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Abstract

Records of Alpine microseismicity are a powerful tool to study landscape-shaping processes and
warn against hazardous mass movements. Unfortunately, seismic sensor coverage in Alpine
regions is typically insufficient. Here we show that distributed acoustic sensing (DAS) bridges
critical observational gaps of seismogenic processes in Alpine terrain. Dynamic strain
measurements in a 1 km long fiber optic cable on a glacier surface produce high-quality
seismograms related to glacier flow and nearby rock falls. The nearly 500 cable channels
precisely locate a series of glacier stick-slip events (within 20-40 m) and reveal seismic phases
from which thickness and material properties of the glacier and its bed can be derived. As seismic
measurements can be acquired with fiber optic cables that are easy to transport, install and couple
to the ground, our study demonstrates the potential of DAS technology for seismic monitoring of
glacier dynamics and natural hazards.
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I ntroduction

Over the past 1-2 decades, advances in sensor and digitizer technologies have increased
portability of seismic instrumentation. Seismic monitoring in poorly accessible Alpine and Polar
regions is therefore becoming increasingly feasible. The resulting data focus on processes near the
Earth’s surface rather than on traditional seismology subjects like the deeper crust and mantle.

Seismic studies in Alpine terrain have cultivated new sub-disciplines like environmental
seismology (1) and cryoseismology (2,3). This has filled critical observational gaps for
investigation of mass movements such as bedload transport in torrents (4), rock falls (5), debris
flows (6) and avalanches (7) as well as the stability of rock structures (§) and landslides (9). In
glaciated regions, seismic studies have proved the existence of seismogenic glacier sliding and
provided time series of iceberg production (2) and subglacial water flow (/0), which are difficult
to obtain with traditional glaciological measurements.

The sub-second time scales at which seismometers monitor ground unrest constitute an unrivaled
temporal resolution. However, only specialized and dense sensor networks can locate mass
movements with reasonable uncertainty (5). Capturing, for instance, precursory signals before
failure requires sensors in the immediate vicinity of the unstable mass (9), and coincidental
recordings from nearby permanent seismic stations are rare and difficult to interpret (717).
Therefore, comprehensive, large-scale seismic monitoring essential for early warning or scientific
purposes remains largely impossible because the required sensor coverage is usually infeasible.

In other fields of seismology, the advent of distributed acoustic sensing (DAS) is currently
revolutionizing seismic sensor coverage. DAS technology uses fiber optic cables into which an
interrogator injects a sequence of laser pulses. The time series of back-scattered signals can be
transformed into strain rate sampled every few meters along the fiber (72). Seismic waves
dynamically straining the fiber can thus be recorded over distances of several tens of kilometers,
with a bandwidth ranging between quasi-static and tens of kHz (73). Advanced interferometric
techniques applied to ultra-stable laser light injected into fiber optic cables may even sample
cables hundreds of kilometers long (74).

Fiber optic technology such as DAS has started to complement geophone chain deployments in
active exploration surveys (e.g. 15) and has been shown to record waveforms of regional and
teleseismic earthquakes (16, 17). In sea basins, seismograms measured with fiber optic cables
capture local earthquake signals, which are too weak to be recorded by sparse ocean bottom
seismometers (/4). DAS measurements of anthropogenic noise can furthermore be used to
characterize the Earth’s near-surface structure (78, 79). Though individual DAS channels may
have a lower signal-to-noise ratio (SNR) than conventional seismometers, the presence of unused
fibers in telecommunication networks (dark fibers) suggests that a vast resource of already
installed seismic sensors could be harnessed for monitoring with an unprecedented sensor
coverage and density (16, 19).

Here we present DAS measurements of microseismic signals and ambient noise records acquired
on a Swiss Alpine glacier. For 5 days in March 2019 we monitored glacier stick-slip activity, rock
falls and crevasse icequakes using a fiber optic cable placed on the glacier surface. The cable
layout formed an equilateral triangle with 220 m long sides. Compared to the records of 3
collocated on-ice and 3 nearby on-rock seismometers, utilizing the nearly 500 DAS channels
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provides a significant improvement in stick-slip event location and identifies previously unnoticed
critically refracted and multiply reflected seismic waves. The DAS measurements furthermore
recover the back-azimuth of a visually confirmed rock fall and yield subsurface velocity estimates
from passive noise correlations. These results show the utility and potential of DAS
measurements for monitoring glacial processes and mass movements in high Alpine regions.

Results
RHONEGLETSCHER

The study site is located on the ablation zone of Rhonegletscher (Switzerland), a temperate glacier
(ice at pressure melting point) with an area of ~15.5 km” and a length of ~8 km flowing
southward from 3600 to 2200 m above sea level (a.s.l.) at an average surface slope of 10° (Figure
1, 20). Between 20 and 26 March 2019, we carried out DAS measurements close to the glacier’s
central flow line at an altitude of ~ 2’500 m a.s.l. (network center coordinates: 2°672°300,
1’161°050 (LV9S5), 46.5968, 8.382 (WGS84)). At our study site, the surface velocity of
Rhonegletscher is ~35 m/a and the ice thickness reaches 200 m as determined from interpolation
of radar transects (2/) and hot water drilling in summer 2018 (22). Throughout the one-week long
DAS field deployment the glacier ice was covered by ~3 m of snow.

INSTRUMENTATION

Three on-ice seismometers were deployed close to the central flow line of the glacier and form an
equilateral triangle with ~220 m side lengths (Figure 1B). Each consists of three-component
Lennartz 3D/BHs sensors, drilled ~3 m into the ice, and a Centaur digitizer by Nanometrics. The
sensor’s eigenfrequency is 1 Hz; the response is flat up to 100 Hz. We sample these sensors at
500 Hz. Three nearby on-rock stations were deployed on granite bedrock within few tens of
meters of the glacier margin (Figure 1A). They consist of three-component Lennartz 3D/5s
surface sensors with 0.2 Hz eigenfrequency and a flat response up to 50 Hz, and a Centaur
digitizer sampling at 200 Hz. In the past the glacier bed beneath the on-ice seismometers had
produced repeated microseismic activity. We therefore monitored this region for nearly two years
and chose it as the field site for this present study.

From 21-25 March 2019 we deployed the SILIXA iDAS™ fiber otpic system at Rhonegletscher.
The interrogator was placed into a tent, powered by a Honda 20i generator (2 kW maximum
power output) and connected to a 1 km long polyurethane mantled fiber optic cable containing 4
single mode and 2 multimode fibers. We utilized two single-mode fibers to increase spatial
redundancy by splicing the end of one fiber together with the other fiber. This resulted in a total
fiber length of 2 km. Approximately 820 m of the cable were placed into a shallow trench (few
cm deep) carved into the snow and subsequently covered with loose snow (Figure 1C). Of these,
660 m form an equilateral triangle with additional cable segments shaped into loops of ca. 10 m
diameter around the triangle corners, defined by the locations of the on-ice seismometers (Figure
IB). A ca. 30 m cable segment connected the northern triangle side to the interrogator. The
triangular layout was chosen to facilitate comparison between seismometer and DAS records in
this particular glacier region.

