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Abstract

The subglacial hydraulic system strongly modulates glacier motion, yet
the links between subglacial water flow, basal pressure, and short-lived drainage
reorganization remain difficult to observe directly. Seismology can track seis-
mic power generated by turbulent subglacial water flow, known as glacio-
hydraulic tremor (GHT). At Rhone Glacier, Switzerland, previous obser-
vations documented periods of GHT quieting around stick-slip tremor dur-
ing elevated basal water pressure, but the physical origin of this quieting
remained incompletely understood. Here, we combine seismic power anal-
ysis, matched-field processing, borehole water-pressure measurements, sur-
face velocity, runoff, and hydraulic-potential routing to investigate the ori-

gin of GHT quieting. The quieting is strongest in the 10-20 Hz band and



recurs across stick-slip episodes, whereas the 6-8 Hz band shows a weaker
response. Matched-field processing shows that coherent GHT sources persist
during quieting near an inferred subglacial drainage pathway, suggesting re-
duced hydraulic—seismic coupling rather than disappearance of the hydraulic
source. Physics-based hydraulic calculations show that near-complete filling
of broad, low-aspect-ratio conduits can increase wetted perimeter and fric-
tional resistance, producing modeled local discharge reductions of ~20-28%
and seismic-power decreases of ~1.2-1.8dB. We interpret GHT quieting as
a seismic signature of transient drainage reorganization during rising basal
water pressure. Our results suggest that localized, transiently flow-limiting
drainage elements can redistribute water across the wider subglacial drainage
system, modulating basal water pressure and glacier motion well beyond the
element itself. More broadly, cryoseismic observations can help identify short-
lived changes in drainage-system state, hydraulic resistance, and ice—water
coupling beneath glaciers.

Keywords: Cryoseismology, Glacier Hydraulics, Glaciohydraulic tremor,

Matched Field Processing (MFP), Seismic interferometry

1. Introduction

Subglacial hydrology plays an important role in regulating glacier motion
across a wide range of temporal and spatial scales (Iken and Bindschadler,
1986; Schoof, 2010; Flowers, 2015). Variations in basal water pressure can
reduce the effective pressure (i.e., the difference between ice-overburden and
basal water pressure, also referred to as effective stress) at the bed, al-

ter ice-bed coupling, and promote rapid accelerations and stick-slip motion
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(Fowler, 1987; Lipovsky and Dunham, 2017).

On temperate glaciers, where liquid water coexists with glacier ice, sur-
face meltwater and precipitation reach the glacier bed through open crevasses
and moulins (Cuffey and Paterson, 2010). Once at the bed, water may follow
a range of drainage configurations, including thin films (Weertman, 1972),
permeable sediments (Boulton, 1972; Clarke, 1987), linked cavities (Walder,
1986), and channelized systems such as ice-walled R-channels (Hooke et al.,
1990; Nye, 1965; Rothlisberger, 1972; Walder and Fowler, 1994). Seasonal
drainage evolution typically involves a transition from inefficient distributed
drainage toward more efficient channelized flow as melt supply increases (Lli-
boutry, 1968; Rothlisberger, 1972). Yet, how conduit-scale geometry and
transient increases in basal water pressure reorganize drainage structure and
modify ice-water interactions at the bed remains incompletely understood.

Addressing this question is challenging because the glacier bed is difficult
to access, and subglacial observations are sparse. Borehole measurements
provide local time series of basal water pressure (e.g., Andrews et al., 2014;
Iken et al., 1976), active seismic experiments can image basal structure at a
given point in time (e.g., Nolan and Echelmeyer, 1999), similar to ground-
penetrating radar characterizing englacial and subglacial material properties
(e.g., Stuart et al., 2003), and dye tracer experiments yield insights into the
lumped effect of water pathways through and beneath glaciers (e.g., Werder
et al., 2009). However, these approaches generally provide spatially sparse or
temporally limited snapshots, making it difficult to resolve short-timescale
reorganization of drainage processes at conduit scale.

Multiple studies have shown that continuous seismic monitoring offers
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a complementary approach (Podolskiy and Walter, 2016) and can provide
new insights into fundamental englacial and subglacial processes, such as
frictional glacier basal motion (e.g., Graff and Walter, 2021; Helmstetter
et al., 2015; Lipovsky et al., 2019; Lipovsky and Dunham, 2017), formation
and propagation of cracks and crevasses (e.g., Chmiel et al., 2023; Faillettaz
et al., 2011; Mikesell et al., 2012), and subglacial water flow (e.g., Gimbert
et al., 2016; Nanni et al., 2021, 2020; Lindner et al., 2020). Similar to river-
induced seismic noise (Burtin et al., 2008; Gimbert et al., 2014), subglacial
water flow generates seismic tremors (Bartholomaus et al., 2015). These
tremors, referred to as "glaciohydraulic tremor" (GHT), arise both due to
pressure variations acting on the bed and walls of subglacial channels during
turbulent flow (Gimbert et al., 2016) and particle-ground impacts during
bedload transport (Tsai et al., 2012). The amplitude, frequency content,
and spatial organization of these signals can provide indicators of ongoing
hydraulic processes (Bartholomaus et al., 2015; Gimbert et al., 2016; Nanni
et al., 2020; Kopfli et al., 2022). Seismic array methods, such as Matched
Field Processing (Kuperman and Turek, 1997), can locate coherent tremor
sources and track changes in their spatial distribution, providing constraints
on the organization and evolution of subglacial drainage (Nanni et al., 2022,
2021).

Recently, Kopfli et al. (2022) documented repeated periods of GHT qui-
eting immediately before and after stick-slip tremors at Rhone Glacier (Ger-
man: Rhonegletscher), Switzerland. This quieting was expressed as a de-
crease of a few decibels in seismic power, most clearly in the 10-20 Hz band,

during intervals of rising basal water pressure. Kopfli et al. (2022) hypothe-
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sized that the quieting reflects transient changes in subglacial drainage condi-
tions, potentially linked to hydraulic limitations within the drainage system.
However, identifying the physical mechanisms underlying this quieting re-
quires a more detailed characterization of GHT source generation and its
relationship to evolving subglacial drainage conditions.

Here, we build on these initial findings by combining multi-day seismic
and glaciological observations with seismic interferometry, matched-field pro-
cessing, and physics-based hydraulic modeling to characterize the source, spa-
tial organization, and possible physical origin of GHT quieting. We analyze
two frequency bands, 10-20 Hz and 6-8 Hz, to test whether GHT quieting
and source location vary with frequency. We show that GHT systematically
weakens prior to stick-slip tremor, with stronger suppression in the 10-20 Hz
band, and that coherent sources persist during quieting near the inferred
subglacial drainage pathway. The MFP locations in the 10-20 Hz band are
more spatially concentrated than the 6-8 Hz band. We interpret these obser-
vations using a roof-friction framework in which near-complete conduit filling
modifies wetted perimeter, frictional resistance, and the efficiency of turbu-
lent seismic radiation. By linking frequency-dependent tremor quieting and
source localization to conduit-scale hydraulic processes, we provide new con-
straints on short-lived subglacial drainage reorganization during rising basal

water pressure.
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2. Study site and data

2.1. Rhone glacier and field setting

The Rhone Glacier is an 8-km-long and up to 350 m thick Alpine glacier
located in the Swiss Alps (Fig. 1A). It flows southward from 3,600 to 2,200 m
above sea level (ASL) with an average surface slope of 10° and a glacier area
of ~15.2km? (Bauder et al., 2020). Our study site was located in the ablation
zone of the glacier (elevation of ~2500m ASL and a local surface slope of
~7°), where the glacier was about 200m thick in 2020 (Graff and Walter,
2021) and the glacier ice is at the pressure melting point (Rutishauser et al.,

2016).

2.2. Data

Data used in this study were collected during the 2020 melt season. Seis-
mic instrumentation consisted of two arrays: a near-surface seismic array
(aperture 521 m) and a smaller borehole seismic array englacially deployed
~40 m above the glacier bed (aperture 60m). The near-surface array oper-
ated between July 2 and August 26, 2020 and consisted of eight 3-component
borehole seismometers (Lennartz 3D /BHs, natural frequency 1 Hz, sampling
frequency: 500 Hz) and installed in shallow boreholes at depths of 5m. The
borehole array operated between July 22 and August 20, 2020 and consisted
of five borehole geophones (ASIR AG4.5, natural frequency: 4.5Hz, sam-
pling frequency: 2,000 Hz) installed at depths of ~150 m below the ice surface
within boreholes drilled with the hot water method (Iken et al., 1976).

