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  20 

Abstract 21 

We evaluate the performance of the low-cost seismic sensor Raspberry Shake (RS) to identify 22 

and monitor icequakes (which occur when glacial ice experiences brittle deformation) in 23 

extreme environments. In January 2020, three RS3D sensors were installed on a katabatic 24 

wind-scoured blue ice area (BIA) close to the Princess Elisabeth Antarctica research station in 25 

Dronning Maud Land, East Antarctica. The sensors were configured for Antarctic deployment 26 

and placed in insulated enclosures to protect them from harsh weather systems. The RS network 27 

(installed in a triangular array) performed well in the cold and with rapid air temperature 28 

change, as diurnal temperatures fluctuated from a high of 0.0°C to a minimum temperature of 29 

−15.0°C. Although battery connectivity issues in one unit limit full triangulation of seismic 30 

signals, and high background noise may mask some seismic signals, data from the RS2 unit 31 
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reveals that 2936 icequakes were detected over a 10-day period. The temporal occurrence of 32 

these icequakes, combined with satellite-derived surface temperature measurements and 33 

automatic weather station data, suggest that diurnal fluctuations in solar radiation control ice 34 

surface temperature changes, driving thermal contraction of the ice. Seismic investigations like 35 

these can therefore provide information on the thermal state and ice fracture mechanics of 36 

ablation zones such as BIAs. Our work highlights the potential application of the RS (after 37 

minimal modification) in glaciated environments where equipment often needs to be portable, 38 

temporary and lightweight, and able to perform in extreme weather conditions.  39 

 40 

Key words/terms: Seismology, seismic sensor, blue ice, ice temperature, ice fracture, 41 

Antarctica, glaciology 42 

  43 

Introduction  44 

The Raspberry Shake (RS) is a plug-and-go seismic sensor comprising geophone(s), digitizers, 45 

and a Raspberry-Pi computer board. Originally developed in 2016 as a citizen science tool for 46 

hobbyists and educators interested in earthquake detection, the RS network has thousands of 47 

installations live-streaming seismic data from over 50 countries, in every continent except 48 

Antarctica. Because the RS seismic sensors are relatively new, academic publications that 49 

document and utilize the technology are limited. Publications are centered around the education 50 

and outreach value of the RS (Calais et al., 2020; Diaz et al., 2020; Jeddi et al., 2020; Subedi 51 

et al., 2020), as well as the network’s potential to complement existing broadband (BB) seismic 52 

station data (Anthony et al., 2019; Lecocq et al., 2020). In the Earth Sciences, RS devices have 53 

been used to detect rock wall failure and local earthquakes. Both Manconi et al. (2018) and 54 

Taruselli et al. (2019) note that RS devices can be a useful monitoring tool for recording the 55 

magnitude and frequency of rock wall failure, whereas Anthony et al. (2019) reported that RS 56 
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units can be used in the Earth Sciences to densify pre-existing earthquake monitoring networks. 57 

As the high cost, telecommunications availability, power usage, and resource-intense 58 

maintenance of traditional BB seismic stations can restrict the number of seismological 59 

investigations, particularly in remote locations, low-cost seismic solutions are becoming 60 

increasingly attractive to the scientific community in their bid to densify seismic networks and 61 

examine local seismicity (Cochran, 2018). In this article, we evaluate the performance of the 62 

low-cost RS seismic sensor through a short-term pilot study of surface icequakes in one of the 63 

world’s most extreme environments: Antarctica. Local BB data are used for comparison and 64 

validation. We combine our seismologic data sets with local automatic weather station (AWS) 65 

data and Landsat-8 at-sensor brightness measurements to explore the potential link between 66 

temperature and ice fracture mechanics in Antarctic blue ice ablation zones. 67 

 68 

Study Site 69 

In January 2020, we took three RS3D v5 units (each comprising three Sunfull PS-4.5B 70 

geophones) to Dronning Maud Land, East Antarctica, where temperatures seldom rise above 71 

0°C and winds sometimes gust up to 90 km/hr. To assess the performance of the RS in detecting 72 

icequakes in this extreme environment, the seismic array was set up on a wind-scoured blue 73 

ice area (BIA), ∼180 km inland of the Roi Baudouin Ice Shelf and 4.4 km west of the summer 74 

inhabited Princess Elisabeth Antarctica (PEA) research station (71.94° S, 23.34° E) (Fig. 1). 75 

BIAs, which form when katabatic winds scour and ablate the ice surface (Bintanja and van den 76 

Broeke, 1995; Bintanja, 1999), cover between 120; 000–241; 000 km2 of the ice surface in 77 

Antarctica (∼0.8%–1.6% of the Antarctic continent (Winther et al., 2001), where they are 78 

frequently situated on the leeward side of mountains and mountain ranges. The BIA at our 79 

study site is situated at such a location, on the leeward side of the Sør Rondane Mountains, a 80 

170-km-long mountain chain, reaching 2–3 km above sea level, which protrudes ∼0.2–1.2 km 81 
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above the East Antarctic Ice Sheet (EAIS, Fig. 1). At the study site, ice flow is very slow (<2 82 

ma−1; Pattyn et al., 2010; Mouginot et al., 2019), presumably because of the absence of a nearby 83 

outlet glacier or ice stream. Despite these low-flow speeds, over a thousand icequake signals 84 

were recorded in this area by a local permanent BB seismometer (station code: ELIS) - which 85 

is situated 4.5 km away from the study BIA (Fig. 1) - over a one-year period (between February 86 