For the temporal and spatial sampling of the DAS deployment we chose 500 Hz and 4 m,
respectively, during most of the measurement period. This configuration was briefly changed to
4000 Hz and 8 m when explosives at ca. 30 cm depth in the ice were set off within 10 m of the
northern triangle side. The goal of these explosions was to evaluate the DAS system’s
performance in active seismic experiments on glacier ice. For the entire measurement period, we
used a gauge length of 10 m, which is the distance over which the interrogator calculates dynamic
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strain rates (73). This gauge length is smaller than the seismic wavelengths of primary interest
and thus does not alter seismic arrival time measurements (Supplementary Notes 1-4). We
determined the DAS channel locations with differential GPS and foot taps to within an
uncertainty of 2 m, i.e., half the spatial sampling distance.

RECORDED SIGNALS

On Alpine glaciers, dominant seismic signals from surface crevasse activity, englacial water flow
and nearby rock falls range between a few Hz and tens of Hz (2, 10). Basal seismicity recorded at
the surface has frequencies that may exceed hundreds of Hz (23).

Figure 2 and Supplementary Figures 1-4 show our DAS records of a surface icequake, a more
impulsive stick-slip event, an explosive charge, and a sustained 15 s-long signal of a rock fall.
The rock fall was visually observed in the field and thus associated with the sustained signal
(Figure 2D). The impulsive event (Figure 2B) is identified as a basal stick-slip event based on
waveform characteristics, location and higher frequency content compared to the surface icequake
(Supplementary Figures 1 and 2; further explanations follow). It belongs to a cluster of stick-slip
events repeating every few hours and producing highly similar waveforms (Figure 3A). Except
for bandpass filtering and amplitude scaling we show unprocessed time series to compare the
signal quality between DAS and the vertical component of the seismometer (Figure 2). Assuming,
for simplicity, that the incoming wave is nearly planar, strain measured on the fiber is
proportional to particle velocity, which makes the recordings qualitatively comparable (75). An
accurate comparison requires rotating the horizontal seismometer records along the cable axis.
Since we use borehole sensors, the needed rotation angle is not a priori known.

The surface icequake shows the characteristic dominant Rayleigh wave between 10 and 50 Hz
(Supplementary Figure 1) with a retrograde elliptical particle motion (24). In contrast to the
surface icequake, the stick-slip event has a higher frequency content and it shows dominant P and
S arrivals while lacking a notable Rayleigh phase. However, even on the DAS system, which in
principle is sensitive in the kHz range (13), the frequency content fades out at frequencies above
100 to 200 Hz (Supplementary Figure 2). We explain this high-frequency limit primarily by
differences in coupling between seismometers and the fiber optic cable: The seismometers were
drilled into the ice and tightly frozen into their boreholes, which provides an ideal coupling to the
ice. On the other hand, the cable rests on over 2 m of damping snow, which provides a poor
coupling to the ice body. Explosions in glacier ice are known to contain energy up to 1000 Hz
(25) but in our case the snow damping suppresses frequencies above 100-200 Hz (Supplementary
Figure 4) on the DAS system compared to the seismometer records (Figure 2C, Supplementary
Figures 4 and 5). Snow damping also explains why high-frequency reflections from the
explosions are visible on the seismometers but not on the DAS record (Supplementary Figure 5).
As expected for a near-surface source, the explosion seismogram also shows the dominant
Rayleigh phase.

Figure 2 shows that in the frequency range between several Hz and 100 Hz, the SNR of the DAS
records is below the on-ice seismometers. This has been observed in other contexts (76).
Nevertheless, the DAS system provides clear records of surface icequakes, stick-slip events, rock
falls and other strong signals not shown here (e.g. helicopter and sustained harmonic wave trains
of anthropogenic origin).

The signal strength and SNR of DAS records vary spatially as shown for the case of the stick-slip
event in Supplementary Figure 6. As expected, signal strength and SNR tends to be strongest on
the northern cable segment, which is closest to the source. There exist additional variations of
signal and noise strength. In particular, channels along the eastern portion of the northern cable
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segment (between channels D1768 and D276) tend to have lower SNR. Snow depth variations
measured with an avalanche probe along the northern cable section amount to ca. 60 cm, which
seems minor compared to the systematic SNR variation along these channels. Instead, we find it
more likely that snow quality differences (wet vs dry snow) and varying contact areas between
snow surface and cable explain variations in signal and/or noise strength.

EVENT LOCATION AND STICK-SLIP MAGNITUDE

Figure 4B (green and black point clouds) shows the probabilistic location inversion of the stick
slip event shown in Figures 2 and 3 using on-ice seismometer and DAS arrival times with the
density of scatter points representing the probability density of the hypocenter location (see
Methods). As a result of uncertainties in the seismic velocity model and arrival time picks and the
nonlinear inversion problem, the probability density using the three on-ice seismometers (green
point cloud in Figure 4B) has large side lobes including local minima. The 1 sigma uncertainty
ellipse has semi major and minor axes of 142 and 107 m. In contrast, for the arrival times
measured with the more numerous and spatially denser DAS channels, the probability density
function is substantially more confined (black point cloud in Figure 4B) with semi major and
minor axes of 35 and 11 m.

Given the known source location and typical properties of glacier ice, the time integral of the
horizontally polarized S-wave recorded on the DAS system can be used to estimate stick-slip
moment magnitude (26). For this we furthermore assume a source mechanism consistent with
bed-parallel slip along the glacier flow line, which agrees with compressive first motions on all
on-ice stations (Figure 3). The estimated moment magnitude lies in the range of -1.5 to -0.5,
depending on the exact fault plane orientation, which is poorly constrained with the given seismic
data. This estimate is comparable to other accounts of microseismic basal stick-slip icequakes

(26).

PHASE IDENTIFICATION OF STICK-SLIP ICEQUAKE

A cross-correlation search matching the stick-slip seismogram in Figure 3 as a template against
the continuous seismometer record shows that the event belongs to a multiplet of repeated
ruptures over identical fault planes resulting in practically identical seismic waveforms (Figure
3A). During the DAS deployment, 48 repeating events matched the template with correlation
coefficients of on-ice seismometer records between 0.986 and 0.999. The inter-event times are
remarkably regular at around 2 hours. Compressive P-polarities are consistent with a shear
dislocation along the glacier flow direction (Figure 3B).

A record section of the stick-slip icequake on the DAS system highlights P- and S-waves and
additional phases (Figure 4A). 2D ray tracing (see Methods) suggests that the recorded P-wave
train contains both the direct wave as well as the critically refracted phase, which travels through
the underlying granite (the cross over distance at which the refracted wave passes the direct wave
is similar to the smallest source-station offset). The same is true for the S-wave, but here a
separation between direct and refracted phase is clearly visible at source-station offsets beyond
270 m (Figure 4D). A small arrival (visible at distances above 310 m) before the refracted S-wave
may be explained with a doubly reflected P-wave (Figure 4C). The latest indicated arrival (best
illustrated in Figure 4A at around 0.3 s) points towards a doubly reflected shear wave arrival,
although the calculations place the arrivals slightly after the signal onset, which likely results
from our simplified 2D velocity model.
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The refracted and doubly reflected S-wave arrivals are also visible in on-ice seismometer records
(Figure 3B). However, without the dense sensor layout of the DAS cable, these phases are more
difficult to interpret. On the DAS system, Figure 4D shows additional coherent arrivals after the
direct S-arrival. These may be other multiple reflections involving conversion between P- and S-
polarization at the surface or bed.

