To
overcome these limitations, stochastic global search methods such as grid search, Monte Carlo,
genetic algorithms, and neighborhood algorithms are used to explore broader model spaces and
quantify uncertainty (Lehujeur et al., 2021} Lomax & Snieder, 1994} Macquet et al., | 2014; Maras-
chini & Fotil, 2010; Mordret et al., 2014).

In this study, we use cryoseismic events recorded by DAS to image permafrost. We extract
surface-wave dispersion curves from these passive events and apply a suite of MASW techniques
with two inversion strategies to build Vs profiles. Furthermore, we analyze the effects of gauge
length and wave propagation directionality on the resulting dispersion characteristics. By inte-
grating DAS cryoseismic observations, inversion analyses, and insights from elastic wavefield
modeling, we evaluate the feasibility, sensitivity, and limitations of this approach for permafrost
characterization. We propose recommendations for optimal data acquisition and processing strate-
gies to open up new opportunities that have the potential to greatly reduce the logistics and cost

required for future permafrost monitoring campaigns.

2 STUDY SITE AND DATA ACQUISITION

The DAS dataset was collected from a continuous passive field experiment conducted near Utqiagvik,
Alaska on the Arctic Coastal Plain, approximately 2 km inland from the coastline (Fig. [I)). The
region is underlain by continuous permafrost extending 200—400 m deep (Jorgenson et al., 2008]),
with an active layer ranging from 0.2 m to 0.3 m (Tourei et al., 2024a). A 2 km-long DAS ar-
ray was installed in August 2021, originating at the Department of Energy (DOE) Atmospheric
Radiation Measurement (ARM) facility, running alongside a road near a National Oceanic and At-
mospheric Administration (NOAA) building, and extending northeast toward Elson Lagoon. The
route crossed undisturbed tundra and disturbed permafrost zones associated with infrastructure.

The fiber-optic cable was manually installed by inserting a shovel to create a shallow opening
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Figure 1. Map of the North Slope Borough, Alaska (a) and the study site northeast of Utqgiagvik (b), showing
fiber-optic cable route (in orange) and the A21K seismometer (yellow triangle).

(about 30 centimeters) at the top of the permafrost table and placing the cable within it. The
shovel was then removed, allowing the opening to close, and the soil was gently compacted to
secure the cable and minimize surface disturbance. DAS data were collocated with borehole core
samples, temperature boreholes, an electrical resistivity tomography survey, and five active-source

geophone MASW surveys in August 2022 (Tourei et al., [2024a)). We used a Treble Terral5 inter-

rogator with a 500 Hz sampling rate and 2.45 m channel spacing. The fiber-optic cable recorded

axial strain rate from ambient wavefields, including traffic (mainly from the road), earthquakes,

seismic tremors from sea ice (Rocha dos Santos & Zhul,[2025b), and cryoseismic events potentially

due to ice-wedge cracking (Rocha dos Santos & Zhul 20253).

3 DATA PROCESSING SCHEME

The penetration depth of surface waves is frequency-dependent; longer wavelengths (lower fre-

quencies) sample deeper layers and shorter wavelengths (higher frequencies) are sensitive to near-
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surface layers, (Park et al.,|1998)). By analyzing the frequency and phase velocity relationship, the
MASW method estimates the Vs structure of the subsurface. We initially applied seismic ambient
noise interferometry to generate virtual shot gathers for dispersion analysis. However, the tun-
dra near Utqiagvik lacked sufficient continuous noise for stable noise correlation functions, and
even three weeks of stacked data showed no coherent surface-wave arrivals. This limitation moti-
vated the use of alternative energy sources for imaging. To discover new sources, we employed an
autoencoder-based anomaly detection model (Tourei et al., 2024b) to identify anomalies, which
were then investigated to find impulsive cryoseismic events that exhibit strong surface-wave en-
ergy. To extract dispersion curves, we applied the phase-shift method (Park et al., 1998).