2012 and January 2013) (Lombardi et al., 2019). The BB seismometer, a Nanometrics T120 87 

PA seismometer characterized by a flat response within the 120 s to 100 Hz band, with a 24-88 

bit digitizer sampling at 100 Hz (connected to Global Positioning System [GPS] and linked to 89 

the internet via PEA’s satellite connection), is installed within a protective casing and 90 

insulating shelter on a granitic ridge outcropping a few meters above the ice surface, 350 m 91 

north of PEA (71.9460° S, 23.3467° E). Lombardi et al. (2019) suggested that the icequakes 92 

recorded by the BB seismometer are the result of local ice surface contraction, associated with 93 

diurnal changes in temperature, linked to solar radiation. Investigations on such thermally 94 

induced icequakes can therefore provide indirect information on superficial ice and snow 95 

mechanics, as well as the thermal state of the ice sheet (Nishio, 1983; Lombardi et al., 2019), 96 

ice shelf (MacAyeal et al., 2019; Olinger et al., 2019), or mountain glacier (Podolskiy et al., 97 

2018; Zhang et al., 2019). In our study, we compare in situ RS data to the local BB station data 98 

to assess the ability of the RS to detect local high-frequency seismic activity in glaciated 99 

environments. 100 

 101 

Methods 102 

Raspberry Shake seismometer 103 

RS seismometers are deployed in a number of environments, but they have yet to be tested in 104 

the harsh climate of Antarctica. In this study, we deployed RS3D turn-key seismometers. The 105 
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RS3D comprises three Sunfull PS-4.5B geophones (one vertical and two horizontal), with a 106 

period electronically extended to 2 s, connected to digitizers sampling at 100 Hz and a 107 

Raspberry-Pi computer board: all housed in a plastic enclosure. The enclosure has access points 108 

to enable power connectivity, SD card change, USB access, and ethernet connectivity. 109 

Although the system is designed to be plug-and-play, the Raspberry-Pi component means some 110 

parameters can be modified via Linux command line to suit user requirements. For the RS 111 

Antarctic deployment, the standard 8 GB micro SD card was replaced with a 32 GB micro SD 112 

card to ensure sufficient data storage. Because space is needed for the basic RS image and the 113 

estimated data per geophone channel is ∼10–20 MB per day (although this varies with user 114 

settings), this deliberately large increase in storage capacity was a precaution, in case of delays 115 

in instrument retrieval and data download. Pre-programmed RS3D settings are designed to 116 

store data locally over a seven-day rolling window, with real-time update to the RS servers. 117 

With no internet connectivity at our field site for data upload, we set the data storage time to 118 

365 days to ensure data would not be overwritten. This is longer than necessary but allowed 119 

for extra instrument retrieval time. Should data have been recorded for 365 days, our 120 

deployment would be expected to generate 15–20 GB of data. Again, with no internet 121 

connectivity, network time protocols would not keep the RS time synchronized, so the starting 122 

time was set manually and an internal clock drift of 0.16, 0.39, and 0.50 s/day for the three RS 123 

units were corrected in a preprocessing step. This clock drift was inferred by comparing the RS 124 

waveforms for five teleseismic events spanning the 10-day monitoring period with the ones 125 

from the local BB seismic station where the internal clock is regularly synchronized via its 126 

GPS receiver. Although this linear clock drift allows correlation with the BB waveforms, slight 127 

deviations in linearity hamper the use of the three RS to reliably locate the local icequakes. To 128 

power each of the RS3D units off-grid, a 100 Ah, 12 V leisure battery was used. The battery 129 

voltage was dropped to 5 V for the Raspberry-Pi using a micro-USB DC 12–5 V power 130 
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inverter. RS power consumption, measured using an inline power consumption logger prior to 131 

deployment, was estimated to be 2.8 W during start-up and 1.25 W during runtime. Additional 132 

details about some of the more technical aspects of the RS can be found within the links and 133 

code presented in Data and Resources. 134 

 135 

In Antarctica, the preprogrammed RS sensors were set up in a north-facing triangular array at 136 

the center of the BIA (Fig. 1). Because this is a pilot study, all sensors were placed near each 137 

other (i.e., 90 m apart), with the intention of cross validating the recorded data set (with the 138 

drawback of limiting the aperture and reducing the capability of locating distant seismic 139 

events). The location of each site was marked with a flag to help relocate the RS units—though 140 

the ice surface is slow-flowing and does not present any major hazard. The RS units were 141 

weather sealed in a baseless wooden box screwed into the ice (Fig. 1c). Screws at each corner 142 

of the RS enclosure enabled the RS to be leveled directly on the ice (although the screws 143 

themselves did not penetrate the ice surface). The battery was wrapped in insulating foam to 144 

preserve battery life and placed next to each RS. The RS units were powered simultaneously 145 

by unique operators, who then sealed the protective box by screwing down a wooden lid. 146 

Following installation, the site was left alone and not accessed again until the site had to be 147 

decommissioned prior to the winter retreat of scientists from the summer-only research station. 148 

No airplanes took off or landed on the local blue ice airfield (where the AWS is located; Fig. 149 