The bedrock S-velocity tuned with the 2D ray tracing is 3200 m/s. The ice thickness needed to
match the arrival times is 151 - 181 m. This is smaller than the 172 — 202 m estimated on the
basis of interpolated radar lines (Supplementary Figure 7) and several boreholes drilled in
summer 2018 near the study site showing a depth between 187 and 200 m. However, the
interpolated radar lines spaced by hundreds of meters have considerable uncertainty and do not
capture details in bed topography, which gives rise to a bed slope of up to 25 degrees and a bed
overdeepening beneath the study site (Figure 1 and Supplementary Figure 7). Given that we
neglect 3D ice surface and bed topography in our simple 2D ray tracing model, our ice thickness
estimates seem reasonable. In general, however, the source-station geometry exhibits an
azimuthal gap of more than 270°, which is too large for precise joint inversion of hypocenter and
seismic velocities (27 and Methods).

In contrast to the on-ice records, the first arrivals recorded on the rock stations travel at up to 4600
m/s (neglecting topography) and thus cannot be explained with a direct phase propagating through
the ice. We therefore interpret this first arrival as the critically refracted P-wave. The polarity of
this refracted P-wave is opposite of the direct P-arrival of the on-ice stations (Figure 3B), because
the direct and critically refracted waves sample different quadrants of the double-couple radiation
pattern of basal stick-slip events (26).

ROCK FALL BACK AZIMUTH

The rock fall (Figure 2D) induces a coherent signal throughout the fiber optic cable. Small time
shifts of rock fall seismograms between individual channels are a result of different arrival times.
Previous studies have exploited such signals on seismic arrays to locate rock falls and image their
trajectories  (28). Here, we use matched field processing to determine the rock fall’s back
azimuth and the apparent velocity at which the seismic waves propagate throughout the cable
layout based on signal arrival time differences (see Methods).

Figure 5 shows the back-azimuth and velocity calculation for a time window containing the rock
fall signal. For the times before and after the rock fall signal, the normalized beam power is
consistently below 0.2 indicating poor signal coherence throughout the array (see Methods).
During the rock fall signal, coherence nearly doubles and back azimuths are stable at 243° East
from North, pointing towards an unstable moraine, approximately 1 km to the West of the glacier
where the rock fall was visually observed (Figure 5B). Moreover, phase velocities of 1700 m/s
(Figure 5C) agree with typical Rayleigh wave velocities below 30 Hz of crevassed near-surface
ice (29), which is consistent with superficial rock impacts on the ground. Besides the unstable
moraine from where the rock fall in Figure 5 detached, matched field processing shows activity
on slopes east or south of the array, although these sources were not visually confirmed.

NOISE CORRELATIONS

In the 5-50 Hz range, cross-correlations of the continuous DAS record from 24 March 2019 can
be used to estimate the phase of the fundamental-mode Rayleigh wave (Figure 6; Method
section). The cross-correlation wave packets propagate along the eastern side of the triangle. The
acausal part of the noise correlation is largely absent, because ambient noise sources are not
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homogenously spread around the study site (30). The propagation of coherent noise signals is
mostly (though not entirely, Figure 6B) in the southwestern direction with noise sources locating
to the northeast of the study site. As a consequence, noise correlations using the northern triangle
side include less coherent noise propagating along the cable axis and therefore have a lower SNR
(not shown). With an absence of melt water flow during the measurement, which would facilitate
noise interferometry (31/), crevasse activity to the northeast of the study site likely provides
coherent signals in the background seismicity.

The virtual Rayleigh waves propagate at a typical (29) velocity of 1700 m/s (Figure 6A). The
DAS channels record strain in the direction of the fiber, induced by the elliptical particle motion
along the Rayleigh wave propagation axis. In principle, the dispersion relation of virtual Rayleigh
waves could be used to infer ice thicknesses. However, in our case, the 220 m length of straight
cable portions inhibits resolution below 10 Hz (Supplementary Figure 8), where Rayleigh waves
are sensitive to the glacier bed (29, 31).

Discussion

Similar to applications in other seismological disciplines, DAS technology offers a vast potential
for monitoring glacier dynamics and Alpine mass movements. With a simple deployment
procedure essentially consisting of rolling out a cable, hundreds of seismic measuring points are
available for monitoring. The physical labor is comparable to installation of only a few
seismometers at the ice surface which produce significantly less information about seismic
sources and wave propagation within and near the glacier.

Our results show that the DAS system is capable of recording seismogenic glacier flow and even
small Alpine mass movements such as rock falls. Compared to seismometers on and near the
glacier, the DAS system offers clear advantages, which allow us to better constrain static and
dynamic properties of the glacier and its surroundings. A first important result is that the DAS
records allow for accurate arrival time measurements despite the spatial averaging of dynamic
measurements implied by the finite gauge length (Supplementary Notes 1-4 and Supplementary
Figure 9). Consequently, even though the DAS cable covered the same area as the 3 on-ice
seismometers, the amount and density of recording channels improved the location quality of
stick-slip events substantially. Furthermore, the close spacing of recording DAS channels reveal
the existence of multiple reflections and critically refracted waves. These phases cannot be
identified with sparsely spaced seismometer networks and had previously only been observed
beneath the polar ice sheets (26, 32) or not at all. Finally, the application of matched field
processing to DAS data allows us to locate rock falls, and thus, to identify potentially unstable
slopes.

The advantages of the DAS system outweigh the lower SNR of individual channels along the
fiber optic cable compared to our borehole seismometers in direct contact with the glacier ice. At
frequencies above 100-200 Hz, part of the low SNR can be attributed to the highly damping 2-3
m snow cover separating the fiber optic cable from the ice surface. Placing the cable directly on
the glacier ice e.g. before winter snow fall would likely increase the quality of seismic records
and mitigate variations in signal and noise amplitudes along the cable, which we attribute to snow
quality and coupling variations.

In the present study, identification of the indirect phases emitted by the stick-slip source would
not have been possible without the DAS system. In our case, the resulting estimates of ice
thickness and seismic velocities of the glacier bed substrate were subject to uncertainties resulting
from a poor azimuthal sensor coverage of the source hypocenter. However, with longer cable
segments and better sensor coverage, our measurements offer new perspectives in
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cryoseismology. Without the need of active sources, DAS measurement can characterize the
subglacial environment. In our case, seismic velocities within the glacier bed are higher than ice
as expected for a mountain glacier resting on granite bedrock. This is confirmed by proglacial
terrain, which until recently was covered by the tongue of the Rhonegletscher (Supplementary
Figure 10). In contrast, for the largest tide water glaciers and ice streams on Earth, whose
dynamics control eustatic sea level rise (33), weak basal till layers allow for rapid basal motion of
up to tens of meters per day and till layers of 100s of meters thickness are thus characteristic for
fast ice stream flow (e.g. 34). Especially when water saturated, such till layers have low seismic
velocities compared to ice and bedrock (35). Stick-slip seismicity could thus provide important
information about the basal boundary conditions of fast polar ice streams. The fact that stick-slip
patches tend to produce repetitive events such as shown here and in previous studies (23, 26)
furthermore suggests an application for monitoring: Small changes in basal seismic velocities
revealed by repeating stick-slip events could help identify changes of basal resistance as a result
of evolving subglacial water pressures (e.g. 36).

