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Abstract. Studying seismic sources and wave propagation in ice plate can provide valuable insights into understanding 

various processes such as ice structure dynamics, migration, fracture mechanics, mass balance and more. However, the 10 

extreme environment presents challenges that result in limited in-situ dense seismic observations. Consequently, our 

understanding of the dynamic changes within the ice sheet remains insufficient.  We conducted a seismic experiment using a 

distributed acoustic sensing array on a frozen lake, exciting water vibrations through underwater airgun shots. By employing 

an artificial intelligence method, we were able to detect seismic signals that includes both high frequency icequakes and low 

frequency events. The icequakes clustered along ice fractures and correlated with local temperature variations. The 15 

waveforms of Low frequency events exhibit characteristics of flexural-gravity waves which offer insights into the properties 

of the ice plate. Our study demonstrates the effectiveness of a Distributed Acoustic Sensing array as an in-situ dense seismic 

network in for investigating the internal failure process and dynamic deformation of ice plate such as ice shelf. This research 

contributes to an enhanced comprehension and  prediction of ice shelf disintegrations. 

1 Introduction 20 

Cryo-seismology, due to its high temporal resolution capabilities, has attracted the attention of scientists in the fields of 

seismology, cryosphere, and climatology. It serves as a valuable tool for investigating glacier dynamics and comprehending 

intricate processes (Aster and Winberry, 2017; Podolskiy and Walter, 2016). Seismological records of the cryosphere can be 

utilized to study the dynamic process occurring on the surface or within glaciers, thereby facilitating the identification of the 

ice shelf damage and environmental changes and other fields. Large glacial earthquakes can be detected by global seismic 25 

networks (for example GSN), and their mechanisms have been extensively studied, which are considered to be associated 

with iceberg calving and capsizing (Ekström et al., 2003; Sergeant et al., 2019; Veitch and Nettles, 2017). However, local 

microseismicities (such as surface crevasses and basal slip events) can provide more insight into the dynamic change process 

of glaciers and facilitate the study of glacier disintegration mechanism (Helmstetter et al., 2015; Lombardi et al., 2019; 

Romeyn et al., 2021; Walter et al., 2013). Due to low seismic energy and high attenuation associated with these events, it is 30 

crucial to have closely spaced seismic stations (e.g., on the ice surface or in shallow boreholes) in order to accurately capture 
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and analyse the data (Röösli et al., 2014; West et al., 2010). However, the complex environment and logistical challenges of 

glaciers make it difficult to deploy in-situ seismometers for comprehensive monitoring. As a result, researchers even 

explored the potential of utilizing a single seismometer to study icequakes (Köhler et al., 2019). 

In recent years, the use of distributed acoustic sensing (DAS) arrays has been tested in glacier environments to study 35 

glacial structures and with advantage of large aperture and dense observation has been tested on glacier environment to study 

the glacial structure and detect its seismicities (Booth et al., 2020; Brisbourne et al., 2021; Castongia et al., 2017; Fichtner et 

al., 2022; Hudson et al., 2021; Walter et al., 2020). Hudson et al. (2021) conducted a study on using DAS to monitor basal 

icequakes at Rutford Ice Stream. In their research, they compared the performance of DAS with a geophone network in 

terms of microseism detection and location. The study found the DAS is outperformed the geophone network in monitoring 40 

the microseism signals. Their methodology and findings are heuristic for the applying of DAS in glacial environment. Walter 

et al. (2020) deployed a DAS network in Alpine terrain and they successfully detected glacier stick-slip events which are 

associated with glacier flow and nearby rock falls. Their work demonstrated the significant potential of DAS technology for 

seismic monitoring of glacier dynamics and natural hazards in the mountain region. These studies demonstrated logistical 

feasibility of installing a large, high-quality DAS network in glacial environments. However, the deployment of DAS on ice 45 

shelves for studying the interaction between water and ice has been limited. 

