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Abstract Low sea levels during the last Ice Age exposed millions of square kilometers of Arctic shelves
which have been subsequently submerged, creating subsea permafrost. In onshore settings, permafrost can also
exist beneath water bodies such as coastal lagoons, rivers, and thermokarst lakes. We explored passive
seismology as a method for mapping unfrozen sediment thickness above subsea and sub-aquatic permafrost. We
present passive seismic data collected with the Mobile Ocean Bottom Seismic Instrument (MOBSI) from the
Beaufort Sea near Tuktoyaktuk in Canada, Ivashkina Lagoon on the Bykovsky Peninsula, as well as a lake and
river in the Lena Delta, Siberia, Russia. We use borehole data and frost probe measurements to identify
permafrost-related H/V measurement peaks and calibrate shear wave velocities for frequency-to-depth
conversion. We employ the shortest path and maximum signal amplitude to connect peaks and generate
geological profiles. The MOBSI detected the ice-bonded permafrost table beneath the Beaufort Sea, as well as
beneath a Siberian lake and lagoon. At Tuktoyaktuk, an ocean bottom seismometer revealed a 5% scatter about
the peak frequency for three-minute time windows and over 8 hr of recording time. With peak frequencies
ranging from 4.9 + 0.2 Hz to 27.6 + 1.4 Hz, the depth to subsea permafrost ranged from 1.4 + 0.1 m bsl at the
shoreline to 14.0 & 0.4 m bsl 240 m offshore. Given an accurate shear wave velocity, our findings highlight that
MOBSI deployment times as short as 3 min are adequate for detecting Arctic subsea and sub-aquatic permafrost.

Plain Language Summary During the Ice Age, low sea levels exposed large areas of the Arctic,
creating perennially frozen ground known as permafrost. When sea levels rose, this permafrost became
submerged. Permafrost can also exist under bodies of water like coastal lagoons, rivers, and lakes. However, we
have limited direct measurements of its characteristics and how it is changing over time. To address this, we
used a technique called passive seismology to map the thickness of unfrozen sediment above subsea and sub-
aquatic permafrost. We collected passive seismic data using the Mobile Ocean Bottom Seismic Instrument
(MOBS]) in the Beaufort Sea near Tuktoyaktuk in Canada, Ivashkina Lagoon on the Bykovsky Peninsula, and a
lake and river in the Lena Delta, Siberia, Russia. This method involves recording ambient seismic noise to
identify differences in the speed of shear waves in the subsurface. These boundaries with contrasting velocities
are associated with geological interfaces like the top of permafrost. We used data from boreholes and frost probe
measurements to calibrate and verify our passive seismic results.

1. Introduction

Permafrostis perennially cryotic (<0°C) earth material. We define permafrost beneath shallow shelf seas as subsea
permafrost, whereas we use the term sub-aquatic permafrost for permafrost beneath lagoons, rivers, and lakes.
Beneath shallow shelf seas and lagoons, permafrost is not necessarily frozen because salts in the sediment pore
space lower the freezing point of porewater. The freezing point for Arctic shelf sediments with a salinity of 30 ppt is
—1.8°C, butin lagoon sediments, the freezing point dips even lower when high amounts of salt concentrate beneath
the lagoon ice cover (Angelopoulos, Overduin, Westermann, et al., 2020). Offshore, inundation has warmed the top
of permafrost by 10-15°C since the last transgression (Overduin et al., 2019). Thermokarst lakes, which have
average annual bottom water temperatures of 2.7°C—4.0°C in northeastern Siberia (Boike, Georgi, et al., 2015), also
warm and thaw permafrost. As the variability of ice bonding of sub-aquatic permafrost greatly affects shear strength
and other physical properties, mapping its distribution can be critical for a variety of engineering considerations
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including foundations for subsea structures and coastal erosion. However, a particularly important consideration
relates to organic carbon storage, mobilization, and its potential release to the atmosphere. A substantial reservoir of
organic carbon (Miesner et al., 2023) and methane gas hydrates (Riedel et al., 2017; Ruppel, 2015; Stocker
et al., 2014) exists within and beneath thick occurrences of subsea permafrost, which if destabilized and released,
may contribute to climate warming (Ruppel & Kessler, 2017). The state-of-the-art subsea permafrost model of the
northern hemisphere shows that 97% of subsea permafrost is in disequilibrium and is thawing at its lower boundary
(Overduin et al., 2019). Top-down thaw rates depend on many factors, including water temperature, salt transport
into the sediment, and bottom-fast ice occurrence. However, since considerably less research has been carried out
on subsea permafrost compared to terrestrial permafrost (Angelopoulos, Overduin, Miesner, et al., 2020), there is a
lack of observational data regarding its morphology and degradation (or aggradation) rate. Geophysical instruments
are useful tools to close this knowledge gap, but not all emergent techniques have been tested yet. In this study, we
explore the use of passive seismic technology in multiple subsea and sub-aquatic permafrost settings and
demonstrate its ability to reveal the thickness of unfrozen sediment above frozen subsea or sub-aquatic permafrost.