Additional measurements accompanied the seismic instrumentation. Ice-

surface motion at the drilling site was monitored using Global Navigation
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Satellite System (GNSS) receivers, with positions sampled every 15s and
processed kinematically. Measured positions were quality-controlled by re-
moving epochs with large standard deviations and resampled values showing
excessive scatter or unphysical position changes (e.g., associated with an-
tenna adjustments). The filtered time series was smoothed with a 6-h rolling
mean and resampled to hourly intervals. Three-dimensional surface veloci-
ties Vap (in emd™!) were derived from successive position differences, with
positional uncertainties propagated to the velocity estimates (Graff, 2021).

Subglacial water pressure was measured at the glacier bed using six
piezoresistive pressure sensors installed at the bottom of boreholes drilled
through ~180m of ice. The records were acquired at 2kHz on a data logger
and resampled to 1-min intervals; no further processing was applied. Several
sensors suffered from electronic problems during acquisition. We use only
the record from the most reliable sensor, which limits the coverage of the
pressure observations (Fig. 1C).

Proglacial discharge was measured at Gletsch by the Swiss Federal Office
for the Environment. Because the gauging station at Gletsch lies downstream
of the proglacial lake and ~3km from the glacier terminus, the measured
runoff is delayed relative to discharge at the glacier terminus by transient
storage in the proglacial lake (Ogier, 2024) and additional routing between
the lake and the gauge.

The locations of instruments and previously mapped stick-slip tremor
sources by Kopfli et al. (2022) are shown in Fig. 1. Figure 2 illustrates a
representative glacio-hydraulic tremor quieting preceding stick-slip tremor

event, as first documented by Kopfli et al. (2022).
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Figure 1: Study setting at Rhone Glacier, Switzerland. (A) Orthoimage of Rhone Glacier
(2021; source: Swiss Federal Office of Topography). Blue shading shows log;, upstream
area, highlighting possible subglacial drainage pathways, the red box marks the study
area shown in (B). The inset map indicates the glacier location in Switzerland. (B) Zoom
on the study area. Blue shading highlights the upper 20% of log;, upstream-area values
(>80th percentile) within the panel B domain, interpreted as a proxy for likely subglacial
drainage pathways, the remaining area is shown in brown. Dotted lines show bedrock-
elevation contours (m ASL) from interpolated ground-penetrating radar surveys (Grab
et al., 2021), darker shading indicates lower bed elevation. White inverted triangles denote
near-surface seismometers and blue inverted triangles denote deep-borehole geophones.
Circles indicate GNSS stations (PPM3, PPM4) and the magenta square marks the borehole
pressure sensor. Green stars show stick-slip event clusters from Kopfli et al. (2022). The
black dashed square delineates the Matched-Field Processing (MFP) search domain used
for source localization. The white line indicates the cross-section shown in (C). (C) Cross-
section through the array showing the ice surface (blue) and bedrock (black) from Grab
et al. (2021), together with instrument geometries, and stick-slip tremor locations. Ice

thickness was ~200m in the study area.
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Figure 2: Example of daily measurements illustrating the relationship between glaciohy-
draulic tremor (GHT) quieting, stick-slip activity, and borehole water pressure at Rhone
Glacier (9 August 2020). Black dashed lines mark the GHT quieting intervals occurring
before and after the stick-slip activity. (A) Vertical-component ground velocity showing
the onset of stick-slip activity tremor. (B) Spectrogram illustrating temporal variations
in seismic power (power spectral density, PSD, in dB re 1 (ms~!)2Hz~!). The horizontal
line at ~16.7 Hz corresponds to the 16 2/3-Hz power supply of the Swiss railway system,
generated by nearby hydropower turbines, and is unrelated to glacial processes. (C) PSD
in the 10-20Hz and (D) in the 6-8 Hz range (thin line: raw, thick line: 5-min running-
median). Vertical green lines mark stick-sli event times from Kopfli et al. (2022). (E)
Borehole water pressure (purple, left axis) and GNSS surface speed V3p at stations PPM3
(solid gray) and PPM4 (dashed gray, right axis; cmd~1).
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3. Methods

3.1. Shreve routing

Our study period (mid-July to August) corresponds to the late melt sea-
son, when subglacial drainage systems commonly contain both distributed
and channelized components as meltwater input increases (Rothlisberger,
1972; Fountain and Walder, 1998; Schoof, 2010; Flowers, 2015; Werder et al.,
2013). We use Shreve routing to obtain a first-order estimate of hydraulically
favorable drainage pathways beneath the study area. Subglacial water flow
is commonly approximated as following gradients in hydraulic potential, de-

fined as the sum of water-pressure potential and elevation potential (Shreve,

1972):

¢ = pwgzp + Kpigh; (1)

where p,, and p; are the densities of water and ice, g is gravitational
acceleration, z, is bed elevation, h; is ice thickness, and K = p,,/p; is the
flotation fraction representing the ratio of basal water pressure to ice over-
burden pressure. We adopt K = 0.8, consistent with in situ basal pressure
measurements reaching up to p, = 14 bar (Kopfli et al., 2022) and an ice
thickness of approximately 200 m in the study area. Likely drainage path-
ways were identified by computing the upstream contributing area, defined
as the cumulative area of hydraulically connected grid cells flowing along
hydraulic-potential gradients (Flowers, 2015). Upstream area was computed
with a multiple-flow-direction algorithm (Freeman, 1991), in which each cell
distributes its accumulated area among all lower-potential neighbors in pro-

portion to the potential gradient toward each neighbor.

10
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We note that Shreve-type routing with K > 0 assumes pressurized drainage
conditions, with K = 1 representing the full-flotation end member and
K = 0 purely topography-controlled routing. It can therefore provide a first-
order estimate of hydraulically favorable drainage pathways, even though real
drainage elements may operate at sub-overburden pressure or locally transi-
tion between partially filled and pressurized states. We interpret the routing
results as indicators of likely drainage organization rather than instantaneous
hydraulic states.

The blue area shown in the Fig. 1B and the blue contours shown in
Fig. 5 indicate the inferred drainage-pathway outline derived from the Shreve-
routing result, defined by thresholding the upstream-area grid to retain cells
with upstream-area values above the 80th percentile of the K = 0.8 routing
result. Because the flotation factor K is expected to vary spatially and
temporally in real drainage systems, we tested the sensitivity of the inferred
routing pattern to the assumed pressure fraction by repeating the hydraulic-
potential routing for K = 0,0.7,0.8,0.9 , and 1.0, where K = 0 corresponds
to purely topography-controlled routing and K = 1 to full flotation. The
location of the main inferred pathway beneath the seismic array persists
across this full range, although its geometry and secondary branches vary
(Fig. E.1). The K = 0.8 case is used as the reference routing in the main

figures.

3.2. Multi-day average analysis of seismic power, water pressure, velocity,

and runoff

To investigate the quieting of GHT, we analyze the daily evolution of

seismic power, basal water pressure, surface velocity, and runoff, stacked as

11
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medians across the eight stick-slip tremor days for which pressure data are
available (5-9, 11, 13, and 19 August 2020). GHT quieting is observed both
immediately before and after stick-slip tremor episodes (Fig. 2, Kopfli et al.,
2022). We restrict quantitative analysis to the pre-stick-slip phase, since
GHT cannot be separated from stick-slip tremor during active slip and the
variable duration of stick-slip episodes prevents consistent alignment of the
post-stick-slip quieting across events.

We analyze seismic power in two frequency bands, 10-20 Hz and 6-8 Hz.
The 10-20 Hz band is where GHT quieting is most pronounced at Rhone
Glacier (Kopfli et al., 2022). The 6-8 Hz band provides a lower-frequency
reference within the range in which glaciohydraulic tremor has been identi-
fied at other glaciers (e.g., Bartholomaus et al., 2015; Gimbert et al., 2016),
including source imaging of subglacial water flow at Argentiére Glacier in the
3-7Hz band (Nanni et al., 2021, 2020). The lower bound of 6 Hz is set by the
response of the borehole geophones (natural frequency 4.5 Hz), below which
the instrument response might limit reliable power estimates. Comparing the
two bands allows us to test whether the quieting and the spatial organization
of GHT sources are frequency dependent.

Daily time series were aligned relative to the onset of the pre-stick-slip
seismic power decrease in the 10-20 Hz band to account for variability in
event timing. The onset of the pre—stick-slip quieting in the 10-20 Hz band
was manually identified for each event based on the initial drop of seismic
power preceding stick-slip tremor. Seismic power spectral density (PSD)
was computed for each borehole station using 10 s sliding windows with 50%

overlap and estimated via Welch’s method from vertical-component velocity

12
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records. Band-averaged power in the 10-20 Hz and 6-8 Hz was expressed in
dB relative to 1 (ms™!)2Hz™!, averaged across stations using the median,
and smoothed with a 15min moving mean filter. Seismic power spectral
density (PSD) was normalized per event by subtracting the median baseline
value prior to stacking to remove inter-event PSD amplitude offsets. Basal
water pressure, surface velocity, and runoff were analyzed in absolute units.

