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Abstract8

Seventy percent of Earth’s surface is covered by ocean, where seismic ob-9

servations are challenging. Seafloor seismology overcame this fundamental di�-10

culty and radically transformed the earth sciences, as it expanded the coverage11

of seismic networks and revealed otherwise inaccessible features. At the same12

time, there has been a recent increase in the number of studies on cryoseis-13

mology. These have yielded multiple discoveries, but are limited primarily to14

land/ice-surface receivers. Near ice calving fronts, such surface stations are15

noisy, primarily due to crevassing and wind, are hazardous to maintain, and16

can be lost due to iceberg calving. To circumvent these issues, we have applied17

ocean-bottom seismology to the calving front of a tidewater glacier in north-18

west Greenland. We present details of this experiment, and describe the tech-19

nical challenges, noise analysis, and examples of recorded data. This includes20

tide-modulated seismicity with thousands of icequakes per day and the first21

near-source (⇠200–640m) underwater record of a major kilometer-scale calving22

event in Greenland, which generated a glacial earthquake that was detectable23

⇠420 km away. We also identified a decrease in bottom-water temperature,24

presumably due to modified water stratification driven by extreme Greenland25

glacial melting, at the end of July 2019. Importantly, we identify that glacial26

sediments are the key reason for the anomalously long (⇠9.7 h) delay in the27

sensor release from the fjord seafloor. Our study demonstrates a methodology28

to undertake innovative, interdisciplinary, near-source studies on glacier basal29
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sliding, calving, and marine-mammal vocalizations.30

INTRODUCTION31

One of the fundamental questions in glaciology is what controls glacier32

basal sliding. In Antarctic and Greenland, the rapid slip of marine-terminating33

glaciers and ice streams drains interior ice to the ocean (Zoet and Iverson, 2020).34

This is important for predicting sea-level rise, which may displace up to 180 mil-35

lion people in the 21st century (Bamber et al., 2019). One of the fundamental36

questions in seismology – what controls tectonic fault slip – is conceptually37

similar, as it relates to shear zone conditions.38

During the past two decades, seismology has been revolutionized by the39

discovery of slow earthquakes and the recognition that their continuous seis-40

mic tremor can be used to monitor otherwise inaccessible faults (Obara, 2002;41

Rouet-Leduc et al., 2019). In this respect, dense seismic monitoring networks42

have enabled key discoveries in the earth sciences (Beroza and Ide, 2011). In43

some regions, seafloor seismic observations were instrumental in detecting non-44

volcanic tremors (Todd et al., 2018). Polar regions have fast-flowing glaciers,45

which can be considered analogous to a slow earthquake (Podolskiy and Walter,46

2016; Lipovsky and Dunham, 2017). However, testing this analogy is challeng-47

ing, because seismic stations in polar regions are scarce, dangerous to maintain,48

moved by ice flow by tens of meters per month, and influenced by noise due49

to near-surface, tide-modulated icequakes, supraglacial and englacial hydrol-50

ogy, and wind (Podolskiy et al., 2016, 2017; Podolskiy, 2020; Frankinet et al.,51

2020). Furthermore, for long-term monitoring, the extremely cold temperatures52

and long polar nights require a large number of batteries, which complicates53

logistical operations significantly.54

In this study, we investigated glacier microseismicity and other terminus55

processes by seafloor seismology (Fig. 1a). Specifically, we deployed an ocean-56

bottom seismometer (OBS) near a calving front of grounded Greenlandic glacier.57

This approach can: (1) protect the seismometer from destruction; (2) provide58
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direct coupling between the sliding base and seismometer; (3) greatly decrease59

the high-frequency (>5–10Hz) seismic noise (Webb, 1998); and (4) provide a60

potentially powerful method to observe the frictional state of the glacier base61

(e.g., Hudson et al., 2020; Zoet et al., 2020) and monitor other seismic sources62

in the fjord, including iceberg calving and anthropogenic noise.63

Moreover, our approach in not only of interest to glaciologists and seismol-64

ogists, but also to marine biologists. It has been recognized that it is possible65

to detect and classify the seasonal occurrence of di↵erent species and to track66

whales with seafloor seismic networks using their vocalizations (Dreo et al.,67

2019). In Arctic glacier fjords, which contain biologically rich assemblages (Ly-68

dersen et al., 2014), animal monitoring is extremely limited and challenging69

(Podolskiy and Sugiyama, 2020). However, seismometers can detect acoustic70

vocalizations by some cetaceans (whales). High-frequency sounds of fish, pin-71

nipeds (seals), and delphinids can be recorded with hydrophones. Figure 1b72

shows examples of seismo-acoustic sources of biological and geophysical origin73

in Greenland. Integrating hydrophones into the OBS system is relatively easy74

and less demanding than preparing a standard oceanographic mooring. More-75

over, since 1960s passive listening of the ocean soundscape is the foundation76

of acoustic oceanography, which is an important observational field, both glob-77