1) during the monitoring period. 150 

 151 

Temperature measurements  152 

We compare our seismic data sets to temperature measurements to explore the link between 153 

local temperature changes and BIA seismicity. We use hourly records from a local AWS to 154 

examine diurnal fluctuations in air temperature (which is a major control of ice surface 155 
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temperature), and brightness data (collected by sensors onboard the Landsat 8 satellite) to 156 

explore the regional variations in ice surface temperature that might drive spatial changes in 157 

near-surface seismicity.  158 

 159 

The closest AWS to our study site is located at the edge of the PEA airfield (Fig. 1), ∼3 km 160 

east of our RS network. The AWS was custom built for PEA by Konrad Steffen (Swiss Federal 161 

Institute for Forest, Snow and Landscape Research, Boulder, Colorado), and it was installed in 162 

the austral summer field season commencing in October 2012. It locally stores hourly air 163 

temperature, humidity, pressure, wind speed, and wind direction on a Campbell data logger. In 164 

this article, we report the average hourly temperature data collected by the Vaisala HMP45 165 

temperature sensor (which was powered locally by solar energy) to explore the relationship 166 

between air temperature and BIA seismicity. There are no data gaps during our survey period. 167 

 168 

To retrieve surface temperature data across the area, we use collection 1, level 1 (terrain 169 

corrected) imagery from the operational land imager (OLI) and the thermal infraRed sensor 170 

(TIRS) onboard Landsat 8. OLI is a push broom imager with nine spectral bands (B1-9), which 171 

record in the visible to near infrared spectrum, with a spatial resolution of 30 m or less (U.S. 172 

Geological Survey [USGS]). In our study, we use OLI data for quality control purposes—to 173 

improve TIRS resolution and pinpoint survey days where cloud cover is at a minimum. The 174 

TIRS is a two-band push broom imager (B10–11), which records data at 100 m spatial 175 

resolution (USGS). We use the TIRS B10 (centered on 10.9 μm) to extract at sensor brightness, 176 

which is resampled to 30 m using the OLI. More details on this data set and our processing 177 

methodology can be found in Data and Resources. We use data collected on 29 January 2020 178 

at 07:01 local time (during our survey period), when cloud cover across the tile was at a 179 

minimum(∼8.2%) and local AWS measurements report a gradual rise in hourly air 180 
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temperature, as solar radiation increases from the night minimum, toward a mid-day maximum. 181 

This data set allows us to examine regional variations in surface temperature that could drive 182 

spatial variations in ice surface expansion and contraction. 183 

 184 

Results and Discussion 185 

Seismic signals were recorded by each of the RS units and the BB station during the 10-day 186 

monitoring period (21–31 January 2020). Although measurements are consistently recorded in 187 

RS2, RS3, and the BB station, four large data gaps in RS1 (amounting to 40% data loss over 188 

the study period) suggest intermittent battery connectivity issues. As this data loss, together 189 

with the clock issue (see the Methods section), restricts our ability to triangulate RS signals 190 

and locate local seismic events, we only present data collected by RS2 (closest to PEA, the 191 

AWS, and the BB station, Fig. 1). Because we document the first RS deployment in Antarctica, 192 

we begin our Results and Discussion section by exploring seismic signal analysis and 193 

conducting seismic instrument comparisons—to examine the data set collected by RS2. We 194 

then summarize the advantages and limitations of the RS, to assist researchers planning to use 195 

the RS in similar environments. The Blue ice seismicity section focuses on the scientific 196 

findings of our study and the potential drivers of seismicity at our research site. 197 

  198 

Background seismic noise level 199 

Level of background seismic noise is often used as an indicator of the quality of both site and 200 

sensor installation and should accompany seismic recordings as an indication of the 201 

completeness of the event catalog. To assess and compare background seismic noise level, the 202 

median power spectral density (PSD) and median root mean square (rms) amplitude of 203 

acceleration were computed for both RS2 and the BB station ELIS (Fig. 2). A 10-day period is 204 

relatively short for monitoring the background noise, but our computation may provide a 205 
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preliminary trend in the PSD. Figure 2a reveals that the noise level of RS2 is consistently higher 206 

than the one from the BB station (up to 30 dB at 10 Hz and at 10 s), which is an expected 207 

observation considering the sensor types and the format of installation and insulation (Anthony 208 

et al., 2019). Regarding RS2 PSD, at high frequency there is no significant difference in noise 209 

level between daytime and nighttime (Fig. 2a). We also computed the PSD for a short 6 hr long 210 

period of moderate wind (i.e., wind speed ~ 4.5 m/s). As expected, wind produces an increased 211 

noise level on both vertical and horizontal components (with the RS protection box being an 212 

obstacle to wind flow). During the 10-day monitoring period the median wind speed was low, 213 

that is, 2.7 m/s. Favorably, the particular site of PEA, protected by the high mountains to the 214 

south and southeast, is not affected by strong winds throughout the year (median wind speed 215 

~3.3 m/s). In the microseism period band, although the higher noise level in the RS2 entirely 216 

masks the primary microseism (T = 16 s), the peak associated with the secondary microseism 217 

(T = 5–6 s) is visible—but it cannot be clearly distinguished due to long-period RS self-noise 218 

(Fig. 2a). At long period (when T > 20 s), our observed PSDs unequivocally approaches the 219 

RS self-noise (Fig. 2a). We are therefore reluctant to interpret the small (about 5 dB) difference 220 

between day and night PSDs. For the ELIS BB station, which has a lower seismic noise level 221 

overall, there is a much larger difference between seismic noise recorded over the day and night 222 

(∼10 dB) at high frequency (f > 2.5 Hz) (Fig. 2a). We explore this relationship further in Figure 223 