All time series were resampled to a common 1-minute time vector prior to
analysis. For each variable, the median across days is computed and variabil-
ity is shown as the interquartile range. GNSS-derived surface velocity was
averaged across the two stations to obtain a representative three-dimensional

surface velocity.

3.3. Seismic interferometry

Seismic interferometry (e.g., Nakata et al., 2019) allows imaging and mon-
itoring of subsurface processes by retrieving empirical Green’s functions from
continuous ambient seismic vibrations. We apply this approach to investigate
the stability and seismic characteristics of the glaciohydraulic tremor source.
Ambient noise cross-correlations were computed for the vertical components
of the borehole stations over a 30-day period (22 July—20 August 2020). Cor-
relations were calculated using 5-minute time windows with a maximum lag
of 8s in the 6200 Hz frequency band (Fig. 3A). All computations were per-
formed using the MSNoise framework (Lecocq et al., 2014). The resulting
noise correlations were analyzed to evaluate temporal changes in apparent

velocity and seismic phase stability associated with the GHT source.
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3.4. Matched-Field Processing

Matched-field processing (MFP) is an array-based technique (Kuperman
and Turek, 1997) that estimates source location by maximizing phase co-
herence between observed and modeled wavefield across a seismic network.
We apply a Bartlett MFP using a homogeneous velocity model (that is op-
timized based on the MFP output value, which ranges from 0 to 1). Higher
MFP output indicates a better match between the recorded wavefield and the
model. We applied MFP to continuous seismic wavefields to locate persistent
coherent ambient-noise sources associated with GHT, rather than to locate
discrete impulsive sources such as stick-slip tremor or crevassing events. For
each 5 min time window, we kept the optimized MFP source location and its
associated MFP output.

We combined five borehole stations with three nearby surface stations to
improve spatial resolution in the region of observed stick-slip tremor activity.
An initial unconstrained MFP applied to a 3D grid search (10 m spacing in x,
y, and z) located tremor sources at elevations corresponding to the glacier bed
(Figs. 4B and E.2). Guided by this result, we performed a full analysis within
a vertically constrained search space centered on the known bed topography,
while keeping a horizontal search region defined by the array aperture to
improve horizontal location accuracy. Because vertical resolution is limited
by the array geometry, we do not interpret small vertical variations in source
position. Robustness tests using the full array and an expanded search vol-
ume produce similar horizontal source-density patterns and indicate source
locations at the glacier bed (Fig. E.3). For the full month of data, MFP was

combined with a Nelder-Mead optimization scheme (Lagarias et al., 1998,;

14
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Nelder and Mead, 1965; Chmiel et al., 2019) and applied to both borehole
and surface stations in two frequency bands (6-8 Hz and 10-20 Hz).

To compare the spatial organization of glaciohydraulic tremor across dif-
ferent stages of the stick-slip cycle, MFP localizations were grouped into
three time periods: non-stick-slip periods, pre-stick-slip quieting, and stick-
slip. Post-stick-slip quieting intervals, identified manually from the 10-20 Hz
PSD in the same way as the pre-stick-slip quieting, were excluded from the
non-stick-slip category, so that the non-stick-slip maps represent baseline
conditions outside the quieting—stick-slip sequence. Prior to mapping, we ex-
cluded sources located on the horizontal boundaries of the search grid, sources
converging on the upper vertical boundary, and localizations with MFP out-
put lower than the random-coherence level 1/N, where N is the number of
stations. The remaining 3D locations were projected onto the horizontal
plane and binned into a regular 5m x 5m grid. For each grid cell, MFP
outputs were summed and then normalized by the total summed MFP out-
put within each period and frequency band. This representation highlights
regions where MFP localizations are both frequent and associated with high
MFP output and normalization removes differences in the total number of
detections between periods. Further methodological details are provided in

Appendix B and in Chmiel et al. (2016, 2019); Nanni et al. (2020).

3.5. Physical seismic model

Turbulent water flow within subglacial conduits generates fluctuating
wall-pressure and shear stresses that radiate seismic energy (Gimbert et al.,
2016). The resulting seismic waves propagate through the glacier and can

be recorded by nearby sensors. We adopt the mechanistic framework of

15
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Gimbert et al. (2016), originally developed for rivers (Gimbert et al., 2014)
and extended to subglacial channels. In this model, turbulent wall-pressure
fluctuations are assumed to be approximately uniform along the conduit
boundary, and the coupling between hydraulic forcing and seismic radiation
is parameterized through conduit geometry and flow conditions.

Following Gimbert et al. (2016), seismic power generated by turbulent

conduit flow can be expressed in scaling form as:

Pw x ﬁ71/4841/24Q5/4’ (2>

or equivalently,

P, 5—11/3R—82/9Ql4/37 (3)

where @) is discharge, S is hydraulic pressure gradient, R is hydraulic
radius, and 3 parameterizes conduit geometry and degree of filling.

These two expressions highlight different end-member dependencies: for
approximately constant pressure gradient, seismic power scales mainly as
Q°/*, whereas for fixed conduit geometry (3 and R constant) it scales more

strongly with discharge as Q*/.
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Figure 3: Multi-day median evolution of seismic power, basal water pressure, surface

velocity, and runoff aligned to the onset of pre—stick-slip GHT quieting. (A) Median power
spectral density (PSD) in the 10-20Hz band. (B) Median PSD in the 6-8 Hz band. (C)

Basal water pressure. (D) Mean three-dimensional surface velocity derived from GNSS

observations. (E) Proglacial runoff. All time series are aligned relative to the onset of

the daily pre—stick-slip decrease in 10-20 Hz seismic power. Solid lines show the median

across eight stick-slip days for which pressure data are available, shaded envelopes indicate

the interquartile range. The 10-20 Hz band exhibits a pronounced transient decrease in

seismic power preceding peak pressure and velocity, whereas the 6-8 Hzband shows a

weaker response.
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4. Results

4.1. GHT quieting preceding stick-slip tremor

A representative stick-slip tremor episode on 9 August 2020 illustrates the
characteristic sequence of seismic and hydrological changes (Fig. 2). Before
the onset of stick-slip tremor, seismic power in the 10-20 Hz band drops
by 5dB and persists for approximately one hour before stick-slip onset. In
contrast, the 6-8 Hz band shows a weaker decrease (~2dB, Fig. 2B-C). The
onset of GHT quieting precedes the main stick-slip phase and coincides with
a rise in basal water pressure (Fig. 2E). Pressure reaches peak values of 14 bar
shortly after stick-slip initiation. For this single event, surface velocity does
not show a clear response.

To assess the repeatability of this sequence, we aligned eight stick-slip
days to the onset of the 10-20 Hz quieting and computed the median evolu-
tion across events (Fig. 3). In the aligned median curves, 10-20 Hz seismic
power first decreases by nearly 2dB and then recovers during a period of el-
evated basal water pressure, which plateaus at almost 14 bar, corresponding
to ~80% of the local ice overburden pressure for ~200 m of ice. The pressure
record itself documents rapid transitions in the basal hydraulic state, vary-
ing diurnally from near-atmospheric values to this plateau, so that the bed
switches between unpressurized and nearly fully pressurized conditions on
timescales of hours. GHT quieting systematically occurs on the rising limb
of these pressurization cycles (Figs. 2 and 3).

The 6-8 Hz band shows a weaker decrease of ~1dB. Surface velocity
reaches its maximum during the high-pressure plateau, whereas proglacial

runoff follows a broader daily cycle and peaks after the pressure increase
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(Fig. 3E). The multi-day curves are aligned to the quieting onset rather than
to stick-slip times to characterize the recurring hydromechanical evolution
associated with GHT quieting. A decrease of 2dB corresponds to a ~37%
reduction in seismic power, and a 1 dB decrease corresponds to ~21% reduc-
tion. The full time series for August 5-13 (the period with the most stick-slip

tremors) are shown in Fig. E.4.

4.2. Seismic source characterization of glaciohydraulic tremor through seis-

maic interferometry

Noise cross-correlations between borehole stations RA91A-RA93A show
persistent coherent arrivals throughout the monitoring period, interrupted
during stick-slip tremor episodes (Fig. 4A). The strongest coherence occurs in
the acausal branch of the correlations, indicating that coherent energy prop-
agates predominantly from the direction of station RA93A toward RA91A
rather than isotropically: for a spatially uniform noise field, both correlation
branches would carry similar energy, whereas the observed one-sided dom-
inance requires a persistent source located on one side of the station pair
(e.g., Stehly et al., 2006). This asymmetry is maintained throughout the
monitoring period, indicating that the source position is stable in time. The
coherent energy is concentrated below 50 Hz, with dominant energy at 10—
20 Hz (spectrogram of the acausal branch in Fig. E.5), coinciding with the
frequency band in which GHT quieting is strongest (Kopfli et al., 2022).