ally (e.g., Munk et al., 1995; Au and Lammers, 2016) and, more recently, in78

the rapidly changing Arctic and Antarctic (Schulz et al., 2008; Deane et al.,79

2019; Howe et al., 2019; Dziak et al., 2019; Worcester et al., 2020). Therefore,80

our methodology has the potential to transform the research approach in one81

of the most challenging environments on Earth, where there is an urgent need82

for monitoring (Straneo et al., 2019). For example, the presence and status of83

endemic Arctic species such as the narwhal are poorly known (Podolskiy and84

Sugiyama, 2020).85

This paper describes our experience of the first deployment of an OBS system86

at the calving front of a Greenlandic tidewater glacier. Considering that this87

installation had to be undertaken in previously unexplored circumstances and88

faced unique di�culties, it provides insights into how to conduct such OBS89
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experiments in the future.90

METHODS91

Study Site92

The OBS deployment site was in northwest Greenland, close to the Qaanaaq93

settlement (Figs. 2a–b) and next to Bowdoin Glacier (or Kangerluarsuup Ser-94

mia in Greenlandic; Bjørk et al. (2015)). To understand ice–ocean interactions95

in Greenland, Bowdoin Glacier and its fjord have been studied intensively since96

2013 (e.g., Sugiyama et al., 2015; Podolskiy et al., 2016, 2017; Podolskiy, 2020;97

Kanna et al., 2018; Ohashi et al., 2020; van Dongen et al., 2021). In particu-98

lar, it remains the only calving glacier in Greenland where simultaneous passive99

seismic and geodesic monitoring have been conducted directly on ice close to100

the calving front, 250m and less (Podolskiy et al., 2016, 2017). For example,101

in July 2019, in collaboration with ETH Zürich (VAW), a comprehensive seis-102

mic/geodesic monitoring campaign involved at least 15 seismometers and 22103

GPS stations (to be published elsewhere). Such background makes Bowdoin104

Glacier a suitable site for an OBS test. This 3 km wide tidewater glacier slides105

⇠ 440myr�1 (Sugiyama et al., 2015). In summer, the glacier slides 1–3md�1.106

It terminates in the 250m deep Bowdoin Fjord and has tidally modulated ice107

flow. The terminus is nearly floating and can be partially ungrounded along108

some calving front sections (van Dongen et al., 2021). To our knowledge, no109

glacial earthquakes associated with the glacier have been detected to date by110

regional networks. The fjord is visited by narwhals that emit ultrasonic acoustic111

vocalizations (Podolskiy and Sugiyama, 2020). The OBS deployment location112

(77.67�N, 68.63�W) was at the center of Bowdoin Fjord, approximately 640m113

from the calving front (Fig. 2c). According to boat-based sonar during the114

deployment, the depth at the OBS drop point was 243m.115

Instrumentation116

Our pop-up-type OBS system (Fig. 2d) was used previously in o↵shore earth-117

quake studies (Shinohara et al., 2008; Machida et al., 2009; Shinohara et al.,118
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2011; Azuma et al., 2012). The system consists of a three-component geophone119

with a gimbal mechanism (4.5Hz eigenfrequency; L-28LBH by Katsujima; for120

details see Appendix A), a recorder digitizing data at 128 sps using a 16-bit A/D121

converter (Katsujima HDDR2), and an acoustic release system (Kaiyo Denshi122

STH-10B acoustic transponder connected to a Mitsuya anchor unit). The sen-123

sor and recorder are connected to lithium batteries and placed inside a glass124

sphere under vacuum, which in turn is covered by a protective plastic shell. An125

autonomous hydrophone with an internal thermometer (SoundTrap ST300 STD126

by Ocean Instruments) was attached to the shell. The underwater sounds were127

sampled at 96 kHz and the water temperature was measured every minute at a128

resolution of 0.1�C. The resulting frequency range of the OBS system is su�-129

ciently broad to cover the vast diversity of possible seismo-acoustic signals in the130

glacier fjord (Fig. 1b). We present temperature records here, and plan to pub-131

lish a thorough analysis of the high-frequency hydroacoustic records elsewhere.132

Finally, for the OBS search and rescue, we utilized a radio beacon (RF-700A1133

by Novatech).134

Manual Deployment135

OBS operations usually require heavily equipped and complex research ves-136

sels with technicians and a davit to deploy, find, and retrieve instruments (e.g.,137

Russel et al., 2019). In our study, the logistics were uniquely challenging. Due to138

the lack of a port and a vessel with a davit in Qaanaaq, preassembled OBS com-139

ponents were taken one-by-one using a rubber boat from the coast to another140

small (<1.5 t) boat. After arrival at Bowdoin Fjord, the final OBS assembly141

was undertaken in a boat anchored in Falcon Bay, which is sheltered from any142

possible calving events and ice-generated tsunamis (Minowa et al., 2019).143

For manual OBS deployment, two boats stopped briefly near the calving144

front at a safe distance, which would have allowed the boats to flee if necessary.145

