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Abstract. The multi-scale composition, structure, and dynamics of seasonal ice floating on freshwater lakes are influenced
by ambient conditions. Here we describe a comprehensive geoscience experiment for lake system imaging and monitoring of
spatiotemporal ice property variations. We explore the resolution of meteorological and environmental driving mechanisms
that can include the quantification of methane degassing from boreal lakes. The project centerpiece is a seismic array of 210
geophones arranged in an aperiodic tiling configuration that was deployed in February 2025 on the ~25 cm thick ice of
Lake Pidjérvi in southern Finland. The 10-km scale lake array is complemented by three dense circular arrays, 31 land-based
sensors, eight broadband seismometers, three accelerometers, a rotational seismometer, a Distributed Acoustic Sensing system
with a 1 km-long fibre optic cable, an underwater echosounder, a microphone, a Ground Penetrating Radar (GPR) survey,
water chemistry measurements, manual ice thickness sampling and ice coring, and meteorological observations. We observe
the strongly dispersive QS flexural mode and the weakly or non-dispersive QSy and HSy modes excited by hammer shots,
icequakes, and environmental sources and reconstruct the average propagation using beamforming and noise correlations.
Propagation speed estimates for the three modes range approximately between 20-100 m s~ !, 30003400 m s—!, and 1650—
1800 m s~ 1, respectively. High values for the Poisson’s ratio v = 0.42 and Young’s modulus F = 8.59 GPa reflect the overall
competent characteristics of the ice referred to as terésjda (steel ice). Seismic activity in the 0.03-0.2 Hz band increases during

high wind speed episodes, and signals above 0.1 Hz correlate with rapid air-temperature cooling events. The GPR profile images
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the spatial ice variability across the lake that is compatible with the in-situ measurements, and we show that seismo-acoustic
observations can be inverted for similarly compatible thickness estimates. The geochemical water and ice sample analysis
suggests Lake Pddjdrvi is a source of methane, and localized ebullition can potentially be resolved from echosounder data.
This synthesis demonstrates that the application of environmental seismology concepts can form a bridge between bottom-up

ebullition monitoring and remote-sensing approaches.

1 Introduction

Seasonal ice and snow cover of high-latitude aquatic systems has a direct impact on Earth’s radiative forcing through its
role in the albedo feedback (Perovich and Polashenski, 2012) and on carbon cycling through controlling the length of the
biological growth season (Arrigo et al., 2008). Ice cover in subarctic lakes and the Arctic Ocean therefore constitutes an
essential component of the climate system (Barry et al., 1993; Brown and Duguay, 2010), but climate change is altering the
spatio-temporal dynamics of winter ice cover. Both ice thickness and the duration of ice cover are in decline over recent decades
(Singarayer et al., 2006). The integrity of the affected winter ice is important for shoreline communities using ice cover for
transport, fisheries, and recreational activities, and for species in high-latitude ecosystems whose habitats depend upon ice
cover (Vincent et al., 2011; Griffiths et al., 2017). It is thus important to develop geophysical methods that are calibrated by
in-situ observations for fast, high-resolution, and accurate estimates of ice properties and ice dynamics.

The ice density, thickness, and intrinsic elastic properties are controlled by the microscale and macroscale composition
and structure. Seasonal ice formation ensues during the freezing of surface waters in winter, and proceeds through a complex
sequence of snowfall, compaction, melting, and refreezing (Michel and Ramseier, 1971). These processes generate a layering
of the seasonal ice cover, characterized by primary and congelation ice underlying layers of so-called superimposed ice derived
from recrystallized snowmelt and flood waters (Leppéranta, 2023). Spatial variability in surface water temperatures, and the
accumulation of snow, can significantly alter the structure and physical properties of ice (Leppdranta, 2010). At larger scales,
ice layers are subject to continuous forcing from the surrounding environment, including changes in temperature, wind stress,
and exposure to advective processes such as currents and riverine inputs that can in turn affect the structure of the ice.

Warming of the high northern latitudes is expected to accelerate the natural production of methane (CH4) due to enhanced
rates of microbial activity in organic-rich soils and sediments. Methane is the second most important greenhouse gas, responsi-
ble for approximately 20% of the overall increased atmospheric radiative forcing observed since 1750 (Stocker et al., 2013). In
aquatic systems, enhanced methane production may be expressed as ebullition of methane gas from sediments and the occur-
rence of bubble trains in the water column (Rosentreter et al., 2021). Recent studies have demonstrated that bubble inclusions
of methane gas in lake ice can be detected and possibly quantified by remote sensing (Engram et al., 2020). However, mul-
tiple processes can control the inclusion of gas bubbles in ice. These include exsolution of dissolved air during formation of
congelation ice (Leppiranta, 2010) and trapping of atmospheric gases in superimposed ice during refreezing of snowmelt and
flood waters (Palosuo, 1965), leading to a wide range of bubble morphologies and gas compositions (Boereboom et al., 2012).

These processes can also be modified by climate change, due to changes in the frequency of snowfall and snowmelt as well as
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the thickness of the initially formed hard ice layer. The extent to which inclusion of gases from methane ebullition and other
sources affect the physical properties of ice is uncertain. Moreover, understanding of how gas inclusions interact with other
characteristics to determine overall integrity of the ice is poor.

In this data paper we describe a dense seismic array experiment to monitor and image a full-scale seasonal lake ice cover
on the 10 km scale in southern Finland. Seismic methods analyze wave propagation in the cryosphere including glaciers, ice
sheets, sea ice, lake and river ice, and the seasonally freezing ground. Icequake or frostquake signals and the ambient wavefield
excited by external and internal sources carry information about the ice dynamics and can resolve space-time variations of the
density, thickness, and elasticity reflecting its micro- and macrostructure. Seismic techniques can thus be an efficient sensing
and imaging tool to characterize ice properties that are governed by environmental processes and the dynamics of frozen
aquatic systems. We explore here the possibility to resolve spatially variable encapsulated gas using seismic tomography.

Our experiment was performed in February 2025 on Lake Pdijdrvi, 100 km North of Helsinki. The data acquisition on
the ~25 cm thick ice layer is discussed in Section 2. The seismic deployment uses 340 geophones, 8 seismometers, 3 ac-
celerometers, and a rotational sensor that are configured in a lake shore network, a monotile lake-scale array, and three small
beamforming arrays. The experiment includes further a ~1 km long fibre optic cable, a microphone, ground penetrating radar,
an echosounder, manual ice thickness measurements, geochemical probing of the lake sediments, water column, and ice, and
documentary filming. In Section 3 we show examples of wave propagation signals observed with the diverse instrumentation,
the ice thickness and modulus estimates obtained with different seismic analysis techniques, and the hydroacoustic ebullition
sounding and the geochemistry analysis results. In Section 4 we evaluate the consistency of the initial observations and re-
sults, the implications for resolving spatio-temporal variations of ice properties using tomography, and the significance for lake

system scale environmental monitoring.

2 The experiment
2.1 The environment of Lake Padjarvi

Lake P#djérvi is located in southern Finland at 61°06’ N, 25°08’ E (Fig. 1). To facilitate fieldwork logistics, we used the
adjacent University of Helsinki Lammi Biological Station which is located 200 m away from the the western bay of the lake.
The ~10 km scale allowed us to accomplish the deployment with a team of 16 with reasonable effort. The lake was formed
following isolation from the Yoldia Sea at 10800 yr BP (Valpola and Ojala, 2006) after retreat of ice cover from the area at
11700 yr BP. The regional terrestrial landscape is greatly influenced by glacial till and moraine formations as well as fine-
grained sediments (Ruuhijdrvi, 1974). The underlying bedrock of the lake is primarily composed of granite and gneiss and
the lake basin is influenced by two shear zones that transect the lake in approximately east-west and north-south directions.
Motion along these shear zones formed a basin with significant relief. On a regional scale the lake is comparatively deep with
a maximum depth of 87 m and a mean depth of 14.4 m (Ruuhijirvi, 1974).