The dominant arrivals on the vertical-vertical correlations correspond to
apparent velocities of V; ,pp ~ 2130ms™ and V, ., ~ 4260 ms™!, estimated
from the correlation arrival times and the RA91A-RA93A interstation dis-

tance (Fig. 4A). These values are higher than typical body-wave velocities
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in temperate glacier ice (Podolskiy and Walter, 2016; Walter et al., 2020). If
the dominant GHT source is offset from the interstation axis, the retrieved
arrivals do not propagate exactly along the station pair, and the resulting
apparent velocities overestimate the true medium velocities.

The asymmetry of the correlations indicates that the dominant source
is located preferentially toward station RA93A, southwest of the borehole
array. Weaker causal arrivals at higher frequencies are also observed and
likely reflect scattered body-wave energy (e.g., Wapenaar, 2006). Additional
frequency-dependent correlation examples are provided in Fig. E.6. In sum-
mary, the interferometric analysis indicates a persistent, directionally stable
source of coherent seismic energy located toward the southwest of the bore-
hole array, radiating predominantly below 50 Hz with dominant energy at

10-20 Hz, and sampled by the borehole pair through body-wave arrivals.
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Figure 4: Characterization of glaciohydraulic tremor using seismic interferometry and
matched-field processing. (A) Noise cross-correlations between borehole stations RA91A
and RA93A computed over the 1-month monitoring period in the 6-200 Hz frequency band.
The lower panel shows daily correlation functions, and the upper panel shows the mean
correlation stack. Dashed lines indicate theoretical direct P- and S-wave arrivals based
on Walter et al. (2020). (B) Example three-dimensional source localization obtained with
matched-field processing using three surface and five borehole stations for a 5min time
window on 9 August 2020 at 00:00 UTC. The red star marks the optimized source location
obtained using MFP combined with Nelder—-Mead optimization. The black mesh indicate
the radar-derived glacier bed and surface (Grab et al., 2021).
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4.3. Spatial distribution of glaciohydraulic tremor sources

Shreve routing identifies a main hydraulically favorable pathway beneath
the instrumented area, with an inferred drainage junction located close to the
borehole array (Fig. 1B). Routing sensitivity tests show that the location of
the main inferred drainage pathway remains stable from K = 0 (topography-
controlled routing) to K = 1.0 (full flotation), indicating that the pathway
position is set primarily by bed topography and is robust to the assumed
hydraulic state, although local upstream-area values and secondary pathways
vary (Fig. E.1).

Matched-field processing (MFP) applied to the combined borehole and
surface array enables three-dimensional localization of GHT sources. Fig. 4B
shows an example source location obtained from a 5min window in the 10—
20 Hz band using three surface and five borehole stations. Overall, the MFP
localizations indicate a dominant source region beneath the borehole array
(Figs. E.2 and E.3). Although the combined array improves source-depth
sensitivity compared to a surface-only geometry, vertical resolution remains
limited. We therefore focus the following analysis on horizontal source dis-
tributions.

In the 1020 Hz band, MFP localizations define a compact source region
with approximate dimensions of 35m x 40m (Fig. 5A—C). This region lies
close to the inferred drainage junction and to previously reported stick-slip
tremor locations (Kopfli et al., 2022). In contrast, the 6-8 Hz band produces
a broader and less compact source distribution. We also observe less coherent
source localization in the downglacier part of the array.

MFP-density maps show frequency-dependent differences in the spatial
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distribution of coherent seismic energy between non-stick-slip, pre-stick-slip
quieting, and stick-slip periods (Fig. 5). In the 10-20Hz band, MFP lo-
calizations remain concentrated near the central drainage area during all
periods (Fig. 5A—C). Coherent MFP localizations remain present during qui-
eting, indicating that GHT energy persists despite the reduction in seis-
mic power. During stick-slip, two localized maxima are observed along the
inferred drainage pathway (Fig. 5C). The 6-8 Hz band shows a broader,
elongated distribution during non-stick-slip periods and remains more dis-
tributed along the inferred drainage pathway during quieting and stick-slip
(Fig. 5D-F). Overall, the 10-20 Hz band remains concentrated near the cen-
tral drainage area between non-stick-slip, quieting, and stick-slip periods,
whereas the 6-8 Hz band shows more variable localizations along the inferred

drainage pathway.
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Figure 5: Spatial distribution of glaciohydraulic tremor localizations during different stick-
slip periods. Normalized weighted MFP-density maps for the 10-20 Hz band (A-C) and
6-8 Hz band (D-F) during non-stick-slip periods, pre-stick-slip quieting, and stick-slip.
Each map shows the horizontal projection of quality-controlled MFP source locations
(source depths are not represented), binned onto a 5 m x 5 m horizontal grid, with cell
values given by the summed MFP output normalized by the total summed MFP output
for that phase and frequency band. Blue lines indicate the inferred subglacial drainage
pathway from Shreve routing, and inverted triangles mark seismic stations. The 10-20 Hz
tremor becomes more spatially focused during pre-stick-slip quieting, whereas the 6-8 Hz

tremor remains distributed along the inferred drainage pathway.
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5. Discussion

5.1. GHT quieting reflects reduced seismic radiation, not disappearance of

the hydraulic source

Seismic power in the 1-20 Hz frequency range has previously been inter-
preted as a seismic expression of turbulent subglacial water flow at Rhone
Glacier (e.g., Canassy et al., 2016; Clyne et al., 2023; Kopfli et al., 2022)
and other glaciers (e.g., Gimbert et al., 2016; Nanni et al., 2021; Bartholo-
maus et al., 2015; Lindner et al., 2020). We therefore interpret the coherent
source analyzed here as GHT based on the combined evidence that it occurs
within this frequency range, persists outside discrete stick-slip and crevass-
ing events, and localizes near the radar-derived bed and inferred subglacial
drainage pathway in the MFP analysis (Nanni et al., 2022, 2021).

Our observations show that GHT weakens prior to the high-water-pressure
period associated with stick-slip tremor (Kopfli et al., 2022), but does not
disappear. Seismic power decreases most strongly in the 10-20 Hz band,
whereas the 6-8 Hz band shows a weaker reduction. At the same time, co-
herent MFP localizations remain present during the pre-stick-slip quieting
period and continue to cluster near the inferred subglacial drainage pathway.
We therefore interpret quieting as a reduction in seismic radiation from an
active hydraulic source, rather than disappearance of the hydraulic source

itself.
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5.2. Frequency-dependent quieting indicates scale-dependent hydraulic pro-

cesses

The decrease in seismic power is stronger in the 10-20 Hz band than in
the 6-8 Hz band, suggesting that the two bands are sensitive to different
spatial or hydraulic scales within the drainage system. The 10-20 Hz MFP
density is more spatially concentrated and localizes near the inferred drainage
junction, whereas the 6-8 Hz band remains more broadly distributed along
the drainage pathway (Fig. 5). Part of this difference might reflect a lower
spatial resolution at longer wavelengths. However, the 6-8 Hz density is not
an isotropically broadened version of the high-frequency distribution. It is
organized along the inferred drainage pathways, extending over both routing
branches, and responds differently in time, consistent with a contribution
from larger-scale, spatially distributed water flow.

The less well-defined MFP density in the downglacier part of the array
may reflect lower turbulent seismic radiation efficiency, reduced localization
sensitivity, or spatially variable drainage connectivity in that region. Lo-
calized high-shear or turbulent flow conditions near the inferred drainage
junction could enhance high-frequency tremor generation. Because the seis-
mic power of turbulent water flow depends on channel geometry, hydraulic
radius, pressure gradient, and discharge (Gimbert et al., 2016; Nanni et al.,
2020; Bartholomaus et al., 2015), variations in the high-frequency component
of GHT may reflect localized, transient changes in the filling state and wet-
ted perimeter of the drainage pathway. In addition, sediment transport may
contribute to the high-frequency tremor (Tsai et al., 2012; Gimbert et al.,

2014), because bedload flux scales strongly with flow velocity, a reduction
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in local flow speed during conduit pressurization would disproportionately
suppress this contribution, although our data do not allow us to separate the
two source processes.

In contrast, the weaker reduction in 6-8 Hz power is consistent with con-
tinued subglacial flow during quieting, potentially associated with larger-scale
channelized flow, similar to subglacial water flow source locations imaged
on Argentiére Glacier in the 3-7Hz frequency band (Nanni et al., 2021).
The broader 6-8 Hz MFP distribution also follows the two inferred drainage
branches visible in the upstream-area routing, consistent with a more spa-

tially distributed component of the drainage system.