The operation was completed within 10 min, in order to minimize exposure to146

possible calving events.147

After removal of the safety bolts that rigidly fix the lower anchor frame148
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(⇠40 kg) to the OBS (⇠40 kg), two thin steel necks are the only connectors,149

which are cut at the OBS release and have to be handled with care to remain150

intact (Fig. 2d). To avoid putting any pressure onto the anchor frame during151

deployment, the system was lifted with a metal pole that passed through the152

upper hinge and was held at both ends by 2⇥2 people. After placing the pole153

carrying the OBS between the two boats and lowering it gently, the upper hinge154

was cut, which dropped the instrument gently into the water.155

We note, that in more di�cult ice conditions, a similar OBS drop could be156

conducted using a helicopter (Fig. B1), as we have previously done in o↵shore157

Hokkaido (i.e., using a winch to lower the instrument 30–40m though a hatch).158

This could not be organized in the summer of 2019 due to the lack of an appro-159

priate helicopter. Bottom lander deployments using remotely operated vehicles160

(ROVs) near a calving front were attempted recently in Alaska (Nash et al.,161

2020). Unfortunately, there is as yet no adequate technology for doing this with162

OBSs.163

Data and Analysis164

Seismic data were stored initially in a standard Japanese seismic format (i.e.,165

“win”). Data were converted to SAC as velocity using the “win2sac” program166

of the University of Tokyo. For some results described below, MSEED seismic167

data from the nearest permanent GLISN stations (Clinton et al., 2014) TULEG168

and NEEM (76.53�N, 68.82�W, 38m a.s.l.; 77.44�N, 51.07�W, 2513m a.s.l.,169

respectively) were downloaded as counts from the IRIS open-access depository170

and converted to velocity using the associated metadata. In our analysis, we171

used vertical component seismic traces. Tide data collected 125 km away at172

Pitu�k station (Thule; 76.54�N, 68.86�W) were obtained from the Global Sea173

Level Observing System network. From the previous analyses of tide data we174

collected near the calving front of Bowdoin Glacier, it is known that there is no175

phase and amplitude di↵erence which could a↵ect our interpretations (Podolskiy176

et al., 2016; Minowa et al., 2019).177

The output frequency of the micro-crystal controlling the time may deviate178
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depending on the temperature, and lead to the well-known OBS problem of179

internal clock drift. Due to logistical di�culties at deployment and retrieval,180

the internal OBS clock was compared only with watches synchronized to GPS181

time by taking photographs of the OBS PC interface and watches. This yielded182

an accuracy of approximately ±1 s. From the internal clock initiation on July183

21 until the final check on August 9, the OBS clock was ahead of the watches by184

7 s. This implies that for the period of record on the fjord floor, the time stamp185

departed gradually from UTC-time and led to seismic arrivals being delayed for186

up to 6 s at the time of release. We corrected for this “time-stretching” assuming187

a linear drift. A more precise time correction is out of the scope of this paper,188

given the associated uncertainty is of little importance for the results discussed189

below. However, in a follow-up study, we intend to reconstruct the absolute190

time by cross-correlating waveforms with surface stations running in parallel to191

this experiment on rock and glacier surfaces (e.g., Hable et al., 2018).192

The relative variation in the number of seismic events was detected using193

the conventional short-time-average through the long-time-average (STA/LTA)194

algorithm, with parameters similar to those used in a previous study (Podolskiy195

et al., 2016). The STA window was 0.2 s, the LTA window was 5 s, the threshold196

for declaring an event was set to six, and the threshold for declaring the end of197

the event was set to 0.5. The number of seismic detections was counted within198

1-h-long windows by using di↵erent frequency bands for the sensitivity analysis199

(see Results).200

Statistical analysis of ambient noise (i.e., power spectral density–probability201

density functions or PSD–PDFs) and computation of a long-term spectrogram202

were performed according to the standard procedure of McNamara and Buland203

(2004). We used 6-min-long data segments, which overlap for 50% in each204

case. The data were instrument-corrected and di↵erentiated into acceleration205

data. Computed PSDs were smoothed as 0.5-octave averages using 1/8 octave206

intervals and presented in dB (relative to m2 s�4 Hz�1). PDFs were generated207

for 0.5 dB bins using all the frequency spectra in the analyzed time interval.208