2b, which shows the average rms acceleration for the 10-day period, as a function of hour of 224 

day for high frequency, that is, 5–20 Hz. Although the high-noise level in the RS2 is confirmed 225 

for the entire day, the BB data are clearly dominated by anthropic noise between 07:00 and 226 

19:00. This is a result of construction work, machinery, and staff movement at PEA throughout 227 

the day, as the BB sensor is only 350 m from the main PEA building (Fig. 1). The PSD shows 228 

that the wind effect is much less pronounced on the BB station though, as the sensor is protected 229 

by a large metallic shelter. We also note that the noise level increases at long period (T > 50 s), 230 
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most probably as a result of atmospheric pressure change (Sorrells, 1971; De Angelis and 231 

Bodin, 2012).  232 

 233 

Seismic signals 234 

During our 10-day survey period, the RS2 recorded 2936 short duration, high-frequency events 235 

with relatively small ground velocity. Data (presented in Fig. 3) were initially filtered with a 236 

band-pass filter between 5 and 20 Hz, whereas three template events were selected manually 237 

to cross correlate the entire data set (after tries with three other unsuccessful patterns). The 238 

extracted events have at least a 0.9 correlation coefficient with the template. Cross-correlation 239 

plots in Figure 3a,b highlight the inherent high degree of similarity between seismic events, 240 

whereas Figure 3c,d helps to showcase the detail of a typical event. These seismic signals are 241 

characteristic of surface icequakes (Neave and Savage, 1970; Mikesell et al., 2012), derived 242 

from a local source of small but frequent ice cracking. The frequency of short-duration seismic 243 

signals, the dominance of surface waves, and the high degree of similarity among events 244 

(combined with site specific measurements of ice flow, wind, and longer-term monitoring 245 

of the area with the BB seismometer) rule out other mechanisms of seismicity in glaciated 246 

environments (largely documented in cryoseismology reviews by Podolskiy and Walter, 2016, 247 

and Aster and Winberry, 2017), such as stick-slip motion at the interface between the ice and 248 

bed (e.g., Barcheck et al., 2018, and references therein), hydrofracturing as a result of lake 249 

drainage (Carmichael et al., 2012), or teleseismic earthquake induced microseismicity (Peng et 250 

al., 2014). 251 

 252 

For comparison, we extracted seismic signals from the BB data set over time windows 253 

encompassing the arrival times of icequakes detected on RS2 (Fig. 4). Seismic signals were 254 

aligned on the largest amplitude found within a 1 s long window, moving from −5 to +5 s, 255 
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relative to the arrival time observed on RS2. The produced stack trace exhibits a high degree 256 

of similarity with the data set (from the same BB seismometer) of January 2013 (Lombardi et 257 

al., 2019). Furthermore, the distribution of these events (based on their time delay) shows a 258 

clear discrimination within the data set (Fig. 5a). On one hand, there is a background signal of 259 

about 50 events per 0.25 s bin distributed prior to and after the “0” reference lag, suggesting 260 

that the BB station recorded numerous events in which surface-wave signals are in some way 261 

coherent. Indeed, because of its low background noise (Fig. 2b), the BB station is able to record 262 

many icequakes of smaller amplitude. On the other hand, though, two groups of events, 263 

representing a total of 510, with delay time around ∼1.0 and ∼2.5 s, clearly emerge from the 264 

background (referred as Group1s and Group2.5s, hereafter) - which could therefore be 265 

associated with the signal detected by RS2. The substacks computed for these two groups of 266 

events are characterized by amplitude differences. Although the most populated substack of 267 

Group2.5s (pink line in Fig. 5) exhibits the smallest amplitude on the BB station and the largest 268 

amplitude on RS2, the substack of Group1s (blue line in Fig. 5) exhibits exactly the opposite 269 

trend. Group1s best matches the January 2013 waveform (dashed line in Fig. 5d) recorded by 270 

Lombardi et al. (2019). Considering these amplitude observations and the values of time delay, 271 

we may postulate that Group2.5s, with a time delay of ∼2.5 s, can be explained by a 272 

propagation of surface waves from the RS2 blue ice to the BB station. Considering the distance 273 

between the two sites (i.e., 4.5 km), this represents a propagation velocity of about 1.8 km/s, 274 

which is a reasonable estimate (even considering the timing synchronization uncertainties) for 275 

surface-wave propagation within the ice and firn (Mikesell et al., 2012; Diez et al., 2016). The 276 

second group of seismic signals (Group1s), which exhibits the smallest amplitude on RS2 and 277 

the largest amplitude on the BB data set, has an associated short-time delay of ∼1.0 s. This 278 

would favor a seismogenic source closer to the BB station and further away from RS2. A 279 

possible candidate may be the tip of the elongated BIA on Utsteinen Nunatak leeward-side 280 
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(visible in Fig. 1), which is some 1.5 km east of RS2. However, for such a distance, one may 281 

expect a seismic signal of longer duration, with less high-frequency content than the ones 282 

observed for Group2.5s. In absence of bedrock geometry and any seismic velocity model, this 283 

discussion remains only speculative at this stage of the study. A seismic network with more 284 

stations covering a much wider area (i.e., hundreds rather than tens of meters) together with ice 285 

penetrating radar investigations of the subsurface might help to unravel these peculiar icequake 286 