The lake belongs to the Kokeméenjoki River catchment area with five major inlet streams located on the west and east ends

of the lake and on the northern shore. Landcover classification in the 244 km? Lake Piijirvi catchment area is governed by
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coniferous forests (59%), agricultural land (15%), and peatlands (11%) (Arvola et al., 1996; Hakala et al., 2002), and the run-
off influences the mesotrophic classification of the lake itself. The humic waters typically have a Secchi depth of 1.8 m (Arst
et al., 2008). The Teuronjoki River drains the lake from the southern shore. Muddy gyttja sediments accumulate throughout
the lake, with organic matter in the surface layers approximately 10% by mass as determined from loss on ignition (Valpola
and Ojala, 2006). In hypoxic accumulation areas sediments may be laminated (Simola and Uimonen-Simola, 1983). Methane
concentrations in excess of 500 zzmol L~! are observed in porewaters of the uppermost 10 cm of the sediment column (Rissanen
et al., 2023), indicating a shallow methanogenesis zone, although active methaontrophy limits the flux of methane to the water

column.
2.2 Meteorological conditions

We use meteorological data recorded at stations from the Finnish Meteorological Institute (FMI). The meteorological station
Himeenlinna Lammi Pappila is located at the Lammi research station. This station records air temperature, dew-point tem-
perature, relative humidity, precipitation amount, and snow depth data in 10 minute intervals (Fig. Al). Figure 2a shows the
temperatures between 1 October 2024 and 1 May 2025 in relation to the deployment period of the 31 stations around the
lake between November 2024 and May 2025 and the main experiment in February and March 2025. Sub-zero temperatures
start to become pervasive around the time of the lake shore deployment. The realization of the experiment was jeopardized by
temperature fluctuations in December 2024 and January 2025 that inhibited the steady formation of a stable ice layer, but at
least during the first half of the main deployment the temperatures reached —5°C and colder with a peak of —20°C (Fig. 2b).
Some few centimeters deep drift snow patches formed during the first week of the main experiment. The mild temperatures in
late February melted these patches and formed extensive puddles that evaporated or froze over.

We use observations of air pressure and wind speed and direction from the Himeenlinna Katinen and Asikkala Pulkkilan-
harju stations that are located 35 km to the west and 30 km to the north-east, respectively. The wind speed varies between
0 and 10 m s—!, and the records show different degrees of similarity at different times at the two distant sites (Fig. 2c). In
February and early March the nighttime exceeds daytime duration, although daylight already accounts for a significant frac-
tion of the day. On 10 February, apparent sunrise occurs at 06:15 UTC and sunset at 14:53 UTC or 08:15 and 16:53 local
time, respectively. By 1 March, the length of the day has increased by 107 minutes, with sunrise at 05:20 UTC and sunset at
15:45 UTC.

2.3 The seismic deployment

The seismic experiment involved several instrument types to collect a diverse dataset of elastic wave propagation observations
in the ice for cross-validating multiple monitoring and imaging analyses based on ballistic and scattered or reverberating
waves. We used 340 geophones, 8 broadband seismometers, 3 accelerometers, a distributed acoustic sensing (DAS) cable, and
a rotational sensor. The lake shore array operated from 22 November 2024 to 24 April 2025. Most instruments on the frozen
lake surface were deployed between early February and early March 2025. The main lake ice array was deployed between

10-13 February and 2-3 March 2025. Installation and recovery were accomplished by small teams. Up to 16 people roamed
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the ice at the same time. During the three weeks of the active deployment one person (F.S.) performed daily maintenance
tasks including system health checks, battery swapping, sensor leveling, and operational activities including hammer shots and
differential GPS (DGPS) measurements.

The FINNSIP instrument pool (Hillers et al., 2025) provided 340 Geospace large-N Land Cartesian 5 Hz GS-One LF
geophones, each paired with a GSB-3 seismic recorder, 8 Giiralp 3ESPC broadband seismometers with Giiralp Minimus
digitizers, 3 Giiralp Fortis accelerometers with Giiralp Minimus digitizers, and 12 V lead batteries for the Giiralp instruments.
We deployed a blueSeis-3A fiber optic gyro rotational seismometer and a DAS system composed of a FEBUS Al interrogator
and a 1,200 m fiber optic cable. Table 1 summarizes the dataset sizes obtained with the different instrument types. The total

size is about 20 TiB.

Measurement Type Data Volume
Geophones on ice 12.3 TiB
Geophones on land 2.3 TiB
Broadband seismometers 11.1 GiB
Accelerometers 7.9 GiB
Rotation sensor 3.8 GiB
DAS 3.7 TiB
Microphone 291 GiB
GPR survey 19 MiB
Audiovisual footage 220 GiB

Table 1. Data volumes of different measurement types

2.3.1 The 31-sensor lake shore network

31 geophones were deployed on land along the lake shore for 153 days (Fig. 3) for the analysis of wave propagation across
the shore. External Li-ion batteries were used to extend the acquisition. The sampling rate was 500 Hz. The instruments were
installed in the upper 50 cm of soil at a distance between tens of meters and several hundreds of meters from the lake shore.

The largest distance to the shoreline is 550 m for a station in the northeast.
2.3.2 The 210-sensor monotile lake ice array

The main seismic array (Fig. 3) consists of 210 stations that are arranged in a geometry that is based on the Specter aperiodic
tiling introduced by Smith et al. (2024a, b). This unique monotile configuration is optimal for detection and seismic imaging,
including plane-wave beamforming and ambient noise tomography applications (Mordret and Grushin, 2025). The Specter
design makes the seismic array very robust to spatial aliasing, and the pattern ensures a smooth and continuous distribution of
inter-station distances and avoids sampling gaps and redundancy common in periodic arrays. The array design yields a quasi-

homogeneous azimuthal coverage of station pairs, however, the elongated shape of lake results in a directional sensitivity of
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the array. The Lake Pddjirvi array has been designed using the Jupyter Notebook tools of Mordret and Grushin (2025), which
require the definition of a closed boundary polygon and the number of stations inside the polygon. We use a buffer zone of
100 m to the lake shore and island contours to avoid the deployment on potentially thin ice.

A one to two meters wide N-S trending rift zone located 4 km east of the western end of the lake extends between the northern
and southern shoreline (Figs. 1, 4g). Safety concerns prevented the installation of two geophones in its vicinity. This and the
irregular lake shape and the islands break the monotile pattern. Associated gaps were mitigated by the manual deployment of
twelve additional stations. These are the red indicated geophones in Figure 3 that are not connected to the monotile pattern.
The minimum and median nearest neighbors interstation distances are 165 m and 188 m, respectively. The median deviation
between the designed positions and the location estimates is 2.145 m. The locations were estimated with an RTK DGPS system.

Teams of two to four installed the lake ice geophones between 9 and 13 February 2025 following a consistent procedure.
At each ice station two 15 cm wide auger holes were drilled. The first 10 cm deep hole held the geophone, and the second
hole immediately south pierced the ice. This hole was used for the ice thickness measurement and provided enough space
to organize the cable between the geophone and the GSB logger. The geophone is oriented to geographical north (Fig. 4b),
and drill powder and water were mixed to fill the holes with freezing slush that led to the good coupling of the sensors and
supported a marker stick (Fig. 4a). The sampling rate for all geophones deployed on the ice was 2,000 Hz.

The instruments were recovered on 3 and 4 February 2025. At each site, the geophone location was determined with DGPS.
We measured the in-situ ice thickness again through auger holes. The geophone orientation was again measured relative to
geographic north and a photograph of the bubble level was taken to document the final alignment. The geophones tended to tilt
south in response to the differential melting induced by the black logger cable.

For the planning, deployment, maintenance, retrieval, and analysis of geospatial data the QGIS software with the QField
plugin and the QField phone application were used (QGIS Development Team, 2009). The locations of the monotile array
stations and the circular array locations (Sec. 2.3.3) were planned in QGIS and then synchronized to the QField phone ap-
plications for navigation using the QField cloud service. A database was implemented for logbook entries for each sensor.
Station documentation including photo and screenshot attachments was constantly updated. The daily synchronization of the

documentation facilitated the management and trouble shooting.
2.3.3 The three circular lake ice arrays

Three circular arrays were installed in the central part of the lake (Fig. 3) to facilitate beamforming and the computation of
gradients for array-derived rotational (ADR) motion estimates. They consisted of concentric rings with equally spaced sensors.
At the center of each array we placed a broadband seismometer and an accelerometer on the same concrete slab and a geophone
in the ice. The central Array A (Fig. 4c) is equipped with the rotation sensor that is put on the same concrete slab to compare
ADR estimates to instrumental records of rotational motion. At all arrays, the first ring with a radius of 2 m consist of five
instruments, followed by seven instruments at 4.3 m, and nine instruments at 9.25 m distance. Array A had a fourth ring with

eleven instruments at a radius of 20 m. The first ring of Array A has broadband sensors, other ring sensors are geophones.
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For the Giiralp 3ESPC seismometers the sampling rate was set to 250 Hz and the recenter threshold to 6 V. The power was
provided by 12 V/70 Ah lead batteries which had to be swapped and recharged once during the deployment. Each seismometer
was installed on a concrete slab for stability. The instrument was covered with an inverted bin and a stone brick on top. The
bucket rim was placed on the ice and did not touch the concrete slab. The data logger and battery were placed in a plastic box
next to the bin.