We reconstructed a complete timeline of the 2019 OBS experiment using209
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operators’ notes, seismic, acoustic, and temperature records, and other direct210

evidence obtained in the field (E. van Dognen and R. Daorana, pers. comm.,211

2019).212

RESULTS AND DISCUSSION213

Timeline of Events214

On August 5, the day of the planned OBS retrieval, the instrument did not215

release after the acoustic command was sent by a deck unit with a transceiver216

from the boat (Fig. 3a). The acoustic communication with the instrument217

showed that the command was properly received, and the release procedure was218

in progress. However, even ⇠8 h later, when operators returned to the site, the219

call to the instrument from the drop point showed that the instrument remained220

at the same depth. Eventually, the system was discovered floating in the fjord221

by a local hunter on August 7, and was 7 km from the drop point. The OBS222

was left on the coast and evacuated on August 9.223

The timeline (Fig. 3a) shows that the OBS system descended in 183.5 s to the224

fjord seafloor (velocity = 1.32m s�1) on July 21 and ascended in 194 s (velocity225

= 1.25m s�1) on August 6. The anomalously long delay between the acoustic226

command and release was 9 h 39min 28 s.227

Bottom-Water Temperature228

The mean bottom-water temperature in the fjord was �1.8±0.1�C (Fig. 3b),229

which is, to our knowledge, among the coldest temperatures to date for an OBS230

deployment (Chen et al., 2019) and the coldest temperature to date for Bowdoin231

Fjord seafloor. This water corresponds to the Polar Water, i.e., relatively fresh232

and cold water of Arctic origin, brought by West Greenland Current which is233

sandwiched between the low-salinity, warm surface water and the warm, high-234

salinity water of Atlantic origin (Ohashi et al., 2020). This shows no evidence235

for incursion of warm Atlantic Water into the fjord, as observed in 2016 (Ohashi236

et al., 2020), which is an important driving mechanism for subaqueous glacier237

melting.238
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The temporal resolution and precision of the temperature data were limited.239

For example, it is di�cult to estimate the possible impact of the July 29 calv-240

ing event on water mixing and the possible corresponding temperature change.241

However, over the 15 days of the time-series, the water temperature was not242

constant. There was a statistically significant decrease (Fig. 3b) from �1.6�C243

to �1.9�C (R2 = 0.58; F -statistic versus constant model: 3⇥104, p-value=0).244

At the end of July 2019, one of the most significant surface melting and245

melt-water discharge episodes was observed in Greenland (Tedesco and Fettweis,246

2020). Long-term mooring observations (at 1 km from the calving front; 181m247

deep) showed anomalously cold water temperature in summer 2019 and were in-248

terpreted as downward shift of the cold layer due to thickening of a near-surface249

fresh water layer (Fujishi, 2020). Our record is consistent with this mechanism,250

although due to the limited duration of our observations, this evidence should251

be treated with caution. Nevertheless, since time-series of bottom-water tem-252

peratures in glacier fjords near calving fronts (<1 km) are extremely rare, this253

provides an impetus for future long-term OBS monitoring campaigns. Consid-254

ering that seasonal variations of glacial terminuses (i.e., advance in winter due255

to less frontal ablation) are known from remote sensing, limited to ⇠200m in256

Northwest Greenland (Sakakibara and Sugiyama, 2020), and a glacier is not of257

a surging type, a risk of OBS scraping o↵ the bottom by the advancing terminus258

can be avoided.259

Seismic Activity260

The complexity and diversity of seismic activity at the calving front is shown261

in Fig. 4. This example examines the beginning of a tremor-like calving signal,262

which apparently initiates with a precursory train of recurrent events having a263

high-frequency onset and low-frequency coda. In general, the seismic wavefield is264

almost continuously saturated by natural signals. Occasionally, we also observed265

high-frequency anthropogenic signals from boats and our instrumentation. For266

example, every 1.5 h, we detected a 23-s-long artificial tonal signal (⇠57.5Hz)267

with an up-sweeping onset and down-sweeping ending (Fig. 5). It was produced268
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by the Hard Disk Drive (HDD) of the OBS, which stored data blocks every 1.5 h269

at ⇠3,450 rpm.270

Natural events including impulsive high-frequency events, emergent low-271

frequency events, earthquake-like events with a high-frequency onset and low-272

frequency coda, monochromatic coda trains, and minutes-to-hours-long tremors273

are shown in Fig. 5. Their detailed analysis is beyond the scope of this pa-274

per; however, the observed intense seismic activity (Fig. 6) is lower compared275

with stations previously installed directly on ice, ⇠250m from the calving front276

(Podolskiy et al., 2016). In particular, the overall number of seismic events de-277

tected with the STA/LTA algorithm (Fig. 6) is at least two times lower for the278

OBS (200 versus 400 events per hour) than for the on-ice stations (Podolskiy279

et al., 2016).280

High- and low-pass-filtered time-series around an arbitrarily chosen frequency281

of 15Hz revealed that, after July 31, a tide-modulated signal can be recognized282

especially well at higher frequencies (Fig. 6). The seismic signal is approximately283

in anti-phase with the tidal rates; i.e., when the tide is falling, the glacier accel-284

erates (Sugiyama et al., 2015; van Dongen et al., 2021), which leads to increased285

seismicity due to extensional surface crevassing (Podolskiy et al., 2016, 2017).286