Increasing the gauge length improves the signal-to-noise ratio (SNR) of DAS measurements
but reduces spatial resolution. While applying a longer gauge length enhances the detectability of
cryoseismic events by increasing the SNR, it limits the shortest measurable wavelength for a given
wave speed (Vantassel et al.,2022). Fig. [2]illustrates the effect of gauge length selection on surface-
wave characterization, showing that increasing the gauge length increases the strength of weak
signals, but also reduces the fidelity of dispersion images at higher frequencies, thus increasing
phase velocity uncertainty. This occurs because a longer gauge length averages strain rate over a
greater fiber distance, effectively smoothing out high-frequency signals. The dashed lines on the
dispersion images indicate the minimum and maximum wavelengths that can be reliably sampled
based on the gauge length and total array aperture.

Prior to inversion analysis, we examined the recorded wavefield to determine the dominant
surface-wave mode. Cryoseismic events are primarily tensile cracking phenomena, involving vol-
umetric expansion and opening of frozen ground rather than shear displacement, which generates
strong P- and SV-wave energy but minimal SH-wave energy (Afonin et al., 2024; |Okkonen et al.,
2020). Consequently, Love waves’ transverse motion is expected to be weak or absent. Similar
SV-wave polarization has been reported by frost-quake studies in Finland (Afonin et al., 2024). To
confirm the dominant surface wavefield in our dataset, we analyzed waveforms from the nearby
three-component AK-A21K broadband station (Fig. [I). We investigated two cryoseismic events

in detail, which we refer to as Events 1 and 2. In Event 1 (Fig. 2p), the root-mean-square (RMS)
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Figure 2. The time-domain raster plots (a and c¢) and the gauge length’s effect on the dispersion results (b
and d) for cryoseismic Event 1.
ratios between the horizontal and vertical components of surface-wave arrivals were 0.32 for N/Z
and 0.27 for E/Z components, respectively. These low horizontal-to-vertical amplitude ratios indi-
cate that the recorded energy is primarily associated with Rayleigh-type motion, consistent with
the SV-polarized wavefields generated by tensile cracking sources. Thus, our subsequent disper-
sion analysis and inversion were performed under the assumption of Rayleigh-wave—dominated
energy. Three-component data from station A21K were unavailable for Event 2.

Horizontal DAS arrays are inherently more sensitive to Rayleigh wave components with strong
horizontal motion (i.e., large ellipticity), which can enhance the detection of higher-order modes

that exhibit greater ellipticity than the fundamental mode (Fang et al., 2023 [Shapiro et al., 2001}

Viens et al.l [2022). Figure S1 in the online supplementary material presents an additional cryo-

seismic event in which the fundamental and first higher-order modes are clearly identified. As
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a complementary assessment of Rayleigh-wave dominance, we applied a statistical version of
horizontal-to-vertical spectral ratio (HVSR) analysis to AK-A21K data, which accounts for az-
imuthal variability (Cheng et al., 2020; [Vantassel, 2025). In Event 1, HVSR values exceeding
unity above 11 Hz are consistent with the separate moveout observed (Fig. [2b) and indicate in-
creased ellipticity at higher frequencies. Additional details on the HVSR analysis are provided in
the supplementary material, Figure and Text S2.

Inversion of Rayleigh-wave dispersion curves to estimate Vs profiles is inherently non-unique,
as several subsurface models can reproduce the same dispersion curve within the data uncertainty.
To understand the reliability of Vs profiles, we applied two inversion approaches: a deterministic
non-linear least-squares (NLLS) method and a stochastic Monte Carlo (MC) global search. The
NLLS inversion iteratively adjusts model parameters to minimize the difference between measured
and calculated dispersion curves using the Levenberg—Marquardt algorithm (Xia et al.,[1999). The
forward dispersion modeling for NLLS was implemented using a global stiffness matrix formula-
tion for layered elastic media following |[Kausel & Roésset| (1981). In contrast, the MC inversion
randomly samples combinations of layer thicknesses and velocities within predefined bounds, pro-
ducing a range of models that fit the observed data and quantify uncertainty and trade-offs, such
as the correlation between Vs and layer thickness (Olafsdottir et al., 2020; Shapiro & Ritzwoller,
2002). The fast delta matrix algorithm by Buchen & Ben-Hador (1996) was used for forward
dispersion modeling in MC inversion.