The three Giiralp Fortis accelerometers were installed at the centers of the arrays and used the same data logger model
and power supply configuration as the seismometers. The sampling rate was 500 Hz and the gain was 0.51 g. We relied on a
RaspberryPi running SeisComp for the data acquisition of the blueSeis-3A rotation sensor in Array A. The power was supplied
by six 12 V/70 Ah lead batteries from the FINNSIP instrument pool and had to be swapped and recharged every two to three
days. The sampling rate was 200 Hz. An aluminum box with a cut out floor was placed over the seismometer, accelerometer,
and rotational motion instruments for protection (Fig. 4d). With the onset of thawing temperatures on 22 February 2025 the
concrete slabs tilted and required regular leveling of the sensors. All instruments on the large concrete slab were repositioned

and reoriented after one week in response to tilting.
2.3.4 The 26-sensor lake ice line array

A line array of 26 geophones was deployed along the first DAS segment at a distance of approximately 20 cm from the cable

to provide reference observations for calibration (Fig. 3). The spacing of four meters results in a 100 m array length.
2.3.5 The Distributed Acoustic Sensing DAS unit

Our DAS system consisted of a FEBUS Al interrogator and a 1,200 m long fiber optic cable. The first 36 m and last 164 m
of the cable were rolled to remove coherent background noise, resulting in a 1,000 m long active cable. The interrogator
installation on the western lake shore of the central lake part (Fig. 3) was facilitated by power supply on private property. From
this location, the fiber-optic cable extended onto the lake in three segments. The orientation of the first 400 m long segment
was N90°E, and the orientations of the second and third 300 m long segments were N135°E and N180°E, respectively. The
cable was rolled out on the ice surface without further efforts to improve the coupling (Fig. 4f). For stability, every few tens
of meters and at the corners the cable was fixed by freezing slush ice. The DAS system recorded nanostrain-rate at a sampling
rate of 2,500 Hz with a 10 m gauge length from 13 to 26 February 2025. The channel spacing was first set to 9.6 m and reduced

to 2 m after seven days, but the gauge length remained at 10 m.
2.3.6 Hammer shots

Between 26 February 2025 and 1 March 2025 time triggered hammer shots were applied at 49 locations along five lines and
a circle on the ice (Fig. A2). At all locations at least five vertical hammer shots were applied. At each of the twelve locations
around the central array at least five additional hammer shots were applied in the clockwise transversal direction. For this, a

steel H-beam was placed on the ice and laterally excited. The positions were estimated with a handheld GPS device.
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2.4 Acoustic monitoring

The vertical component motion of wave modes propagating in a floating ice sheet or slab at a phase velocity that is higher or
equal to the velocity of sound in air can couple from the ice to the atmosphere. The radiated acoustic energy in the audible
frequency range can cause a phenomenon that is popularly referred to as singing ice. These seismo-acoustic signals can be
detected with microphones installed above the ice (Press et al., 1950; Schmelzbach et al., 2022; Wetter et al., 2023; Romeyn
and Hanssen, 2023; Schmelzbach et al., 2025). The frequency, duration, and amplitude of air-coupled waves are controlled
by the ice properties. To complement the seismic acquisition we deployed an acoustic sensor consisting of four microphones
arranged in a 6 cm square configuration controlled by a RaspberryPi mini-computer (Wetter et al., 2023; Schmelzbach et al.,
2025). The sensor was located on the ice, about 10 m away from the shore (Fig. 3) and at 2 m distance from the DAS cable,
on a tripod at 110 cm above the ice surface (Fig. 4e). The sensor operated continuously from 18 February 2025 to 4 March
2025 and recorded acoustic signals in the 20 Hz to 4 kHz range. Timing accuracy was controlled by regularly synchronizing
the internal clock with the Pulse-Per-Second pulse recorded with a GNSS receiver to full-second accuracy. For reference, we

installed a geophone below the microphone from 26 February 2025 to 4 March 2025.
2.5 Ground Penetrating Radar survey

Ground Penetrating Radar (GPR) is a suitable near-surface geophysics tool that uses propagation and reflection properties of
electromagnetic waves to image the layered shallow subsurface structure. It can provide accurate snow cover and ice thickness
(Meng et al., 2025) estimates to complement the in-situ measurements and tomography results (Matsumoto et al., 2019; Moreau
et al., 2020; Xing et al., 2022). We used a Zond-12 GPR system with a 900 MHz antenna to collect GPR data approximately
along the longitudinal axis of the lake (Fig. 5). The acquisition system was mounted on a fiberglass sledge, which was towed
by an all terrain vehicle at a speed of 5 km h~!. The survey line length was 9.98 km and the data acquisition was completed in
approximately 2 hours. Due to changing weather conditions the data acquisition was completed in five individual time periods
over two days, on 8 and 9 February 2025. The obtained dataset includes five segments (Fig. 5) and has 13,796 traces, and each
trace is recorded over 50 ns at a sampling rate of 10.24 GHz. The complete GPR dataset in SEG-Y format has a file size of
19 MiB.

2.6 Hydroacoustic sounding

It is challenging to collect ground truth gas ebullition data to provide reference observations for an ice tomography. We deployed
a state-of-the-art autonomous wideband echosounder on the ice to directly monitor ebullition during the field campaign. This
is considered to be a reliable method for estimating gas flux and has been used in a wide range of settings (Weidner et al.,
2019; Li et al., 2020). The acoustic footprint of the echosounder is on the order of meters, hence observations are limited
to local ebullition at a specific spot in the lake. This emphasizes the challenge of estimating lake ebullition with traditional
methods, but is intended be used here for comparison with the local ice properties and later estimates from a tomography at the

corresponding location.
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The acoustic midwater system consisted of a Simrad WBT Tube operating two ES38-18DK wideband split-beam transducers
in sequential ping mode (Fig. 6a, b). The WBT was connected to a local laptop. The system was controlled and monitored
remotely via a 4G modem (Fig. 6a). Power was supplied by six 12.8 V, 180 Ah LiFePO, batteries for the duration of the
deployment. Both transducers were calibrated on site with a @38 mm tungsten sphere using standard procedure (Foote et al.,
1987; Demer et al., 2015). Three deployments were accomplished during 10 February 2025 to 14 February 2025 and lasted
around one day each (Table 2). The first, ICE1, probes the deepest part of the lake, and ICE2 and ICE3 are located south and

east of inlet streams, respectively.

Station Position (Lat, Lon) Duration (UTC) Bottom depth (m)
ICEl 61.056870°N, 25.126431°E ~ 2025-02-10 13:17 —2025-02-11 08:06 80
ICE2 61.070457°N, 25.131033°E ~ 2025-02-11 09:57 — 2025-02-12 08:59 60
ICE3 61.050846°N, 25.060490°E  2025-02-12 10:50 — 2025-02-14 12:04 14

Table 2. Parameters of the hydroacoustic sounding deployments. Locations are indicated in Figure 6d. Position precision is on the decimeter

scale.

2.7 Environmental data acquisition
2.7.1 Ice thickness

The spatially variable ice thickness was measured during the geophone installation (Fig. 7a) and during the recovery of the
instruments (Fig. 7b, Section 2.3), and during the geochemical sampling (Section 2.7.2). Thickness was measured through a
drill hole using a ruler with a hook, which allows readings to ~0.5 cm accuracy. The measurements during the deployment
phase were completed in a five day long time window between 9 to 13 February 2025 (Fig. 7e). During the recovery of
the instruments the measurements were completed within two days (Fig. 7f). Ice thickness measurements outside these time

windows are not included in the discussion.