The tidal modulation is weaker, but similar to the one reported in Podolskiy287

et al. (2016). As might be expected, the OBS data are not completely indepen-288

dent of the near-surface glacier dynamics, but are less a↵ected by it than the289

on-ice data. Here we acknowledge that the STA/LTA detections are sensitive290

to chosen parameters (for example, increasing the threshold for declaring the291

event up to 10 does not improve the tidal signal, but decreases the total number292

of events). Nevertheless, since our choice is consistent with the previous study293

by Podolskiy et al. (2016), the relative comparison is valid.294

Noise Analysis295

To quantify the frequency sensitivity of the seismometer, we used the unusual296

timeline of the experiment. In detail, we performed statistical analysis of noise297

for the following three stages: (A) at the fjord seafloor, (B) during free drift298
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at the water surface; and (C) on the coast (Fig. 7). This analysis showed that299

our instrument can detect signals between ⇠0.05Hz and the Nyquist frequency300

of 64Hz. This frequency band corresponds to at least 10.32 octaves, which is301

relatively high considering the fundamental frequency of the seismometer is only302

4.5Hz.303

Glacial Earthquake due to Iceberg Calving304

On the morning of July 29, during a helicopter flight over the calving front,305

we observed that Bowdoin Fjord was covered with massive icebergs and ice306

mélange (Fig. 2c). Seismic data showed the highest amplitude seismic tremor307

between 03:42UTC and 04:10UTC (Fig. 8). Guided by our noise analysis and308

expectation that major capsizing calving events generate tens-second-long peri-309

ods (e.g., Sergeant et al., 2019; Winberry et al., 2020), we bandpass-filtered the310

waveforms in di↵erent ranges from the lowest to highest possible frequency and311

computed a spectrogram.312

The total duration of the unfiltered signal is ⇠25min, which is mainly par-313

titioned between three distinct phases (10, 2, and 5min long; Phases 1, 2, and314

3; Fig. 8). Each phase has characteristic features, indicating that di↵erent315

mechanisms generated each phase. In contrast to the calving event on July 25316

(Fig. 4), this largest event had no distinguishable precursory seismicity imme-317

diately prior to calving. This implies that precursory seismic activity is not a318

ubiquitous characteristic of calving at Bowdoin Glacier.319

Phases 1 and 3 have prominent long-period content (>2 s), which is lacking in320

Phase 2. Phase 2 is a monochromatic tremor with a characteristic high frequency321

of ⇠14Hz (Fig. 8). The presence of energy at periods longer than 10 s suggests322

iceberg capsizing and is not typical of relatively small and rapid serac falls323

(Podolskiy and Walter, 2016). We suggest that the most complex Phase 1 cor-324

responds to a rift propagation, separation of an iceberg, its consequent capsizing,325

and impact onto the ice cli↵. Considering previously witnessed capsizing events326

at Bowdoin Glacier (July 8, 2017; https://www.youtube.com/watch?v=n6y4TKJJPeI),327

bottom-out rotation is likely, but can not be verified without numerical mod-328
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eling. Phase 3 corresponds to disintegration of the main iceberg in the water,329

with further capsizing of its parts. Time-lapse photography is consistent with330

such an interpretation (Fig. B2): the 04:00 image shows the presence of a large331

iceberg overhead the OBS just before Phase 2, while the next image taken at332

05:00 shows a disintegrated iceberg with no further changes in the calving front333

geometry.334

The 2-min-long Phase 2 (Fig. 8) occurred before the major iceberg disin-335

tegration, during iceberg floatation over the OBS station. To our knowledge,336

there are no previous studies that report high-frequency monochromatic tremor337

during calving. MacAyeal et al. (2008) reported a seismic tremor with gliding338

spectral lines generated by two colliding tabular icebergs. However, the photo-339

graph taken approximately 2mins after Phase 2 does not show a second major340

iceberg to suggest a similar interpretation (Fig. B2). Furthermore, no helicopter341

was in the area during this calving event. Prolonged avalanching of crushed ice342

into the water from the sloping iceberg is another possibility for Phase 2, or a343

turbidity current induced by full-depth iceberg overturn and sediment passing344

over the OBS. Debris precipitation from the iceberg is a less likely interpreta-345

tion, because any small stones hitting the OBS should produce sudden events346

of variable amplitude. However, it is unclear if fine, sand-like precipitation can347

produce the 14Hz tremor (e.g., fine sediments were discovered within the OBS348

at retrieval, as detailed below).349

For large calving events, their long periods are known to propagate as surface350

waves over teleseismic distances (Podolskiy and Walter, 2016; Sergeant et al.,351