5.8. A roof-friction mechanism for GHT quieting

The decrease in GHT power during rising basal water pressure may be
explained by a transient reduction in turbulent channel flow or in the ef-
ficiency of seismic radiation from that flow. In the framework of Gimbert
et al. (2016), seismic power depends on discharge, hydraulic pressure gradi-
ent, hydraulic radius, and conduit geometry. A rapid increase in basal water
pressure could therefore reduce GHT power if it decreases the local hydraulic
pressure gradient, reduces flow velocity, or modifies the conduit geometry
controlling hydraulic resistance (Schoof, 2010; Werder et al., 2013).

A good candidate mechanism is the transition from partially filled to
pressurized conduit flow. As water level rises and contacts the conduit roof,
the wetted perimeter increases, which can increase frictional resistance and
reduce the amplitude of the generated seismic noise for a given hydraulic
gradient (Chow et al., 1988; Schuler and Fischer, 2009). Free-surface conduit

flow can occur under glaciers where the bed slope-driven potential gradient is
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large (Hewitt et al., 2012; Hooke, 1984), with a local channel slope of ~12°
our study area falls in this regime, and transient increases in water supply
can then drive local transitions from free-surface to pressurized flow.

Direct support for episodically non-pressurized drainage conditions at
our site comes also from the borehole pressure record, which drops to near-
atmospheric values (a minimum of 0.78 bar, see Fig. E.4 and Kopfli et al.,
2022). Because borehole camera observations indicate that the borehole did
not intersect an active subglacial stream (Gréaff, 2021), these drops show that
bed regions adjacent to the inferred drainage pathway are at times not pres-
surized, making open-channel (partially filled) flow in the nearby conduit
likely during these intervals.

To quantify this effect, we consider two idealized conduit geometries il-
lustrated in Fig. 6. The first is a semi-circular R-channel of radius r = 2m
(Rothlisberger, 1972). The second is a broad, low-aspect-ratio conduit for
which small changes in water level near complete filling can strongly mod-
ify the wetted perimeter (geometries shown in Fig. 6A and B, respectively).
Such geometries are possible for subglacial drainage elements (Flowers, 2015).
Ground-penetrating radar observations at Rhone Glacier reveal broad con-
duits with widths of 17 & 1.7m and heights of order 0.4m (Church et al.,
2021), and we adopt these observed dimensions directly as the conduit width
w and height d in our calculations (Table 1). The two geometries have
comparable cross-sectional areas (~6.3 and ~6.8 m?, respectively), so that
differences in their modeled response reflect conduit shape rather than con-
duit size. To capture a range of roof geometries, we consider a deep roof

(dyoot = 0.1d) and a shallow roof (dyeef = 0.01d), chosen to bracket the roof
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curvature (not resolved by the radar observations) between a moderately
vaulted and a nearly flat roof. The perfectly flat roof (d..of — 0) provides
the analytic end member evaluated below.

We use the approach of Schuler and Fischer (2009) to express the sub-
glacial channel discharge based on the Darcy—Weisbach formulation (Chow

et al., 1988):

 (8gOH A3\'?
o-(Fare) W

where @ is channel discharge, H = h+ z is hydraulic head, h = p,/(pwg)
is pressure head, z is bed elevation, p,, is water pressure, p,, is water density,
g is gravitational acceleration, f is the dimensionless Darcy—Weisbach fric-
tion factor, A, is the water-filled cross-sectional area, and I',, is the wetted
perimeter.

Equation 4 shows that discharge increases with the water-filled cross-
sectional area A,,, but decreases with increasing wetted perimeter I',,, which
represents greater frictional resistance along the conduit walls. To isolate
the effect of changing wetted perimeter during near-complete filling, we ap-
proximate the hydraulic head gradient by the channel slope, 0H/0z ~ tan6,
where 6 is the channel slope.

For each geometry, we calculate the water-filled cross-sectional area A,
wetted perimeter I'y,, hydraulic radius, and discharge as a function of fill-
ing depth y. We then estimate the associated seismic-power change using
the conservative scaling P, oc Q* from Gimbert et al. (2016), which re-
lates discharge variations to seismic-power variations under an approximately

constant hydraulic pressure gradient. This assumption is consistent with our
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model setup, in which the head gradient is fixed at the channel slope to isolate
the effect of the changing wetted perimeter. The alternative fixed-geometry
end member (P, oc Q'*/3) assumes a constant hydraulic radius, which does
not apply during filling, and would yield several-fold larger modeled power
changes. Our estimates are therefore conservative.

Fig. 6C-F shows that the dischargefilling relationship becomes non-
unique as the conduit approaches complete filling. At high filling levels,
the relative increase in wetted perimeter increases more rapidly than relative
increase in water-filled area, so that the ratio A3 /T, in Eq. (4), and hence
the local channel discharge, decreases even as the water input into the sub-
glacial drainage system further increases, the excess input being transiently
stored and redistributed within the drainage system. This effect marks the
transition from partially filled to pressurized flow, as water surface initially
contacts the conduit roof.

The magnitude of the modeled discharge and seismic-power reduction
depends strongly on conduit geometry. Near-complete filling of the semi-
circular R-channel produces only a small discharge reduction of 4.5%, corre-
sponding to a seismic-power decrease of < 0.5dB. The deep-roof geometry
produces a larger discharge reduction of 20%, corresponding to an ~1.1dB
decrease in seismic power, while the very shallow-roof geometry produces a
discharge reduction of 27% and a ~1.7dB seismic power decrease. These
values are comparable to the observed GHT quieting, suggesting that in-
creased frictional resistance during roof contact can indeed contribute to the
reduction in seismic power.

The rooftop geometry is an idealized end-member representation of a
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Physical constant Value Unit

Gravitational acceleration g 9.8 m s~2
Parameter

Channel slope 6 12 °
Friction factor f 0.5 -
Channel radius r 2 m
Channel width w 17 m
Channel height d 0.4 m
Roof height d;oof 10%d, 1%d m

Table 1: Physical constants and parameter values used in the Schuler and Fischer (2009)
model. Conduit width w and height d are taken from ground-penetrating radar observa-
tions at Rhone Glacier (Church et al., 2021), the R-channel radius r is chosen to give a

comparable cross-sectional area.

broad, low-aspect-ratio conduit. In the case of a perfectly flat roof (d,o0r — 0,
i.e., a rectangular conduit), the transition to complete filling produces a dis-
continuity in both () and modeled seismic power, which can be evaluated an-
alytically: at roof contact, the wetted perimeter jumps from w+2d to 2(w+d)
at constant cross-sectional area, so that Qg /Qpee = [(w + 2d) /(2(w + d))]"/>.
For the observed conduit dimensions (w = 17m, d = 0.4m; Church et al.,
2021), this yields an instantaneous local discharge reduction of ~28% and a
seismic-power decrease of ~1.8dB.

Thus, near-complete conduit filling can increase wetted perimeter and

frictional resistance, temporarily reducing discharge and flow velocity and

decreasing turbulent seismic radiation, while the flow itself remains turbu-
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lent. The framework of Schuler and Fischer (2009) provides a simple physical
mechanism by which this transition can produce GHT quieting. This mech-
anism is proposed as a working hypothesis: it is consistent with the observed
amplitude and timing of the quieting, but confirming it would require ad-
ditional constraints, such as direct observations of conduit filling state or

co-located pressure measurements along a drainage element.
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Figure 6: Roof-friction mechanism for glaciohydraulic tremor quieting during drainage
pathway pressurization. (A-B) Idealized conduit geometries considered in the model: (A)
a semi-circular R-channel and (B) a broad, low-aspect-ratio rooftop-shaped conduit. (C-
F) Modeled changes in normalized discharge Q/Qmax and relative seismic power AP,, as
a function of normalized filling depth y. Discharge is computed from the Darcy—Weisbach
formulation, and seismic-power changes are estimated using the P,, oc Q°%/* scaling. Grey
shading highlights the near-complete filling regime, where roof contact increases wetted
perimeter and hydraulic resistance. Insets show the reduction in discharge and seismic

power during this final transition toward pressurized flow.
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5.4. Implications for water redistribution and stick-slip

The roof-friction mechanism implies that GHT quieting can occur while
basal water pressure continues to rise. If near-complete filling temporarily
reduces channelized discharge, the excess water must be transiently accom-
modated in subglacial or englacial storage, accessed via flow through hy-
draulically connected cavities and distributed drainage pathways.