In this study, we deploy a DAS network on the Xiliushui Reservoir, a frozen lake in Gansu Province, China to explore 

the effectiveness of using a DAS array for monitoring the cracking and dynamic flexure of the ice plate (Fig. 1). Seismicities 

have been observed on frozen lakes similar to icequakes in ice shelf (Dobretsov et al., 2013; Kavanaugh et al., 2018; 

Ruzhich et al., 2009). Nziengui-Bâ et al. (2022) measured the thickness and Young’s modulus of the ice pack of a lake with 50 

DAS using hammer signal. Fichtner et al. (2022) deployed fiber-optic cable on a frozen lake of a volcano and detected the 

volcanic tremor. In our study, we employed underwater AirGun Excitation (AGE) to generate water waves and recorded the 

resulting water vibrations. Using an AI-based method, we successively detected and classified various seismic events, 

including both icequakes and Low Frequency Events (LFEs). Subsequently, we conducted an analysis of the seismic signals, 

examining their waveform characteristics, occurrence rates and locations. One of the key aspects of our analysis involved 55 

estimating the stiffness of the ice plate by studying the dispersion of flexural-gravity waves excited by LFEs. Finally, we 

discussed implications of our experiments for understanding the dynamics of ice shelves in natural settings.  

2 Experimental setting 

The experimental site for our study was the Zhangye airgun active source platform, located in Xiliushui Reservoir, the 

secondary reservoir of Zhangye Longshou Hydropower Station in Qilian Mountain, Zhangye City, Gansu Province, China 60 

(Fig. 1). The average elevation of the Zhangye airgun active source platform is approximately 1900 meters. The water depth 

of the Xiliushui Reservoir ranges from 45 to 65 meters, and during the winter of Northern Hemisphere, the ice thickness in 

the reservoir reaches around 0.5 meters. The active airgun source used in this study was positioned at the centre of the lake, 
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submerged at a depth of 15 meters beneath the water surface (Wei et al., 2018). It has been observed that the bubbles 

generated by the airgun can induce water vibrations, as described in the study by de Graaf et al. (2014). This makes the 65 

airgun an effective source for simulating ocean waves. The generated water vibrations closely resemble the characteristics of 

natural ocean waves, allowing for realistic and controlled experiments in the study of ice and wave interaction and related 

phenomena. 

In our experiment, a 1.2 km long fiber-optic cable was installed on the surface of the ice during the period of January 

6th to January 9th, 2020. The fiber-optic cable was laid in two circular patterns around the airgun floating platform. The 70 

inner circle is about 340 meters long, spanning channels 470 to 645, and the outer circle is nearly 800 meters long, 

encompassing channels 51-457 (Fig. 1). To ensure proper coupling between the fiber-optic cable and the ice surface, we 

poured water over the fiber-optic cable. As the water froze, it formed a solid bond with the ice, effectively coupling the fiber-

optic cable to the ice surface. The interrogator is an Ovlink DAS unit and the cable is a standard single-mode fiber-optic 

cable. In this experiment, we employed a gauge length of 2 meters, which refers to the length of the section of the fiber-optic 75 

cable used for measurements. The spatial sampling interval was set at 2 meters, and the temporal sampling rate was set at 

1000 Hz. The experiment commenced at 21:00 p.m. on January 6th (Beijing time) and concluded at 17:00 p.m. on January 

9th. Unfortunately, some instrument failures occurred during the afternoon of January 8th, resulting in an incomplete record 

between 11:00 p.m. and 13:00 p.m. During the entire duration of the experiment, a total of 65 hours of data, amounting to 

nearly 600 GB was recorded. Additionally, a CMG-40T three-component short-period seismometer, equipped with a RefTek 80 

130B data logger, was positioned on the shore to capture ground motion. This seismometer recorded data at a sampling rate 

of 50 Hz, providing complementary information to the recordings obtained from the fiber-optic cable setup on the ice surface. 

