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Abstract. Information about rock glacier deformation with depth is crucial for understanding the kinematic processes respon-
sible for variations in rock glacier velocity. The majority of studies on rock glacier kinematics have been limited to surface
measurements. Understanding what the surface signal of rock glacier movement represents is important because it is a pa-
rameter 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 ice-rich core
and the shear zone velocity remains relatively stable. Interannual variability in deformation is driven by both the AL and 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 surface displacement happening in the AL at Murtel rock glacier.
There are multiple rock glacier studies 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 rather 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 thermal processes and 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 multi-annual period. The continuous GNSS surface observations slightly
overestimate the seasonal acceleration, but match the general background displacement well. Our borehole deformation data
provide novel information on how representative surface velocities are for rock glacier deformation at depth and on various

timescales.
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1 Introduction

Rock glaciers are 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 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; K&éb 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 increasing rock
glacier velocity (Kellerer-Pirklbauer et al., 2024). The synchronicity between mean annual air temperatures and rock glacier
velocity (RGV) has led to RGV being added in 2022 as a parameter to the "permafrost” Essential Climate Variable (ECV) (Hu
et al., 2025). RGV is defined as the annual average horizontal velocity measured at the surface of a rock 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 (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
signal 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 temporal resolutions and lasted from 1987 to 1995 (Arenson et al., 2002). This rare deformation 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, these boreholes survived only up to 10 months because of the large
displacement magnitudes at Furggwanghorn rock glacier of up to a few meters per year (Buchli et al., 2018). The borehole
deformation data from Furggwanghorn rock 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 fluctuations

in surface displacement derive from the shear zone or shallower depths and if this changes over a multi-annual period. More
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borehole sites are needed to evaluate whether the results from Furggwanghorn rock glacier are site-specific 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
temporal resolution displacement data. Most recent studies report that it is the infiltration of liquid water into the rock 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 thermal influence.
For ice-rich rock glaciers, the plastic deformation component of surface displacement is considerable. According to the Glen
flow law of ice, the temperature of the viscous material is the main driver of its deformation for a given stress condition (Nye,
1952). The annual thermal regime of a rock glacier core depends on both the winter and summer atmospheric conditions
(Vonder Miihll 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 deformation. Often 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 variations in shear zone deformation (Buchli et al., 2018). For such cases, past research claims that since the
shear zone temperature is constant, the variability in deformation must be due to changes in water infiltration (Kenner et al.,
2020). If the seasonal deformation cycle were to occur primarily in the shallow subsurface, then summer temperatures could
be important. The scarcity of high temporal resolution borehole deformation data makes it uncertain which processes primarily
drive seasonal changes in rock glacier deformation. The large differences in internal structure between different rock glaciers

raise the question of whether the processes described in previous studies are site-specific or not.

The first objective of this study is to use the continuous high temporal resolution deformation record from the 2015 bore-
hole drilled in Murtel-Corvatsch rock glacier to determine how the integrated components of deformation vary over different
timescales and with depth. The second objective of this study is to explore the thermo-hydrological controls of seasonal defor-
mation with depth using the extensive data from Murtel rock glacier. The third objective is to compare the surface displacements
measured by the three systems available at Murtel rock glacier: borehole inclinometer, GNSS and geodetic survey using a total

station.

2 Methods

Murtel rock glacier, in the Engadine region of the Swiss Alps (Fig. 1), is an active rock glacier located between 2640-2800
m a.s.l. and with a mean annual air temperature (MAAT) of -1.5°C based on the 1998-2022 period (PERMOS, 2024). Murtel
is one of the most investigated rock glaciers worldwide and is unique due to its high ice content of approximately 90% in
the main 20 m-thick core (Haeberli et al., 1988; Hoelzle et al., 2002; Girtner-Roer and Hoelzle, 2021). It is also the slowest
moving rock glacier monitored in the Engadine region (Vonder Miihll and Haeberli, 1990; Kellerer-Pirklbauer et al., 2024).
The first borehole was drilled in 1987 down to 62 m (COR 1987), which established the first long-term time series of borehole

temperatures in the region and also the first deformation measurements from a borehole in a rock glacier (Haeberli et al.,
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Figure 1. Study site of Murtel rock glacier (blue outline) with the locations of the two boreholes (COR 1987 and 2015), the GNSS station
and the two weather stations (PERMOS and PERMA-XT). Orthophoto derived from SwissTopo (2025).