2019; Winberry et al., 2020). The closest permanent seismic stations (TULEG352

and NEEM; DK/GLISN network) are located 125 km to the south and 419 km353

to the east of Bowdoin Glacier (Fig. 9a). The highest long-period amplitude354

was observed by the OBS during Phase 1 at 03:49:18UTC. Assuming a Rayleigh355

wave velocity with a 20 s period is 3.5 km s�1 (Mordret, 2018), we can expect a356

36-s-delayed arrival to TULEG. At 03:50:00, TULEG detected a dispersed low-357

frequency signal (Fig. 9b). Some energy was also present at higher frequencies358

between 1 and 15Hz (Fig. B3). Phases 2 and 3 are not clearly recognizable359
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at TULEG, as might be expected for iceberg processes in water, and without360

direct coupling to the crust. The low-frequency signal could be detected as far as361

NEEM station (Fig. 9c). We were not able to recognize this glacial earthquake at362

distances of >450 km (e.g., at the GLISN stations KULLO, EUNU, and ALE).363

This long-period seismic signal is typical for major non-tabular calving events364

in Greenland, and indicates that the terminus is in a near-grounded state (i.e.,365

floating ice tongues do not generate glacial earthquakes; (Sergeant et al., 2019))366

which is consistent with our current understanding of the calving front.367

Delayed Release and Sediments368

During disassembly of the OBS, a large amount of soft sediment (i.e., glacial369

till) was found within the instrument’s protective shell (Fig. 10). This was370

unexpected considering that the slits and holes in the shell were taped closed371

and seemingly too small to allow injection of this amount of sediment. A similar372

observation was reported for an experiment of nearly the same duration using a373

bottom lander at an oceanographic mooring near the calving front of LeConte374

Glacier, southeast Alaska (Nash et al., 2020). The lander had a 3-cm-thick layer375

of glacial sediments on it. In this regard, several points are important to report:376

1. In general, extremely high sedimentation rates have been found in glacier377

fjords (Howe et al., 2010; Boldt et al., 2013). Rates of glacial sediment378

accumulation are lower at high latitudes, but in temperate climates can379

be meters per year close to the glacier termini (Boldt et al., 2013). At380

Bowdoin Fjord, turbid subglacial discharge plumes are known to bring381

sediments to the surface and then deposit them downstream (Kanna et al.,382

2018). High sedimentation rates are also a cause of sediment softness when383

a thick, muddy layer with a high water content is present.384

2. It is possible that the full-depth calving event on July 29 induced a turbid-385

ity current and submarine sediment avalanches. There is direct evidence386

for potentially strong water mixing in the fjord, because a pulse of high387

current corresponding to the timing of calving was recorded 1 km away388
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from the calving front by a long-term oceanographic mooring at 181m389

depth (Fujishi, 2020).390

3. The fact that the calved iceberg passed over the OBS and disintegrated391

suggests possible intense precipitation of a glacier till from the debris-laden392

sole of the iceberg.393

These points suggest that soft sediments could have been the main reason394

for the OBS release delay. The likely e↵ect of the sediment is the insulation of395

the release necks from contact with seawater. The process of current-induced396

corrosion is needed to cut the necks from the anchor (followed by separation of397

the buoyant OBS system), which usually takes 10–15min. To our knowledge,398

it does not depend on the water temperature, but requires ions (i.e., salt) to399

allow the current, and thus this process does not work in fresh water. Purely400

fresh water is primarily supplied by subglacial discharge plumes near the calving401

front. However, due to buoyancy-driven convection, such water is quickly mixed402

with saline ambient water and upwelled along the ice cli↵ to the surface. This403

implies that due to a strong positive buoyancy, fresh water cannot remain at the404

bottom of the fjord. From the previous oceanographic profiling in the Bowdoin405

Fjord and mooring observations in July 2019, it is known that at the depth of406

OBS deployment the salinity was at least 33.5PSU (Ohashi et al., 2020; Fujishi,407

2020). Therefore, we suggest that the low salinity is an unlikely candidate for408

the delayed release.409

When the necks are submerged and covered by sediment, the contact with410

seawater is dramatically reduced proportionally to the density of the sediment.411

The necks are only 120mm above the landing plane of the instrument. Their412

complete submergence into soft sediment is possible at landing and/or due to413

additional sedimentation over the following two weeks. The observed delay of414

⇠9 h 39min was ⇠46 times longer than usual, and has never been experienced415

during our previous OBS deployments in the Pacific and Atlantic oceans.416

A straightforward strategy for dealing with the deep-sediment issue is to417

use OBS systems with conceptually di↵erent release mechanisms. For example,418
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modern OBS systems such as NAMMU by KUM (Germany). However, for up-419

dating an already existing instrument pool like ours this is not feasible, because420