In our deployment it was sufficient to place the DAS cable into a cm-deep snow trench. Two
persons were enough to deploy hundreds of meters of cable within a few hours, resulting in 500
recording channels. Covering the cable layout with geophones or seismometers at equivalent
sensor spacing instead would have required significantly more manpower and time. The
straightforward cable deployment implies that larger areas of a glacier can now be covered with
seismic sensors. Covering the full extent of Rhonegletscher with a flow-line-parallel cable of
around 10 km therefore seems realistic. With such a layout, a key question concerning ice flow
could be answered: do microseismic stick-slip events affect overall ice flow? As a result of
technical limitations, this question has been addressed only with few seismic networks monitoring
limited regions of glaciers and ice streams (23, 37). With accumulating seismic evidence for
seismogenic stick-slip motion (2,3), we have yet to understand the role of these events in ice flow
and clarify if conventional theories of glacier sliding, which neglect friction (38), have to be
revised. DAS measurements monitoring a full glacier extent could finally test the hypothesis if
basal slipperiness determined from numerical models (39) is related to stick-slip activity.

Large scale DAS measurements on glaciers would not only provide important information on
basal seismicity and englacial fracturing. A longer cable would decrease the low corner frequency
of ambient noise interferometry. As a result, surface wave phases in noise correlations would be
sensitive to the glacier bed, thereby providing ice thickness estimates without the need for active
sources. In general, we expect a significant increase in seismic signal quality when placing the
DAS cable on snow-free ice surfaces during summer conditions when absorption of short wave
radiation tends to heat up cables and melt them into the ice. We also expect a better SNR of noise
correlations in the presence of surface melt (37).

With recording channels spaced every few meters along a fiber optic cable, large data volumes
result and efficient data analysis becomes a challenge. In microseismic studies, machine learning
algorithms have proven useful for detecting near-surface seismic sources (40) and identifying
noise time series suitable for interferometric studies (79). These approaches could be applied to
DAS records and enhanced with array techniques (4/) such as matched field processing used
here. Moreover, records from geophones or seismometers installed sparsely along the fiber optic
cable can help to efficiently scan DAS records for repeating glacier stick-slip events: template
searches such as shown in Figure 3 can precisely determine detection times of stick-slip repeaters
on seismometer or geophone records. These detection times can subsequently be used for a DAS
signal stack, whose SNR is expected to increase with the square root of the number of stacked
repeater signals. Even for 5 events belonging to a cluster producing relatively weak stick-slip
events (hypocenters shown as red point cloud in Figure 4B), this stacking substantially improves
the SNR and brings out phases, which are not visible for DAS records of individual events
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(Supplementary Figure 11). In essence, this approach leverages both the higher SNR from
seismometers or geophones for event detection and the DAS system’s dense sensor coverage.

In addition to glacier-related seismic records, the DAS system also recorded typical signals of
Alpine mass movements, one of which was a visually confirmed rockfall (Figure 5). The rockfall
involved only a few individual blocks with a total volume amounting to a few cubic meters or
less. Despite this small size, the DAS system recorded a clear signal, and further processing
provides a well-constrained and stable back-azimuth, and thus a location of rock impacts on the
ground. With a cable placed directly on the ice surface or buried into the ground, the SNR of such
mass movement recordings will increase. At the same time, our study shows that fiber optic
cables with comparatively poor coupling (in our case via a damping snow layer) are nevertheless
capable of detecting even small Alpine mass movements over hundreds of meters. This suggests
that fiber networks of telecommunication lines can be used for mass movement monitoring.
Although such cables were deployed for communication purposes in shafts designed to reduce
frictional coupling to the ground, they have been used for detecting earthquakes (74, 16, 17). Our
results suggest that similar detections could be made for Alpine mass movements. With fiber
optic networks already installed in many Alpine regions and along roads, train lines or other
infrastructure, DAS technology could in the near future significantly lower detection thresholds
and increase warning capabilities for destructive mass movements.

Methods
ARRIVAL TIME PICKING AND LOCATION

For the seismometer records of the stick-slip event we picked the first breaks of the P-arrival and
the direct S-wave (Supplementary Figure 9), assigning an uncertainty of one sample (2 ms). The
direct S-wave can be distinguished from the S-wave critically refracted within the underlying
bedrock as explained below. For the P-wave, the direct wave dominates over the refracted one,
but both blend into each other and can hardly be distinguished (Figure 4).

As the wavelengths in our analyzed seismograms exceed the gauge length of the fiber optic cable,
arrival times can also be accurately picked on the DAS system (Supplementary Notes 1-4 and
Supplementary Figure 9). However, for the DAS record, picking the first breaks of direct waves
was less reliable as a result of the much lower SNR. Therefore, we picked the maxima of the
direct S-wave from 40 channels that are equally distributed along the triangle sides. We could
distinguish the direct S-wave from refracted arrivals with an uncertainty of 1 sample (2 ms). In
addition, we also picked as many P-wave arrivals as possible, mainly from the southern cable
section. Here, P-waves tend to have higher amplitudes, which can be explained by a combination
of enhanced P-radiation in the down-glacier direction (assuming an along-flow slip) and different
angles between P-wave polarization and cable axes. The latter effect explains why relative P-
wave amplitudes are particularly low near the center of the northern triangle side (green arrow in
Figure 4A). Similar to the seismometer records, the refracted and direct P-waves are more closely
spaced and thus difficult to distinguish. We picked the maxima of the first arriving phase with an
uncertainty of 2 ms. In order to account for our convention of picking maxima rather than first
breaks, and for the different frequency contents of P- and S-waves leading to an apparent later
arrival of the lower frequency S-wave maxima, we assigned a total uncertainty of 10 ms.

We applied a probabilistic non-linear hypocenter location scheme (NonLinLoc, 42) that accounts
for picking and velocity model uncertainties. Sensor location uncertainties are not accounted for
in this method. To overcome this limitation for the DAS channels, we divide the channel location
uncertainty of +/-2 m by an assumed P- and S-wave velocity (v,=(3800 +/- 200) m/s, v=(1900 +/-
100) m/s; see below), which translates into a location uncertainty of 0.5 ms X v, and 1 ms X v,.
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Finally, we add this location uncertainty linearly to the picking uncertainty of 2 ms for the S-wave
and 10 ms for the P-wave. In total, the picking uncertainty used for the DAS records is 11 ms and
3 ms for P- and S-waves, respectively.

In order to locate the impulsive stick-slip event shown in Figure 2B, we separately inverted phase
arrival times with NonLinLoc measured on the three on-ice seismometers and the DAS
recordings. For the velocity model, we use v,=(3800 +/- 200) m/s and v~=(1900 +/- 100) m/s.
These values are slightly higher than what was used in a previous seismic study on an Alpine
glacier (23) but agree with the 2D velocity model used for ray tracing (see discussion below).
Note also that as a result of the surface crevasse zone with near-vertical fracture orientation,
significantly lower seismic velocities have been determined near the surfaces of glaciers (43),
including Rhonegletscher (44). However, we consider this effect negligible for our basal source,
whose seismic rays cross significantly less near-surface fractures than seismic rays emitted by
shallow sources. Similarly, we neglect the effect of the snow layer on travel times, because travel
time uncertainties associated with highly variable seismic velocities in snow (45) are likely
comparable to uncertainties associated with our homogeneous velocity model assumption.