3 Seismic events 

Throughout the experiment, a total of 239 AGEs were conducted. However, due to an instrumental issue, only 223 

complete AGEs were successively recorded. Previous studies indicated that the near-field AGE waveform mainly comprises 85 

two components: the main pulse and low-frequency bubble signal. However, our observations with DAS revealed that the 

near-field AGE signal exhibit a distinct main pulse (Fig. S1 in the supporting information). Additionally, we observed that 

the similarity between different AGE waveforms was below 20% (Fig. S2 in the supporting information). The main reason 

for this phenomenon is likely to related to the short observation distance between the DAS array and the airgun source. This 

proximity may have caused the signal recorded by DAS to be clipped, resulting in the absence of a recognizable main pulse.  90 

In addition to the AGE experiments, we also conducted ten hammering experiments to measure the velocity of seismic 

waves propagating in the ice. The hammering signal primarily contained energy above 100 Hz (Fig. S1 in the supporting 

information). In the hammering signal, a relatively weak P wave signal can be observed. By analysing the DAS record along 

a line aligned with the hammering point, we estimated the P wave velocity in the ice to be approximately 3,200 m/s (Fig. S3 

in the supporting information). This estimation is consistent with previous research findings. For instance, study conducted 95 
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by Ewing et al. (1934) indicated that thick solid ice typically exhibits P-wave velocity ranging between 3,432 and 3,698 m/s. 

Similarly, Wen et al. (1991) reported that thinner ice layers are expected to have velocities ranging from 2,000 to 3,040 m/s.  

Apart from the AGE and hammering signals, our observations revealed two types of passive source signals (Fig. 2). The 

first type corresponds to icequakes that occur within the ice plate and are characterized by a dominant energy at high 

frequencies ranging from over 10 Hz to a few hundred Hz (Fig. 2). These signals are associated with longitudinal waves 100 

propagating through the ice plate that cause elongation along the fibre direction (Moreau et al., 2020). During the occurrence 

of some icequakes, the staff also reported hearing cracking sounds, which aligns previous observations reported by 

Kavanaugh et al. (2018). This acoustic evidence provides further confirmation of the dynamic activity within the ice plate 

during seismic events. The other type is characterized by energy primarily in the lower frequency range (1-10 Hz) and has a 

duration of approximately 1 second (Fig. 2). We termed them as Low Frequency Event (LFE). They typically emerged after 105 

AGEs and exhibit remarkably similar waveforms and moveouts as depicted in Fig. S4 in the supporting information.  

4 Detection and location 

The application of machine learning in seismology has experienced a significant growth in recent years. Machine 

learning techniques have been primarily focused on earthquake detection and phase-picking methods, often applied to 

regional and global earthquake that rely on conventional seismic networks (Zhu and Beroza, 2019; Zhou et al., 2019; Stork 110 

et al., 2020; Ross et al., 2018). In this study, we applied a convolutional neural network (CNN) known as You Only See 

Once (YOLO, version 5) (Redmon and Farhadi, 2018) to scan efficiently through the DAS data to detect the seismic events 

and classify them into three categories: AGE LFE and icequake. This CNN is designed for accurate real-time object 

detection in video files (Redmon and Farhadi, 2018) and has been successfully utilized for micro-seismic event detection in 

DAS records (Stork et al., 2020).We converted the record section of DAS waveforms to images. To enhance the signal-115 

noise-ratio (SNR), the DAS data is bandpass filtered within the range of 5-50 Hz and normalized based on the maximum 

amplitude of the entire record section. We assemble 6-second of data from all channels (51-645) into an image, ensuring a 50% 

overlap to prevent misdetection. We then down sample the image to a size of 600 by 600 pixels, resulting in each image 

being approximately 980 KB in size.  