The starting model for the NLLS inversion was selected based on the overall dispersion trend
and the low-high-low Vs structure reported by previous studies (Dou & Ajo-Franklin, 2014 Toure1
et al., 2024a). In contrast, the parameter bounds for the MC inversion were defined using prelimi-
nary Vs results obtained from the NLLS solution to ensure physically realistic sampling. Combin-
ing the deterministic NLLS solution with the MC ensemble provides a more robust evaluation of

model uncertainty and reduces ambiguity in the interpretation of the derived Vs profiles.
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4 RESULTS AND DISCUSSION

Fig.[3]compares dispersion images computed for the propagating wavefields recorded during Event
2 on two segments of the fiber: 290 to 460 m (southwest), and 460 to 880 m (northeast). The dis-
persion image for the southwest part of the fiber shows no coherent surface-wave energy (Fig.[3p),
whereas the recorded wavefield on the northeast part of the fiber exhibits clear and continuous
energy between 5 Hz and 20 Hz (Fig. [3k), which was used for Vs inversion. A similar preferen-
tial direction effect was observed for Event 1, but in the opposite direction: the propagating wave
recorded on the southwest portion of the fiber (blue double-headed arrow in Fig. @) displays clear
moveout (Fig. 2b), whereas the northeast portion does not (additional details in Figure S3). These
observations suggest that asymmetry in the coherence of observed wavefields on either side may
be a combination of source radiation pattern and strong localized scattering effects due to hetero-
geneous ice distribution (Roy & Jakka, 2017} [Steinel et al., 2014 Taipodia et al., [2019). Simple
2D elastic modeling of a source originating at the boundary of an ice wedge embedded in a layered
permatrost medium suggests that one should expect differences on either side of the DAS array, as
shown in the supplementary material (Text S3-5). Future 3D elastic-wave forward modeling and
cryoseismic simulations, accounting for source mechanisms and material heterogeneity, can better
quantify these source and wave propagation effects in permafrost environments.

The dispersion results for Event 2 (Fig. [3k), whose source was located at approximately the
same distance along the fiber as Event 1 (Fig. 2a), show that phase velocity increases with fre-
quency, indicating inverse dispersion behavior common in permafrost. In typical subsurface con-
ditions, where soil stiffness increases with depth as a result of higher effective stress, the phase
velocity generally decreases with frequency (normal dispersion). A similar behavior was observed
in Fig. Pb, where phase velocity increased between 3-6 Hz, decreased near 10 Hz, and then in-
creased again up to 18 Hz. These alternating dispersion trends likely reflect layered permafrost
structure, where strong contrast in mechanical properties of ice-rich and ice-poor zones produces
low-high-low Vs patterns observed in the previous permafrost studies in Utqgiagvik (e.g., [Dou &

Ajo-Franklin, 2014; Toure1 et al., 2024a). This complex velocity distribution suggests that ice-
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Figure 3. The raster plot (a) for cryoseismic Event 2 and the wave propagation effect on the dispersion
results for the southwest (b) and northeast (c) segments of the fiber.
rich layers or frozen interbeds may be embedded within softer frozen soils, producing localized
impedance contrasts that influence surface-wave propagation.