We estimate the uncertainty of the body wave velocities to +5 % and use a homogeneous velocity
model over the entire domain and refrain from including underlying bedrock as ice thickness is
known only approximately below our study site: Ice thickness from radar measurements (2/) is
spatially interpolated, and an uncertainty of at least 10 % of the ice thickness should be assumed.
Previous source locations have shown that accurate 3D bedrock topography models allowing for
critically refracted waves within the bedrock may slightly improve the hypocenter location
accuracy over the homogeneous halfspace of ice assumed here (46).

2D RAY TRACING AND CHOICE OF SEISMIC VELOCITIES

For the 2D ray tracing model we extract a longitudinal glacier cross section along the axis defined
by the southernmost corner of the fiber optic cable and a point within the one sigma location
uncertainty of the stick-slip epicenter (Supplementary Figure 7). Horizontal offset shown in
Figure 4D is measured from this point. We apply a 342 m-wide moving average filter to the cross
sectional bed profile to suppress bedrock steps, which the ray tracer cannot handle numerically
and which are likely spurious features of the radar line interpolation (2/). We also rotate the
along-cross-section coordinates 5° counterclockwise to compensate for the glacier surface slope
and achieve a flat glacier surface. Although this profile includes the bed overdeepening beneath
the study site, it does not capture transverse variations in bed height (up to 60 m) and surface
height (up to 4.5 m) at the study site (Supplementary Figure 7).

We calculate the straight paths of direct waves and use a 2D ray-shooting algorithm (47) to
calculate the arrival times of doubly reflected and refracted body waves (Supplementary Figure
7). P- and S-velocities of 3800 and 1900 m/s are needed to match the steep slopes of the indirect
arrivals shown in Figure 4D, even when the longitudinal cross section is manually thinned by 21
m resulting in a maximal ice thickness of 151 - 181 m. For the doubly reflected waves, the match
is further improved by shifting the reflecting bed region an additional 3 m upward. Such a local
thinning is justified by bedrock undulations observed in the glacier forefield. Besides that it may
represent reflections that occur off-axis with respect to the longitudinal cross-section.

The arrival times from the 2D ray tracing are indicative, only, because of bed topography and
location uncertainties, with the latter resulting from poor sensor coverage with an azimuthal gap
of more than 270°. A joint inversion of velocity model and hypocenter location would provide
better constraints, but this also requires better sensor coverage (27). For our manual arrival time
fitting, the englacial seismic velocities of 3800 and 1900 m/s for P- and S-waves were chosen to
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agree with the values used for hypocenter location. These velocities are higher compared to a
previous study on Glacier d’Argentiere (23), which uses 3600 and 1610 m/s for P- and S-waves.
However, S-wave velocities agree to within 2, 4 and 6 % of the values of the studies by
Deichmann et al. (24), Neave and Savage (48) and Walter et al. (43) and similar or smaller
deviations hold for P-waves. Theoretical velocities for isotropic single crystal ice even slightly
exceed our values (49). Moreover, velocities of up to 2170 m/s have been found for S-waves
travelling along the fast direction of fracture-induced anisotropic ice, although these values result
from inversion of surface wave dispersion, which is subject to tradeoff with other parameters

(29).

Our 2D raytracing hinges on the match of the doubly reflected S-wave, even though it has a weak
amplitude and is only visible on a subset of stations. Abandoning this constraint would allow
lower seismic velocities. Our high average velocity of doubly reflected S-waves can be explained
if this phase does not only contain direct waves travelling within the ice, but also critically
reflected waves: The wave may first travel as a critically refracted phase along the ice-bed
interface and then enter the ice medium, upon which it undergoes the two reflections. Since the
bed velocity is substantially faster (in our case 3200 m/s), this would decrease the arrival time or
lower the S-velocity within ice. The phase moveout shown in Figure 4 argues for this scenario,
because the slope of the doubly reflected wave is more similar to the refracted S-wave than to the
direct S-wave. This is best seen in the arrival time curvatures shown in Figure 4A. In order to
further investigate the possibility of refraction followed by a double reflection, raytracing seems
inadequate, because wave amplitudes and phases should be modeled, as well.

Generally, in future studies, longer cable segments could provide better sensor coverage. This
would mitigate the location-velocity tradeoff and provide observational constraints for ray tracing
or full waveform modelling allowing for 3D variations of bed topography. As a result, bed
topography and seismic velocities would be better constrained.

MATCHED FIELD PROCESSING (MFP)

MFP exploits signal coherence within the sensor array of the DAS system to calculate source
back-azimuth and apparent seismic velocities. Since the DAS records contain noisy channels, we
only use channels with SNR exceeding 8.5 (calculated as the ratio between maximum signal
amplitude and pre-event noise root-mean-square). For the event shown in Figure 5, 68 channels
fulfill this requirement. We next cut out the rock fall signal and step through this signal in
windows of 2 s with 50 % overlap and for each of these windows we apply MFP. For
subwindows of 0.2 s (50 % overlap), and frequencies f'between 10 and 30 Hz (0.2 Hz steps), MFP

matches a data vector d( f) against a steering vector d (f). d(f) is an N-dimensional vector
whose entries are the subwindow’s Discrete Fourier Transforms at each of the N sensors (in case
of the rock fall shown in Figure 5, N=68). The steering vector c?( /) represents theoretical
propagation of a seismic phase in a homogeneous halfspace. The match amounts to an inner
product between d ( f ) and d ( /) (50) but is formally performed using the cross-spectral density
matrix (CSDM), which is defined as the outer product

CSDM (f)=d(f)d"(f) (1)

where T is the complex conjugate operation. The inner product between d ( f ) and d (f) is

called the beam power and is a measure for signal coherence and hence the quality of the MFP
result. Since we keep only phase information in the CSDM (this amounts to spectral whitening of
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the signal), we neglect seismic attenuation depending on wave type (e.g. surface vs. body wave)
and the beam power is normalized with unity indicating perfect coherence.

NOISE CORRELATIONS

We split the continuous DAS record of the eastern triangle side into 30 minute long time
windows, which we spectrally whiten to reduce the influence of transient and monochromatic
seismic sources. The 47 channels are then cross-correlated to yield 1081 pairs. Stacking all 30
minute time windows over a full day (24 March 2019) and channels within a 10 m radius further
increases the cross-correlation SNR.

Cross-correlations of strain rate data are a function of the spatial gradients of the inter-station
Green’s Functions and the noise source distribution (5/). Our cross-correlations of axial strain
rates along the eastern straight cable portion are most sensitive to Rayleigh wave sources that
locate along the cable axis beyond the cable ends (30). For simplicity, we neglect the influence of
the noise source distribution, and assume that the interferometric wavefield is proportional to the
empirical Green’s Function. In this case, the causal and acausal wavelets of the cross-correlation
represent Rayleigh waves traveling in opposite directions between the station-pairs, where the
weak acausal signal (Figure 6) is evidence for reduced englacial scattering (50) and noise sources
located primarily to the northeast of the study site.