2.7.2 Environmental Geochemistry

During the main experiment we carried out sampling for environmental parameters at 56 locations divided into three groups
based on the applied sampling protocol (Fig. 6d). At eight locations, we first retrieved an ice sample by drilling a triangle
of adjacent holes with a 15 cm diameter ice-screw and extracting the central portion (approximate mass 5-10 kg). We then
photographed the cross-sectional profile of the ice sample to determine visually the thickness of the two principal layers. Using
a saw, we extracted subsamples of approximately 100-250 g from the uppermost and lowermost 5 cm of the ice.

We retrieved water column samples from directly under the ice and at 5-10 m intervals throughout the water column using
a Limnos bottle sampler. We further deployed a water quality sonde (YSI instruments) to determine dissolved oxygen, tem-
perature, and pH at equivalent depths to the bottle samples. We then retrieved a sediment core using a HTH/Kajak gravity

coring device with Perspex tube pre-drilled for porewater sampling. From the core, we collected porewaters using Rhizons.



260

265

270

275

280

285

https://doi.org/10.5194/egusphere-2026-2106
Preprint. Discussion started: 4 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

We transfered both water column and porewater samples to plastic syringes pre-loaded with 0.1 M HNOj to ensure conversion
of dissolved inorganic carbon to CO, (Jilbert et al., 2020). At the remaining 48 locations, we took only the ice samples as de-
scribed above. From 29 randomly selected locations of the total 56 ice sampling locations, we determined bulk ice density for
uppermost and lowermost 5 cm of the ice by volume displacement in a measuring cylinder, assuming a density of 0.917 g cm™3
for solid ice with no gas inclusions (Mellor, 1980). From these data, we estimated the theoretical volume of gas space in the
ice samples.

We determined methane CH,4 and dissolved inorganic carbon concentrations in water and porewater samples by gas chro-
matography after headspace equilibration in the sampling syringes and transfer of headspace gas to Exetainer vials for storage.
Additionally, we determined CHy4 in ice samples after melting and headspace equilibration in Tedlar bags. Concentrations in

the dissolved phase were estimated using Henry’s Law applying solubility coefficients for CH4 and CO, from Wiesenburg and

Guinasso (1979) and Weiss and Price (1980) respectively.
2.8 Documentary filmmaking

We collected audiovisual material of the environment and the deployment activities, and conducted interviews with each
team member to make a 15 min long documentary for science communication, outreach, and education (https://youtu.be/
KPWAR8vktZjc). The documentarist opted for lightweight technical equipment not exceeding 15 kg to support agility. We
worked with a Sony A7s3 camera, two versatile lenses (24—70 mm 2.8 and 70—200 mm f4), and a 85 mm f1.8 fixed focal
length lens for the interviews. We preferred a RONIN DIJI electronic stabilizer over a shoulder mount and tripod to support
the filming on slippery surfaces. A Mavic3 drone captured the wide aerial shots of the lake to help give a sense of scale, and
we used a waterproof GoPro camera mounted to a stick for underwater images. The close-up photos of the ice and the aerial
images of the ice texture support the conceptual integration of the observations obtained with the different analysis techniques.
The audiovisual dataset is 220 GiB large but not included in the publicly available data repository because of personal rights

constraints.

3 Data examples and initial observations
3.1 Ice thickness

The homogeneous sampling of the system-scale in-situ ice thickness provides essential ground truth observations for referenc-
ing and calibration. Measurements collected during the seismic instrument deployment yield values between 11 and 30 cm,
with a mean of 20.7 cm (Fig. 7a, g). At the time of the geochemical sampling, we find that the thickness scales of the soft
surficial ice layer and the hard basal ice layer are around 2 cm and 25 cm, respectively. During the instrument recovery, values
ranged between 21 and 35 cm with a mean of 26.4 cm (Fig. 7b, h). The time between paired measurements at the same site
ranged from 19 to 22 days and revealed a thickness increase ranging from 1 to 10 cm with a mean of 5.6 cm (Figure 7c, h).

This corresponds to a relative growth between 4% to 60%, with a mean increase of 28% (Fig. 7i). The spatial ice thickness
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distribution is heterogeneous. At first the ice tends to be ~5 cm thicker in the more narrow bays in the western and eastern
parts of the lake (Fig. 7a). This spatial variability is persistent (Fig. 7b) but decreases during the duration of the experiment
because the ice thickness difference and the growth ratio are larger in the central area (Fig. 7c, d). Potential variations across

the rift zone (Fig. 1) are not resolved with the station location sampling.
3.2 Seismic data
3.2.1 Data availability and quality

After deinstallation the geophone data was downloaded from the GSB loggers. Records in the proprietary Geospace format
were first converted to SEG-Y and then to MiniSEED using ObsPy tools (Beyreuther et al., 2010). With 98.7% (Strobel et al.,
2026) the geophone data availability is very complete. The missing fraction is associated with data gaps at only three stations
on land, lake ice, and on the Array A concrete slab.

The data return from the three accelerometers is also almost complete with 99.9%, except for the sensor in the center
of Array B with its 15 short gaps of 11 to 120 s. The data return from the eight seismometers is 98.85%. The longest gaps
associated with drained batteries are observed at two sensors for 19 February 2025 21:05 to 22 February 2025 09:16 (UTC) and
for 20 February 2025 00:44 to 21 February 2025 14:48. Two stations have full records, and the remaining four seismometers
yield records that contain only a few gaps of several seconds to a few minutes length. At one Array A station strong tilt yield a
loss of ice motion observations between 13 February 2025 15:00 and 21 February 2025 15:00 since only recenter attempts of
the sensor are recorded.

The rotation sensor has a major data gap between 16 February 2025 22:22 and 19 February2025 13:58 that we attribute
to reception problems of the GNSS antenna. The records have a time difference of around 1.5 s compared the co-located
seismometer before the gap but no time difference immediately after the manual restart. Several short overlaps of data as well
as short gaps occurred when a new file is written at midnight. The overall data quality varies across the deployment period.
The records contain significant amplitude spikes which are most likely artifacts from the sensor. The measurement principle of
the rotation sensor (Schreiber et al., 2009; Rossi et al., 2025) yields constant time series offsets that are governed by the earth’s

rotation. However, the observed offset values differ from these predictions which implies the need for calibration.
3.2.2 Ice wave field signatures

Despite the repeated acquisition glitches of the rotational sensor, the obtained icequake waveforms shown in Figure 8a are
consistent with the observations from the other three colocated sensor types that are all obtained at the central Array A. For
comparison the geophone and seismometer data is differentiated. The three observations of vertical acceleration exhibit the
theoretically predicted in-phase relationship with the transverse rotation rate (Igel et al., 2007). The vertical component records
show the dispersive quasi-Scholte mode QS with its typical pattern of fast high frequencies and slower low frequencies (Moreau

et al., 2020), a behavior that is further illustrated by the corresponding wavelet-decomposition spectrogram in Figure 8b.

11



320

325

330

335

340

345

350

https://doi.org/10.5194/egusphere-2026-2106
Preprint. Discussion started: 4 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Figure 9a shows three component geophone records of the first hammer shot at shot point 10 of the center line (Fig. A2).
Using data from various azimuths the records exhibit the three predominant wave types in floating ice layers, and the arrivals
can be analyzed at least up to 1 km distance. The first arrival is the undispersive quasi-symmetric QSy mode on the radial
component that is followed by the horizontally polarized shear-mode SHy on the transverse component. The third arrival is the
strongly dispersive quasi-Scholte mode QS on the vertical component. From these moveout patterns we estimate the velocity
of the non-dispersive QSy and SHy modes as 30094+60 m s~! and 1638420 m s~ !, respectively, assuming 0.01 s pick accuracy
(Table 3).

For natural icequake events the signal can be less strong. In the example in Figure 9b lower amplitudes result in a corre-
spondingly lower signal-to-noise ratio, and the QS mode is not excited at all. Continuous geophone seismograms (Fig. 9c)
indicate stronger seismic activity during the first half of the deployment until around 21 February 2025. The associated spec-
trogram indicate propagating energy in a broad frequency range between 0.4 and 1,000 Hz (Fig. 10a). These periods of high
seismic activity last for several hours, and correlate with episodes of significant air temperature cooling events on 13, 16, 19,
and 20 February 2025 (Fig. 10a). Figure 10b quantifies the frequency dependent correlation of high seismic energy with low
temperatures. After 21 February 2025 the seismic activity is much lower. In the spectrograms we can discern daily variations
of seismic activity, the more active periods are observed during day times. This suggests that the seismic activity of the lake
ice layer is governed by the mechanical response to ambient air temperature variations.