To train the AI model, we manually inspected the seismic data from the first 12 hours and labelled 60 AGEs,122 LFEs 120 

and 360 icequakes. This dataset was then divided this into training, validation, and test sets using a 4:1:1 ratio. The catalogue 

of AGEs was well-established and used to evaluate the performance of the model. To accelerate the training process, we 

utilized GPU, which reduced the training time to approximately 3 hours. The performance of the model on the test set is 

depicted in Fig. S5. The confusion rate was found to be low, indicating accurate classification results. For instance, no AGEs 

were misclassified as icequake. The recall rate is the number of True Detectives (TP) divided by everything predicted as 125 

positive. TP is the True Prediction, that is, for example the icequake being detected as icequake. The recall rates for AGEs, 

LFEs and icequakes are 100.0%, 100.0% and 91.0%, respectively, while the precision for the three are 73.0%, 93.0% and 
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62.8%. This level of precision is comparable to the results reported by Stork et al. (2020), indicating statistically meaningful 

characteristics of the study area. Finally, we apply trained AI model to scan through the rest of the seismic data (39,280 

images). In total, we detected 14,498 icequakes and 9,391 LFEs.  130 

To gain deeper insights into the mechanism of the seismic sources, we locate the identified icequakes and LFEs, 

respectively. Here, we utilize an absolute location method based on the neighbourhood algorithm (Sambridge, 1999) for 

precise determination of the seismic source locations. We assume that the propagation velocity of seismic waves in the ice 

sheet is isotropic, and set it as an inversion parameter. Since the ice plate is thin, we assume the focal depth to be zero. We 

used a STA/LTA method (Stevenson, 1976) to pick arrivals. The short and long time-windows are set to 0.05 s and 0.25 s for 135 

icequakes, and 0.5 s and 2.5 s for LFEs, respectively. The travel time misfit is normalized by the maximum amplitude of 

each waveform. To assess the location error of our location method, we located those 10 hammering events. The results 

showed that the minimum, maximum and average location errors of hammering events are 5 m, 20 m, and 10.2 m, 

respectively (Fig. S6 in the supporting information). It is important to note that most of the location results exhibited a bias 

towards the north direction. This systematic deviation of the location results could be attributed to the systematic bias in the 140 

position of fiber-optic cable. Overall, the accuracy of the location in this study is acceptable. 

We detected 14,498 icequakes, exhibiting a clear diurnal cycle (Fig. 2c) and primarily clustered along the promising 

fractures (Fig. 2d). The number of icequakes does not seem to be associated with AGEs but is rather correlated with the local 

temperature variation (Fig. 2c). This phenomenon has also been reported by other studies, for instance, Goto et al. (1980) 

observed that there was a strong correlation between the occurrence of high icequake activity and the temporal variation of 145 

temperature differences within the ice plate. This reveals the nature of icequakes in our experiments as brittle failure of ice 

plate caused by uneven thermal expansion. The icequake interevent distribution follows a Poisson distribution (Fig. S7 in the 

supporting information), suggesting that the occurrence of icequakes is random, similar to tectonic earthquakes (Rydelek and 

Sacks, 1989). This implies that there is no specific temporal or spatial pattern governing the occurrence of icequakes, and 

they occur independently of each other. It provides valuable insights into the nature of icequake occurrence in the ice plate. 150 

This information is important for understanding the behaviour of icequakes and their relationship to other geophysical 

phenomena. It is worth noting the surge of icequake activity since the noon of January 9th probably indicates a heightened 

development of cracks within the ice plate. There also seems to be a slight delay between the icequake activity and the 

temperature, which is probably due to lag from thermal diffusion. According to the study of (Goto et al., 1980), the time lag 

is about 2 hours. In our study, we did not directly measure the ice temperature, but instead relied on the air temperature data. 155 

Future work should consider incorporating a combined approach using distributed temperate sensing (DTS) (Selker et al., 