OBS are expensive instruments. Alternatively, one could rely on the following421

strategies:422

1. Include a satellite Iridium/GPS tracking system for search and rescue of423

re-surfaced OBSs as used, for example, by Aquarius.424

2. Use an underwater ROV for inspection and identification of problems.425

For example, for shallow-water (i.e., 100–300m), there are commercially426

available and relatively a↵ordable high-performance ROVs like BlueROV2427

by BlueRobotics or SRV-8 by Oceanbotics (both from the USA).428

3. Finally, particularly soft mud is expected over the areas of recent glacier429

retreat. Therefore, by increasing the distance to the calving front, the430

sediment e↵ect should be reduced. However, this option would result431

in attenuation of seismic waves with increasing distance from the glacier432

and should be considered on a case-by-case basis. Indeed, sub-bottom433

profiling would be invaluable to find an appropriate deployment site and434

avoid locations of soft sediments. However, it is di�cult to conduct near435

the calving fronts due to ice conditions and calving.436

CONCLUDING REMARKS437

We have described an OBS experiment in front of a tidewater calving glacier438

in Greenland. This multi-purpose deployment yielded unique time-series of439

temperature, seismicity, and underwater sound in a challenging oceanographic440

zone. Our main conclusions are:441

• We demonstrated the feasibility of deploying an OBS near the calving442

front of a tide-water glacier and showed the low levels of high-frequency443

noise underwater (Fig. 7). This highlights that this approach has practical444

potential for investigating basal processes.445
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• We found a gradual decrease in water temperature, presumably due to446

modification of fjord water stratification caused by extreme surface melt-447

ing.448

• We obtained the first near-source underwater seismic record of calving449

that generated a glacial earthquake detectable 419 km away; this revealed450

a complex iceberg detachment and disintegration history, including a pre-451

viously unreported monochromatic tremor at ⇠14Hz. This shows the dif-452

ficulty in using regional seismic networks to grasp the calving process fully453

and provides an impetus for considering tremors as indicators of iceberg454

activity overhead and, possibly, as a gauge for sedimentation rates.455

• Soft glacial sediment on the near-terminus fjord seafloor can a↵ect instru-456

ment deployment and retrieval.457

Regarding the latter point, we note that the key issue with non-return of458

complex and expensive oceanographic instrumentation is our inability to identify459

the reason for failure a posteriori. Therefore, our experiences and approach460

should be useful for geoscientists working at glacial margins, and ultimately lead461

to a new methodology of monitoring glacial calving and basal seismicity. Finally,462

the study contributes to ongoing multi-disciplinary e↵orts to understand rapidly463

changing ice, ocean, and coastal environments of the northwestern Greenland464

(Sugiyama et al., 2020).465

DATA AND RESOURCES466

OBS data are publicly available through the Arctic Data archive System467

website (https://ads.nipr.ac.jp/dataset/; A20200108-002). TULEG and NEEM468

data were downloaded through the IRIS Web Services469

(https://www.iris.edu/hq/programs/glisn). Pitu�k sea-level data were retrieved470

from the Global Sea Level Observing System network (http://www.ioc-sealevelmonitoring.org/).471

The time-lapse imagery is directly presented in the figures. The analysis was472
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conducted, and the plots were produced, using the “win2sac” program (http://wwweic.eri.u-473

tokyo.ac.jp/WIN/pub/win/), Matlab R2018b (https://mathworks.com/products/matlab.html),474

and the Matplotlib and ObsPy Python libraries (Hunter, 2007; Krischer et al.,475

2015).476

477
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Figure 1: (a) Schematic of the main seismo-acoustic sources in a glacier fjord, which can

be studied using an ocean-bottom seismometer (OBS) equipped with a hydrophone. Stars

indicate the main seismic sources (iceberg calving, crevassing, sliding, and melt-water tremor;

(Podolskiy and Walter, 2016)); circles correspond to the main acoustic sources (animals, an-

thropogenic noise, bubble melt-out, and ice cracking; (Pettit et al., 2015; Frouin-Mouy et al.,

2017; Riera et al., 2018)). The arrow shows the principal water circulation. (b) Charac-

teristic frequencies of sounds by both marine mammal/fish species in Greenlandic waters,

and the seismo-acoustic processes related to ice and iceberg-generated tsunamis, as well as

the frequency bandwidths of the state-of-the-art seismo-acoustic instruments used here (“this

study”) and available internationally (“set” implies a coupled system). Labels and symbols

indicate the corresponding references: ⇤ = Dreo et al. (2019), � = Riera et al. (2018), “P15”

= Pettit et al. (2015), “M19” = Minowa et al. (2019), “PW16” = Podolskiy and Walter

(2016), and ? = Frouin-Mouy et al. (2017) (the white bar marks the frequency that helps to

distinguish narwhal calls from its closest relative [i.e., the beluga whale]).27



Figure 2: (a) Location of the study site in Greenland. (b) Inglefield Bredning and Bowdoin

fjords. (c) Calving front of Bowdoin Glacier with the OBS drop point (credit: E. A. Podolskiy;

July, 29, 2019). (d) Rehearsal of the OBS placement between parallel-parked boats in Falcon