Geotechnical drilling and thermistor chains have traditionally been the go-to exploratory tool both for in-
vestigations of terrestrial and sub-aquatic permaftrost (e.g., Kurfurst & Dallimore, 1991). With water jet drilling,
sediment cannot be extracted, but temperature cables can be still be installed. Drilling is a costly and difficult
endeavor, especially in the remote Arctic. Over the past few decades, geophysical methods have matured and have
been increasingly deployed to map permafrost and ground ice characteristics (Hauck, 2013). In water-covered
areas, electrical resistivity tomography (ERT) may consist of surveys with underwater (submerged), sus-
pended, or floating electrodes (Loke & Lane, 2004). To map permafrost, electrical resistivity tomography (ERT)
relies on the strong resistivity contrast between water-saturated unfrozen sediment (seasonally thawed layer or
talik) and ice-saturated frozen ground. Offshore, ERT typically uses a floating electrode streamer behind a boat
(Angelopoulos et al., 2019, 2021; Overduin et al., 2012; Pedrazas et al., 2020). A recent global inversion study by
Arboleda-Zapata et al. (2022) showed that incorporating water layer resistivity and thickness into the inversion of
raw ERT data is crucial to reduce the uncertainty of ice-bearing permafrost table depth estimation. Electro-
magnetic methods operated at low frequencies offer the capability to quantify sub-aquatic ice-bearing permafrost
thickness (Sherman et al., 2017), but at a lower vertical resolution compared to ERT surveys. For underwater
surveys, ground-penetrating radar (GPR) is limited to freshwater environments, because radar signals are strongly
absorbed by saltwater. Hence, GPR is particularly effective at mapping frozen/unfrozen horizons in sediment
beneath bottom-fast ice in freshwater areas (Stevens et al., 2009).

Seismic refraction or reflection surveying have become the main geophysical tool for investigations of subsea
permafrost because primary (P)- and shear (S)-waves propagate more rapidly in frozen sediment (Scott
et al., 1978). In fact, the seismically delineated permafrost extents in the American Beaufort Sea (Brothers
et al., 2016) and Kara Sea (Rekant & Vasiliev, 2011) align closely with the modeled subsea permafrost extent
(Overduin et al., 2019). Building off the work of Riedel et al. (2017), seismic reflection data has been used to map
the top and base of subsea permafrost on the Canadian Beaufort Shelf, as well as the bottom of the gas hydrate
stability zone (Grob et al., 2023). The nature of the reflections is evident through their polarity and orientation
with respect to the seabed. Forward modeling studies of two-dimensional reflection seismic data show that
multiples from the seafloor and the permafrost table can mask the bottom of subsea permafrost, especially for
non-dipping interfaces and thin permafrost (<50 m) (Duchesne et al., 2023). Though effective, active seismic
surveying carries an environmental pollution risk. The main pollutant is the acoustic noise from the seismic
sources, which can impact marine life (Blackwell et al., 2015; McCauley et al., 2017). Passive seismology, which
relies on ambient seismic noise, is pollution-free, has a low environmental impact and is an emerging tool for
permafrost studies. The technique uses the horizontal (H)/vertical (V) spectral ratio of ambient seismic noise at
different frequencies (i.e., H/V method) to identify shear wave velocity contrasts and has been applied in subsea
permafrost areas (Krylov et al., 2022; Overduin, Haberland, et al., 2015). Corroborated by soil temperature and
electrical resistivity data, a 1-year passive seismic time-series on land revealed that the near-surface H/V ratio is
seasonally dependent (Kula et al., 2018). Although the method can be effective at monitoring seasonal active layer
changes, careful attention must be given to excluding non-geological effects on the H/V ratio for high frequencies
(Kohler & Weidle, 2019). Time-lapse passive seismic data is also effective at monitoring the degradation of the
permafrost table, as revealed by a controlled heating experiment (Cheng et al., 2022).

Ambient seismic noise originates from human and natural sources, including ocean waves, atmospheric distur-
bance, and tectonic activity. S-waves travel slower than P-waves and the particles passing through them oscillate
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perpendicular to the direction of wave propagation. When the S-wave frequency matches the natural oscillation
frequency of a subsurface material, the structure resonates and produces a local amplification of the seismic signal
(Lunedei & Malischewsky, 2015). For a horizontally layered medium and two-layer system, the thickness of the
uppermost layer is inversely proportional to the fundamental peak resonance frequency. We hypothesize that
passive seismology and the H/V method can be used in multiple Arctic subsea and sub-aquatic permafrost settings,
because the shear wave velocity contrast at unfrozen sediment/frozen sediment interfaces is sufficiently large to
generate peaks in H/V ratio versus frequency curves. We test this hypothesis by carrying out passive seismic
surveys at Arctic water bodies containing frost probe or borehole records of the ice-bonded permafrost table
(IBPT). Building off the pioneering work of Overduin, Haberland, et al. (2015) near Muostakh Island in the
Laptev Sea, our study includes subsea permafrost beneath the Canadian Beaufort Sea, a lagoon at the coast of
the Laptev Sea, as well as a river and lake in the Lena Delta, Russia. Our objectives are to (a) collect an Arctic
passive seismic data set for sites located in various types of water bodies (freshwater and saltwater) and water
depth associated with floating ice and bottom-fast ice conditions in winter; (b) employ a standardized method
for the analysis of H/V signals; (c) use shortest path and maximum amplitude techniques to interpret H/V signal
peaks and sediment interfaces; and (d) validate our interpretations with borehole data and frost probe measure-
ments. We aim to provide new insights on how the site conditions and data processing strategy influence our
capability to reveal permafrost underwater.

2. Field Sites

We investigated sub-aquatic permafrost beneath an Arctic lake, river, and lagoon in northeastern Siberia, as well as
subsea permafrost offshore of Tuktoyaktuk in the Canadian Arctic. Banja Lake is situated east of Research Station
Samoylov Island in the Lena Delta (Figure 1c). The lake is 400 m long and 130 m wide and unlike typical ther-
mokarst lakes, it is ovally shaped and seasonally connected to the Lena River through a channel during spring
freshet. This suggests that the lake is most likely a remnant of a river channel (oxbow lake) (Chetverova
etal., 2018). Approximately 1.5 km northwest of Banja Lake is the Lena River (Samoylov Island) site (Figure 1b).
Primarily underlain by Yedoma silts, the river channel in this area formed 2000—4000 years ago (Schwamborn
et al., 2002). The Lena River (Chay-Tumus) site (Figure 1a) lies 23 km to the west of the Lena River (Samoylov
Island) profile in the Olenyokskaya Channel. The Olenyokskaya Channel is 200 km long, developed after Yedoma
sediment deposition (Schirrmeister et al., 2003), and is underlain by bedrock (Are & Reimnitz, 2000) (Figure 1d).