2006) as well as in-situ DAS observations to establish a more accurate correlation between temperature variations and 

seismic activity. Besides, to gain a more comprehensive understanding of the relationship requires a longer observation 

period in real glacial environments. 
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Out of the total number of detected events, 9,391 LFEs were observed. These LFEs exhibit a tendency to cluster 160 

primarily in the central region of the lake, as well as in close proximity to the airgun floating platform (Fig. 2d). The analysis 

reveals a close association between LFEs and AGEs, with LFEs generally following AGEs closely in time. However, the 

detectability of LFEs may vary for different AGEs due to varying noise levels. It is observed that LFEs become more 

challenging to observe approximately 5 minutes after the occurrence of AGEs (Fig. 2c and further supported by Fig. S8 in 

the supporting information). In the meantime, the interevent occurrence of LFEs does not follow a Poisson distribution (Fig. 165 

S9 in the supporting information). These observations suggest that there may be a temporal relationship or dependency 

between AGEs and LFEs, indicating potential interactions or triggering mechanisms between these seismic events and LFEs 

are likely the water vibrations following the AGEs.  

5 Dispersion curve of LFE 

Extracting the dispersion relation from the waveforms of LFEs is a valuable approach to gain a deeper understanding of 170 

their physical mechanism and signal propagation. In order to enhance the signal-to-noise ratio (SNR) of the LFEs, we 

employed a technique of waveform stacking. This is applicable because the LFEs waveforms share a similar moveout 

patterns (Fig. S4 in the supporting information). By selecting a master LFE event, we aligned the waveforms of other LFEs 

by measuring the time shifts through cross-correlation analysis. This stacking process involves adding up the aligned 

waveforms, which effectively increases the amplitude of the coherent LFE signals while reducing the contribution of random 175 

noise. As a result, the stacked waveform provides a clearer and more distinct representation of the LFE activity, allowing for 

better analysis and interpretation of the underlying physical mechanisms. As a quality control, we applied a threshold for the 

cross-correlation coefficient to retain only the waveforms that exhibited a strong correlation with the master LFE event. 

Specifically, we considered waveforms with a cross-correlation coefficient greater than 0.7 as indicative of a significant 

correlation. This criterion ensured that only high-quality waveforms were included in the stacking process. The resulting 180 

stacked waveforms, which are shown in Fig. 3, exhibit a clear inverse dispersion pattern. This pattern implies that the LFEs 

with higher frequencies arrive earlier than those with lower frequencies. 

After obtaining the stacked LFE waveforms, we applied the multi-channel surface wave analysis method developed by 

Park et al. (1999) to extract the phase velocity dispersion curve. This method allows us to analyse the surface wave signals 

present in the stacked LFE waveforms and determine the variation of phase velocity with respect to frequency. In the 185 

frequency range of 1 to 15 Hz, the phase velocity of the LFEs varies from 20 to 160 m/s. This range of velocities is 

significantly lower than the typical shear wave velocity of ice, which is around 1400 m/s as reported by Hudson et al.  (2021). 

This dispersion curve displays the distinctive characteristic of the Flexural-Gravity Wave (FGW) (Williams and Robinson, 

1981), which is a special guided wave driven by restoring forces from ice plate flexure and gravity. It corresponds to the 

quasi-Scholte mode (QS) seismic wavefield of a floating ice plate (Moreau et al., 2020; Nziengui-Bâ et al., 2022).  190 
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The dispersion relation (relation of frequency (f) and wavenumber (k)) of FGW can be written as (Liu and Mollo-

Christensen, 1988), 

(2πf)2 =
(gk+Dk5−Qk3)

cothkH+kM
                                                                                                                                                        (1). 

g is gravity, k is wavenumber, H is the water depth which is 60 meters in this study. D is the bending modulus, which is a 

function of ice properties, D = Eh3/ρw12(1 − v2), where E is the Young’s modulus, υ is the Poisson ratio, h is the ice 195 

thickness which is 0.5 meters in this study, ρw is the density of water. Q is due to compression forces, Q = Ph/ρi, where ρi 

is the density of ice. M is due to the added mass of the ice sheet, M = hρi/ρw. Q is much smaller than gravity and flexural 

terms and can be neglected (Sutherland and Rabault, 2016). The dispersion equation can be rewritten as, 

(2𝜋𝑓)2 =
(𝑔𝑘+𝑘5𝐸ℎ3/𝜌𝑤12(1−𝑣

2))

coth𝑘𝐻+𝑘𝑀
                                                                                                                                        (2). 