1988; Arenson et al., 2002). The inclinometer installed in 1987 was limited to an annual measurement frequency (Haeberli
et al., 1998). In addition, the 1987 drilling allowed for a first description of the stratigraphy of Murtel rock glacier (Haeberli
et al., 1988). Two more boreholes were drilled in 2000 providing more data about the internal structure of Murtel rock glacier
(Arenson et al., 2002).

In 2015 a new borehole (COR 2015) was drilled a few meters beside the 1987 borehole to continue the long-term tem-
perature record and install an automatic ShapeAccelArray (SAA) chain to measure continuous horizontal deformation with
depth (Fig. 2). The drilling was non-destructive, allowing to gather more data about the internal structure of Murtel rock
glacier (Noetzli et al., 2021). The borehole is equipped with thermistor sensors to 60 m depth and the 40 m-long SAA chain
producing inclinometer-equivalent data. The borehole temperature data is provided directly from the PERMOS data portal
(https://www.permos.ch/data-portal). For this study, the borehole temperature is used to calculate the vertical ground heat flux
at each sensor’s depth using an average thermal conductivity for a rock and ice mixture of 2.5 Wm~!K~! (Vonder Miihll et al.,
1998; Scherler et al., 2014). The annual active layer thickness (ALT) is extracted based on the annual maximum depth of the
0°C isotherm found by linearly interpolating between the available thermistors. The periods of phase change in the AL, known
as the zero curtains, are extracted by finding the time segments where the temperature from the lowest sensor in the AL remains

constant at around 0°C for at least two weeks.


https://www.permos.ch/data-portal

105

110

115

Top-down view of COR 2015 borehole

Rock O Borehole walls
glacier

material O PVC casing

@ Thermistor chains

Inclinometer with
its casing and
foam insulation

Figure 2. The installation of the 2015 borehole in Murtel rock glacier. Sketch of the top-down cross-section of the borehole (top-left). Photo
of the drilling of the 2015 borehole (top-right). Configuration of thermistor-inclinometer bundle inserted in the borehole with its top concrete

chamber (bottom). Photos by Alexander Bast.

The borehole deformation data is recorded using a SAA field instrument made up of 50 cm-long inextensible segments each
equipped with triaxial MEMS gravity sensors measuring tilt angle from the vertical at 8-hour intervals. The data is stored
continuously and automatically on an on-site data logger. The accuracy of the SAA sensors is of +0.0005 radians (0.029°).
The measured angles are then converted into x, y and z displacement using the Measurand SAASuite v3.07 software (https:
/fmeasurand.com/products/data-viewing-and-analysis/). The bottom of the borehole is assumed to be anchored to its base so
that the calculated displacements can be integrated from the bottom up to arrive at a surface displacement measurement. The
resulting displacement resolution reported by the manufacturer is =1 mm over each year. In 2016, a GNSS station was installed
on a large boulder next to the 2015 borehole to measure surface displacement at 30-second intervals and processed at a daily
rate. The GNSS also has a two-axis inclinometer that continuously measures the tilt angle. The GNSS bundle is mounted on
a mast on top of the boulder, which is approximately one meter higher than the elevation of the top of the borehole chamber.
For specifications about the GNSS station and the data collection procedure refer to Cicoira et al. (2022). Both the SAA and
GNSS data are processed by computing orthogonal x and y displacement vectors relative to a starting reference position. These
displacement vectors are then used to calculate the horizontal displacement at the GNSS station and in each of the segments