At frequencies below 0.2 Hz the broadband data activity pattern differs compared to the higher frequencies (Fig. 10c).
The pattern in the 0.03—0.2 Hz range shows elevated amplitudes that last from several hours to several days. These episodes
correlate with faster wind speeds (Figs. 10c, 2¢) and wind gust speeds (Figs. 10c, Ala). The frequency dependent strength of
the relationship is quantified in Figure 10c which shows correlation coefficients up to 0.8 between wind gust speed and seismic
activity of the hourly sampled data.

The collective seismic response of the lake ice layer is summarized in example probabilistic power spectral density (PPSD)
plots in Figure 11 for geophone data (top row) and broadband data (bottom row). Comparing the color-coded amplitudes of
the spectrograms (Fig. 10a, c) to the PPSD amplitudes shows that energy above —100 dB at frequencies higher than 0.2 Hz
is related to the active periods in the first half of the deployment. Energy at lower frequencies is associated to hydro-elastic

propagation excited by local wind forcing (Valero Cano et al., 2026), and possibly microseisms.
3.2.3 Circular arrays beamforming

After these single sensor data examples we analyze the velocity and azimuth of seismic waves in the 1 —3 Hz frequency range
using cross-correlation beamforming (Ruigrok et al., 2017) that we apply to one-hour vertical-component waveforms recorded

1 associated with the obtained

by the three circular arrays. On average, seismic wave velocities range between 20 and 100 m s~
10-50 s km~! slowness (Fig. 12, Table 3). This is significantly slower compared to the QSg and SHy mode velocities estimated
from the hammer shot moveout. However, these values are consistent with the velocity of quasi-Scholte waves (QS; Stein
et al., 1998), suggesting that QS waves dominate vertical-component ice motions in the 1—3 Hz frequency band. Our manual

inspection indicates that, for the most part, the hourly average incidence direction differs for the three arrays, i.e., sources
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Mode Velocity (ms~') Frequency (Hz) Data type

QSy 3009160 >5 radial component hammer shot data

SHo 1638+20 >5 transversal component hammer shot data
QSp 3380+£140 2-24 RR ambient noise correlations

SHy 1824480 2-24 TT ambient noise correlations

QS 20-100 1-3 Z7Z ambient noise correlation beamforming

Table 3. Seismic wave speed estimates of different modes obtained from different data types and with different methods. The QS mode

wave speed obtained from ZZ ambient noise correlations is 2850 & 50 m s~ .

vary on spatial scales that tend to be shorter compared to the inter-array distance. However, the arrays intermittently record
energy that arrives from a consistent azimuth. Figure 12 shows beamforming results that indicate a coherent source region
in the N225°E direction. This coincides with the major ice fracture or rift zone. The temporal variability of the associated
wave field coherency suggests that circular beamforming data can be used to resolve the response pattern of this feature to
environmental drivers. More generally, beamforming helps to investigate the distribution of ambient noise sources in the Lake

Pidjéarvi environment.
3.2.4 Ambient seismic noise correlations

We expect that the spatial variation of elastic ice properties can be imaged using ambient field correlation tomography, similar
to crustal scale passive surface wave imaging. Here we explore the data quality of the ambient ice vibration correlations and
estimate average wave propagation speeds and elastic moduli. We use 21 days of continuous waveforms recorded by the
monotile geophone array to compute radial-radial (RR), transverse-transverse (TT), and vertical-vertical (ZZ) ambient noise
correlations. We organize waveforms in daily segments, remove their mean, the linear trend, and the instrument response, and
downsample to 100 Hz. We divide waveforms into half-hour segments and apply spectral whitening (Bensen et al., 2007) in
the 1—30 Hz frequency band. Following waveform rotation, we compute the daily RR, TT, and ZZ noise correlations between
all station pairs, normalize them by their maximum value, and then linearly stack all noise correlations for the same station
pair and component.

Figure 13 shows the RR, TT, and ZZ noise correlations filtered in two frequency bands. The gathers are constructed from
all 21945 station pairs. Correlations are stacked using a 50 m bin width. The RR and TT data (Fig. 13a, b, d, e) resolve
system-scale propagation of high-SNR non-dispersive seismic arrivals on both correlation branches at all frequencies with
average velocities of 3380 m s~! and 1824 m s~*, respectively (Table 3). The same values are obtained from the corre-
sponding frequency-wavenumber (FK) spectra. Considering that quasi-symmetric QS,, waves dominate radial ice motions and
horizontally-polarized shear waves SH,, govern transverse ice motions (Moreau et al., 2020), we infer that RR noise correla-
tions exhibit QS,, propagation and TT noise correlations SH,, propagation. Here we observe the fundamental mode of these
waves because the product of their frequency and ice thickness remains below 50 Hz-m (Moreau et al., 2020). In contrast, the

77 correlations (Fig. 13c, f) show a distinct frequency dependence of the overall lower spatial coherence of the reconstructed
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propagation. These moveout patterns and the corresponding FK spectra show, however, that the mode is not dispersive. The
estimated speed of this low-SNR arrival is 2850 m s~!. We interpret this to be motion associated with the longitudinally po-
larized QS mode that also produces a small vertical displacement. We attribute the difference in wave speed estimates of this
mode obtained from the RR and ZZ data to the different signal strengths. The energy partitioning across the two components
is compatible with observed QS icequake motion discussed below (Section 3.3).

The ZZ correlation gathers contain further a ~330 m s~! fast coherent acoustic signal that couples to the installed geophones
and that can be observed at the kilometer scale. Acoustic energy can at least partially be attributed to the frequent operation
of snowmobiles and all terrain vehicles on the lake ice for the deployment and station maintenance or recreational activities.
Correlation gathers obtained with data from the three circular beamforming arrays and the 100 m long line array show the
consistent reconstruction of the slow, dispersive QS mode discussed in Section 3.2.3, that we do not, however, reconstruct on
the large lake array. This highlights the need for multiscale observations to resolve the rich elastic wavefield in seasonal floating
lake ice.

The Poisson’s ratio v and Young’s modulus E of a uniform, isotropic ice plate floating on a finite water column are (Stein
et al., 1998)

2

u12(CSH"> : M
€Qs,

and

E:p(cQSU)2 (1—1/2), (2)

where cgp, is the velocity of SHy waves, cqgs, is the velocity of QSy waves, and p is the ice density. Using an average
csh, = 1850 m s~1 and cgs, = 3400 m s~ ! inferred from our noise correlations, and p = 910 kg m~2 (Moreau et al., 2020),
we obtain v = 0.42 and E' = 8.59 GPa. These values are near the upper limit of typical observations (Hunkins, 1960; Moreau
et al., 2020), suggesting that the Lake Paijdrvi ice is comparatively stiff, which is compatible with the visual assessment and

the interaction with the ice during the deployment.
3.2.5 DAS data and observations

We examine the power spectral density (PSD) of the DAS channels to assess the data quality and the frequency content of
the recorded signals. The PSD derived from 24 hours of data recorded on 15 February 2025 (Fig. A3) exhibits discontinuities
along the cable that coincide with the two bending points. For example, the contrasts marked by the red lines correspond to
the coiled ends of the cable, and the contrast marked by the left black line corresponds to the first cable corner. The spectral
power at 40—60 m along the cable is notably high below 0.1 Hz, likely because this cable segment lies on the lake shore and
has poor coupling. The most energetic frequency bands are 0.1—1 Hz and 10—100 Hz. Examination of PSDs from other days
show considerable spectral power variations in these two bands that are related to icequakes and other transient signals.