The storage required by this redistribution is modest. Accommodating
meltwater input over the ~1h pre-stick-slip quieting phase analyzed here, at

1 corresponds to ~3.6x10* m?. Distributed over

a typical runoff of ~10m? s~
the low-slope bed area upglacier of the measurement site (~1km?, Fig. 1),
this volume represents a water layer of ~3.6 cm. The stored water layer can
be translated into the change in hydraulic head (see the englacial storage
formulation of equation 10 in Werder et al., 2013) using the storage fraction
(englacial void ratio) taken as e, ~ 1% typical of temperate Alpine glaciers
(Huss et al., 2007; Werder et al., 2013). This yields a rise in hydraulic
head of only ~3.6 m (equivalent to ~0.35bar). The strength of the resulting
gradient feedback on the constricted reach, and hence the process terminating
individual quieting episodes, depends on the length over which the excess
head is accommodated, which our observations do not uniquely determine.
We propose that relating this length to the spatial extent of the MFP-derived
source region is an interesting direction for future work. More generally, at
temperate glaciers, proglacial discharge typically lags melt input by several
hours, implying short-timescale storage. Such time lags are reproduced in
subglacial drainage simulations using an englacial void ratio on the order of

1072 (Werder et al., 2013), consistent with the value adopted here.
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This redistribution carries an additional necessary condition: the hy-
draulic conductivity of the surrounding distributed drainage system must
be comparable to that of the constricted channelized drainage element. If
the distributed system was less conductive, the local pressure gradient across
the constriction would instead increase, accelerating flow through the chan-
nel and consequently increasing rather than decreasing local discharge. This
connectivity involves both lateral access from the constriction into the dis-
tributed system at the tremor site and access from the distributed system
into the storage volume upglacier of the constriction, where the excess wa-
ter is accommodated and where the borehole sensor records the associated
pressurization. The occurrence of GHT quieting during rising basal water
pressure suggests a hydraulically well-connected distributed system at this
stage of the melt season, consistent with late-melt-season configurations in
which channelized and distributed drainage components coexist and interact
(Fountain and Walder, 1998; Werder et al., 2013; Flowers, 2015). The re-
distribution further implies that a spatially confined constriction, expressed
through the MFP results as a ~35m x 40 m source region in the 10-20 Hz
band, can control the pressurization and water distribution of a larger por-
tion of the surrounding drainage system. The geometry of localized drainage
elements may thus dictate the hydraulic and mechanical state of the bed at
scales far exceeding the constriction itself.

As the drainage element approaches complete filling, turbulent channel
flow weakens, reducing GHT power, while water pressure increases in adja-
cent parts of the drainage system, lowering the effective pressure and pro-

moting enhanced basal motion (Iken and Bindschadler, 1986; Schoof, 2010;
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Lipovsky and Dunham, 2017). The relationship between effective pressure
and stick-slip behavior, however, is not straightforward. High effective pres-
sure may favor the formation and unstable failure of velocity-weakening
patches, for example through sediment entrainment and enhanced ice—bed
contact (Lipovsky et al., 2019). Icequake observations at Saskatchewan
Glacier show basal seismicity concentrated along hydrologically well-connected
parts of a subglacial drainage network when local stresses on the remaining
ice-bed contacts and debris—bed drag increase during cavity dilation (Stevens
et al., 2024). These findings can be reconciled with observations at Rhone
Glacier, where stick-slip tremor occurs during intervals of elevated basal wa-
ter pressure and was proposed to be promoted by the associated reduction
in effective pressure (Kopfli et al., 2022), through the spatial heterogeneity
implied by our redistribution scenario: pressurized distributed drainage ele-
ments reduce effective pressure and accelerate sliding over part of the bed,
while neighboring bed patches retain high effective pressure and velocity-
weakening properties, acting as seismic asperities that fail in stick-slip mode
as the surrounding bed unlocks. The effective-pressure control on stick-slip
may depend on the spatial arrangement of drainage elements and on local
interface properties, such as till or bed roughness.

The observed sequence supports the hypothesis that quieting, pressuriza-
tion, and stick-slip are stages of a single hydraulic cycle. The high-frequency
GHT quieting precedes the high-pressure interval and is followed by enhanced
surface velocity, with the phase offset between basal water pressure and sur-
face velocity reflecting an Iken-type response (Iken and Bindschadler, 1986).

In particular, the onset of rising basal water pressure slightly precedes the
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quieting onset (Fig. 3), as expected if conduit filling under rising pressure
precedes roof contact. The spatial proximity between GHT localizations and
previously reported stick-slip tremor locations further suggests that hydraulic
and mechanical processes occur in nearby basal regions (Fig. E.7).

GHT quieting, in this view, is not just a precursor to stick-slip but a
seismic expression of the pressurized drainage state in the distributed system.
Pressurization of the drainage pathway simultaneously suppresses turbulent
seismic radiation (producing quieting) and reduces effective pressure on the
surrounding bed (promoting stick-slip). The reappearance of quieting after
stick-slip tremor stops, while pressure remains elevated (Fig. 2), supports this
interpretation and suggests that quieting tracks the hydraulic state rather
than the stick-slip process.

Because proglacial runoff shows no reduction at the scale of the daily
melt cycle and because MFP locations remain present during quieting, the
reduction in GHT power is unlikely to reflect reduced glacier-wide water in-
put or a cessation of subglacial flow. Instead, it points to local drainage
reorganization and pressure redistribution through connected cavities or dis-
tributed drainage elements. In this interpretation, the reduction in GHT
power reflects reduced seismic radiation from turbulent water flow within

the channelized component of the subglacial hydraulic system

5.5. Sources of uncertainty

Several factors limit how directly GHT quieting can be translated into
hydraulic variables. Seismic power depends not only on discharge, but also
on conduit geometry, hydraulic gradient, hydraulic radius, source coupling,

source location, and propagation effects (Gimbert et al., 2016; Nanni et al.,
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2020; Aki and Richards, 2002). Using the roof-friction model to translate
modeled discharge reductions into GHT-power changes is therefore a first-
order estimation. In particular, these estimates rely on the assumption that
seismic power responds primarily to the change in discharge and flow ve-
locity, through the scaling P, o« Q°/*, and neglect the concurrent increase
in the wetted perimeter over which turbulent wall-pressure fluctuations (and
seismic waves) are generated (Gimbert et al., 2016). This radiating boundary
grows by up to a factor of two at roof contact in the flat-roof end-member,
acting against the velocity-driven power reduction. The modeled AP, val-
ues in Section 5.3 are therefore first-order estimates of the velocity-driven
contribution to GHT quieting.

The modeled roof-friction geometries represent idealized end-member con-
duit shapes and do not resolve evolving roughness, bed material properties
(e.g., deformable sediment), conduit closure, or time-dependent connectivity
between channels and cavities. Other mechanisms may also contribute to the
observed quieting, including a reduced hydraulic gradient during pressuriza-
tion, as proposed by Kopfli et al. (2022). Although a reduction in the driving
gradient during rising water pressure may appear counterintuitive, it can re-
sult from a backwater effect. When meltwater input exceeds the discharge
capacity of downstream channels, water backs up in the upglacier direction,
raising the hydraulic head along the backed-up reach and diminishing the
head difference driving flow from upstream. Hence, the local hydraulic gra-
dient and net channel flux diminish even as water pressure rises. These
mechanisms are not mutually exclusive. Rather, they describe complemen-

tary aspects of the same process: water backing up behind a capacity-limited
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conduit reach both reduces the upstream hydraulic gradient (Kopfli et al.,
2022) and drives the local filling and roof contact that increase frictional re-
sistance (Section 5.3). Together, these effects could reduce turbulent seismic
radiation during the quieting phase and contribute to the stronger quieting
observed during individual events.

The Shreve-routing pathway (Shreve, 1972) provides a first-order estimate
of likely drainage organization rather than an observation of instantaneous
conduit geometry. This is particularly important because the flotation factor
K likely varies in space and time, and because local drainage elements may
transition between partially filled and pressurized states. The location of the
main inferred pathway is, however, insensitive to the assumed pressure state
persisting from K = 0 to K = 1 (Fig. E.1), so that this uncertainty affects
the local hydraulic state along the pathway rather than its position.

Our observations also do not uniquely distinguish between a channelized
drainage element or a linked-cavity system (Kamb, 1987; Walder, 1986). The
redistribution interpretation additionally assumes that the transmissivity of
the distributed system is comparable to that of the channelized constriction.
The observed off-channel pressurization is consistent with this condition, but
does not constrain it directly. The borehole pressure sensor provides a lo-
cal measurement whose hydraulic connection to the active drainage system
may vary in time. We can expect deviations between individual pressure
and seismic-power records and we base our interpretation on the systematic
relationship that emerges in the multi-event stack (Fig. 3).

The MFP analysis constrains the dominant coherent source location, but

does not fully separate simultaneous hydraulic and stick-slip tremor during
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active slip. This may partly explain the secondary maxima visible during
stick-slip periods in Fig. 5. In addition, although the MFP results support a
basal or near-basal origin for the dominant coherent source, vertical resolu-
tion remains limited and englacial contributions cannot be fully ruled out.
Despite these limitations, the central observations remain robust: high-
frequency GHT weakens while basal water pressure rises, coherent MFP lo-
calizations persist during quieting, and the spatial distribution of coherent
seismic energy varies between periods. The amplitude decrease is strongest
in the 10-20 Hz band, whereas the period-dependent spatial redistribution
is most evident in the 6-8 Hz band. These frequency-dependent signatures
indicate that local flow conditions control the generation of high-frequency
seismic noise and, most likely, the redistribution of flow within the surround-
ing drainage system. These observations support the interpretation that
GHT quieting reflects transient input of water from localized conduit into

the surrounding distributed drainage system.