observations. 287 

 288 

Raspberry Shake performance 289 

Our RS2 unit recorded 2936 icequakes at our study site in Antarctica over a 10-day monitoring 290 

period. These findings illustrate that RS units can record specific, localized phenomenon (such 291 

as icequakes) in extreme environments (which are often detectable within the noise 292 

environment only at local distances) and that these measurements can be used to complement 293 

more wide-ranging and longer-term BB seismometer measurements (where these are 294 

available). Other authors have also tested RS performance, however, in less extreme 295 

environments (e.g., Manconi et al., 2018). These authors found the RS to be a viable solution 296 

for monitoring rockfall in the Swiss Alps, where they gathered more than 1 yr of data with 297 

relatively low noise levels, allowing the detection of several rockfall events, aided by visual 298 

imagery. They remark, however, that care should be made when using RS to monitor processes 299 

that are characterized by long-period signals (>10 s), as RS units are 4.5 Hz geophone sensors. 300 

Unfortunately, there is limited literature focusing on RS research applications, so we cannot 301 

state the potential use of the RS for other research scopes at this stage. In the following 302 

paragraphs, we highlight the positive attributes of the RS for our research project, and the 303 

limitations of our survey. We then summarize recommendations for future RS deployments in 304 

similar glaciated environments.  305 
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 306 

Our survey shows that the RS is a good short-period sensor, which performs well in cold 307 

environments such as Antarctica (though our monitoring period was relatively short and 308 

conducted during the austral summer). There is no evidence of function loss in the cold (air 309 

temperatures reached −15.0°C during our survey period) or during periods of rapid temperature 310 

change. For our remote study, where internet access was not available, site installation was 311 

simplified with preprogramming of the RS units, with the date and time of installation being 312 

set after power-up. After the survey period, we downloaded data over ethernet from the RS. 313 

For a limited number of sensors, this is a straightforward procedure. For a large number of 314 

sensors, a nodal solution may be easier to handle. 315 

 316 

For our survey there were some limitations. We note that RS1 experienced intermittent battery 317 

connectivity issues, which restricted data triangulation with RS2 and RS3. Icequakes, detected 318 

in all three RS devices are clearly discernible in the seismic record, but relatively high self-319 

noise may mask some other seismic signals from more distant source locations. Although the 320 

RS units can be deployed without internet connectivity and GPS antenna (as ours were), during 321 

our survey we recorded an internal clock-drift that substantially restricted our ability to locate 322 

icequake sources and take full advantage of the three-component data set. Although this clock-323 

drift was subsequently partly corrected with the GPS-enabled BB station, we note that a longer 324 

term study is likely to have more significant timing issues, if deployed in the same way. 325 

 326 

Our recommendations for improvements in future deployments of the RS in similar 327 

environments are based on the survey limitations we note in the previous paragraph. Battery 328 

connectivity issues may be resolved using newer batteries, and newer battery connections (we 329 

used older batteries and connections due to the time constraints associated with battery 330 
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shipment to Antarctica). Beyond a relatively high-RS self-noise level, seismic background 331 

noise may be reduced if the RS units were better protected from the elements, specifically 332 

blowing snow and high winds (though at PEA average wind speed is moderate) and the large 333 

daily variations in air temperature (associated with solar radiation). We suggest that RS sensors, 334 

placed in insulated, protective cases, should be installed 20–30 cm or more below the surface, 335 

with adapted sensor feet screwed into the ice for a better ground coupling. Timing issues will 336 

improve significantly with Internet access. However, if Internet access is unavailable (as it is 337 

in many extreme environments) timing could be provided with the implementation of an 338 

external GPS antenna, which will connect to the RS unit via USB and/or the Raspberry-Pi 339 

general-purpose input/output pins. This has power draw implications of ∼40 mA (Raspberry 340 

Shake, personal comm., 2021), which can be handled with an increase of the power supply 341 

capacity. 342 

 343 

Blue ice seismicity  344 

Figure 6 contains a plot of all known icequakes detected by RS2 and their relationship to local 345 

air temperature measurements (recorded by the nearby AWS, Fig. 1). This graph shows a 346 

remarkable periodicity in the occurrence of icequakes. Events are recorded daily across the 347 

monitoring period, appearing as swarms at very similar times of the day, with consistent 348 

interevent spacing (of 60 s on average). These cyclic seismic recordings match changes in air 349 

temperature. All seismic events occur during times of minimum air temperature, as 350 

temperatures drop during the night period, between approximately 18:00 and 03:00 local time. 351 

The timing of icequakes and their relationship with air temperature changes indicate a clear 352 

diurnal modulation of seismicity; suggesting that icequakes are generated by the thermal 353 

contraction of the blue ice surface as it cools (Butkovich, 1959).  354 

  355 
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To explore the role ice surface temperatures play in blue ice seismicity, we use data collected 356 

by sensors onboard Landsat 8. Figure 7 shows that during an orbital pass on 29 January at 357 

07:01 local time, the wind-scoured BIA (where RS2 was installed) had a surface temperature 358 

of −9°C to −10°C, which is ~3°C warmer than surrounding snow-covered ice (which was 359 

−12°C or colder). Although this recording was taken at one of the colder times of the day (and 360 

orbital revisit frequency prevents more detailed analysis of diurnal changes in surface 361 

temperature), these measurements suggest that BIAs have different thermal regimes to 362 

surrounding ice flows. We attribute these differences to regional variations in surface albedo 363 

and katabatic wind flow (Takahashi et al., 1992; Bøggild et al., 1995; Bintanja, 2000). As BIAs 364 

typically have an albedo of ∼0.6 and fresh snow usually has an albedo >0.78 (Winther et al., 365 