Bay, Bowdoin Fjord, for manual OBS deployment in front of the calving front (credit: I. Asaji;

July 21, 2019).
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Figure 3: (a) Timeline of the 2019 OBS experiment in Bowdoin Fjord marked on a time-

series of temperature (recorded by the SoundTrap’s thermistor) in UTC time. (b) Enlarged

view of the temperature for a period of recording at the seafloor in Bowdoin Fjord. A linear

regression model (ordinary least-squares fit) is shown in blue (for undisturbed observations

between July 22, 00:00, and the time of release; n = 21,823).
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Figure 4: Day-long example of intense and diverse seismic activity revealed by the raw OBS

data (vertical component; July 25, 2019; UTC). The highest amplitude ⇠7-min-long event

from 07:43 is an iceberg calving event at the northwestern side of the terminus (this event and

its initiation are enlarged in the lower subpanels).
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Figure 5: Diversity of OBS-recorded events (waveforms and their spectrograms). The upper

left corner of each waveform subplot indicates the date (MM/DD) and the frequency band

shown. The upper two subpanels show the HDD ping and boat tremor, respectively; the rest

are natural events.
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Figure 6: Seismic amplitude and number of STA/LTA detections (per hour) for di↵erent fre-

quency bands as compared with tidal rates (–dz/dt), which were observed in Pitu�k (Thule),

125 km away. Note that the tidal rates have the minus sign to help the eye. Red line marks

the time of OBS release. The tidal rates were smoothed with a median filter that is 1.5 h long.
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Figure 7: (a) Long-term spectrogram of continuous OBS data (vertical component for

acceleration). (b, c, d) Corresponding PSD–PDFs for periods at the fjord seafloor (7278

segments), while floating (759 segments), and on the coast (599 segments). The median

noise is indicated by the black curves. The data are compared with the standard Global

Seismographic Network low- and high-noise models (grey curves; (McNamara and Buland,

2004)).
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Figure 8: Spectrogram and decomposition of 30-min-long OBS waveforms during the major

calving event (July 29, 2019) as di↵erent frequency bands. The Butterworth zero-phase shift

filter with four corners was applied.
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Figure 9: (a) Locations of the OBS (i.e., the source), TULEG, and NEEM stations with the

shortest distances from the source shown as lines. (b) Bandpass-filtered waveforms (0.01–

0.1Hz) during Phase 1 of calving on July 29 as observed by the OBS and TULEG stations,

with corresponding spectrograms (PSD was computed using a 60-s-long sliding windows with

90% overlap). The gray bar indicates the expected travel time between the stations, assuming

a surface wave velocity of 3.5 km s�1. Dashed lines over the spectrograms indicate the same

timing as the gray bar (i.e., the largest amplitude recorded by the OBS and its expected

arrival time at TULEG). (c) Propagation of waveforms (bandpass filtered at 0.01–0.05Hz)

from the source (the slope corresponds to 3.5 km s�1; time is relative to 03:40 UTC).
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Figure 10: (a, b) Photographs of the OBS after retrieval and removal of the upper protective

shell (credit: N. Kanna; August 2019). (c, d) Underwater photographs taken ⇠0.5 km from

the OBS drop point and a few meters above and at the bottom of the fjord (200m depth)

during sediment coring of BF9 (diameter of the camera pole is 2.5 cm; credit: T. Ando; July

2018).
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Appendix A (instrument response)732

Additional characteristics of the seismic instrument were as follows. L-28LB733

395 Ohm geophone had a nearly flat response between 4.5 and 300Hz. Open-734

Circuit damping and sensitivity were 0.384 and 0.795, respectively. Response735

curve had two poles and two zeroes. The two complex poles were [–1.98e+01,736

2.02e+01] and [–1.98e+01, –2.02e+01], respectively; both zeros were [0.0, 0.0].737

37



Appendix B (Figures B1–B3)738

Fig. B 1: A potentially useful methodology at the calving fronts: OBS deployment from a

helicopter (o↵shore Hokkaido, Japan; credit: Y. Murai, February, 10, 2006). The shown OBS

model is larger and slightly di↵erent in design from the one used in this study.
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Fig. B 2: Map and hourly time-lapse images of the calving front and their di↵erences, high-

lighting changes along the calving front (direct subtraction of the gray-scale intensity). Pho-

tographs were automatically taken from the same position as Fig. 2c (Sentinel Nunatak) on

July 29, 2019, between 03:00 and 05:00 UTC (credit: E. van Dongen). Image distortion is

due to the square cropping box. Satellite imagery was taken two days before the calving by

Copernicus SENTINEL-2A, 27 July 2019. 39



Fig. B 3: Spectrogram and decomposition of 30-min-long TULEG waveforms during the

major calving event (July 29, 2019) in di↵erent frequency ranges. The Butterworth zero-

phase shift filter with four corners was applied.
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