By inverting the dispersion curves derived from the phase-velocity—frequency images, we gen-
erated 1D Vs profiles from individual cryoseismic events. Fig. @b presents two representative Vs
profiles inverted from Events 1 and 2 on two different array segments (Fig. ), using the NLLS
method with an L2-norm misfit between the theoretical and observed dispersion curves of 69 m/s
and 61 m/s, respectively. We observe the low-high-low velocity structure in both Vs profiles. Due
to the large spatial coverage provided by the DAS array and the low-frequency content of the
recorded surface waves from these events, it was possible to invert for Vs down to depths of ap-
proximately 110 m and 82 m for Events 1 and 2, respectively. Such depth penetration would not

be achievable using a conventional 24 m active-source survey line as discussed by (Tourei et al.|
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2024a)). This extended depth sensitivity provides valuable subsurface information for geotechnical
engineering applications, such as pile foundation design for high-rise infrastructure that requires
characterization of deeper, load-bearing strata. It should be noted that although the array length
for Event 2 (420 m) is greater than that of Event 1 (190 m), the maximum investigation depth
for Event 1 is deeper. This is because the dispersion picks for Event 1 include lower-frequency
components (starting around 3 Hz, as shown in Fig. 2p associated with higher phase velocities,
which correspond to longer wavelengths and greater penetration depth.

As shown in Fig. @, the dispersion analyses were performed on array segments of approx-
imately 320 m for Event 1 (Fig. [2p) and 420 m for Event 2 (Fig. 3h), both during winter 2023.
Consequently, the resulting Vs models represent spatially averaged properties over those intervals.
Despite this spatial averaging, the results reveal pronounced vertical and lateral heterogeneity and
distinct high-velocity zones within the upper permafrost. As shown in Fig. ] elevated Vs values
occur between 47-88 m depth for Event 1 on the southwest segment of the fiber (noted in Fig. 4
and blue Vs profile in Fig. @b). However, for Event 2 on the northeast segment of the fiber (green
Vs profile in Fig. @b), a similar high-velocity interval is observed between 13-42 m. In contrast,
low-velocity zones are observed below 13 m and between 42—82 m on the northeast segment, and
between 20-40 m on the southwest segment.

The high-velocity layers likely correspond to ice-rich zones, where increased ice bonding sub-
stantially enhances the stiffness and shear rigidity of the frozen soil matrix. The presence of a
stiff layer is consistent with the occurrence of ice-cemented permafrost, overlying softer, partially
frozen sediments (Lachenbruch, 1962; [Loktev et al., [2012; [Munroe et al., |2007; Tourei et al.,
2024a)). The low-velocity zones potentially reflect unfrozen saline layers, such as cryopeg fea-
tures, that inhibit complete freezing. Similar low-velocity anomalies attributed to saline cryopegs
have been reported previously in Utqgiagvik (Brown, 1969; Meyer et al., 2010; |O’Sullivan et al.,
1966; Overduin et al., [2012; Toure1 et al., 2024a). Furthermore, the observation that the high-Vs
layer on the southwest segment appears deeper than that on the northeast segment suggests a dip-
ping geometry of the ice-rich permafrost horizon. This geometry could reflect spatial variability

in ground-ice accumulation, differential freezing or thawing, or enhanced basal degradation near
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Figure 4. a) Enlarged view of the fiber segments used for MASW analysis; b) The corresponding inverted
Vs profiles; and c) Ensemble of accepted MC Vs models for Event 1, shaded by misfit percentile (10-90;
darkest at the median), overlaid with the median Vs (blue) and the NLLS solution (orange).

the coast, potentially associated with variability of surface water drainage direction towards the
coastline or deeper saline-water intrusion. The available data do not allow these mechanisms to be
distinguished. Our findings demonstrate the capability of fiber-based, multichannel near-surface

techniques to capture distributed variations in permafrost structure over large spatial regions. Un-
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like conventional borehole or point-based geotechnical observations, DAS enables continuous,
distributed measurements, offering a powerful framework for improving the resolution and spatial
coverage of in-situ permafrost characterization.