The Young’s Modulus can also be determined with compressional wave velocity Vp, E = VP
2ρ(1 − v2), assuming v=0.33, 200 

according to the results from Fig. S3, E is 9.12 GPa. 

The dispersion of the FGW is largely controlled by the ice plate thickness and stiffness (Zhao et al., 2018; Sergienko, 

2017; Sutherland & Rabault, 2016; Timco & Frederking, 1983; Yang & Yates, 1995). Given a roughly known ice plate 

thickness (~0.5 m), we successfully explain the observed dispersion curve using the theoretical prediction of FGW (equation 

1) with an ice Young’s modulus (E) around 10 GPa. Following a Bayesian scheme, both thickness and the Young’s modulus 205 

can be estimated (Nziengui-Bâ et al., 2022). In this case, the Young’s modulus is 9.1±0.2 GPa, and the thickness is 48±0.1 

cm, respectively. 

6 Discussion 

Indeed, the effective modulus of ice is a measure of its elastic and viscous deformation characteristics, which can be 

influenced by various factors, including strain rate, temperature, density, ice type, purity and existence of cracks etc. (Sinha, 210 

1989). Considering the complex nature of ice and its sensitivity to various factors, understanding the effective modulus 

provides valuable insights into the deformation behaviour and mechanical properties of ice under different conditions. 

Researchers study these relationships to improve our understanding of ice mechanics and its applications in various fields, 

such as glaciology, geophysics, and engineering. In the study of Nziengui-Bâ et al. (2022), the Young’s Modulus are below 5 

GPa. They suspected that the value of E is underestimated due to snow layer covering the ice surface or 215 

inhomogeneity/porosity of the solid columnar ice layer. In this study, the lake surface is covered with clear ice free from 

snow, implying a stronger stiffness. In the study by Gold (1988), the Young's modulus of the ice plate was found to be 

within the range of 4.7-10.4 GPa. This range represents the stiffness or rigidity of the ice material, with higher values 

indicating greater stiffness. Northwood (1947) conducted an inversion analysis and estimated the Young's modulus of ice to 

be 9.8 GPa. This value falls within the range reported by Gold (1988) and provides additional support for the stiffness of ice. 220 
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Another study by Petrovic (2003) reported a slightly wider range for the Young's modulus of ice, between 9.7 and 11.2 GPa. 

This range encompasses the values reported by both Gold (1988) and Northwood (1947), indicating consistency in the 

estimation of ice stiffness. 

Deformations caused by ocean waves, such as FGW, play a significant role in the stability of ice shelves and can 

potentially result in their fragmentation or trigger calving events (Collins III et al., 2015; Liu and Mollo-Christensen, 1988), 225 

however, previous studies have had limited direct observations of the dispersion of the FGW (Sutherland and Rabault, 2016). 

In this work, we successfully obtained clear recordings of the FGW using DAS. Actually, the dispersion of FGW is more 

sensitive to the ice plate thickness, this approach holds significant value, particularly in cases where the determination of ice 

thickness is not well resolved, as commonly encountered on ice shelves. Therefore, the accurate recording of FGW on DAS 

provides a valuable means for inferring both the ice shelf thickness and stiffness. In the case of a cracked ice plate, it is 230 

commonly observed that the stiffness usually decreases compared to the elastic modulus of the individual grains, which 

typically measures around 12 GPa. This suggest that the thickness of the grain boundaries could potentially be estimated 

using the effective modulus value (Wang et al., 2008). In our study, the presence of the AGE resulted in severe fracturing of 

the ice plate near the AirGun floating platform (Fig. 1). The dispersion curves of FGW for inner circle corroborate our 