Ivashkina Lagoon is on the southern coastline of the Bykovsky Peninsula southeast of the Lena Delta (Figure 2b),
where thermokarst processes have a significant impact on the landscape (Grosse et al., 2005, 2008). The Yedoma
deposits are organic-rich and contain volumetric ice contents as high as 80%—90% (Grosse et al., 2007; Giinther
et al., 2015; Schirrmeister et al., 2018; Siegert et al., 2002). Toward the lagoon's northern shoreline, the IBPT was
15.1 m below sea level (bsl) in 2014 (Ulyantsev et al., 2016). In the lagoon center, which intersects the passive
seismic profile, Sapart et al. (2017) reported an IBPT depth of 11.4 m bsl. The lagoon fills a drained lake basin
(Schirrmeister et al., 2018), but thermo-erosional widening of the shoreline is occurring at rates greater than
0.5 m/year along the lagoon's western edge (Schirrmeister et al., 2018).

Tuktoyaktuk Island is in northwestern Canada near the hamlet of Tuktoyaktuk (Figure 2a). The island is highly
vulnerable to coastal erosion due to its exposure to the Beaufort Sea and because the coastal sediments consist of
glaciofluvial deposits overlying massive ground ice (Murton, 2001; Wolfe et al., 1998). As revealed by
geophysical well logs, subsea permafrost is prevalent in the Canadian Beaufort Sea (Hu et al., 2013). The warm
summer discharge from the Mackenzie River exerts a major control on the IBPT degradation rate nearshore
(Taylor et al., 2013) and submerged thermokarst depressions result in IBPT depths of almost 100 m for inundation
times on the order of 5000 years (Taylor et al., 1996). In this study, we present passive seismic data from the
northern shoreline of Tuktoyaktuk Island. It is the only site where we have a precise account of the inundation
time at each sounding, allowing us to infer the IBPT degradation rate. From 1947 to 2018, the mean erosion rate
along the northwestern shoreline was 1.63 + 0.04 m/year (Whalen et al., 2022).

3. Methods
3.1. Instrumentation and Data Collection

We carried out passive seismic surveys during summer campaigns in northeastern Siberia in 2016 (Morgenstern
etal., 2017) and northwestern Canada in 2018 (Boike & Dallimore, 2019). We collected the data using the Mobile
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Figure 1. Sub-aquatic passive seismic soundings (red, green, or magenta squares) carried out on the Olenyokskaya Channel in
the Lena River at Chay-Tumus (panel a), the Lena River near Samoylov Island (panel b), and Banja Lake (panel c¢). The
individual soundings were calibrated using data from frost probes (depicted as blue circles) and boreholes (represented by
yellow squares), providing precise measurements of the depth to sub-aquatic permafrost. At Chay-Tumus, the riverbank
clearly exposes bedrock (panel d), which may be shallower than the permafrost table beneath the riverbed. All three sites are
located in the Lena Delta, as illustrated in panel (e). The background images are a RapidEye image from 25 August 2015
(panels a and b) and an orthomosaic image from Boike, Veh, et al. (2015) (panel c).

Ocean Bottom Seismic Instrument (MOBSI) developed by the German Research Centre for Geosciences (GFZ).
The MOBSI is portable (9 kg) and consists of a water tight, heavy-duty pressure housing (diameter 30 cm, height
35 cm) containing a three-component broadband sensor. There are three channels (two horizontal and one ver-
tical) recorded by the built-in data logger to monitor ambient seismic noise. Ryberg et al. (2020) provide a
summary of the device's technical specifications.

For all soundings, the sampling frequency was set to 100 samples per second, and the sensor recorded ambient
seismic noise for a few to several minutes at each location. The specific deployment time for each sounding is
available in the online data publication. Deployed by a steel cable from a small boat or zodiac, the device was
lowered to the bottom of the water bodies or top of the beach area (Figure 2d). The overlying water column
(freshwater or saltwater) does not have any impact on H/V data interpretation when the water depths are less than
100 m (Overduin, Haberland, et al., 2015). The steel cable was outfitted with a communications cable, which
allowed for live data analysis and quality control via a shipboard monitor. This insured that the tilt of the in-
strument was correct (less than 5°) and that the deployment time was sufficient. We stopped data collection until
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Figure 2. Subsea and sub-lagoon passive seismic soundings carried out offshore of Tuktoyaktuk Island (panel a) and
Ivashkina Lagoon (panel b). The individual soundings were calibrated using data from boreholes (represented by yellow
squares), providing precise measurements of the depth to ice-bonded permafrost. On Tuktoyaktuk Island, an ocean bottom
seismometer (OBS) (red triangle) was deployed for 8 hr to monitor peak frequency stability. Tuktoyaktuk Island is
positioned in the Canadian Beaufort Sea, as indicated in panel (c). An example of the Mobile Ocean Bottom Seismometer
Instrument (MOBSI) deployed on the beach of Tuktoyaktuk Island is depicted in panel (d). Ivashkina Lagoon is situated on
the southern coastline of the Bykovsky Peninsula in Siberia, just southeast of the Lena Delta (panel e). The background
images are a Microsoft Bing map (panel a) and a WorldView-3 image from 2 September 2016 © Digital Globe (panel b).

the real-time H/V ratio stabilized, that is, not changing with time. The MOBSI data was recorded in an internal
RAW format that was converted to miniSEED format. Information regarding data format and conversion are
available in Lendl (2021).