1996; Reijmer et al., 2001), BIAs are likely to experience greater temperature fluctuations on 366 

diurnal cycles, as a result of differential solar gain. The regional differences in surface 367 

temperatures in Figure 7 therefore demonstrate that BIAs, such as the one we examine at our 368 

study site, are likely to experience greater thermal expansion and contraction than neighboring 369 

snow-covered ice. These temperature measurements help to explain why icequakes are so 370 

numerous at our study site. 371 

 372 

Conclusions 373 

An RS seismic sensor installed on the blue ice surface close to the PEA research station 374 

detected 2936 icequakes over a 10-day monitoring period in January 2020. About 1/6 of them 375 

can be linked to seismic events recorded by the local BB station and can be associated with 376 

icequake seismicity revealed in a previous study. Therefore, our seismic signal analysis reveals 377 

that the RS is capable of monitoring specific localized phenomenon (such as icequakes) in cold, 378 

glaciated environments. Outputs like these can be used as a precursor for further study or to 379 

complement data collected by permanent BB stations, which record wider-scale and longer 380 
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term seismicity, with low background noise (but with the cost of more sophisticated installation 381 

and maintenance).  382 

 383 

Our investigations of blue ice seismicity reveal that the timing and frequency of icequakes are 384 

related to diurnal fluctuations in air temperature and regional variations in surface temperature, 385 

linked to solar gain, katabatic wind flow regimes, and surface albedo. As ice surface 386 

temperatures change, Antarctic BIAs undergo thermal expansion and contraction, generating 387 

thousands of high-frequency icequakes. Although these icequakes are too small to be a threat 388 

to ice sheet stability, icequake recordings such as ours can be used to monitor the thermal state 389 

and ice fracture mechanics of ablation zones in Antarctica, which are difficult to monitor by 390 

other means. 391 

 392 

Data and Resources 393 

Seismic data presented in this article are freely available to download from online data 394 

repositories. Our Raspberry Shake (RS) seismic measurements are accessible through RS 395 

International Federation of Digital Seismograph Networks (FDSN) web services available at 396 

https://raspberryshake.org/data-center/ (last accessed February 2021) (doi:10.7914/SN/AM), 397 

and technical specifications of the RS seismic sensors can be accessed at 398 

https://manual.raspberryshake.org/specifications.html#techspecs (last accessed February 399 

2021). Broadband (BB) seismic data from the ELIS BB station at the Princess Elisabeth 400 

Antarctica (PEA) research station will soon be available from the Orfeus Data Center (ODC) 401 

web services (fdsn dataselect) and, in the meantime, are available upon request to the Royal 402 

Observatory of Belgium (ROB)—Seismology-Gravimetry section (seismo.info@oma.be). 403 

Both seismic data sets were processed using standard processing steps, taking advantage of the 404 

Geophysical Investigations in Seismology using MATLAB Objects (GISMO) toolbox for 405 
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MATLAB (www.mathworks.com/products/matlab, last accessed February 2021), and the 406 

ObsPy package for Python. Surface temperature measurements from Landsat 8 are freely 407 

available to download from https://earthexplorer.usgs.gov (last accessed January 2021). We 408 

use the ACOLITE Landsat 8 processor available at 409 

https://odnature.naturalsciences.be/remsem/software-and-data/acolite (last accessed January 410 

2021) to extract at-sensor brightness data from Landsat 8 available at 411 

https://earthexplorer.usgs.gov/ (last accessed January 2021). 412 
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List of Figure Captions 557 

 558 

Figure 1. Figure 1. Raspberry Shake (RS) installation site, on a 1.5-km-long blue ice area 559 

(BIA) west of Princess Elisabeth Antarctica (PEA) research station. (a) Location map (from 560 

Landsat 8 satellite imagery, acquired in January 2020) showing the main features of the study 561 

site where we highlight the location of the three RS devices (brown squares), and in particular 562 

RS2 on the BIA, as well as the PEA research station (red star), the automatic weather station 563 

(AWS, green triangle), and the local broadband (BB) seismic station (yellow circle). (b) Map 564 

shows the location of the field area on the East Antarctic Ice Sheet (EAIS). The West Antarctic 565 

Ice Sheet (WAIS) is also annotated for reference. (c) Photograph of the RS setup: RS leveled 566 

directly on the ice and connected to an insulated battery box through a power invertor. Note 567 

that the wooden box (drilled into the ice) was used to provide protection from blowing snow. 568 

(d) Field photograph showing RS2 (in wooden box) with a red flag to mark its location. 569 

 570 

Figure 2. Comparisons between the RS2 sensor and the local ELIS BB station (a) power 571 

spectral density (PSD) over the 10-day monitoring period for RS2 and the BB station. Thick 572 

dashed lines show daytime at PEA research station (10:00–17:00) whereas thick solid lines 573 

show “night” hours (22:00–05:00) when no one is working at the PEA research station. The 574 

east component is shown for windy and calm conditions (thin dashed lines). The vertical 575 

component for windy conditions is also shown (dotted lines). The presented RS self-noise data 576 

are from Bès de Berc et al. (2019) and was calculated using the Sleeman method (Sleeman et 577 

al., 2006). The observed higher level of the PSD, for EHE at T > 0.7 s, may reflect a higher 578 

level of self-noise for the horizontal component (M. Bès de Berc, personal comm., 2021). “SM” 579 

and “PM” stand for secondary and primary microseisms, respectively. New high- and low-580 

noise level models (NHNM and NLNM, respectively) represent the calculated noise models 581 

from long duration records of worldwide seismic stations (Peterson, 1993). The PSD was 582 

computed with ObsPy package (Beyreuther et al., 2010). The data set was processed using a 583 

one-hour long segment overlapping by 50%, with 1/8 octave step and 1/4 of octave smoothing 584 