6. Conclusions

We investigated the quieting of glaciohydraulic tremor (GHT), expressed
as a decrease in seismic power preceding stick-slip tremor at Rhone Glacier,
by combining seismic and glaciological observations, matched-field process-
ing, and physics-based hydraulic modeling. Quieting is strongest in the 10—
20 Hz band, while the 6-8 Hz band shows a weaker decrease and a broader
spatial distribution of coherent seismic energy. Matched-field processing in-
dicates that coherent GHT sources persist during quieting near the inferred

subglacial drainage pathway, showing that quieting reflects reduced seismic
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radiation from an active hydraulic source rather than disappearance of the
source itself.

Our results show that GHT quieting does not track meltwater input
alone: quieting occurs during rising basal water pressure and we interpret
it as a transient change in drainage-system state. Near-complete filling and
roof contact within broad, low-aspect-ratio drainage elements increase wet-
ted perimeter and hydraulic resistance, temporarily reducing channelized
discharge, flow velocity, and turbulent seismic radiation. This provides a
physical mechanism by which GHT power can decrease even as basal water
pressure rises.

These findings imply that basal slip and stick-slip activity cannot be as-
sumed to scale directly with melt production or glacier-wide runoff. Rather,
the onset of rapid motion also depends on the hydraulic state of the sub-
glacial drainage system. Transitions from partially filled toward pressurized
drainage conditions may redistribute water toward connected cavities or dis-
tributed drainage elements, reduce effective pressure over part of the bed,
and promote abrupt changes in basal motion.

In particular, our observations suggest that localized flow-limiting drainage
elements can act as switches for the wider drainage network: their transient
pressurization redirects water into distributed drainage elements, lowering
effective pressure over a broad bed area and conditioning the onset of rapid
basal motion.

More broadly, the spectral and spatial organization of GHT can reveal
short-lived drainage reorganization that is otherwise difficult to observe di-

rectly. GHT quieting may therefore act as a seismic indicator of threshold-like
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changes in hydraulic resistance and ice-water coupling at the bed. Future
work should test whether similar quieting episodes occur in other glacier set-
tings and combine tremor observations with direct pressure measurements
and hydrological models to better resolve the transitions that control glacier

sliding.

7. Acknowledgements

The Authors thank Daniel Farinotti for his co-supervision of N. Caldera
master’s internship, and Janneke van Ginkel for fruitful discussions. M.C.
acknowledges support from the Poincaré fellowship program of the Observa-
toire de la Cote d’Azur (project SEISRIVER) and the European Research
Council (ERC) under the European Union’s Horizon Europe research and
innovation programme (grant agreement ID: 101163251, UNREST). FG ac-
knowledges funding from the European Research Council (ERC) under grant
number 101126009 (REASSESS).

8. Author contributions

M. Chmiel: Conceptualization, Methodology, Formal Analysis, Software,
Writing-Original draft preparation, Investigation, Supervision of N. Caldera;
N. Caldera: Methodology, Software, Formal Analysis, Investigation; F. Gim-
bert: Conceptualization, Writing-Original draft preparation, Reviewing and
Editing; G. Olivier: Conceptualization, Formal Analysis, Methodology, In-
vestigation; A. Guadagnini: Supervision of N. Caldera, Reviewing and Edit-
ing; D. Gréff: Data curation, Reviewing and Editing; M. Kopfli: Review-
ing and Editing, Data curation; M. Werder: Methodology, Formal Analysi,

41



772

773

774

775

776

T

778

779

780

781

782

783

784

785

786

787

789

790

791

792

793

Reviewing and Editing; F. Walter: Conceptualization, Formal Analysis,
Methodology, Resources, Supervision of N. Caldera, Reviewing and Editing,

Data curation.

9. Declaration of generative AI and Al-assisted technologies in the

manuscript preparation process

During the preparation of this work the authors used Claude (Anthropic)
in order to assist with language editing and restructuring of the text. After
using this tool, the authors reviewed and edited the content as needed and

take full responsibility for the content of the published article.

10. Data Availability Statement

Data

Seismometer data from the 4D local glacier seismology network are archived
at the Swiss Seismological Service and are openly available through the SED
FDSN web services (http://www.fdsn.org/networks/detail/4D_1985, net-
work code 4D, Swiss Seismological Service (SED) At ETH Zurich (1985)).
Data sets for water pressure, ice flow velocity, bedrock topography, ice thick-
ness, and station locations were sourced from the public repository accompa-
nying Kopfli et al. (2022), available from ETH Zurich’s Research Collection
(https://doi.org/10.3929/ethz-b-000569254).

Code and data products

Code developed for this study is publicly available in our Zenodo repository
(10.5281/zenodo.15662929). This includes example scripts for: hydraulic

42



794

795

796

797

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

potential and upstream area calculation, source localization with the Bartlett
Matched-Field Processing (MFP) method, and modeling channel discharge
as a function of filling depth. The repository also contains the data products
(MFP results, cross-correlation files, and dispersion curves).

Seismic data pre-processing was performed using the Obspy Python frame-
work (https://www.obspy.org, Beyreuther et al. (2010)). Ambient noise
cross-correlation analysis was conducted using MSNoise, which is available

for download at http://www.msnoise.org/.

Figures

Figures 1A-C, 4A-B, and 5 were made using the perceptually-uniform "cmo-

cean" colormaps for MATLAB (Thyng et al., 2016).

Appendix A. Preprocessing of the borehole data and noise corre-

lations

Before calculating monthly noise correlations and locating noise sources
with Matched-Field Processing (MFP), pre-processing is applied to each
borehole station. The data are first corrected by the instrument sensitivity
to convert the number of counts into the ground velocity. We downsample
the data to 500 Hz since most of the background seismic energy (outside of
stick-slip tremor times) is present below 300 Hz (Kopfli et al., 2022). Down-
sampling the borehole data from 2000 Hz to 500 Hz also accelerates the pro-
cessing time and makes it possible to jointly use the borehole and the surface

data that are sampled at 500 Hz with seismic interferometry and MFP.
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Appendiz A.1. 30 days noise correlations

We perform cross-correlation of one month of seismic data using a time
window of 5 minutes and a maximum time lag of 8 seconds. The cross-
correlation procedure follows the method proposed by Bensen et al. (2007),
which includes spectral whitening and one-bit normalization before calcu-
lating the cross-correlations. These steps are implemented in the Python

package MSNoise (Lecocq et al., 2014).

Appendix B. Matched-Field Processing (MFP)

Matched-Field Processing (MFP) is an extension of a traditional plane-
wave beamformer (Kuperman and Turek, 1997) that can be applied to any
complex medium, as long as spatially coherent phase information can be
extracted between nearby sensors. The general idea of beamforming in seis-
mology is to estimate the coherent portion of seismic wave energy that prop-
agates over the seismic array and to determine its propagation characteristics
(e.g., Rost and Thomas, 2002). In the general case, the phase information at
frequency w is obtained from a data vector d(w) that consists of the discrete

Fourier transforms of each station record:

d(w) = [d1(w), ds(w), ..., dy(w)] (B.1)

where N is the number of stations within the array.
The Cross-Spectral Density Matrix (CSDM), K(w), captures the relative
phase differences between the stations and is typically calculated by averaging

M data vectors over a time window 71"
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K(w) = 72 D dife) df ) (B2

where H denotes the Hermitian (conjugate transpose).

The synthetic wavefield from a point-like source is modeled using a frequency-

domain Green’s function that depends on the source spatial coordinates =z,

y, and z, and the medium’s homogeneous phase velocity c:

d(w,ryy.) = exp (W%) (B.3)
where 7, is the distance between each station in the array and the trial
source location.

The phase velocity ¢ is optimized using MFP output over a time window
T of 5 minutes. To determine the final optimized phase velocity, seven time
windows are randomly sampled across the monitoring period. For each time
window, we search for the source position yielding the maximum phase co-
herence (Fig. E.8). The final optimized phase velocity is calculated as the
average, yielding cgpa = 1800 ms™1.