It should also be noted that the obtained phase velocities represent apparent velocities, as the
exact source-to-array orientation is approximate; therefore, deviations from an ideal in-line con-
figuration can lead to a slight overestimation of phase velocity (Foti et al.,[2018; Park et al., [1999).
In this study, sources were selected with features suggesting an approximately in-line source ori-
entation, supported by the close temporal alignment of body- and surface-wave arrivals (Fig. [2a).
Nonetheless, although the depth-wise trend of the Vs profile is expected to remain consistent, po-
tential azimuthal variations or lateral source offsets may have unrealistically increased the inverted
Vs values, introducing minor uncertainties into the Vs profiles; this highlights the importance of
event localization and azimuthal correction in future analyses.

Fig. [k presents the ensemble of accepted Vs models from the MC inversion with misfit below
5%, colored by misfit percentile (10th—90th; darkest near the median) to convey posterior disper-
sion, together with the MC median profile and the NLLS solution for Event 1. The concentration
of the model’s percentile delineates depth intervals that are well constrained by the data (narrow,
dark bands) versus poorly resolved sections (broad, pale spreads), reflecting the principal trade-
offs between Vs and layer thickness in Rayleigh-wave inversion. The light green bar marks the
depth range corresponding to approximately half a wavelength of the analyzed dispersion picks,
whereas the light-red sections represent the fitted Vs profiles derived from the inversion, signifying
regions of lower confidence and interpretational uncertainty. The NLLS model closely tracks the
MC median, particularly at depths greater than 50 m, indicating that the deterministic optimum
lies near the center of the posterior. Departures occur where the percentile spread widens, with the
NLLS solution preferentially selecting one end of the admissible Vs-thickness manifold. These
differences underscore the non-uniqueness of the inverse problem: the NLLS profile provides a
single best-fit realization, whereas the MC percentile analysis quantifies the range of models that
fit the data within tolerance, thereby offering a more complete characterization of parameter un-

certainty and resolution.
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Comparing the characterized high-Vs zone with the active-source MASW study in Utgiagvik
(Tourei et al., 20244a)), the high-Vs zone in the present study appears at greater depths, primarily
due to the lower source depth of the cryoseismic events and the use of longer array apertures.
Furthermore, the limited high-frequency content in this dataset reduces our ability to resolve the
upper 20-40 m with confidence. In contrast, the active-source survey achieved higher resolution
in the shallow subsurface, benefiting from a shorter array geometry and a richer high-frequency
wavefield. Joint interpretation of both surveys enables multiscale characterization of permafrost
structure. The shallow ice-rich zones are associated with ice-wedge polygons and near-surface ice
variability patterns, while the deeper high-velocity zones may reflect long-term climatic influences
that facilitated the formation of persistent ice-rich layers, potentially accounting for the elevated
Vs at depth.

Laboratory and field studies have reported Vs values up to 3,000 m/s in ice-cemented or ice-
rich sandy permafrost (J1 et al., 2024; [Young et al., 2022). Additionally, [Shaw (1986) demon-
strated that the elastic properties of ice vary substantially among crystalline phases depending
on their formation temperature and pressure. These findings support our interpretation that the
deeper, high-velocity layers identified in the inversions likely represent dense, ice-rich permafrost
formed under low-temperature and high-confining-pressure conditions. Such conditions are con-
sistent with long-term cold climate regimes and prolonged freezing periods, which may promote

the accumulation and preservation of massive ground ice at depth.