To demonstrate the temporal evolution and/or stability of the H/V ratio measurements, we analyzed seismic data
from ocean bottom seismometer (OBS) noise recordings in the Tuktoyaktuk study area from 2021 (for position,
see Figure 2a). The technical specifications of the OBS are reported in Ryberg et al. (2022). Although not co-
located with one of our H/V measurements with the MOBSI in 2018, the long duration of the OBS deployment
allows us to evaluate the H/V peak stability and to estimate its uncertainty (refer to Figure 5). Hence, the short
MOBSI deployment time of only a few to several minutes can be assessed.

3.2. Data Processing
3.2.1. Power Spectra

To calculate the power spectral density (PSD), we used the signal processing toolbox in MATLAB and applied a
fast Fourier transform (FFT) to convert from the time domain to the frequency domain. We used the entire time
window for the PSD calculation. To smooth the PSD versus frequency curves for each channel (H,, H,, and V),
we applied the Konno-Ohmachi method (Konno & Ohmachi, 1998), also available in MATLAB (https://www.
mathworks.com/matlabcentral/fileexchange/68205-konno-ohmachi-smoothing-function-for-ground-motion-

spectra). The smoothing paramater (s) is inversely correlated with the size of the smoothing window and so a
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Table 1

Calibrated Shear Wave Velocities

Site Unfrozen sediment thickness (m) Peak frequency (Hz) Inferred velocity (m/s)
Banja Lake (B-B’) 2.7 5.1 56

Lena River (D-D’) 1.96 11.4 89
Ivashkina Lagoon (H-H’) 8.6 6.2 212
Tuktoyaktuk (F-F’) 1.9 20.3 154

lower value results in smoother spectra. In our analyses, we select a value of 40 as a default, but also show results
for 20 and 10 for Ivashkina Lagoon. The smoothing factor is important, because it affects the complexity of the
spectra, that is, the number of spectral peaks. Following data smoothing, we calculated the spectral H/V (Hor-
izontal over Vertical) ratio using Equation 1.

H_ \/PSD(H\) + PSD(H,)

4 \/PSD(V)

At this stage, peak candidates representing a possible geological interface were displayed. The frequency (f;) of a
peak candidate is related to the depth (d) of the geological interface as a function of the shear wave velocity (v,) as

(1

shown in Equation 2. As first demonstrated by Ibs-von Seht and Wohlenberg (1999), there is a correlation be-
tween the peak frequency and the soft-layer sediment thickness above bedrock for a two-layer system. Overduin,
Haberland, et al. (2015) then showed that this principle also applies to determining the unfrozen sediment layer
thickness above ice-bonded subsea permafrost.

d=-% ©)

Prior to peak selection, we applied an upper frequency cutoff of 40 Hz and lower frequency cutoff of 2 Hz to
the data for water depths greater than 0.5 m. For water depths shallower than 0.5 m, the lower frequency filter
was adjusted to 5 Hz. For shallow water depths, bottom-fast ice is present for a large fraction of the freezing
season and this tends to preserve sub-aquatic and subsea permafrost. The frequency cutoffs were applied to
remove high and low frequency noise and simplify the peak selection process. For the shear wave velocity
range in this study (56-212 m/s), an upper frequency cutoff of 40 Hz corresponds to a depth range of 0.34 m
(Banja Lake) to 1.33 m (Ivashkina Lagoon) below the sediment surface. The peaks associated with frequencies
above 40 Hz do not represent the IBPT and are therefore not considered in the peak frequency analysis. In
Overduin, Haberland, et al. (2015), the lower frequency cutoff was set to 0.5 Hz because of the low-frequency
limitation associated with the limited noise recording time (30-min time windows) (Overduin, Haberland,
et al., 2015). In this paper, the lower frequency cutoff was set to 2.0 Hz because the measurement time was on
the order of a few to several minutes. According to SESAME guidelines (Acerra et al., 2004), the recom-
mended recording duration for a minimum expected peak frequency of 2 Hz is 5 min. For a minimum peak
frequency of 5 Hz, the recommended recording time is 3 min. Every sounding that is compared to a borehole or
frost probe measurement for validation contains a peak frequency above 5 Hz and a deployment time greater
than 3 min.

3.2.2. Shear Wave Velocity Determination

The peaks for velocity calibration were manually picked for the soundings intersecting the borehole or frost probe
locations. For these soundings, we selected the greatest peak height or amplitude. Using Equation 2, the shear
wave velocity was derived from the borehole- or frost probe-determined unfrozen/frozen sediment interface
depth (below sediment surface) and the fundamental peak frequency. The inferred shear wave velocities are
summarized in Table 1.

As MOBSI was submerged, all interface depths in Table 1 are referenced to the water/sediment interface. In the
case of Banja Lake, the deepest IBPT among the three profiles was utilized for velocity calibration. Following the
assumptions of the H/V method, one propagation velocity was used consistently within each profile. For the Lena
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River (Samoylov Island) profile, we used a frost probe measurement that intersected the start of the profile
(Morgenstern et al., 2017). Further borehole studies suggest that this was a seasonally frozen layer that had not
completely thawed out yet (Maksimov et al., 2022). For the Lena River (Chay-Tumus), there was a lack of
validation or calibration data at the sounding locations. Consequently, the velocity derived for the Lena River
(Samoylov Island) profile was applied in this context. At Ivashkina Lagoon, we opted for the borehole IBPT
reported by Sapart et al. (2017), as it is closest to the profile center. In the case of Tuktoyaktuk, where a borehole
(GSC-East) (Boike & Dallimore, 2019) nearly intersects a sounding, we utilized this calibrated velocity for both
profiles.