A two-dimensional Fourier Transform over time and wavenumber k (defined as k =27/ A, where
/ is the wavelength) shows that at wavenumbers smaller than 0.04 m™ (wavelengths longer than
160 m) and frequencies below 10 Hz the cross-correlations no longer produce Rayleigh wave
estimates (Supplementary Figure 8). Our explanation is that at such wavenumbers, the equivalent
wavelengths approach the length of the cable segment (220 m) and are no longer resolvable.
Accordingly, our virtual Rayleigh waves are not sensitive to depths comparable to the glacier
thickness.

Data Availability

Seismometer data of the 4D local glacier seismology network
(https://doi.org/10.12686/sed/networks/4d /) are archived at the Swiss Seismological Service and
can be accessed via its web interface http://arclink.ethz.ch/webinterface/. DAS data are archived
at the ETH’s Laboratory of Hydraulics, Hydrology and Glaciology and access can be granted by
the authors.

Code Availability

Our python implementation of matched field processing is available at
https://github.com/fablindner/glseis/blob/master/array analysis.py

The NonLinLoc software can be downloaded at http://alomax.free.fr/nlloc/index.html

References

[1] Larose, E., Carricre, S., Voisin, C., Bottelin, P., Baillet, L., Guéguen, P., Walter, F., Jongman,
D., Guillier, B., Garambois, S., Gimbert, F., Massey, C., Environmental seismology: What
can we learn on earth surface processes with ambient noise?, Journal of Applied
Geophysics, 116, 62-74, (2015)

Page 12 of 19



560

561
562

563

564
565

566

567
568

569

570
571
572

573

574
575
576

577

578
579
580

581

582
583
584

585

586
587
588

589

590
591
592

593

594
595

596

597
598

599

[2] Podolskiy, E. A., & Walter, F., Cryoseismology, Reviews of Geophysics, 54(4), 708-758,
(2016)

[3] Aster, R. C., & Winberry, J. P., Glacial seismology, Reports on Progress in Physics, 80(12),
126801, (2017)

[4] Burtin, A., Hovius, N., & Turowski, J. M., Seismic monitoring of torrential and fluvial
processes, Earth Surface Dynamics, 4(2), (2016)

[5] Dietze, M., Mohadjer, S., Turowski, J. M., Ehlers, T. A., & Hovius, N., Seismic monitoring of
small alpine rockfalls—validity, precision and limitations, Earth Surface Dynamics, 5(4),
653-668, (2017)

[6] Allstadt, K. E., Matoza, R. S., Lockhart, A., Moran, S. C., Caplan-Auerbach, J., Haney, M.,
Thelen, W. & Malone, S. D., Seismic and acoustic signatures of surficial mass movements
at volcanoes, Journal of Volcanology and Geothermal Research, (2018)

[7] Van Herwijnen, A., Heck, M., & Schweizer, J., Forecasting snow avalanches using avalanche
activity data obtained through seismic monitoring, Cold Regions Science and Technology,
132, 68-80, (2016)

[8] Levy, C., Jongmans, D., & Baillet, L., Analysis of seismic signals recorded on a prone-to-fall
rock column (Vercors massif, French Alps), Geophysical Journal International, 186(1),
296-310, (2011)

[9] Mainsant, G., Larose, E., Bronnimann, C., Jongmans, D., Michoud, C., & Jaboyedoff, M.,
Ambient seismic noise monitoring of a clay landslide: Toward failure prediction, Journal
of Geophysical Research: Earth Surface, 117(F1), (2012)

[10] Gimbert, F., Tsai, V. C., Amundson, J. M., Bartholomaus, T. C., & Walter, J. 1., Subseasonal
changes observed in subglacial channel pressure, size, and sediment transport,
Geophysical Research Letters, 43(8), 3786-3794, (2016)

[11] Poli, P., Creep and slip: Seismic precursors to the Nuugaatsiaq landslide (Greenland),
Geophysical Research Letters, 44(17), 8832-8836, (2017)

[12] Farhadiroushan, M., Parker, T. R., & Shatalin, S., Method and apparatus for optical sensing:
Patent WO2010136810, (2009)

Page 13 of 19



600
601

602

603
604
605
606

607

608
609
610
611

612

613
614
615

616

617
618
619
620

621

622
623
624
625

626

627
628
629
630

631

632
633
634

635

636
637
638
639

640

641
642

[13] Parker, T., Shatalin, S., & Farhadiroushan, M., Distributed Acoustic Sensing—a new tool for
seismic applications, First Break, 32(2), 61-69, (2014)

[14] Marra, G., Clivati, C., Luckett, R., Tampellini, A., Kronjéger, J., Wright, L., Mura, A., Levi,
F., Robinson, S., Xuereb, A., Baptie, B. & Colonico, D., Ultrastable laser interferometry
for earthquake detection with terrestrial and submarine cables, Science, 361(6401), 486-
490, (2018)

[15] Daley, T. M., Miller, D. E., Dodds, K., Cook, P., & Freifeld, B. M., Field testing of modular
borehole monitoring with simultaneous distributed acoustic sensing and geophone vertical

seismic profiles at Citronelle, Alabama, Geophysical Prospecting, 64(5), 1318-1334,
(2016)

[16] Lindsey, N. J., Martin, E. R., Dreger, D. S., Freifeld, B., Cole, S., James, S. R., Biondi, B. &
AjolFranklin, J. B., Fiber[ loptic network observations of earthquake wavefields,
Geophysical Research Letters, 44(23), 11-792, (2017)

[17] Ajo-Franklin, J. B., Dou, S., Lindsey, N. J., Monga, 1., Tracy, C., Robertson, M., Rodriguez
Tribaldos, V., Ulrich, C., Freifield, B., Daley, T. & Li, X., Distributed Acoustic Sensing
Using Dark Fiber for Near-Surface Characterization and Broadband Seismic Event
Detection, Scientific Reports, 9(1), 1328, (2019)

[18] Jousset, P., Reinsch, T., Ryberg, T., Blanck, H., Clarke, A., Aghayev, R., Hersir, G.,
Henninges, J., Weber, M. & Krawczyk, C. M., Dynamic strain determination using fibre-

optic cables allows imaging of seismological and structural features, Nature
Communications, 9(1), 2509, (2018)

[19] Martin, E. R., Huot, F., Ma, Y., Cieplicki, R., Cole, S., Karrenbach, M., & Biondi, B. L., A
seismic shift in scalable acquisition demands new processing: Fiber-optic seismic signal
retrieval in urban areas with unsupervised learning for coherent noise removal, /EEE
Signal Processing Magazine, 35(2), 31-40, (2018)

[20] GLAMOS, The Swiss Glaciers 2015/16 and 2016/17, Bauder, A. (ed.), Glaciological Report
No. 137/138 of the Cryospheric Commission (EKK) of the Swiss Academy of Sciences
(SCNAT) published by VAW / ETH Ziirich, doi: 10.18752/glrep 137-138, (2018)