of the SAA chain with time, resulting in a cumulative daily time series of horizontal displacement. The daily displacement of
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Murtel rock glacier is generally at the sub-centimeter scale, so the daily series is resampled to a monthly resolution. The GNSS
displacement data is corrected for the rotational movement of the boulder using basic trigonometry and the tilt data from its
inclinometer. The direction of the mast inclination relative to the direction of the rock glacier movement was taken into account
to only subtract the rotational component in displacement parallel to the direction of motion. The monthly displacement data is
then differentiated to calculate the monthly velocity at the surface for the GNSS and at varying depths for the SAA chain. The
velocity data is also aggregated annually based on the calendar year. Using the SAA data, layer-specific velocities differences
for the AL, the ice-rich core, and the shear zone are calculated by taking the difference of the velocity from the top to the bottom
of the given layers. The fraction of deformation that occurs in a given layer relative to the surface displacement is calculated
by dividing the layer-specific velocity difference by the surface displacement. These fractions are then also calculated from a
visual inspection of the graphs of the already existing deformation profiles from the few older studies to compare the results
to other rock glaciers (Arenson et al., 2002; Ikeda et al., 2008; Kenner et al., 2017). The shear strain rate is calculated at
each depth by differentiating the horizontal velocity of each SAA sensor with depth. A vertical profile of annual mean shear
strain rate is used to extract the depth range of the shear zone based on where a peak in strain rate is found. As additional
independent displacement observations, being part of the PERMOS monitoring strategy, geodetic surveys are carried out once
a year, measuring the location of marked boulders around the surface of the rock glacier using a total station (Roer, 2007;
Kellerer-Pirklbauer et al., 2026). Out of the 10 survey points, the one located on the GNSS station boulder, a few meters
from the 2015 borehole, is used in this study. So, the total surface displacement is being measured by three different methods:
borehole SAA, GNSS and geodetic surveys. The total displacement for the GNSS and geodetic survey data is calculated as
the horizontal distance between the starting and ending coordinates of the data series, while the SAA total displacement is
calculated by integrating the monthly surface velocities. These three approaches measuring surface displacement are compared

and evaluated against each other.

Ten years after the 1987 borehole drilling a meteorological station was installed by PERMOS five meters away from the
borehole (Mittaz et al., 2000) (Fig. 1). The variables measured that are relevant for this study are air temperature, ground
surface temperature, and snow height. For these three variables, the annual means and maxima are computed. The snow height
time series is used to calculate: the start of the snow accumulation, the duration when the snowpack is thicker than 70 cm (depth
at which the thermal regime of the permafrost and that of the atmosphere become decoupled; Keller 1994; Vonder Miihll et al.
1998; Hoelzle et al. 1999), the start date of the snow-free period, and the daily snowmelt energy. The snowmelt energy is
calculated by converting the decrease in snow height into an energy flux using an average snow density of 300 kg/m® and a
specific latent heat of fusion of water of 334 x 10° J/kg (Scherler et al., 2014). Two temporal phases, warm and cold, based on
seasonal processes are defined using the weather and borehole data. The start of the snow-free period marks the beginning of
the warm phase which lasts until the borehole temperature at 0.5 m decreases below 0°C and the cold phase starts. The other
in-situ climatic station used is the PERMA-XT meteorological station installed in August 2020 which includes an unheated
rain gauge to measure rainfall (Amschwand et al., 2023). This rainfall data from 2020 to 2023 is extrapolated back to 1997

based on regression coefficients with the warm phase precipitation data from the MeteoSwiss Piz Corvatsch station (located
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1.3 km away at 3298 m elevation). The Piz Corvatsch station air temperature measurements are used to fill the data gaps in
the air temperature series from the in situ PERMOS station using the same regression approach as for the rainfall. All listed
environmental variables are compared with the deformation data qualitatively and quantitatively using linear regressions. The
results of the linear regressions are compiled into a matrix to extract the most statistically significant driving variables for
deformation. The combination of the statistically significant variables is then used to train a multiple linear regression model

to predict the surface velocity data.