(Welch, 1967; McNamara and Buland, 2004). The continuous data set in the frequency content 585 

is shown in (b), which displays the median root mean square (rms) amplitude of acceleration 586 

for the 10-day period as a function of the time of day for RS2 (black) and the BB station (gray). 587 

Seismic traces were bandpassed between 5 and 20 Hz, and amplitudes were averaged over a 588 

one-minute-long sliding window. Note that the BB data are clearly dominated by anthropic 589 

noise between 07:00 and 19:00. 590 
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 591 

Figure 3. Icequakes recorded by RS2. (a) Cross-correlation plot of the 2936 icequake events 592 

detected at RS2; (b) stack trace of all recorded icequakes and the average signal (black line); 593 

(c) three component record of a typical icequake and (d) its frequency spectrum. Note that the 594 

horizontal components (EHN and EHE) were not synchronized with the BB data, and therefore 595 

their timing is unreliable. 596 

 597 

Figure 4. Five hundred individual traces randomly chosen from the 2936 seismic traces from 598 

(a) the BB data set and (b) the linear stack for the complete data set (solid line), with the 599 

standard deviation noted (b, gray lines). The seismic signal was band-pass filtered between 5 600 

and 20 Hz and aligned on the surface-wave largest peak (found by exploring ±5 s around the 601 

arrival time at RS2). The stack trace from events detected by the same BB seismometer in 602 

January 2013 (Lombardi et al., 2019) is included for comparison (dashed line in b). This stack 603 

trace was normalized to match the largest amplitude of the stack trace from this study. Note 604 

that the P wave is not visible in the stack traces and the indicated timing is from Lombardi et 605 

al. (2019). 606 

 607 

Figure 5. Distribution of seismic signals on the BB data set, based on detection from RS2. (a) 608 

Icequake distribution, presented in number of events, across the time delay—of the arrival time 609 

of the largest amplitude of the signal (within ±5 s after the arrival time detected on RS2 data 610 

set). Note that the collected time delays are binned for every 0.25 s. Bins around 1 and 2.5 s 611 

(gathering more than 80 events) were selected as the largest bins. Bins representing the average 612 

number of events (around 50 events) are also shown for reference (bins -3.5 and +3.5 s). The 613 

colored boxes on (a) show the time delay of stacked seismic signals from the BB data set, 614 

displayed as a function of amplitude (meters per square second) in (d). (b) PSD of Group1s and 615 

Group2.5s are displayed on top of median PSD calculated over the 10-day monitoring period 616 

to show their importance relative to the background noise level. (c) Binned seismic signals on 617 

RS2. 618 

 619 

Figure 6. Time history of the recorded events (small orange dots) in RS2, with the interevent 620 

spacing noted on the left y axis. Large orange circles with standard deviation bars show the 621 

average interevent time whereas large green crosses show the total number of events per day, 622 

corresponding to the right y axis in green. The small green crosses connected by green lines 623 

show the number of events per hour. Average air temperature (light blue line) recorded by the 624 
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nearest AWS station is plotted on top. All events occur during times of minimum air 625 

temperatures, during the night period, between approximately 18:00 and 03:00 local time. 626 

 627 

Figure 7. At sensor brightness measurements from the thermal infrared sensor (TIRS) onboard 628 

Landsat 8, collected across the field site during an orbital pass on 29 January, at 07:01 local 629 

time. The resultant surface temperature map (layered above a hillshade map) shows elevated 630 

surface temperature measurements around Utsteinen nunatak (which is largely free of snow 631 

and ice) and on wind-scoured surfaces west of the nunatak, including our study site, where BIA 632 

surface temperatures are approximately 3°C warmer than surrounding snow-covered ice during 633 

this early morning orbital pass. This suggests that BIAs could be more prone to larger 634 

fluctuations in surface temperature (due to differences in albedo and thermal insulation), 635 

generating increased surface expansion and contraction (as well as associated seismicity) in 636 

BIAs, compared to neighboring ice flows.  637 
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Figures 638 

 639 

Figure 1. Raspberry Shake (RS) installation site, on a 1.5-km-long blue ice area (BIA) west of 640 

Princess Elisabeth Antarctica (PEA) research station. (a) Location map (from Landsat 8 641 

satellite imagery, acquired in January 2020) showing the main features of the study site where 642 

we highlight the location of the three RS devices (brown squares), and in particular RS2 on the 643 

BIA, as well as the PEA research station (red star), the automatic weather station (AWS, green 644 

triangle), and the local broadband (BB) seismic station (yellow circle). (b) Map shows the 645 

location of the field area on the East Antarctic Ice Sheet (EAIS). The West Antarctic Ice Sheet 646 

(WAIS) is also annotated for reference. (c) Photograph of the RS setup: RS leveled directly on 647 

the ice and connected to an insulated battery box through a power invertor. Note that the 648 

wooden box (drilled into the ice) was used to provide protection from blowing snow. (d) Field 649 

photograph showing RS2 (in wooden box) with a red flag to mark its location.  650 
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 651 