[21] Rutishauser, A., Maurer, H., & Bauder, A., Helicopter-borne ground-penetrating radar
investigations on temperate alpine glaciers: A comparison of different systems and their
abilities for bedrock mapping Helicopter GPR on temperate glaciers, Geophysics, 81(1),
WAI119-WA129, (2016)

[22] Gréff, D., Walter, F., & Lipovsky, B. P., Crack wave resonances within the basal water layer,
Annals of Glaciology, 1-9, (2019)

Page 14 of 19



643

644
645
646

647

648
649
650

651

652
653
654
655

656

657
658
659

660

661
662
663

664

665
666
667

668

669
670
671

672

673
674
675

676

677
678
679

680

681
682

683

[23] Helmstetter, A., Nicolas, B., Comon, P., & Gay, M., Basal icequakes recorded beneath an
Alpine glacier (Glacier d'Argentiére, Mont Blanc, France): Evidence for stick[Islip
motion?, Journal of Geophysical Research: Earth Surface, 120(3), 379-401, (2015)

[24] Deichmann, N., Ansorge, J., Scherbaum, F., Aschwanden, A., Bernard, F., & Gudmundsson,
G. H., Evidence for deep icequakes in an Alpine glacier, Annals of Glaciology, 31, 85-90,
(2000)

[25] Church, G., Bauder, A., Grab, M., Rabenstein, L., Singh, S., & Maurer, H., Detecting and
characterising an englacial conduit network within a temperate Swiss glacier using active

seismic, ground penetrating radar and borehole analysis, Annals of Glaciology, 1-13,
(2019)

[26] Roeoesli, C., Helmstetter, A., Walter, F., & Kissling, E., Meltwater influences on deep
stick [ slip icequakes near the base of the Greenland Ice Sheet, Journal of Geophysical
Research: Earth Surface, 121(2), 223-240, (2016)

[27] Haslinger, F., Kissling, E., Ansorge, J., Hatzfeld, D., Papadimitriou, E., Karakostas, V., ... &
Peter, Y., 3D crustal structure from local earthquake tomography around the Gulf of Arta
(Ionian region, NW Greece). Tectonophysics, 304(3), 201-218, (1999)

[28] Lacroix, P., & Helmstetter, A., Location of seismic signals associated with microearthquakes
and rockfalls on the Séchilienne landslide, French Alps, Bulletin of the Seismological
Society of America, 101(1), 341-353, (2011)

[29] Lindner, F., Laske, G., Walter, F., & Doran, A. K., Crevasse-induced Rayleigh-wave
azimuthal anisotropy on Glacier de la Plaine Morte, Switzerland, Annals of Glaciology,
60(79), 96-111, (2019)

[30] Martin, E.R., Lindsey, N., Ajo-Franklin, J. & Biondi B., Introduction to interferometry of
fiber optic strain measurements, EarthArXiv, 14 June 2018, doi:10.31223/osf.i0/s2tjd,
(2018)

[31] Preiswerk, L. E., & Walter, F., High[IFrequency (> 2 Hz) Ambient Seismic Noise on High![]
Melt Glaciers: Green's Function Estimation and Source Characterization, Journal of
Geophysical Research: Earth Surface, 123(8), 1667-1681, (2018)

[32] Smith, A. M., Basal conditions on Rutford ice stream, West Antarctica, from seismic
observations, Journal of Geophysical Research: Solid Earth, 102(B1), 543-552, (1997)

Page 15 of 19



684
685
686

687

688
689
690

691

692
693
694

695

696
697
698

699

700
701
702

703
704
705

706
707

708

709
710
711

712

713
714
715

716

717
718

719

720
721
722

723

[33] Ritz, C., Edwards, T. L., Durand, G., Payne, A. J., Peyaud, V., & Hindmarsh, R. C., Potential
sea-level rise from Antarctic ice-sheet instability constrained by observations, Nature,
528(7580), 115, (2015)

nandakrishnan, S., Blankenship, D. D., Alley, R. B., toffa, P. L., Influence of subglacia

34] Anandakrish S., Blankenship, D. D., Alley, R. B., & Stoffa, P. L., Infl f subglacial
geology on the position of a West Antarctic ice stream from seismic observations, Nature,
394(6688), 62, (1998)

[35] Blankenship, D. D., Bentley, C. R., Rooney, S. T., & Alley, R. B., Till beneath Ice Stream B:
1. Properties derived from seismic travel times, Journal of Geophysical Research: Solid
Earth, 92(B9), 8903-8911, (1987)

[36] Ryser, C., Liithi, M. P., Andrews, L. C., Catania, G. A., Funk, M., Hawley, R., Hoffmann,
M. & Neumann, T. A., Caterpillar(/like ice motion in the ablation zone of the Greenland
ice sheet, Journal of Geophysical Research: Earth Surface, 119(10), 2258-2271, (2014)

[37] Anandakrishnan, S., & Bentley, C. R., Micro-earthquakes beneath Ice Streams B and C,
West Antarctica: observations and implications, Journal of Glaciology, 39(133), 455-462,
(1993)

[38] Cuffey, K. M., & Paterson, W. S. B., The Physics of Glaciers. Academic Press., (2010)

[39] MacAyeal, D. R., Bindschadler, R. A., & Scambos, T. A., Basal friction of ice stream E,
West Antarctica, Journal of Glaciology, 41(138), 247-262, (1995)

[40] Heck, M., Hammer, C., Herwijnen, A. V., Schweizer, J., & Fih, D., Automatic detection of
snow avalanches in continuous seismic data using hidden Markov models, Natural
Hazards and Earth System Sciences, 18(1), 383-396, (2018)

[41] Heck, M., van Herwijnen, A., Hammer, C., Hobiger, M., Schweizer, J., & Féh, D.,
Automatic detection of avalanches using a combined array classification and localization,
Earth Surf. Dyn. Discuss., 2018, 1-23, (2018b)

[42] Lomax, A., Virieux, J., Volant, P., & Berge-Thierry, C., Probabilistic earthquake location in
3D and layered models, (pp. 101-134). Springer, (2000)

[43] Walter, F., Deichmann, N., & Funk, M., Basal icequakes during changing subglacial water
pressures beneath Gornergletscher, Switzerland, Journal of Glaciology, 54(186), 511-521,
(2008)

Page 16 of 19



724
725
726

727

728
729
730

731

732
733
734
735

736

737
738

739

740
741

742

743
744
745

746

747
748
749

750

751
752
753
754
755
756

757
758
759
760
761
762
763

764
765
766

[44] Canassy, P. D., Roosli, C., & Walter, F., Seasonal variations of glacier seismicity at the
tongue of Rhonegletscher (Switzerland) with a focus on basal icequakes, Journal of
Glaciology, 62(231), 18-30, (2016)

[45] Capelli, A., Kapil, J. C., Reiweger, 1., Or, D., & Schweizer, J., Speed and attenuation of
acoustic waves in snow: Laboratory experiments and modeling with Biot's theory, Cold
Regions Science and Technology, 125, 1-11, (2016)

[46] Dalban Canassy, P., Walter, F., Husen, S., Maurer, H., Faillettaz, J., & Farinotti, D.,
Investigating the dynamics of an Alpine glacier using probabilistic icequake locations:
Triftgletscher, Switzerland, Journal of Geophysical Research: Earth Surface, 118(4),
2003-2018, (2013)