speculation (Fig. S10 in the supporting information), which also provide an explanation for the observed low phase velocity 235 

of FGW around 10 Hz in Fig. 3c. The dispersion curve of FGW obtained from the hammer signal (red triangle in Fig. 1) also 

reveals a smaller Young’s modulus (Fig. S11 in the supporting information). While our experiment was conducted over a 3-

day period on a frozen lake spanning a few hundred meters, we acknowledge its limitations in terms of duration and spatial 

coverage. However, with longer continuous observation periods of LFEs, it becomes possible to monitor the temporal 

variations in stiffness or thickness of the ice shelf plate. Additionally, deploying a longer DAS cable holds the potential to 240 

capture the attenuation effect of the ice plate, as highlighted by previous studies (Yang and Yates, 1995). This would not 

only enhance our understanding of wave propagation characteristics but also provide valuable insights into the dynamic 

changes occurring within the ice plate and its response to environmental factors. 

Previous studies have shown that FGW has the potential to induce icequakes on ice shelves. The interaction between 

ocean waves and the ice shelf can lead to dynamic stress and strain variations, which can trigger seismic activities such as 245 

icequakes. Studies such as Zhao et al. (2019) have shown that icequakes exhibit spatial and seasonal correlations with ocean 

gravity waves. This association between icequakes and ocean waves suggests that the interaction between the two can have 

significant implications for the stability and integrity of ice shelves (Zhao et al., 2019). The energy transferred from the 

ocean waves to the ice shelf through processes like flexure and wave-induced vibrations can contribute to the fracturing and 

weakening of the ice, ultimately increasing the risk of ice shelf disintegration. Olinger et al. (2019) found thermal and tidal 250 

stresses are important in generating icequakes on the shelf. In our experiment, we observed that the number of icequakes did 

not show a significant change after the AGE (Fig. S12 in the supporting information). This suggests that there may not be a 

strong correlation between the airgun shot or FGW and the occurrence of icequakes. It is important to note that the absence 

of a clear correlation in our experiment does not necessarily rule out the possibility of interactions between icequakes and 
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these external factors in other contexts or under different conditions. We even observed a slight decrease in the number of 255 

icequakes after the AGE, which could be attributed to the reduced detection capability caused by strong AGE coda. This 

discrepancy highlights the potential structural difference between the ice plate on a frozen lake and a real ice shelf. It 

emphasizes the importance of conducting more on-site seismic observations on real ice shelves to gain a deeper 

understanding of their dynamics and behaviour. Future studies incorporating comprehensive field observations on actual ice 

shelves will provide valuable insights into the seismic response and behaviour of icequakes, leading to a better understanding 260 

of the factors influencing their occurrence and the potential impacts on ice shelf stability. Moreover, DAS array on the 

seafloor is necessary to monitor the ocean wave and study the response of the ice shelf to the ocean waves Moreover, DAS 

array on the seafloor is necessary to monitor the ocean wave and study the response of the ice shelf to the ocean waves 

(Lindsey et al., 2019).  

Our research highlights the considerable potential of DAS in monitoring the formation and progression of ice cracks 265 

using passive source signals recorded in similar ice shelf studies, particularly in cases where there is a firn layer on the ice 

and remote sensing methods are challenging to employ. Furthermore, the variations of FGW can offer valuable information 

about the inhomogeneity of ice plate stiffness, which can potentially help infer the size and distribution of the ice plate 

fragments. It is important to note that our experiment was conducted on an ice-covered lake, and to extend the applicability 

of these findings to ice shelves, spatial sampling and optimization of the array layout should be essential considered. For 270 

example, by deploying fiber-optic cable spanning hundreds of meters, we can accurately locate icequakes with a precision of 

meters, and we can also measure FGW with a wavelength of dozens of meters. However, when it comes to ice shelves with 

thickness reaching hundreds of meters and a length spanning tens of kilometres, measuring FGW induced  by ocean waves 

presents unique challenges. In these cases, the wavelength of FGW can extend to several kilometres for periods longer than 