S CONCLUSIONS

Because passive DAS monitoring is non-destructive to permafrost and provides large spatial cov-
erage with fine spatial resolution over long time periods, it shows promise for filling data gaps in
remote areas to provide new knowledge about vulnerable permafrost structure. Naturally occurring
cryoseismic events supply the seismic energy needed for near-surface imaging, and future research
should investigate the repeatability of these signals and inversions to enable time-lapse monitoring
in remote areas where active-source studies and ambient noise interferometry are impractical. By

detecting these events and analyzing their surface-wave dispersion response, accounting for the
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effects of geometry and DAS gauge length, inversion of Vs profiles becomes possible. Depending
on the frequency content and corresponding wavelengths, characterization to depths of up to 140
m can be achieved. Comparison between NLLS and MC inversions demonstrates that integrating
deterministic and stochastic approaches improves the robustness and uncertainty assessment of
the derived Vs models. Meanwhile, inversion uncertainties must be considered, and ground-truth
validation through borehole or direct sampling is essential to improve confidence in the results.
These findings highlight the importance of non-destructive, long-term in-situ monitoring meth-
ods that minimize disturbance to sensitive permafrost environments. This new combination of
DAS recording passive cryoseismic events may drastically reduce the cost of repeated field mo-
bilization in Arctic regions where geotechnical engineers require mechanical property maps of
thaw-susceptible permafrost to improve infrastructure resilience, making this approach a promis-
ing technique that is worth further investigation and practical refinement by both geophysicists and

engineers.
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DATA AVAILABILITY

The das-anomaly Python package (Tourel, 2026a) was used for cryoseismic event detection. DAS-
Core (Chambers et al., 2024) was used for DAS dispersion analysis, along with hvsrpy (Vantas-
sel, 2025)) and SWinvert (Vantassel & Cox, 2021)) packages for post-processing of the dispersion
images. MasavesPy library (Olafsdottir et al., 2024) was used for MC inversion, and Intelligent-

MASW (Liu et al., 2020) was used for NLLS inversion of the Vs profiles. The DAS data are avail-
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able on Arctic Data Center (Tourel, [2026b) and A21K data are reported through EARTHSCOPE

DMC and were accessed using ObsPy IRIS client (Beyreuther et al., 2010).
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Introduction
This document provides supporting information on:
e An example of a cryoseismic event with higher-order surface wave modes
e An overview of horizontal-to-vertical spectral ratio (HVSR) analysis
performed for characterizing modal behavior of cryoseismic Event 1
o Dispersion analysis of the northeast fiber segment for cryoseismic Event 1
e Preliminary 2D numerical modeling for wave propagation effects on
distributed acoustic sensing response

Text S1.

Horizontal distributed acoustic sensing (DAS) arrays are inherently more sensitive to
Rayleigh wave components with strong horizontal motion (i.e., large ellipticity), which
can enhance the detection of higher-order modes that exhibit greater ellipticity than the
fundamental mode (Fang et al., 2023; Shapiro et al., 2001; Viens et al., 2022). For a
few cryoseismic events, the presence of higher-order modes was evident. For example,
Figure S1 illustrates an example cryoseismic event, where both the fundamental and
first higher-order Rayleigh modes are clearly identified. In contrast, higher-order modes
were not initially observed for Cryoseismic Event 1 (Figure 2a-b) or Event 2 (Figure 3).
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Figure S1. The time-domain raster plot (a) and the dispersion image with fundamental
and first-order mode Rayleigh wave (b) for an example cryoseismic event.

Text S2.