[47] Margrave, G. F. New seismic modelling facilities in Matlab., CREWES Res. Rep., 12, 1-45,
(2000)

[48] Neave, K. G., & Savage, J. C., Icequakes on the Athabasca glacier. Journal of Geophysical
Research, 75(8), 1351-1362, (1970)

[49] Maurel, A., Lund, F., & Montagnat, M., Propagation of elastic waves through textured
polycrystals: application to ice. Proceedings of the Royal Society A: Mathematical,
Physical and Engineering Sciences, 471(2177), 20140988, (2015)

[50] Walter, F., Roux, P., Roeoesli, C., Lecointre, A., Kilb, D., & Roux, P. F., Using glacier
seismicity for phase velocity measurements and Green's function retrieval, Geophysical
Journal International, 201(3), 1722-1737, (2015)

[51] Paitz, P., Sager, K., & Fichtner, A., Rotation and strain ambient noise interferometry,
Geophysical Journal International, 216(3), 1938-1952, (2018)

Acknowledgments

We thank M. Funk, R. Lortscher and the Swiss Seismological Service for help in the field and Edi
Kissling for the discussions on 2D ray tracing. The fieldwork on Rhonegletscher and the salary by
DG were financed via ETH Grant ETH-06 16-2. FW, FL and MC were financed by the Swiss
National Science Foundation via Grants PPOOP2 157551 and PPOOP2 183719. PP was funded
through the ETH Grant "Distributed Acoustic Sensing" (Grant No. 1-001179-000).

Author contributions

FW supported fieldwork, formulated most of the manuscript text, conducted MFP and assisted in
noise correlations. DG led seismometer and iDAS deployment, located the stick slip event and
performed the cross-correlation search. FL analyzed the various stick-slip phases with MK who

Page 17 of 19



767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815

also participated in fieldwork. PP was responsible for DAS data acquisition in the field. MC
performed the noise correlations and AF supervised the entire DAS data analysis and calculated
the amplitude and phase response of the DAS system presented in the supplementary notes.

Competing interests
There are no competing interests.

Materials& Correspondance
Correspondence should be directed to FW.

Figure Captions

Fig. 1: Study Site on Rhonegletscher. (A) Glacier thickness from interpolated radar profiles (21)
on orthophoto of year 2014 (ice flow from North to South). Triangles indicate on-rock
seismometers (model LE3D 5s) and black arrow points towards the location of the region shown
in Panel B. (B) Network layout of seismometers and fiber optic cable as well as location of stick-
slip event shown in Figures 2, 3 and 4 and located with the DAS records. Orthophoto shows site
at almost snow-free conditions in summer whereas the DAS measurements for the present study
were conducted on a 3 m snow cover. Residual snow bridges show local crevasses. (C) Photo of
fiber optic cable in snow (arrows) and field camp (photo by Manuela Kopfli). Orthophoto was
provided by Swisstopo.

Fig. 2: Microseismic Events. (A) Bandpass filtered seismograms (vertical seismometer record in
grey and DAS record in black) of surface icequake, (B) stick-slip icequake, (C) explosion and (D)
rock fall. Time series in A-C were recorded at southern triangle corner (seismometer RA53 and
DAS channel D620). Time series in D was recorded at western triangle corner (RA52 and channel
D904). Note that the time axes between DAS and seismometers records in Panels A-C were
slightly shifted for illustration purposes. Filter corners are specified. For surface icequake (A),
stick-slip icequake (B) and explosion (C), P-, S- and/or Rayleigh phases are indicated.

Fig. 3: Stick-Slip Occurrence and Waveforms. (A) 10-hour long continuous, unfiltered record
of on-ice station RAS52. Cyan time series portions are events belonging to the stick-slip multiplet.
(B) Stick-slip seismogram recorded with DAS channel D620 (at southern corner) and stack of 43
on-ice and on-rock vertical seismometer records. Arrivals of P- and S-waves are indicated. For
the on-ice stations, the P-arrival is dominated by the direct wave, although a faster wave traveling
partially within the underlying bedrock may induce a minor precursory signal. The direct P-wave
motion is compressive (upward) in agreement with the double couple mechanism representing a
shear dislocation whose bed-parallel hanging wall slips along the general ice flow direction. At
on-ice station RAS3, direct and indirect wave phases separate and can be identified with help of
the analysis shown in Figure 4. For the on-rock seismometers, the first arrival cannot be explained
with a direct P-wave arrival but instead is a critically refracted P-wave traveling through the
bedrock. The polarity of the refracted P-wave is dilatational (down) as this wave samples another
quadrant of the double couple radiation pattern than the direct wave (26).
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Fig. 4: Record Sections and Probabilistic Source Location of Stick-Slip Event. (A) Full DAS
record of normalized stick-slip seismogram. The DAS laser is reflected at the cable end near
Channel D988 (cyan arrow). Higher channels sample similar cable locations to the ones below
Channel D988 giving similar (though not identical) strain rate seismograms causing a
symmetrical appearance with respect to Channel D988. The bar colors on the panel right
correspond to the cable segment colors of Panel (B) and Figure 1B, indicating channel locations
(space in between the colored bars corresponds to cable loops). P and S-arrivals are indicated.
Differences in relative P and S amplitudes result from the double-couple radiation pattern of the
stick-slip event and different angles between wave polarization and cable axis. (B) Bedrock
topography (color corresponds to elevation) and location of stick-slip event: black and cyan dots
respectively indicate location grid search using arrival times of the DAS and seismometer records
of the event shown in Panel A. Yellow point cloud is the location of the event shown in
Supplementary Figure 11. Point density is proportional to location probability density. The
seismometer arrival times give rise to side lobes and larger location uncertainties than the DAS
arrival times. Triangle represents cable layout with colors corresponding to bars on the right of
Panel A. (C) Schematic of waves traveling between stick-slip icequake and recording stations.
(D) Record sections and theoretical arrival time estimates using an adjusted 2D velocity model of
ice over bedrock (see Methods for details).

Fig. 5: Matched field processing (MFP) of a DAS rockfall seismogram. (A) 20 DAS channels
filtered between 10 and 30 Hz. Notice the frequent occurrence of noise transients at amplitudes
comparable to the rock fall signal around 150 s. (B) Calculated back azimuth. (C) Calculated
phase speed. (D) normalized beam power showing a sudden increase of signal coherence within
the DAS channels when the rock fall signal is recorded. Color code represents normalized beam
power and is the same as in Panels (B) and (C). This shows that during the rock fall the calculated
back azimuths and phase velocities are stable, but jump between the grid search extremes at other
times. During the rock fall signal, back azimuth and phase velocity are consistent with Rayleigh
waves emitted by visually observed rock impacts on the ground west of the instrumented site.

Fig. 6: Noise correlation stacks. Recorded on 24 March 2019, the stack includes 1081 cross-
correlations from 47 channels of the eastern triangle side binned within fixed distance intervals of
10 m. (A) Cross-correlations showing Rayleigh wave propagation at 1700 m/s. (B) Acausal part
folded onto the causal part of the cross-correlation. Although the acausal SNR of the virtual
surface wave is weaker than the causal one, comparison of the two nevertheless shows that some
energy propagates in both directions along the cable.
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