3.2.3. Peak Selection

We used the find peaks function (https://www.mathworks.com/help/signal/ref/findpeaks.html) in MATLAB to
locate peaks in the H/V ratio versus frequency curves in linear space. The function returns the frequency, H/'V
ratio (peak height or amplitude), prominence, and width of the peaks. The peak prominence refers to the local
peak height, meaning that we calculate the difference between the peak height and the base level. The base level is
defined as the minimum H/V ratio over a specified frequency range. This range is determined as follows: extend a
horizontal line from the left and right of peak until it either, (a) intersects a part of the signal with a greater height,
or (b) reaches the left or right limits of the filtered bandwidth. Since there are usually many peaks, we used the
following criteria (Equation 3) to determine if a peak is significant and thus a candidate for a geological interface
(Pontrelli, 2019). For this criterion, we assumed a frequency-dependent normal distribution of the H/V ratio and
that the difference between the peak height and the peak prominence should be smaller than the peak height
devided by the square root of two. In the absence of strong peaks, energy is distributed across the frequency range,
which results in a decrease of the peak prominence.

peakyign
(peakheight - pea'kprominence) < = (3)
\2

Once all the significant peaks were assembled, we calculated the shortest path out of all possible paths through the
peaks (nodes) based on the assumption that an IBPT is gently varying along the profiles. To accomplish this task,
we used the shortest path tree function (https://www.mathworks.com/help/matlab/ref/graph.shortestpathtree.
html) in MATLAB. It is important to note that this shortest path algorithm differs from a pure lateral constraint
method. While the latter seeks the shortest distance between neighboring soundings and forms an aggregate, it
exhibits a directional bias. In contrast, the shortest path technique produces consistent results regardless of the
starting node. As inputs to the function, the possible node pair connections are defined and each node pair
(sounding to sounding) is weighted by real-world distance. Since MOBSI was submerged, water depth is
accounted for in the shortest path. The paths are restricted to one node per sounding (i.e., a shortest path cannot
pass through more than one node for the same sounding). Additional constraints are present for soundings that
intersect borehole or frost probe measurements. For these soundings, we pick the candidate peak (frequency
converted to depth) closest to the known IBPT depth. We employ the shortest path to create a 2D IBPT profile,
because the prevailing assumption is that the IBPT should be a smooth and sloping feature in the case of subsea
permafrost or a smooth and bowl-shaped feature in the case of lake cross-sections. As a comparison, we also show
2D IBPT profiles produced by picking the maximum amplitude (or peak height) for each sounding.

Due to the relatively short noise recording time of the MOBSI device, it is difficult to evaluate the uncertainty of
the peak determination method and the resulting depths to geological interfaces, including the subsea and sub-
aquatic IBPT. Data from longer duration experiments in the Lena Delta (Overduin, Haberland, et al., 2015)
suggests a peak frequency uncertainty of several percent. However, the latter is fairly stable compared to the peak
height of the H/V ratios at the peak frequency. The major unknown when converting the peak frequency to depth
of the IBPT is the S-wave velocity of the overlying unfrozen material. In this paper, we calibrate this velocity by
comparing the peak frequency with a manually determined IBPT by using borehole data or frost probe mea-
surements, thus deriving an estimate of that velocity locally. Furthermore we used this velocity for all H/V results
at the specific site/profile for depth conversion of the frequency peaks where there were no direct measurements.
We are fully aware that the assumption of a homogeneous sedimentary velocity along the studied profiles might
not be valid. In this sense, the derived IBPT depths should be treated as model depth. Since the data sets do not
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Figure 3. Passive seismic findings regarding sub-aquatic permafrost at Banja Lake are depicted. In the right column, H/V
measurements are displayed on the distance axis at each sounding position. To achieve this, the logarithm of the H/V ratios
was multiplied by a survey-length dependent factor and added to the profile distance. The sounding position is aligned with
the significant peak (if present), determined by the shortest path algorithm. In cases where no peak is present, the sounding
position aligns with the H/V measurement at 50 Hz. Significant peaks within the 2—40 Hz range for each sounding are
denoted as black circles. The potential ice-bonded permafrost boundaries are delineated by the shortest path through the
peaks (depicted as the black line) and the maximum peak amplitudes (illustrated as a dotted red line). The shortest path
accounts for the water depth at each sounding. The left column displays interpreted results, depicting the water layer,
unfrozen ground, and frozen ground.

contain MOBSI measurements at two stations simultaneously, an estimation of shear wave velocity from the
dispersion of surface waves was not performed.

4. Results

We detected frozen permafrost beneath freshwater lakes and saltwater bodies (lagoons and seas) for peak fre-
quencies ranging from approximately 4-30 Hz. We present the H/V ratio peaks between 2 and 40 Hz for all
profiles, but the complete H/V ratio spectra between 1 and 50 Hz. To facilitate the visualization of H/V ratios in
2D profiles, the H/V ratios (in log form) are multiplied by survey-length dependent factors and plotted versus
frequency on the distance axis, along the with the sounding positions. The curves are color-coded with log-scaled
H/V ratios between 1 and 30 to enhance visualization. Given the lack of compelling evidence supporting the
detection of the sub-aquatic permafrost layer beneath the Lena River by the MOBSI, the results of these profiles
are provided in Figure S1. Section 5.3 presents the reasons behind this, including a brief discussion on the ne-
cessity for alternative geophysical data sets.