Our manual inspection of DAS waveforms in these two frequency bands yields hundreds of icequake detections with dura-

tions ranging from a few milliseconds to several seconds. Figure 14 shows an icequake record from 21:42 UTC on 19 February
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2025. At frequencies below 10 Hz (Fig. 14a), dispersive QS waves with an apparent velocity between 10 and 50 m s~! are
observed at all DAS channels. QS propagation is not excited at frequencies above 10 Hz where the pattern is dominated by
QS and SHy modes with apparent velocities of 3400 and 1850 m s~ !, respectively (Fig. 14b). In both panels, the first seismic
arrival appears at 615 m along the cable, which suggests the icequake is located in the vicinity of the N45°E trending second
DAS cable segment, which can potentially be associated with field observations of a persistent long crack in this area. The
frequency-wavenumber (FK) transforms (Fig. 14c, d) further illustrate that QS waves are dispersive while QS and SH, waves
are not. QS waves are recorded along the entire cable, while SHy waves are absent in the second cable segment between 436
and 736 m. Because DAS systems are insensitive to motion orthogonal to the cable orientation, this suggests that SHy waves
propagate predominantly perpendicular to the second cable segment.

We analyze the correspondence between the DAS strain-rate records and strain-rates derived from particle velocity measured
by the 100 m long 26 geophone line array that we deployed along the cable. For this, we convert particle velocity to strain-rate

using (Wang et al., 2018)

é(x)zi[d(m—l—é)—d(m—g)]. )

Equation 3 states that the strain-rate € at position x, averaged over the gauge length L, equals the difference of particle velocity
1 recorded at the gauge ends divided by L. Figure 14e compares a DAS strain-rate waveform recorded at 153.6 m to a strain-
rate waveform derived from the two geophones that are closest to the corresponding DAS gauge ends. Although the signals
represent strain-rate averaged over different spatial segments—the DAS gauge length is 9.6 m and the distance between the
two used geophones is 8 m—, they show a consistent QS arrival. The colocated data have been used to correct the DAS system
time stamping, and it can be further applied to calibrate DAS strain rate amplitude measurements and spatial gradient estimates

from geophone data.
3.3 Acoustic wave field features

Strong acoustic icequake signals with 20 dB and more power above the background level were primarily observed during night
times in the periods from 18 to 21 February 2025 and from 2 to 4 March 2025. Other periods were dominated by wind and
other environmental noise. The one second long records of a representative icequake signal shown in Figure 15 illustrate the
seismo-acoustic coupling. We estimate a backazimuth of 104° by rotating the horizontal geophone components to maximize
the amplitudes of the QSy and SH arrivals on the respective components. The vertical component seismic data (Fig. 15b) show
the small-amplitude impulsive QS arrival at 0.192 s that is followed by the dispersive QS mode with energy in the 20—500 Hz
range starting at 0.24 s. The peak amplitude on the radial component (Fig. 15c) is now associated with the impulsive QS
arrival, and at 0.215 s the SHy mode dominates the transversal component (Fig. 15d).

The associated broadband acoustic signal (Fig. 15a) was recorded 15 m away from the line array geophone location. The
acoustic signal corresponds to the geophone displacement record for frequencies for which the phase velocity in ice ¢jce i
larger than c,;;, and shows the same dispersion in that high-frequency range. The dispersive acoustic signal transitions into a

monochromatic wave train with a coincidence frequency f.~ 120 Hz. At f. the two phase velocities match and the corre-
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sponding equal wave lengths in ice and air lead to a resonance-like phenomenon and an efficient coupling of air waves that
propagate with the speed of sound (Press et al., 1950; Schmelzbach et al., 2025). The monochromatic wave train ends at the
arrival time of the direct air wave that propagates from the source to the microphone. We attribute the poorly expressed air wave
arrival in our records compared to observations by Romeyn et al. (2021) and Schmelzbach et al. (2025) to higher environmental
noise.

The duration §tacw of this monochromatic signal is proportional to the source-receiver distance (Schmelzbach et al., 2025).
With a §tacw length of 0.165 s and an approximated group velocity UP® a2 2 ¢, (Press et al., 1950) of 600 m s~ ! the source-
receiver distance can be estimated to 99 m. Alternatively, we can use the standard S minus P travel time approach to constrain
this distance. We can estimate the corresponding SHy minus QS differential time from the observations of the QSy and SHy
arrivals (Fig. 15c¢, d) and use the associated velocity measurements from Table 3. The values obtained from hammer shot
data and noise correlation moveouts yield 83 m and 93 m, respectively, which agrees well with the dtscw-based estimate, in
particular if we consider the 15 m distance between geophone and microphone.

The coincidence frequency is primarily controlled by the ice thickness &, the air temperature, and the elastic properties and
density of water, ice, and air. Using Equation 15 in Romeyn et al. (2021) in a grid search and considering parameter values that
are representative for the ambient conditions at Lake Paijirvi, a frequency of ~120 Hz corresponds to an ice thickness of 26
to 28 cm on 19 February 2025, which is again consistent with the in-situ measurements (Fig. 7). This consistency supports the

deployment of acoustic sensors along the shore for passive estimates of average ice properties.
3.4 Ground Penetrating Radar sounding

Application of standard GPR travel time data processing yields the segmented reflection profile shown in Figure 5. The first
D indicated arrival is the direct wave that propagates horizontally in the air between the source and receiver units of the GPR
antenna. During the survey the ice was coated with a patchy snow cover not thicker than 2 cm that did not form a coherent snow-
ice interface. The main arrival is the large amplitude reflection R at the ice-water interface at the base of the ice layer. After the
R arrival, the reflection profile exhibits a ringing pattern likely associated with reflection multiples (Miners et al., 2002) within
the ice layer. The average two-way zero-offset travel time 7 is approximately 2.4 ns. With an average ice thickness of 22 cm,
the electromagnetic (EM) wave velocity v is 0.18 m ns~!. This is slightly higher than the 0.167 m ns~! estimated for solid ice
(Liu et al., 2014). Our larger velocities are compatible with properties of a softer ice layer containing entrapped air, as observed
in the core samples (Section 3.6), which can increase the bulk EM wave propagation velocity. The generalized depth equation
of the GPR is h = ¢1/2/ \/€r, where c=0.3m ns—! is the velocity of the electromagnetic wave in vacuum (Liu et al., 2014).
Together with the obtained estimates for v the dielectric constant is €, &~ 2.68, and this relatively low value has been associated
with compact snow (Liu et al., 2014). This is consistent with our other observations of the lake ice characteristics that differ
from sea ice.

We can resolve a decrease in the R reflection travel time from the first to the second segment, which coincides with the
thinning of the ice illustrated in Figures 5 and 7a. The profile also resolves an increase in the travel time in the north-east

bay which is compatible with the 30 cm thickness estimate at the time of the acquisition. The three central segments exhibit
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stronger travel time fluctuations along the profile compared to the western and eastern segments. Such fluctuations are typically
related to the ice thickness and the roughness of the ice-water interface (Liu et al., 2014), but the 7 dependence on the dielectric
constant implies that spatial heterogeneity in the ice properties affecting ¢, can also govern the observed travel time patterns.
It seems plausible to use high-resolution seismic observations of h along a GPR profile in combination with ¢, dependent

amplitude reflection coefficients to constrain €, as an indicator of the ice composition.
3.5 Hydroacoustic sounding observations

An example echogram derived from data collected over several hours on 11 February 2025 is shown in Figure 6¢. While the data
were processed using our standard workflow for wideband split-beam echosounder analysis, the unconventional deployment
geometry necessitated additional processing steps to enable robust target tracking. Specifically, two transducers were operated
sequentially and oriented at an angle of 45° relative to the vertical axis (Fig. 6a,b), producing a non-standard sampling geometry
that complicates conventional single-beam target identification. The elongated streaks observed in the echogram likely indicate
moving acoustic targets, primarily fish and potentially also rising gas bubbles. Discriminating between these target classes,
however, requires further analysis. In particular, resolving the abundance and characteristics of bubble targets is essential for

quantifying seafloor gas ebullition at the three sites (Fig. 6d).
3.6 Environmental Geochemistry analysis results

Figure 16a sketches the geochemical sampling strategy using the same symbols and colors as in panels (b) to (d) and in
Figure 6d. We observed highest CH, concentrations around 10 to 1000 gmol L~ in sediment porewater samples, with lower
concentrations in water and ice samples, ~0.01 to 0.1 ymol L~! (Fig. 16c). However, all 161 measurements of dissolved CH,
exceeded the calculated equilibrium value of 0.005 gmol L~! at the time of sampling, indicating oversaturation and a potential
flux of methane from the lake to the atmosphere. Concentrations of dissolved inorganic carbon DIC were similarly highest in
the sediment porewaters, frequently in excess of 1000 pmol L1, and consistently 200—300 gzmol L~! in the water column
(Fig. 16d). Gas volume in the ice was in the range 0—10% for all samples (Fig. 16b). A significant difference indicated by a
Welch’s t-statistic of 2.57 and p = 0.013 was observed between the upper 5 cm of the ice column (mean gas volume 2.99%)

and the lower 5 cm (mean gas volume 1.43%).

