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Multi-annual and seasonal patterns of Murtel rock glacier borehole
deformation, environmental controls and implications for kinematic
monitoring.
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Abstract. Information about rock glacier deformation with depth is crucial for understanding the kinematic processes re-
sponsible for variations in rock glacier velocity. The majority of studies on rock glacier kinematics have been limited to

surface measurements.

deformation-Understanding what the surface signal of rock glacier movement represents is important because it is a parameter

of the "permafrost" essential climate variable (ECV). Here, we present a unique record of the nearly eight-year-long borehole
deformation data at high temporal resolution from the Murtel rock glacier in the Swiss Alps. The extracted velocity time series

with depth shows that seasonal variations are only observed in the active layer (AL), while in the main-ice-rich core and the

shear zone deformationratesremain-velocity remains relatively stable.

reaches-beyond-Interannual variability in deformation is driven by both the AL and inte-the ice-rich core components, while
the shear zone shows minimal change over the years. The AL, ice-rich core and shear zone components of deformation make
up 20%, 24% and 56% of surface displacement respectively. Compared to previous borehole inclinometer data, we find an
unusually high fraction of defermation-surface displacement happening in the AL at Murtel for-the-observation—periodrock
glacier. There are multiple rock glacier studies which-repertimmediate-that report a fast response in surface velocity to water

input from snowmelt or rainfall. In contrast, at Murtel rock glacier we find that surface acceleration begins two to three weeks
after the snowmelt period ends. The largest peaks in surface velocity coincide with the years with the highest ground surface
temperature peaks-in-summerrather-thanrather than the years with the most snowmelt. We postulate that the deep ice-rich and
cold permafrost core of Murtel rock glacier prevents the pore water pressure in the shear zone to change at a seasonal timescale.

The borehole deformation and temperature data suggest that the seasonal cycle in AL deformation is strongly related to ther-

mal processes rather-than-controlled-by-waterinputand the melting of refrozen seasonal ice. Beyond this, three independent
approaches for measuring surface displacement were applied and show that the borehole inclinometer and geodetic survey

measurements agree well over a peried-of-almest-eight-yearsmulti-annual period. The continuous GNSS surface observations
slightly overestimate the seasonal acceleration, but match the general background displacement well. Roek—glacier—veloeity

st—Our borehole deformation data provide
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novel insight-information on how representative surface velocities are for rock glacier deformation at depth and on various

timescales.

1 Introduction

Rock glaciers are the-mest-a prominent permafrost landform found in mountain environments. As they are widely spread, they
largely influence the geomorphic evolution of periglacial landscapes, in former times and today. Rock glaciers are bodies of
perennially frozen sediment which creep downslope. Active landforms typically creep at rates from a few decimeters to a meter
few meters per year (Kellerer-Pirklbauer et al., 2024). Even though measurements of rock glacier movements go back to the
early 1900s, only in the last 40 years kinematic investigations have revealed the importance of external forcings on rock glacier
creep (Haeberli, 1985; Arenson et al., 2002; Cicoira et al., 2021). Atmospheric warming has been linked to both the irreversible
loss of permafrost ice and rock glacier acceleration (Roer et al., 2005; Kidb et al., 2007; Haberkorn et al., 2021; Kellerer-
Pirklbauer et al., 2024). Mountain permafrost sites from Svalbard to the Alps have been warming on average 0.41 C per decade
(Noetzli et al., 2024). In parallel, periods of pronounced warming rates, such 2015 to 2020 in the Alps, have experienced in-
creasing rock glacier velocity (Kellerer-Pirklbauer et al., 2024). The synchronicity between mean annual air temperatures and
rock glacier velocity (RGV) has led to the-veloeity-RGV being added in 2022 as a parameter to the "permafrost” E€VEssential
Climate Variable (ECV) (Hu et al., 2025). RGV is defined as the annual average horizontal velocity measured at the surface of
arock glacier (RGIK, 2023). The internal structure of rock glaciers is described to be heterogeneous and, similarly, the vertical
velocity profile is not uniform with depth {H
Arenson et al., 2002; Haeberli et al., 2006; Emmert and Kneisel, 2017; Buchli et al., 2018; Fey and Krainer, 2020). The surface

signal of rock glacier deformation can be typically split into three components: the top coarse-blocky active layer (AL), the

main permafrost ice core, and a frozen fine debris-rich layer called the shear zone, where most of the deformation occurs
(Arenson et al., 2002; Kenner et al., 2020; Cicoira et al., 2021). The surface movement of a rock glacier is an integrated sig-
nal of all these three components. Studies that describe the distribution of deformation across these three layers are scarce
and most mountain permafrost sites are limited to measuring deformation at the surface via GNSS stations, photogrammetry

or geodetic surveys (Wahrhaftig and Cox, 1959; Barsch and Hell, 1976; Haeberli, 1985; Benedict et al., 1986; Lambiel and

Delaloye, 2004; Roer, 2007; Cicoira et al., 2022). Then, these surface measurements are averaged into a single-value RGV

which is used as a parameter for the ECV. As a result, it is unknown at what depths changes in a RGV signal originate from.
Measuring deformation with depth requires the instrumentation of vertical boreholes with inclinometers. The first cases of

borehole deformation data are from three rock glaciers in the Engadine region in Switzerland. These early measurements were
limited to annual measurements-temporal resolutions and lasted from 1987 to 1995 (Arenson et al., 2002). This rare defor-
mation data from boreholes showed that, depending on the site, about 60% to over 90% of the surface displacement happens
in the shear zone (Arenson et al., 2002). However, the annual temporal resolution did not allow for seasonal investigations
of deformation with depth. In 2010, three boreholes were drilled in the destabilized Furggwanghorn rock glacier to measure

deformation at higher temporal resolution (Buchli et al., 2018). However, the-these boreholes survived only up to 10 months
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year(Buchli et al., 2018). Thérelinemeterboreholedeformation data from Furggwanghamck glacier showed that almost

all of the surface displacement occurs at the shear zone and that there seems to be a seasonal pattern (Buchli et al., 2018

Until now it remains unclear whether seasonal uctuations in surface displacement derive from the shear zone or shallower

Furggwanghorn rock glacier are site-speci ¢ or can be applied to other rock glaciers.

At seasonal timescales the controls of rock glacier deformation are still in debate as there are not many studies with high

glacier core and even down to the shear zone that drives seasonal variations in movement (Ikeda et al., 2008; Wirz et al.,
2016; Cicoira et al., 2019b; Kenner et al., 2020; Bast et al., 2024). The other seasonal control of rock glacier creep is the

givenstresgcondition(Nye, 1952). The annual thermal regime of a rock glacier core depends on both the winter and summer

atmospheric conditions (MVonder Muhll and Haeberli, 1990; Schneider et al., 2012). So far, it is not trivial to claim whether
the summer or winter are more important to establish the thermal processes driving seasonal variations in deférmadion.

esOften the shear zone is below the depth of zero annual
amplitude where temperature cycles have periods greater than a year, so temperature is less likely to drive seasonal variation

borehole inclinometer, GNSS and geodetic survey using a total station.

2 Methods

Murtel rock glacier, in the Engadine region of the Swiss Alps (Figislan active rock glacier located between 2640-2800 m
a.s.l. and with a mean annual air temperature (MAAT) of -C.based on the 1998-2022 period (PERMOS, 2024). Murtél is