3 Results
3.1 Borehole deformation trends with depth

The SAA chain installed in the 2015 borehole on Murtel rock glacier has collected deformation data with depth for nearly
eight years (2016-2023; Fig. 3). The uppermost segment of the SAA chain moves at an average of 12 cm/year. Over the total
measurement period from August 2016 to July 2023 the top of the borehole moved horizontally by a total of 87 cm. Two meters
below the surface, the average annual velocity drops to 9.5 cm/year. This represents a relatively high shear strain rate in the
AL of 0.007 year—! (Table 1). The average strain rate (or vertical gradient of the deformation profile) of the AL is the second
highest out of all layers. This high strain rate in the top few meters is visualized in the vertical deformation profile in Figure 3
starting in 2017. The average difference in annual velocity from the top to the bottom of the AL is 2.6 cm/year, which makes
up about 20% of the surface movement (Table 1). The ALT extracted from the borehole temperatures is stable at 3.5 m until
2021 when it deepens to more than 4 m. Below 2 m the strain rate becomes lower, as illustrated by the smaller vertical gradient
in the deformation profiles in Fig. 3. A unique feature is observed at around 7-9 m where the deformation reverts to increase
with depth before returning to decrease with depth at 9 m (Fig. 3). From 9-21 m the deformation continues to decrease with
depth at a relatively constant strain rate. At 21 m the deformation decreases more rapidly with depth until 26 m, at which the
highest strain rates are found in the shear zone. The mean annual velocity difference across the ice core is 3 cm/year, which
is 23% of surface velocity. The shear zone is identified to extend from 26.5-28 m. The velocity decreases from 6.6 cm/year at
25 mto 0.1 cm/year at 30 m. The shear zone maximum strain rate is 0.04 year—! (Table 1). The velocity difference across the
shear zone is 5.9 cm/year or 56% of the surface velocity.

Table 1. The average fraction of the total displacement at the surface represented by each layer, the velocity difference from the top to the

bottom of each layer, and the shear strain rate over each layer for the 2016-2023 period.

AL Ice-rich core Shear zone
Fraction of total displacement at surface (%) 20.2 23.6 56.2
Layer-specific velocity difference (cm/year) 2.6 3.0 5.9
Layer-specific strain rate (year ') 0.007 0.001 0.04
Top | Bottom | Top | Bottom | Top | Botom

Depth (m) 0 35 26.5 28
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Figure 3. Monthly cumulative deformation profiles from the SAA data in the 2015 borehole at Murtel rock glacier starting in August 2016
and ending in July 2023. The relevant layers of the AL and shear zone are labeled at the according depths.

3.2 Annual trends of borehole deformation

The interannual variability of the borehole deformation varies across different depths. The annual velocity difference from
the top to the bottom of the AL ranges from approximately 1 cm/year to 6 cm/year (Fig. 4a). In other terms, the average
annual strain rate (¢) in the AL varies from 0.003 year~! to 0.018 year~'. The ice-rich core velocity difference ranges from
approximately 1 cm/year (¢ =4 x 10~ year™!) to 5 cm/year (0.002 year™'), and the velocity difference from the top to
the bottom of the shear zone stays relatively constant, ranging from approximately 6 cm/year (0.04 year™!) to 7 cm/year
(0.05 year—!). A similar pattern of decreasing interannual variability with depth is observed in the annual average borehole
temperature profiles (Fig. 4b). During the six years with complete borehole deformation data, the annual near-surface velocity
shows an increasing trend. The years 2020 and 2022 have especially high annual surface velocities of 12.5 and 17 cm/year
respectively (Fig. 5a). The active layer (AL) and ice-rich core deformation are the dominant components to this increase in
deformation, while the shear zone deformation remains relatively constant. In 2020, the AL contributed to 22% of surface
displacement and 37% in 2022. The ice-rich core contributed to 26% of surface displacement in 2020 and 34% in 2022. The
annual velocity measured at the surface is not always representative of the velocity at depth. For example, the surface velocity
in 2019 was higher than in 2021 and from 7 m to the shear zone the velocity in 2019 is lower than in 2021 (Fig. 4a). Similarly,
in 2018 the surface velocity was similar to that in 2021; however, the velocity at depth in 2018 is approximately 1.5 cm/year
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lower than in 2021. From the surface to 8 m the deformation was highest in 2022, while below 8 m the highest deformation

was in 2020. For some years, such as 2017, when the surface velocity is low, the deformation at depth is also low.
3.3 Seasonal variations of borehole deformation