4.1. Sub-Lake Permafrost

In profiles A-A’ and B-B’ (Figure 3) at Banja Lake, the MOBSI data reveals the presence of two distinct
geological contacts within the upper 3 m of sediment. The shallower structure, found at sediment depths less than
1.4 m (peak frequencies >10 Hz), exhibits weaker H/V ratios compared to the deeper structure. This deeper unit,
characterized by higher amplitude peaks, extends to a maximum depth of 3 m below the lake bed (peak frequency
of 4 Hz) and nearly 8 m below the water level. Given that these peaks serve as indicators of subsurface structure,
the shortest path algorithm delineates the shallower structure, whereas the maximum amplitudes describe the
deeper structure. In profile A-A’, the deeper structure appears more plausible for representing the permafrost
table. Similarly, in profile B-B’, the shortest path follows the strongest amplitude peaks of the deeper unit, with
the exception of only one sounding. The overall shape and thaw depth of the permafrost table seem realistic if
permafrost degradation is recent. Notably, the mean H/V ratio for the shortest path peaks is 10.3 for profile B-B’
compared to 7.3 for profile A-A’, suggesting once again that the deeper unit exhibits a stronger shear wave
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Figure 4. Passive seismic findings regarding subsea permafrost at Tuktoyaktuk (F-F’, G-G’) and sub-lagoon permafrost at
Ivashkina Lagoon (H-H'). Refer to the caption in Figure 3 for an explanation of how the H/V measurements are presented and
interpreted.

velocity contrast compared to the shallower interface. In profile C-C’ (Figure 3), there is typically only one peak
candidate at each location, except for the second sounding (which shows two significant peaks) and the ninth
sounding (with no peaks). Consequently, the shortest path traverses through the most prominent peaks, except for
the second sounding, which has a maximum H/V ratio of 13.7. This profile depicts a single geological interface,
with its depth closely aligning with frost probe measurements. Toward the southern end of the profile, the depths
determined by the shortest path algorithm overestimate the frost probe depths by a factor of 2. This discrepancy
arises because the shortest path algorithm selects the deeper and lower amplitude peak, which is not associated
with permafrost. The mean and standard deviation of the frost probe depths were 0.97 + 0.09 m, indicating little
variation in seasonal thaw depths below bottom-fast ice zones.

4.2. Sub-Lagoon and Subsea Permafrost

AtIvashkina Lagoon (H-H’), the shortest path generates a distinctive bowl-shaped interface, characteristic of a talik
shape beneath a water body sitting atop permafrost (Figure 4). Among the 20 soundings, eight feature two sig-
nificant peaks, while the remaining 12 exhibit only one peak. Soundings with multiple peaks tend to occur at the
edges of the profile. Toward the northeast end of the profile, the interface generated by maximum amplitudes
reveals a deeper and more undulating IBPT. The maximum depth of the contact reaches 15 m bsl near the lagoon's
center for a peak frequency of 4 Hz. The mean H/V ratio for the interface peaks produced by the shortest pathis 11.1,
consistent with the mean H/V ratios of permafrost-associated interface peaks for Banja Lake. Offshore of Tuk-
toyaktuk, the interface generated by the shortest path displays similar patterns for both profiles (Figure 4). The
interface dips along the beach toward the waterline, presumably due to occasional submergence by high tides and
storm surges. Starting at the water's edge, the interface remains stable for shallow water depths (<1 m) where
bottom-fast ice forms in winter. In deeper water, the interface depth and overlying layer thickness increase with
distance offshore. However, there is a deviation from this pattern at the furthest offshore sounding of G-G’, where
the interface depth decreases relative to the previous sounding closer to the coastline. The mean H/V ratios of the
interface peaks (produced by the shortest path) for Tuktoyaktuk profiles F-F’ and G-G’ are 14.5 and 12.5,
respectively.

4.3. Ocean-Bottom Seismometer

To study the temporal evolution and/or stability of the H/V measurements we analyzed seismic data from OBS
noise recordings in the Tuktoyaktuk study area (for position see Figure 2). Although not co-located with one of our
H/V measurements with the mobile instrument, the long duration of the OBS deployment allows us to evaluate the
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Figure 5. An ocean bottom seismometer (OBS) was deployed offshore of Tuktoyaktuk in 2021 (see Figure 2 for position). The temporal evolution of H/V measurements
(panel a) illustrate the stability of the peak frequency. Panel (b) displays the mean and standard deviation envelope of the frequency versus H/V ratio. In panel (c), a
histogram of the peak frequency is presented.

H/V peak stability and to estimate its uncertainty. The H/V curves determined for sliding windows of 3 min for 8 hr
(Figure 5a) show some variability attributed to temporal changes of the seismic noise sources (wind, ocean swells,
etc.) including some time windows where no reliable H/V peak determination was possible. In Figure 5b, the mean
frequency versus H/V ratio curve is presented along with its standard deviation. Additionally, the mean H/V ratio

multiplied by \/5 (and its reciprocal) is depicted to illustrate the rationale for employing \/5 as a suitable factor in
Equation 3 for peak significance. At the same time, the H/V peak frequency related to structures below the ocean
bottom, appears to be quite stable; it shows only minor scatter (approximately 0.4 Hz about the mean peak fre-
quency) (Figure 5c). This translates to a peak uncertainty estimate of 5%. The IBPT, as revealed by the shortest path
offshore of Tuktoyaktuk, utilizes this uncertainty to assign error bars (refer to Figure 7).

5. Discussion
5.1. Passive Seismic Determination of Subsea and Sub-Aquatic Permafrost
5.1.1. Sub-Lake Permafrost

Ice-wedge degradation and pond formation around Banja Lake are evident, potentially reflecting recent warming
(Figure 1c). Assuming that the degradation of the IBPT beneath Banja Lake initiated recently (less than 100 years
ago), the maximum IBPT depths for profiles A-A’ and B-B’ are plausible. Numerical modeling studies of shallow
Siberian thermokarst lakes with a starting water depth of 0.8 m indicate a potential thaw of up to 10 m over
60 years of warming when lateral heat fluxes are considered (Langer et al., 2016). Given Banja Lake's small size,
it is conceivable that lateral heat flow slows down talik growth compared to larger water bodies. However,
determining the IBPT using the shortest path algorithm beneath small lakes becomes challenging when there is a
sedimentary horizon above the IBPT. Take profile A-A’, for instance. Two distinct units are evident, with the
deeper unit characterized by higher H/V ratios. The shallower peak might signify a contact between unfrozen
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Figure 6. Passive seismic findings regarding sub-lagoon permafrost at Ivashkina Lagoon for smoothing parameters of 40
(top), 20 (middle), and 10 (bottom) (Konno & Ohmachi, 1998) applied to the spectra. Refer to the caption in Figure 3 for an
explanation of how the H/V measurements are presented and interpreted.

loose lake sediment and thawed permafrost sediment, while the deeper peak represents the IBPT. It is plausible
that loose sediment is more pronounced in this setting due to recent thaw settlement.