4 Discussion

The diverse acquisition elements of our geophysical and geochemical experiments on 25 cm thick seasonal lake ice in south-
ern Finland at ~61°N include various seismic sensors deployed in different configurations, a fibre optic cable, a microphone,
Ground Penetrating Radar (GPR), hydroacoustic sounding, manual ice thickness probing, environmental geochemistry sam-
pling, and drone-assisted filming. Together, the different data types help establish reference observations for an effective reso-

lution of evolving lake ice properties using seismic signals that can support lake system scale environmental monitoring.
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The strongly dispersive QS mode and the weakly or non-dispersive QSy and HSy modes excited by hammer shots, icequakes,
and environmental sources are observed to varying degree on the broadband sensors, geophones, the rotational seismic sensor,
the fibre optic cable, and the microphone. The propagation speeds for the three modes inferred from beamforming and noise
correlations range approximately between 20-100 m s—!, 3000-3400 m s~ !, and 1650-1800 m s—! (Table 3), respectively.
We highlight the long range propagation of the longitudinally and transversely polarized QSy and HSy modes that support
correlation based system-scale lake ice imaging. The dispersive QS mode leaks energy into the water column and is therefore
reconstructed on shorter ranges. These differences imply the need of multi-scale sensing to resolve the full elastic wavefield in
floating ice.

Array beamforming results obtained at three locations on the lake indicate spatio-temporally varying source regions of
seismic energy. More detailed icequake excitation patterns to resolve evolving lake ice dynamics can be obtained by applying
unsupervised detection and classification algorithms (Moreau et al., 2023) to the lake array geophone data. Many studies on
icequake source mechanisms focus on events in or at the base of glaciers or ice sheets (Walter et al., 2010; Hudson et al.,
2019, 2020; Chmiel et al., 2023; Umlauft et al., 2023). Data from the monotile lake array configuration is expected to improve
our understanding of failure modes and the governing driving mechanisms in floating ice whose geometry differs from the
thick sheets. The lake shore network collects observations to quantify the energy flux across the shore.

Our calibration of fibre optic cable signals with strain estimates along a geophone line array highlights the benefits of
pooled sensor deployments, which can be important for icequake magnitude estimates (Moreau et al., 2023). This calibration
principle can be applied to a comparison of array derived and direct rotational motion (Bernauer et al., 2021), which allows
local estimates of wave propagation and ice properties. Our observations related to the resolution and sensitivity of the different
colocated sensors, and the experience gained regarding experiment design and deployment logistics can inform the planning
and execution of follow-up experiments on other lakes with similar characteristics.

In situ ice thickness measurements through auger holes yield values between 15 cm and 35 cm, with average values around
20 cm and 26 cm at the beginning and end of the seismic deployment in February and March 2025, respectively. These values
and the spatial variations are compatible with the GPR reflection travel times and the GPR profile across the lake, and with the
coincidence frequency-based seismo-acoustic thickness estimates. Moreover, the ice displayed a clear layered structure with
basal horizons of harder primary and congelation ice overlain by softer superimposed ice as described by Leppéranta (2023).
On average, the basal layers were in the order 25 cm thick and the superimposed layers 2—5 cm thick, although with significant
spatial variability. Variable content of trapped gases between the two layers was evident from the estimation of density from the
uppermost and lowermost 5 cm sections of the ice sheet. The lowermost 5 cm, extracted entirely from the basal ice, contains
less trapped gas than the uppermost 5 cm (Fig. 16b), derived from a mixture of basal and superimposed ice. Variable thickness
of the basal and superimposed layers throughout the lake may thus influence locally the physical properties of the ice.

On average, our initial estimates of the mean Poisson’s ratio ¥ = 0.42 and Young’s modulus F = 8.59 GPa obtained from
seismic noise correlations indicate high values compared to other cryo-environments (Hunkins, 1960; Moreau et al., 2020).
Considering the high density contrast between methane gas (0.7 kg m—3) and ice (900 kg m~3), and that CH, gas bubbles

are encapsulated during lake ice formation (Walter et al., 2006; Walter Anthony et al., 2010), wave propagation is expected to
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be sensitive to CH4 concentrations in ice. This suggests imaging of lateral variations of greenhouse gas concentrations from
seismic data.

Emission of gas bubbles from sediments (ebullition) constitutes a substantial, albeit highly variable, fraction of the total
aquatic CHy flux (Rosentreter et al., 2021). Ebullition may however exhibit significant spatial and temporal variability, not
only between lakes but also within a single lake (Natchimuthu et al., 2016). Our geochemical analysis confirms an excess
concentration of methane in the water column and ice samples of Lake Padjarvi. However, concentrations in the ice samples in
the order 0.01 to 0.1 pmol/L suggest that methane is only a minor constituent of the trapped gas in Pédjarvi lake ice. Rather,
the higher concentrations of trapped gas in superimposed ice imply inclusion of air during secondary ice formation as a key
determinant of ice density. Quantification of ebullition rates from sonar data is pending, but is expected to confirm low overall
rates at the time of the experiment.

The intermittent, patchy (Fig. 4j), or absent snow cover during the approximately one month long field experiment offered
many views of laterally variable ice properties across scales. This refers to bubbles from the millimeter to centimeter scale
(Fig. 4i) which also exhibit various morphologies; crack patterns with crack lengths between millimeters and tens to hundreds
of meters; and hundreds to thousands of irregularly shaped, opaque ice floes on the meter scale (Fig. 4h) that were frozen into
a transparent black ice matrix that formed consistent macro-patterns on the kilometer scale. These patterns alternated with
structurally more homogeneous sections, and the corresponding micro- and macro-properties combined, including possible

effects of different gaseous phases, control the elastic wave propagation.

5 Conclusions

The notion that ice traps markers of environmental conditions that can be used to reconstruct past climate states underpins the
analysis of ice cores collected in glaciers and ice sheets. Seasonal lake ice properties and responses differ in multiple ways from
the thick glaciers, ice sheets, and also sea ice, but its evolving micro- and macroproperties similarly reflect the influence of the
governing forces and environmental drivers. Our initial observations and results made on Lake Padjdrvi imply that icequake
and ambient seismic wavefield tomography problems can be formulated to resolve ice thickness and elasticity parameters from
elastic waves. This allows us to explore the resolution of spatially variable ice structure and composition using tomography. The
obtained signals demonstrate the utility of active and passive seismic methods for studying aquatic systems at the system scale.
The combined results from this and follow-up surveys, tomographic images, and ground truth observations are important for
the integration and calibration of remote sensing and satellite observations (Engram et al., 2020; Boesch et al., 2021; Tsuruta

et al., 2025; Kiviméki et al., 2025) for a more accurate and complete assessment of environmental processes.

Data availability. The dataset is available on https://doi.org/10.23729/fd-05823461-d7c4-3b8d-961a-9836b46e77ec (Strobel et al., 2026)
after an embargo period that ends 1 May 2028.
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Video supplement. The 15 minutes documentary is published on the University of Helsinki YouTube channel, https://youtu.be/KPWAS8vkfZjc.
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Figure 1. (a) The location of Lake Pidjérvi in southern Finland. (b) The environment of Lake P#djarvi features elevations on the tens of

meters scale. The town of Lammi is located in the upper left. Bathymetry data are from the Finnish Environment Institute (SYKE) (2016).
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Figure 2. Most relevant meteorological data. (a) The air temperature is measured at Lammi Biological Station. Shades of gray indicate
deployment phases. (b) Zoom-in on the temperature profile during the deployment on the lake. (c) The wind speed records obtained during
the same time window are measured at stations Sikkala Pulkkilanharju and Himeenlinna Katinen that are located about 30 km north-west

and 35 km west of Lake Padjarvi, respectively.