As a complementary assessment of Rayleigh-wave modal content for Event 1, we
performed horizontal-to-vertical spectral ratio (HVSR) analysis on the 3C seismometer
data using a statistical approach to account for azimuthal variability (Cheng et al., 2020;
Vantassel, 2025). As illustrated in Figure 4, results showed HVSR values exceeding
unity above 11 Hz (observed as a separate moveout in Figure 2b), suggesting increased
ellipticity at higher frequencies. Consequently, frequencies above 11 Hz were excluded
from the inversion to ensure that only fundamental-mode Rayleigh-wave energy was
considered. The absence of a prominent HVSR peak below 10 Hz suggests that the
ellipticity for this event is relatively small, and thereby, the fundamental-mode Rayleigh
response should be considered for DAS-based analysis and inversion. The HVSR
results for Event 2 were noisier and exhibited greater fluctuation but remained mostly
below 1, also supporting a fundamental-mode Rayleigh-wave interpretation. Additionally,
the preliminary numerical modeling results provided below (S3-5) that the discontinuity
of dispersion around 10 Hz (Figure 2b) is potentially due to strong scattering and mode
conversion caused by the ice-wedge or ice-rich layer heterogeneity, where impedance
contrasts between frozen and unfrozen layers disrupt the continuity of the Rayleigh-
wave fundamental mode and lead to partial energy redistribution into higher modes.
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Figure S2. The HVSR curves from the 3-C seismometer for Cryoseismic Event 1
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Figure S3. The wave propagation effect on the dispersion results for the northeast
segment of the fiber in cryoseismic Event 1

Text S3.

Numerical Array Geometry and Elastic Model

A 2-D P-SV elastic plane-strain domain with Lx=Lz=500 m and Ax=Az=1 m (501x501
nodes) was modeled. The P-SV supports P- (compressional) and SV-waves (vertically
polarized shear waves), but not SH-waves (horizontally polarized shear waves). The
Devito finite-difference framework (Luporini et al., 2020) was employed and customized
for elastic wave modeling.



Stratigraphy of 5 layers as shown in Figure S4 (Vp in km/s; Vs is assumed to be Vp/1.6):
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Figure S4. Geometry of the elastic model.

The model parameters and boundary conditions are as follows:

- Mass density: 2000 kg/m? everywhere except for the top 2 m with 1500 kg/m?

- lce wedge: A triangular inclusion centered at x=300 m, top atz=1m, 10 m
base width and 50 m height; ice properties assigned inside the triangle.

- Source: Ricker wavelet, f0=10 Hz, implemented as an explosive (isotropic)
stress source by injecting into Txx and 1zz. The source is placed just beneath
the free surface; at xs=296 m and zs=2 m (at the left side of the ice-wedge)



- Receivers: A horizontal line at z=1 m with 2.5 m spacing. With the sponge
margin, the active aperture is ~10—490 m. We record the horizontal particle
velocity vx(t,x).

- Boundary conditions: Traction-free at the top; quadratic sponge on the left,
right, and bottom boundaries (thickness nbl=10 grid points, strength factor
a=3) added to both velocity and stress updates to suppress side/bottom
reflections.

- Time stepping: CFL-limited At (0.45 Courant factor for 2-D), total record length
up to 2 s; plots in the figure focus on the early portion.

Text S4.
Strain-Rate Preprocessing

The first preprocessing step converts cumulative velocity to strain rate. Assuming a
homogeneous isotropic medium and wavelengths at least twice the interrogator gauge
length (1), the DAS-measured strain rate (¢) can be expressed as the finite difference of
fiber-aligned particle velocities (u) recorded by two hypothetical horizontal geophones
separated by [. Equation 1 was used for this conversion, allowing flexible selection of the
effective gauge length during processing.

U +1/2,6) —ulx — 1/2,0) (1)

Elx,t) = l

Figure S5 shows the shot gather horizontal particle velocity response in the time domain.
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Figure S5. Raster plot of the horizontal particle velocity response of the array.

To emphasize the DAS response for a horizontal array, we use Equation 1 to convert
particle velocity to strain rate by a finite difference along the array with a gauge length of
5 m. That is a central difference over the gauge length using every other receiver
(receiver spacing = 2.5 m, therefore step of two channels). Edges are discarded after
differencing.

As illustrated in Figure S6, a strong Rayleigh wavefield propagates away from the
source on both sides of the ice-wedge (dominant energy just beneath the surface). Also,
later arrivals with higher apparent velocities correspond to deeper reverberations and
converted modes are observed. A local amplitude notch near x=300 m corresponds to
scattering and mode conversion at the ice wedge.
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Figure S6. Raster plot of the horizontal strain rate response of the array.