5.1.2. Sub-Lagoon and Subsea Permafrost

Out of all the underwater permafrost classes, MOBSI proves most effective for sub-lagoon and subsea permafrost
detection. This efficacy is attributed to several factors. The presence of only one peak candidate for most
soundings reduces ambiguity between the shortest path and maximum amplitude-derived interfaces. Furthermore,
the homogeneity of the talik contributes to accurate results, with peak frequencies well above the detection limit
for the duration of the deployments. At Ivashkina Lagoon, the MOBSI-inferred IBPT varies only between 11 and
15 m bsl over a 1,500 m stretch of the profile (refer to Figure 4). This alignment with borehole observations and
the lagoon's thermokarst history reinforces the reliability of the MOBSI method. Notably, since the lagoon is
situated within a formerly drained thermokarst lake basin (Schirrmeister et al., 2018), the seawater inundation
time is uniform throughout the lagoon, except near the thermo-erosional widening shorelines. Offshore of
Tuktoyaktuk, there is strong evidence that the peaks represent the IBPT. First, the IBPT is flat along the beach and
then gradually deepens with increasing water depth offshore. Since we know the 1947-2022 mean coastal erosion
rate, the IBPT is plotted as a function of inundation time in Figure 7. Calibrated by nearshore boreholes offshore
of Tuktoyaktuk, these curves are similar to the IBPT degradation rates derived from repeated borehole obser-
vations in the Laptev Sea near Muostakh Island (Shakhova et al., 2017). The Mackenzie River near Tuktoyaktuk
and the Lena River in Siberia both discharge warm river runoff into the ocean, which enhances the IBPT
degradation rate. Therefore, the IBPT depths offshore of Tuktoyaktuk are higher than borehole-derived IBPT
depths from the western Laptev Sea (Overduin et al., 2008) and Prudhoe Bay (Alaska) (Osterkamp et al., 1989)
for the same inundation period. Top-down salt diffusion and bottom-fast ice are the main mechanisms for the
slower degradation rates at these sites (Angelopoulos, Overduin, Miesner, et al., 2020). The only anomaly in the
data is farthest offshore peak in Tuktoyaktuk profile G-G’ where the IBPT rises at 320 m from the coastline. The
most likely explanations are differential thawing rates caused by heterogeneous ground ice volumes or permafrost
aggradation phases beneath former spits.

5.2. Analysis of H/V Signals
5.2.1. H/V Ratio Smoothing

The IBPT profile is influenced by the smoothing factor (s) (Konno & Ohmachi, 1998) applied to the H/V
ratio curves. The smoothing affects the complexity of the spectra, including the frequency, but more
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peaks are now chosen. This results in a sudden IBPT dip (e.g., at 200 m)
and steeper IBPT slopes at the profile edges (Figure 6). Since the height of
the peak is mostly controlled by the velocity difference between the low

XX Xnm

© Overduin et al. 2008 ) velocity and high velocity layer and the intrinsic wave attenuation factor
Shakhova et al. 2017 (till 1982) A . . i
B shakhova et al. 2017 (till 2014 ) i (damping) in the layers (Fih et al., 2003), the most prominent peak may
% - X represent a deeper unfrozen/frozen boundary with a stronger shear wave
- ° velocity contrast. In the lagoon center, increased smoothing results in very
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2 - oF meister et al., 2018; Ulyantsev et al., 2022), the IBPT degradation is
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x contribute to a faster shear wave velocity (212 m/s) relative to the other
0 4 1‘0 160 10‘00 sites. The situation beneath bottom-fast ice zones, however, may be quite
Estimated Inundation Time (years) different. For the north-westernmost 200 m of the profile at Ivashkina
Lagoon, all the water depths were 1.3 m or less. Bottom-fast ice pre-
Figure 7. The ice-bonded permafrost table (IBPT) depths results obtained sumably covers this entire stretch in winter, resulting in even colder
from the passive seismic surveys near Tuktoyaktuk Island are plotted against temperature regimes, higher salt concentrations, and a more complex

the inundation time derived from the coastal retreat rates published in
Whalen et al. (2022). The error bars are derived from the uncertainty
estimate of the peak frequency from the ocean bottom seismometer (please
refer to Figure 5). To present the data in context, we show IBPT depths from

cryostratigraphy relative to the center of the lagoon. Uomullyakh Lagoon,
almost 3 km to the west of Ivashkina Lagoon, is very shallow (mean depth
of 1 m) and susceptible to widespread bottom-fast ice formation (Jenrich

various borehole and electrical resistivity tomography (ERT) studies in the et al,, 2021). The bonding of lagoon ice and sediment results in a
Laptev Sea (Angelopoulos et al. (2019); Overduin et al. (2008); Overduin, seasonally frozen saline layer over 1 m thick. Bottom-fast ice at Ivashkina

Liebner, et al. (2015); Shakhova et al. (2017)), as well as the Canadian and
American Beaufort Seas (Osterkamp et al. (1989); Taylor et al. (1996)). Note
that Angelopoulos et al. (2019) refer to the ice-bearing permafrost table.