The monthly displacement data measured by the borehole SAA chain allows to investigate the seasonal variations in the creep
of Murtel rock glacier with depth. Of the three identified layers, only the AL consistently experiences a seasonal cycle in
velocity with an increase starting in mid-August and peaking around early September followed by lower deformation during
the cold phase from November on (Fig. 5b). The velocity during the cold phase does not vary much from year to year. During
the seasonal peaks, the velocity at the surface is about four times higher than in the shear zone. In 2020 and 2022, when the
seasonal peaks in surface velocity are especially high, there is also seasonal acceleration in the ice-rich core deformation. In
2022, an increase in monthly velocity during the warm phase can be seen down to 15 m. In 2021, the seasonal peak in AL
deformation is missing and the velocities in the ice-rich core decrease to negative values; this special event will be discussed
in Section 4.3. The shear zone monthly velocity does not show a seasonal pattern and is stable at a mean of 0.5 cm/month. The
GNSS station measures a surface velocity similar to the SAA velocity during winter and a similar timing of the acceleration
pattern in summer, with the peaks being on average 67% higher in magnitude than those measured at the top of the SAA

chain. The only year when this is not the case is 2022 when the GNSS peak occurs one month before the SAA peak and the
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magnitudes are similar. The annual displacements measured by the geodetic surveys in late August generally follow the annual
fluctuations from the borehole deformation with an increase in deformation in 2018, 2020 and 2022 (Fig. 5a). There are large

differences in annual deformation between the geodetic measurements and the SAA data from 2017-18 and 2021-22.
3.4 Seasonality in atmospheric conditions and borehole temperatures

The strong seasonality in both the atmospheric conditions and borehole temperatures is illustrated in Figure 6a. The annual
snowfall amount is rather variable, with winters such as 2021-22 and 2022-23 having low snow accumulation, while others
such as 2020-21 having high snow accumulation. The cold phase starts when the ground temperature goes below freezing and
the warm phase starts with the disappearance of the snow cover. The temperature of the air and that at 0.25 m depth in the
borehole closely follow each other during the warm phase, whereas in the cold phase the air temperature is clearly colder than
the temperature at 0.25 m depth. The maximum warm phase temperature at 0.25 m is relatively constant at about 10°C, except
for the colder summers of 2016 and 2021, and the warm summer of 2022. The minimum cold phase temperature at 0.25 m
is more variable from approximately -6°C to -2°C. The duration of the warm phase ranges from 110 to 165 days, with 2021
having the shortest warm phase and 2022 the longest. The duration of the cold phase ranges from 210 to 250 days, with 2020
having the shortest cold phase and 2021 the longest (Appendix Table A1). The peak in snowmelt energy is typically observed
between late May and early June and before the start of the spring zero curtain in the AL. On average, the spring zero curtain
lasts about one month from May to June and the snow melts out by June 15. The AL starts to freeze towards the end of October

and the autumn zero curtain starts in October and ends in November (Appendix Table A2). The annual maximum ground heat
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Figure 6. Temporal variations in deformation in context of external climatic forcings. (a) Daily snow height, daily precipitation rate and air
temperature for Murtel together with borehole temperatures at 0.25 m, 3 m and 8 m from the 2015 borehole (data from PERMOS; PERMOS
2024). (b) Ground heat flux (Q¢) measured at 3.5 m in the 2015 borehole and snowmelt energy flux (Qas). (¢) Monthly layer-specific
velocity for AL, ice-rich core and shear zone together with the GNSS velocity and the spring zero curtain (ZC) duration. The spring ZC is

shaded in light orange, the warm phase is shaded in a lighter orange and the cold phase is light blue.

flux at 3.5 m occurs during snowmelt for the first three years, and after 2019 it occurs later in the summer before the maximum
AL temperatures are reached. The interaction of such seasonality and the thermo-hydrological processes is relevant for rock

glacier deformation.

225 4 Discussion
4.1 Layer-specific contributions to deformation

The active layer (AL) is the only layer in Murtel rock glacier to experience a consistent seasonal cycle in deformation. Com-
pared to other rock glaciers with shorter and older data series, Murtel has a high fraction (20%) of surface displacement
happening in the AL (Table 2). High AL displacement has also been measured in the older inclinometer record from the 1987

230 borehole at Murtel rock glacier and in the shallow inclinometer at Ritigraben rock glacier (Appendix Fig. C1; Arenson et al.