27



https://doi.org/10.5194/egusphere-2026-2106 d
Preprint. Discussion started: 4 June 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

DAS cable

(] © .
@ L ]
100 m

Line Array\[

AN

A °

°
@ Arrays @ Microphone
e Geophone [@ DAS interrogator unit
O Seismometer —— DAS Cable
A Accelerometer &) aperiodic specter
@ Rotation Sensor monotile geometry
0 1

2 km ‘:

Figure 3. Overview of the seismic deployment elements including the lake shore network, the monotile lake ice array, the three circular

arrays, and the line array along the fibre-optic cable of the Distributed Acoustic Sensing system.
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Figure 4. Impressions from the ice deployment. (a) An installed geophone (blue) with GSB data logger (white). (b) A geophone is installed
on the ice. (c) The center of Array A with seismometers under the white buckets. Batteries and data loggers are stored in the black boxes.
The six batteries on the pallet are powering the rotational seismometer in the aluminum box. (d) Inside the aluminum box are the rotational
seismometer (lower left), a seismometer (lower right), an accelerometer (upper left), and a geophone (upper right). (e) The microphone array
box is mounted on a tripod at 70 cm above the ground. The line array and marking sticks along the DAS cable are visible in the background.
(f) The fibre optic cable lies on the snowy surface of the ice. (g) The rift zone (Fig. 1). The view is to the north. (h—j) Impressions of the

spatially variable structure and composition of the ice at different scales.
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Figure 5. Ground Penetrating Radar (GPR) observations along the purple indicated profile across the lake. The blue colors on top reproduce
the in-situ ice thickness measurements shown in Figure 7a, and the red areas mark the rift zones indicated in Figure 1b. The radargram of the
GPR measurements is plotted along the transect. A direct wave (D) between the transmitter and the receiver antenna appears as a continuous

horizon across all five segments. The ice-water interface reflection (R) indicates variations in ice thickness and properties.
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Figure 6. (a) The cartoon of the hydroacoustic sounding experiment refers to the sounding system, including a laptop, a 4G-modem, and
the power supply on the ice, and to monitoring targets in the water column. (b) The two transducers of the echosounding system operate
below the ice. (c) Reflection signals obtained with the echosounder. (d) Locations of the 56 geochemical sampling sites and the three
echosounder deployments. At low sampling intensity sites (purple) only soft and hard ice layer thickness are measured. Intermediate sampling
intensity sites (green) add measurements of CHy concentrations in ice. High sampling intensity sites (yellow) add again measurements of
CH4 concentrations in water and sediments, dissolved inorganic carbon in water and sediments, and temperature and dissolved oxygen in

water.
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Figure 7. Ice thickness data. Ice thickness was measured during the (a) deployment and (b) during the retrieval of the instruments on the ice
at every geophone location. We conducted the measurements within (e) a five day window and (f) a two day window respectively. Histograms

of the (g) thickness measurements, (h) the thickness difference, and (i) the relative growth.
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Figure 8. Bandpass filtered waveforms and a spectrogram of a hammer shot recorded with multiple instruments. The hammer shot was
applied at location 10 in the center line in Figure A2. (a) Waveforms recorded with multiple co-located instruments at Array A (Fig. 3). The
geophone (green) and seismometer (yellow) velocity records are differentiated in time to match the accelerometer (blue) data and to be in
phase with the rotational (red) data. The waveforms are consistent and show the typical dispersive pattern of the QS mode. (b) The broadband

record of the geophone and its wavelet spectrogram show the dispersive nature of the QS mode.
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Figure 9. Seismic data examples. (a) Hammer shot signals from location 10 of the center line show the three QSy (green), SHy (red), and QS
(blue) modes on different components. The station at ~700 m shows a much smaller signal because the sensor is located behind an island.
(b) Corresponding signals of an icequake. The amplitudes in panels (a) and (b) are scaled by the squared distance to the source for better
visibility. (c) Vertical component record of the full 23-day dataset of station DA 104 in the central part of the lake exhibit intermitted sequences
of high seismic activity in the first half of the deployment, and a quiet period in the second half. We observe this pattern consistently at all

on-ice stations across the whole lake.
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Figure 10. Comparison of seismic energy and meteorological data for February 2025. (a) A spectrogram of vertical component geophone
data and air temperature data. (b) Frequency dependent correlation between seismic energy and air temperature. (c) A spectrogram of vertical
component broadband data and wind speed data. (d) Frequency dependent correlation between seismic energy and wind speed. Spectrograms

in panels (a) and (c) are obtained using 5 and 60 min windows, respectively, with 80% overlap.
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Figure 11. Probabilistic power spectral densities (PPSD). The PPSDs of (a—c) geophone and (d—f) broadband seismometer three component

data are calculated from the full 20-day recording using window lengths of 300 s and 1 h, respectively. The instruments were co-located in

Array B.
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Figure 12. Cross-correlation beamforming results using vertical-component waveforms recorded by the circular arrays between 13:00 and
14:00 UTC on 15 February 2025. The orange symbols indicate the array locations on the map, and the contours of the beamformer output

indicate slowness in s km~'. The red areas indicate major rift zones of the lake ice.
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Figure 13. Ambient field correlation gathers filtered between (a—c) 2—8 Hz and (d—f) 6-24 Hz. The bin width is 50 m. Correlations are scaled
by the largest amplitude in each distance bin. The estimated propagation velocities of the QSy mode in the radial-radial RR data, the SHy
mode in the transverse-transverse TT data, and again of the vertical component motion of the QS mode in the vertical-vertical ZZ data are
3380 ms~ !, 1824 m s ', and 2850 m s~ !, respectively. These modes are not dispersive, but the spatial coherence depends on frequency.

The ZZ data resolve acoustic propagation with a velocity of 340 ms™*.
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Figure 14. Data examples from the fibre optic cable. Icequake records from 21:42 UTC on 19 February 2025 at (a) low and (b) high
frequencies. The horizontal black lines in panels (a) and (b) indicate the three 400 m, 300 m, and 300 m long cable segments away from the
shore (Fig. 3). Black dashed lines in panel (a) indicate the minimum and maximum apparent velocity of QS waves. Green and blue dashed
lines in panel (b) indicate the apparent velocity of QSo and SHy waves, respectively. Panels (c) and (d) show the FK transform obtained from
data along cable segment three (736 - 1036 m). (¢) DAS system observations and colocated geophone records. The waveforms are normalized

by their maximum amplitude.
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Figure 15. An example of seismo-acoustic coupling. A seismic event recorded on (a) the microphone and (b—d) a line array geophone at
15 m distance. Geophone data are rotated into the ZRT system. The geophone components show the QSo and QS modes on the vertical and
radial component and the SHy and QS modes on the transversal component. The gray time series are unfiltered data and the black traces are
filtered between 1 Hz and 250 Hz. The bottom panels show the corresponding wideband spectrograms. In panel (a), the wavelet spectrogram

shows the dispersive QS mode until it transitions into the air-coupled wave.
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Figure 16. (a) Schematic of the sampling approach for determinations of dissolved methane (CHy). The yellow and green symbols correspond

to the high and intermediate intensity sampling protocols discussed in Figure 6. (b) Gas volume in the ice (percent of total volume) at 29

random locations sampled for the uppermost 5 cm layer and lowermost 5 cm layer. (c) Summary of all CHs concentration data by sample

type. (d) Summary of all dissolved inorganic carbon (DIC) data by sample type. In (c) and (d), the population size n by sample type is

indicated. The total number of CH4 samples is 161. Boxes in (b), (c), and (d) show the interquartile ranges, whiskers represent the range of

observed values within 1.5 times the interquartile range, and crosses represent the arithmetic mean. In (b), all data points are shown, whereas

in (c) and (d) only points outside the whiskers are shown. Note that CH4 at equilibrium with atmosphere is ~0.005mol/L.
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Figure Al. Meteorological observations during the on-ice deployment (Finnish Meteorological Institute, 2025). (a—b) Wind gust speed

and wind directions recorded at Asikkala Pulkkilanharju and Himeenlinna Katinen, 30 and 35 km from Lake Padjdrvi, respectively. (c) Air

pressure, (d) dew point, (e) relative humidity, (f) precipitation amount and (g) snow depth recorded at Lammi Pappila at the Lammi Biological
Station. Shades of gray indicate deployment phases.
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Figure A2. Hammer shots were applied at 49 locations (blue stars) along five lines and in a circle around Array A.
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Figure A3. Spectrogram of DAS channel data recorded on 15 February 2025. Red dashed lines indicate coiled cable segments. Black dashed

lines mark the cable corners.
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