Lagoon may result in similarly alternating unfrozen and frozen sediment
states in the cryotic saline permafrost. Hence, the low-height H/V ratio
peak at 200 m that is retained under less smoothing (s = 40) may represent
a soft boundary between unfrozen ground and partially frozen saline sediment. Toward the south-easternmost
200 m of the profile, the IBPT is smoothed out completely when a smoothing factor of 10 is applied
(Figure 6). Although seasonal sediment freezing can occur beneath the floating ice of saline waters
(Osterkamp et al., 1989), the IBPT is probably more gradual (i.e., less abrupt) in this area of Ivashkina
Lagoon.

5.2.2. Significant Peak Selection

How a significant peak is defined influences the IBPT profiles. The simplest approach is to select one peak per
sounding within a specified frequency bandwidth (i.e., the maximum local height or amplitude) assuming that the
IBPT is associated with the maximum velocity contrast and H/V ratio peak. This approach has shown to be most
effective at Banja Lake, where there appears to be an unfrozen sedimentary horizon above an ice-bonded
permafrost table. In subsea environments, however, the shortest path delineates smoother IBPT boundaries. As
shown by Overduin, Haberland, et al. (2015), the highest H/V ratio peak is not necessarily the IBPT. Stronger
amplitude peaks, but also peaks with relatively high H/V variation (height and frequency) versus time, can be
caused by waves and currents. For the soundings presented in our study, the data were collected for only a few to
several minutes. While the deployment time is sufficient to observe stable peak frequencies, longer deployment
times may provide some information on the temporal H/V variability of other peaks not related to subsurface
structures. That is to say, peaks related to subsurface structures typically exhibit less H/V variability over time.
Due to our relatively short deployment times, we evaluate peak significance based on peak prominence and the
relationship between prominence and height (Equation 3).
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Since each sounding is treated individually, the decision about peak significance for one sounding is originally
made without any information from neighboring soundings. Since the peak prominence is defined relative to a
base level, a small peak has a better chance of qualifying as significant if the base level is low. Since an IBPT-
related peak is expected to produce a large H/V ratio (>10), selecting low-prominence peaks may lead to a false
IBPT detection. Alternative peak selection algorithms calculate global statistics for all peaks for all soundings in
an area (Zhu et al., 2021), which may filter out less prominent peaks.

5.3. Complementary Geophysics

In sub-aquatic permafrost areas with other significant shear wave velocity contrasts, it is crucial to employ
complementary geophysical methods. The Lena River (Chay-Tumus) profile E-E’ may exhibit a sediment/
bedrock contact (Figure S1), particularly with the presence of an exposed bedrock outcrop along the riverbank
(Figure 1d). Given the stability of the Lena River near Chay-Tumus over millennia (Schwamborn et al., 2002), the
permafrost table likely lies well beyond the minimum peak frequency detection range of MOBSI. However, in the
Lena River profile at Samoylov Island (D-D’), calibration with frost probe measurements likely occurred in a
seasonally frozen layer that hadn't fully thawed (Maksimov et al., 2022), leading to merged peaks from unfrozen/
frozen boundaries in shallow water (where bottom-fast ice occurs in winter) to other geological boundaries in
deeper water (where floating ice occurs in winter) for shortest path and maximum amplitude analyses (Figure S1).
Additionally, ERT results from a separate study indicates the sub-aquatic permafrost boundary to be approxi-
mately 70 m deep beneath profile D-D’ (Juhls et al., 2021). Moving forward, integrating ERT with passive seismic
techniques could further enhance the distinction between subsea ice-bearing permafrost and ice-bonded
permafrost.

6. Conclusions

For deployment times of only a few to several minutes, the MOBSI detected the ice-bonded permafrost table
(IBPT) offshore of Tuktoyaktuk in the Canadian Beaufort Sea, beneath Ivashkina Lagoon in the Laptev Sea
in Siberia, and below a lake in the Lena Delta in Russia. We applied a shortest path algorithm for H/V peak
selection, which allows for IBPT depth determinations assuming a smoothly varying IBPT depth along
densely spaced MOBSI profile measurements. We also showed IBPT interfaces as revealed by picking the
maximum amplitude. Validated by borehole logs, the IBPT depths near Tuktoyaktuk are among the greatest
in the Arctic when plotted as a function of inundation time. Warm discharge water from the Mackenzie River
increases the subsea permafrost degradation rate compared to colder marine settings that depend on salt
diffusion to thaw the permafrost table. At Ivashkina Lagoon, the bowl-shaped talik is typical for a ther-
mokarst lagoon with thermo-erosional widening of the shorelines. The deepest sections of Banja Lake (i.e.,
deep enough for floating ice in winter) exhibited two subsurface structures. Since the deeper structure showed
higher H/V ratios, it was interpreted to be the IBPT. In shallower lake waters (i.e., where ice is bottom-fast in
winter), the chosen peaks closely aligned with the frost probe measurements. Going forward, passive seis-
mology could be effectively combined with other geophysical methods like electrical resistivity tomography
(ERT) to enhance subsurface mapping capabilities. Various geophysical techniques have demonstrated their
capabilities for subsea and sub-aquatic permafrost mapping, but these studies were often limited to a single
method and small spatial extents. With its relatively easy deployment and rapid measurements, passive
seismology can bolster two- or three-dimensional ERT to map subsea and sub-aquatic permafrost features.

Data Availability Statement

The Mobile Ocean Bottom Seismometer Instrument (MOBSI) data presented in this paper are available on the
Zenodo data repository (Angelopoulos et al., 2023). Furthermore, a passive seismic data report for Tuktoyaktuk in
Canada in 2018 is available from Ryberg et al. (2020). The prolonged offshore measurements, spanning several
hours, recorded by the Ocean Bottom Seismometer (OBS) off the coast of Tuktoyaktuk in 2021 are detailed in
Ryberg et al. (2022).
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