Figure 2. Comparisons between the RS2 sensor and the local ELIS BB station (a) power 652 

spectral density (PSD) over the 10-day monitoring period for RS2 and the BB station. Thick 653 

dashed lines show daytime at PEA research station (10:00–17:00) whereas thick solid lines 654 

show “night” hours (22:00–05:00) when no one is working at the PEA research station. The 655 

east component is shown for windy and calm conditions (thin dashed lines). The vertical 656 

component for windy conditions is also shown (dotted lines). The presented RS self-noise data 657 

are from Bès de Berc et al. (2019) and was calculated using the Sleeman method (Sleeman et 658 
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al., 2006). The observed higher level of the PSD, for EHE at T > 0.7 s, may reflect a higher 659 

level of self-noise for the horizontal component (M. Bès de Berc, personal comm., 2021). “SM” 660 

and “PM” stand for secondary and primary microseisms, respectively. New high- and low-661 

noise level models (NHNM and NLNM, respectively) represent the calculated noise models 662 

from long duration records of worldwide seismic stations (Peterson, 1993). The PSD was 663 

computed with ObsPy package (Beyreuther et al., 2010). The data set was processed using a 664 

one-hour long segment overlapping by 50%, with 1/8 octave step and 1/4 of octave smoothing 665 

(Welch, 1967; McNamara and Buland, 2004). The continuous data set in the frequency content 666 

is shown in (b), which displays the median root mean square (rms) amplitude of acceleration 667 

for the 10-day period as a function of the time of day for RS2 (black) and the BB station (gray). 668 

Seismic traces were bandpassed between 5 and 20 Hz, and amplitudes were averaged over a 669 

one-minute-long sliding window. Note that the BB data are clearly dominated by anthropic 670 

noise between 07:00 and 19:00.  671 
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 672 

Figure 3. Icequakes recorded by RS2. (a) Cross-correlation plot of the 2936 icequake events 673 

detected at RS2; (b) stack trace of all recorded icequakes and the average signal (black line); 674 

(c) three component record of a typical icequake and (d) its frequency spectrum. Note that the 675 

horizontal components (EHN and EHE) were not synchronized with the BB data, and therefore 676 

their timing is unreliable. 677 
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 678 

Figure 4. Five hundred individual traces randomly chosen from the 2936 seismic traces from 679 

(a) the BB data set and (b) the linear stack for the complete data set (solid line), with the 680 

standard deviation noted (b, gray lines). The seismic signal was band-pass filtered between 5 681 

and 20 Hz and aligned on the surface-wave largest peak (found by exploring ±5 s around the 682 

arrival time at RS2). The stack trace from events detected by the same BB seismometer in 683 

January 2013 (Lombardi et al., 2019) is included for comparison (dashed line in b). This stack 684 

trace was normalized to match the largest amplitude of the stack trace from this study. Note 685 

that the P wave is not visible in the stack traces and the indicated timing is from Lombardi et 686 

al. (2019).  687 
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 688 

Figure 5. Distribution of seismic signals on the BB data set, based on detection from RS2. (a) 689 

Icequake distribution, presented in number of events, across the time delay—of the arrival time 690 

of the largest amplitude of the signal (within ±5 s after the arrival time detected on RS2 data 691 

set). Note that the collected time delays are binned for every 0.25 s. Bins around 1 and 2.5 s 692 

(gathering more than 80 events) were selected as the largest bins. Bins representing the average 693 

number of events (around 50 events) are also shown for reference (bins -3.5 and +3.5 s). The 694 

colored boxes on (a) show the time delay of stacked seismic signals from the BB data set, 695 

displayed as a function of amplitude (meters per square second) in (d). (b) PSD of Group1s and 696 

Group2.5s are displayed on top of median PSD calculated over the 10-day monitoring period 697 

to show their importance relative to the background noise level. (c) Binned seismic signals on 698 

RS2.  699 
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 700 

Figure 6. Time history of the recorded events (small orange dots) in RS2, with the interevent 701 

spacing noted on the left y axis. Large orange circles with standard deviation bars show the 702 

average interevent time whereas large green crosses show the total number of events per day, 703 

corresponding to the right y axis in green. The small green crosses connected by green lines 704 

show the number of events per hour. Average air temperature (light blue line) recorded by the 705 

nearest AWS station is plotted on top. All events occur during times of minimum air 706 

temperatures, during the night period, between approximately 18:00 and 03:00 local time.  707 
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 708 

Figure 7. At sensor brightness measurements from the thermal infrared sensor (TIRS) onboard 709 

Landsat 8, collected across the field site during an orbital pass on 29 January, at 07:01 local 710 

time. The resultant surface temperature map (layered above a hillshade map) shows elevated 711 

surface temperature measurements around Utsteinen nunatak (which is largely free of snow 712 

and ice) and on wind-scoured surfaces west of the nunatak, including our study site, where BIA 713 

surface temperatures are approximately 3°C warmer than surrounding snow-covered ice during 714 

this early morning orbital pass. This suggests that BIAs could be more prone to larger 715 

fluctuations in surface temperature (due to differences in albedo and thermal insulation), 716 

generating increased surface expansion and contraction (as well as associated seismicity) in 717 

BIAs, compared to neighboring ice flows. 718 