10 seconds (Zhao et al., 2018). By extending the length of the fiber-optic cable to several kilometres, we can probably 275 

capture FGW with larger wavelengths. However, there are other limitations that need to be addressed in future studies, for 

example, the coupling of fiber-optic cables with the ice on real ice shelves presents a significant challenge in practical 

applications due to harsh environmental conditions. Moreover, the conventional DAS fibre only measures a single strain 

component along the cable and does not provide polarization information, which increases the difficulty of identifying 

seismic phases (Hudson et al., 2021), and the absence of horizontal shear mode introduces additional uncertainty in 280 

estimating ice properties (Nziengui-Bâ et al., 2022). One potential remedy to address this is to use helically wound fibre 

(Ning and Sava, 2018).  

7 Conclusion 

In this study, we deployed a dense DAS network on a frozen lake, allowing us to capture a wealth of near-field seismic 

signals generated by various phenomena occurring within the ice plate. Specifically, we focused on two types of seismic 285 

events: cracking, known as icequakes and dynamic flexure, referred as LFEs. We were able to obtain detailed and 
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comprehensive recordings of these seismic signals. The icequakes, which are associated with cracking and fracturing of the 

ice, were detected, and analysed to understand their characteristics and spatial distribution. Additionally, the LFEs, which 

result from the dynamic flexure of the ice plate, provide a tight constraint on the ice stiffness. This study has demonstrated 

the exceptional capability of the DAS array in accurately mapping the internal fractures and monitoring the strength of ice 290 

shelves. By harnessing the unique sensing capabilities of DAS, we were able to capture detailed seismic signals associated 

with ice cracking and dynamic flexure, providing valuable insights into the behaviour of ice plates. When combined with 

other remote sensing techniques, such as those employed by (Massom et al., 2018), DAS has the potential to greatly enhance 

our understanding and monitoring of ice shelf disintegration. The integration of DAS data with complementary remote 

sensing observations offers a comprehensive approach to studying ice shelf dynamics. This integrated approach provides a 295 

powerful tool for assessing the health and vulnerability of ice shelves, as well as tracking their responses to environmental 

factors and climate change.  
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Figure 1: The experimental setting. The instrumented frozen lake is at Xiliushui Reservoir in Gansu Province, China (red 

rectangle in the inset). The optical fibre is marked with purple lines with channel number between 51-645 with gauge length of 10 

m and a sampling rate of 1000 Hz. The airgun floating platform is at the centre of the lake. A reference broadband seismic station 450 
is marked with a triangle. Hammering points are marked with inverted triangles. The red triangle shows the one we use to 

measure the dispersion curve of flexural-gravity wave. 
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Figure 2: Typical passive signal waveforms, temporal and spatial distributions. (a) Icequake wave recorded by channel 281. The 

waveform is bandpass filtered in the frequency band of 10-120 Hz. (b) LFE waveform by channel 227. The waveform is bandpass 455 
filtered in the frequency band of 1-15 Hz. (c) temporal distributions for icequakes (light blue) per hour and LFEs (dark blue) per 

minute. The time of AGE is marked with red arrow. The inset picture shows a window of 20 minutes with an AGE (red line) and 

following LFEs (black lines). The air temperature is denoted with black curve. (d) spatial distribution for icequakes (light blue) 

and LFEs (dark blue).  
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 460 

Figure 3: Dispersion analysis of LFEs. (a) Stacked LFE waveform and spectrogram of channel 227. The black curve is the stacked 

waveform with 272 LFE traces. It is bandpass filtered in the frequency band 1-15 Hz. The color denotes the normalized amplitude. 

(b) The record section of stacked waveform of all LFE events assuming all LFEs are originated at the AGE platform. (c) The 

measured phase velocity (circles) and predicted velocities (yellow curves) with different Young’s modulus (3-10 GPa). The color 

means the dispersion spectra of stacked LFE traces in (c). 465 

 