To map the source locations in space, we use the linear Bartlett processor

due to its robustness (Chmiel et al., 2016):
BBartlett (w, rzyz) = Z ‘dH(Wa rccyZ) K(w> d(wv ra:yz)| (B4)

Bpgartlett values range from 0 to 1, with higher values indicating greater
phase coherence. Physically, the Bartlett processor corresponds to a cross-
correlation between the recorded and modeled wavefields. As a linear, phase-
based method, its spatial resolution is limited by diffraction laws and wave-

length, though it is robust for source detection.
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Appendiz B.1. Source localization with MFP

For source localization, we use a time window T of 5 min to calculate the
CSDM, averaging 30 data vectors of 10s. The averaging over multiple short
data vectors should improve the coherency retrieved with the CSDM (Seats
et al., 2012). For each frequency band, we averaged the MFP output over 20
individual frequencies.

We use the vertical component of 8 seismic stations for the 3D MFP local-
ization: 3 surface stations (RA81, RA82, and RA87) and 5 boreholes stations
(RA91A, RA9IB, RA92A, RA93A, RA93B). We constrain the search with
the minimization algorithm to the x, y, and z space: for xy, the dimensions of
the search area are limited to the minimum and maximum x, y coordinates
of the seismic stations used for localization. For the depth z, we use the a
priori information on the glacier bed depth and geometry and constrain the
search to altitudes between 2294 m and 2334 m a.s.l. that contains the glacier
bed topography variations for the specified xy search area. We assume that
the algorithm correctly converges if the optimal location is within the grid
xy, with localization at the xy borders being excluded. Due to poorer res-
olution at depth, we reject locations at the upper z-limit to avoid polluting
the results with possible surface and englacial sources.

To maximize the efficiency of our algorithm and map secondary seismic
sources, we use a direct minimization algorithm (Lagarias et al., 1998; Nelder
and Mead, 1965) to converge to the best match between the modeled and the
observed phase delays rather than exhaustive grid-search exploration. The
convergence criterion is reached if the solver reaches its lower bound on the

size of the step in space and on the change in the MFP values, which is set
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to le-4, with a maximum of 600 iterations.
The Nelder-Mead optimization requires an initial guess of the optimal

location. We follow two strategies for this initial guess:

1. We first calculate the MFP output using a 3D grid search over easting,
northing, and depth (z, y, and z) with the previously optimized phase
velocity. This approach yields a 3D cube containing the MFP output
for each point on the grid. The optimal location of a dominant source
is identified as the argument of the maximum of the MFP output,
and we define this position as the initial guess for the Nelder—-Mead
optimization. This approach enables us to explore the global maximum

in the 10-20 Hz frequency band.

2. Following Nanni et al. (2022), we also tested MFP localization in the
6—-8 Hz frequency band using multiple starting points to investigate pos-
sible local maxima associated with simultaneous activity from multiple
sources. We further verified that the dominant source region in the 10—
20 Hz band is unchanged when using multiple starting points, which
indicated that the localization is robust to the choice of initial point

(Fig. E.9).

Appendiz B.2. Computation of normalized weighted MFP density

To compare the spatial distribution of MFP localizations between periods
and frequency bands, we converted the quality-controlled source locations
into normalized weighted density maps. For each 5min MFP window, we
retained the optimized source locations and their corresponding MFP out-

put values. Localizations were excluded if they occurred on the horizontal
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boundaries of the search grid, on the upper vertical boundary, or if their
MFP output was lower than the random-coherence level 1/N, where N is
the number of stations used in the MFP analysis. The remaining 3D local-
izations were projected onto the horizontal plane and binned into a regular
5m x 5m grid. For each grid cell 7, we summed the MFP output values of
all localizations falling within that cell and normalized by the total summed

MFP output over the full grid:

_ Zjez‘ Bj

==,
Zj:l Bj

where D; is the normalized weighted MFP density in grid cell ¢, B; is the

(B.5)

%

MFP output value of localization j, and M is the total number of retained lo-
calizations for the considered period and frequency band. The resulting maps
therefore show the relative spatial concentration of coherent MFP detections,

weighted by localization strength.

Appendixz B.3. Grid definition and starting point selection for localization

We use the location associated with the maximum 3D MFP output from
the first analyzed 5-minute time window (on July 22, 00:00 UTC) as the ini-
tial guess for the Nelder—-Mead optimization. To explore potential secondary
seismic sources in 6-8 Hz, we defined 4 starting points at distances of 1x and
2 x A/2 (half the seismic wavelength) in both x and y directions from the
location of the main source. The Bartlett processor is a phase-based linear
algorithm, and its spatial accuracy is limited by diffraction laws. This reso-
lution limit is expected to be approximately /2, where A is the wavelength

of the signal. For the 6-8 Hz frequency band and assuming a phase velocity
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of 1800m/s, A\/2 ~ 120m. The spacing of \/2 between the starting points
enables us to distinguish between spatially separate sources and reduces the

likelihood of re-identifying the same source.

Appendix C. Supplementary figures
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Figure E.1: Sensitivity of hydraulic-potential routing to flotation factor K. Upstream
area was calculated for K = 0, 0.7, 0.8, 0.9, and 1.0 (A-E), where K = 0 corresponds to
purely topography-controlled routing and K = 1 to water pressure equal to ice overburden
pressure. Dotted contours show bed elevation interpolated from ground-penetrating radar
surveys. White and blue triangles mark surface and borehole seismic stations, respectively.

Colors show log;, upstream area, with displayed values ranging from 1 to 2.2.
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Figure E.2: Altitude of the maximum matched-field processing (MFP) output for 5 min

time windows in the 1020 Hzband between 22 July and 19 August 2020. Points show

the altitude of the MFP peak, colored by MFP output. Light blue vertical envelopes

indicate the vertical extent of the high-coherence region, defined here by locations with

MFP output >90% of the peak value for each time window. The gray band shows the

range of radar-derived bed elevations within the MFP search area, while horizontal lines

indicate the mean bed and surface elevations within the same area. Most MFP maxima

cluster near the radar-derived bed, motivating the vertically constrained MFP search used

for the spatial localization analysis.
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Figure E.3: Full-array MFP localization in the 6-8 Hz band (outside of stick-slip tremor
times). (A) Normalized weighted MFP-density map computed using all available stations,
including 5 borehole seismometers and 8 surface seismometers. Blue contours indicate
the inferred subglacial drainage pathway, triangles mark seismometers, and the magenta
dashed box shows the horizontal MFP search area. (B) Northing-altitude projection of
the corresponding MFP localizations, colored by MFP output. The grey band shows the
radar-derived bed-elevation range, black and grey dashed lines show the mean bed and
surface elevations, respectively, and the magenta dashed box marks the vertical MFP
search domain. The full-array result shows coherent energy concentrated near the inferred
drainage pathway and close to the radar-derived bed, supporting the robustness of the
main MFP localization pattern. Additional maxima outside the central drainage area

may reflect additional less coherent subglacial and englacial sources.
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Figure E.4: Continuous seismic and hydrological observations from 5 to 13 August 2020.
(A-B) Smoothed PSD in the 10-20 Hz and 6-8 Hz bands. (C) Basal water pressure, shown
only during intervals with available measurements. (D) Mean 3-D surface velocity from
GNSS stations PPM3 and PPM4. (E) Proglacial runoff. Blue shading marks the pre-
stick-slip quieting interval, red shading marks stick-slip tremor as detected by Kopfli et al.
(2022).
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Figure E.5: Spectrogram of the acausal part of noise correlations between two borehole

stations RA91A and RA93A over 1 month.
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Figure E.6: Noise correlations between two borehole stations RA91A and RA93A in low
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of all noise correlations is plotted in the middle of each figure.
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Figure E.7: Comparison between 10-20 Hz GHT localization and stick-slip tremor lo-
cations. Normalized weighted MFP density in the 10-20 Hz band during the stick-slip
period, with independently identified stick-slip tremor locations overlaid as stars. The
blue line indicates the inferred subglacial drainage pathway from Shreve routing, and in-
verted triangles mark seismic stations. The strongest MFP-density regions lie near the
inferred drainage pathway and partly overlap with the stick-slip tremor locations, indicat-
ing that high-frequency GHT and stick-slip tremor originate from nearby basal regions.
This spatial overlap does not uniquely separate simultaneous hydraulic tremor from stick-

slip-generated energy during active slip.
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Figure E.8: Two-step phase velocity optimization approach based on MFP output, demon-
strated using a 5-minute time window on August 8 at 14:15 UTC in the 10-20 Hz range.
A. 4D grid search over z, y, z, and c using a "coarse" phase velocity vector ranging from
1400 to 4000 ms™!, with increments of 50 ms™. B. A secondary search using a "fine" phase
velocity vector around the optimal velocity identified in the first search, £50ms™, with

increments of 5ms™'. Phase velocities corresponding to the maximum MFP output are

indicated by red crosses.
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Figure E.9: Same analysis as in Figure 5A, but with multiple MFP optimization starting
points following Nanni et al. (2021). Magenta diamonds mark the starting points. The
dominant source region is unchanged, indicating that the localization is robust to the

choice of initial starting point.
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