Because the explosive source is symmetric, any left—right differences in the recorded
strain-rate field arise primarily from geometric asymmetry and lateral velocity contrasts
introduced by the ice wedge. The wedge, centered 50 m right of the array mid-point, acts
as a localized scatterer and impedance contrast, generating secondary reflected and
mode-converted waves. These scattered wavefronts propagate laterally and upward,
producing enhanced amplitudes and interference patterns. Consequently, the left sub-
array (0-250 m) exhibits slightly delayed but higher-amplitude scattered coda following
the main Rayleigh train, while the right array (250-500 m, directly above the wedge)
shows more complex near-field interactions and partial shadowing immediately beneath
the source. This asymmetric energy distribution emphasizes the strong sensitivity of
near-surface wavefields to even modest lateral heterogeneity in permafrost or frozen-soil
conditions.

Text S5.

MASW Dispersion Images on Sub-Arrays
To probe directionality and lateral heterogeneity, we compute frequency-apparent
velocity dispersion images separately over two sub-apertures:



- Left sub-array (Figure S7): 0—250 m (operationally 10-250 m due to the
applied boundary condition)

- Right sub-array (Figure S8): 250-500 m (operationally 250—490 m due to the
applied boundary condition)
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Figure S7. Dispersion image of the left sub-array. The dashed lines indicate the
minimum and maximum wavelength limits.
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Figure S8. Dispersion image of the right sub-array. The dashed lines indicate the
minimum and maximum wavelength limits.

Even considering one relatively small ice wedge, both halves show a clear, continuous
fundamental Rayleigh mode, but the right sub-array (with ice wedge) exhibits broader
energy lobes and slightly higher low-frequency phase velocity. The left sub-array
represents a narrower and cleaner dispersion moveout. However, the right sub-array
shows enhanced higher-mode energy (10-30 Hz), indicative of local impedance
contrast and surface-wave multipathing.

The right sub-array exhibits concentration of the lowest frequencies at slightly higher
apparent velocities than the left side, indicating local stiffening of the near-surface
materials. The overall bandwidth remains comparable between the two sides, although
coherence is marginally reduced on the right. In contrast, the left sub-array shows mild
distortion in the lower-frequency range around 10 Hz, likely caused by scattering of long-
wavelength energy from the ice wedge as it propagates toward the more distant
receivers. These observations demonstrate that lateral heterogeneity can induce
measurable left-right asymmetry in dispersion characteristics, expressed through phase-
velocity bias, increased modal complexity, and dispersion branch broadening.



Furthermore, to accentuate the scattering effects of the ice wedge, the wedge base was
increased to 100 m, and the source was relocated inside the wedge at x=300m and a
depth of 5 m. Under these conditions, the resulting dispersion image (Figure S9) exhibits
a discontinuous moveout around 25 Hz and a complete loss of coherence above 30 Hz.
This disruption of modal continuity reflects the strong scattering and mode conversion
induced by the highly heterogeneous velocity field within and beneath the ice wedge.
The internal impedance contrasts between frozen and unfrozen zones promote energy
partitioning into scattered body waves and guided modes, reducing the coherence of the
Rayleigh-wave fundamental branch. Additionally, frequency-dependent attenuation and
phase interference from multiply reflected and mode-converted SV and P components
further degrade the dispersion energy concentration at higher frequencies. The influence
of higher-order Rayleigh modes also becomes more pronounced in this case, consistent
with enhanced ellipticity and strong vertical gradients near the ice—soil interface. These
results underscore that large-scale frozen inclusions can substantially distort the
surface-wave field, producing apparent dispersion discontinuities and frequency-
dependent mode scattering that may mimic strong lateral heterogeneity in permafrost
terrains.
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Figure S9. The extreme effect of the ice-wedge on the dispersion. The dashed lines indicate the
minimum and maximum wavelength limits.
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