11



235

240

245

250

2002; Lugon and Stoffel 2010). The deformation data from the old borehole at Murtel rock glacier was collected using a very
different methodological approach, where the inclinometer had to be extracted manually along a metal rail each year to record
the data. So, the fact that a strong AL deformation was still observed using this old method strengthens the validity of the high
AL deformation measured by the new SAA chain. The other sites with borehole inclinometer data report at most only 8% of
surface displacement occurring in the AL (Table 2). The 23 m thick ice-rich core in Murtel rock glacier makes up 26% of the
total surface displacement. The inclinometer measurements from the 1987 borehole at Murtel rock glacier report that the ice-
rich core contributes to about 33% of surface movement (Arenson et al., 2002). Muragl and Schafberg rock glaciers have an ice
core contribution to surface displacement of 3-47% and 17-20% respectively (Table 2). Furggwanghorn rock glacier has close
to zero ice core deformation (Buchli et al., 2018). So, there is a large variation in the contribution of the ice core to rock glacier
deformation between different sites, likely due to the composition of the ice core and its thickness. The shear zone (26.5-28 m)
represents the largest fraction of surface displacement at Murtel rock glacier (56.2%). This shear zone contribution in the 2015
borehole agrees relatively well with the 59% calculated from the old 1987 inclinometer data (Table 2). At other rock glaciers
with inclinometers down to the shear zone, the fraction to total deformation varies greatly from 50 to over 90%. Murtel rock
glacier is at the low end of this range, while at the other end, Furggwanghorn rock glacier has a shear zone displacement that
is almost equal to its surface displacement (Buchli et al., 2018). The 1987 inclinometer data measured a deeper shear zone at
28-31 m compared to the 26.5-28 m for the 2015 borehole (Arenson et al., 2002). The depth of the shear zone between the
two boreholes is difficult to compare as the they are in different locations and the depth of the shear zone plane is likely not
spatially uniform. The new SAA data from the Murtel rock glacier borehole highlights how different sites can have different

vertical distributions of deformation, with generally the shear zone having the largest component.

Table 2. Layer-specific fractions of surface displacement calculated from deformation profiles in different rock glacier boreholes instru-

mented with an inclinometer. Values in parenthesis are from Arenson et al. (2002) if different from ones reported here.

Borehole AL (%) Ice core (%) Shear zone (%) Shear zone depth (m)
Murtel 2015 20.2 23.6 56.2 26.5-28

Murtel 1987 8 33 59 28-31

Schafberg 1/1990¢ 5 3 92 (97) 11-16

Schafberg 2/1990¢ 1 47 52 (50) 24-26

Muragl 3/1999% 3 20 77 16-18

Muragl 4/1999¢ 8 17 75 (82) 14-16

Ritigraben 2002-06 > 0 7-20 80-93 18-24

Biiz North® 0.7-2 - - -

@ Arenson et al. (2002)
b Kenner et al. (2017)
¢ Ikeda et al. (2008)
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The fraction of surface displacement that occurs in the shear zone may depend on the stratigraphy of the shear zone, its depth,
the temperature regime and the presence of liquid water (Kiib et al., 2007; Kenner et al., 2020; Bast et al., 2024). The high
strain rates generally found in the shear zone are caused by a high heterogeneity in the stratigraphy around the shear zone
leading to strain localization (Moore, 2014). At Murtel rock glacier, the ice content above the shear zone is still high with only
some thin layers of fine sediment. In the shear zone, the ice content decreases and is replaced by frozen fine sediments with a
few coarser particles. Below the shear zone, the debris becomes coarser and the ice content approaches zero. The shear zones
found at shallower depths measure high contributions to surface displacement compared to the deeper shear zones (Table 2). At
Murtel rock glacier the shear zone is found below the depth of zero annual amplitude, so at a seasonal timescale it experiences
negligible temperature fluctuations. The shallower shear zones are more likely to be above the depth of zero annual amplitude,
and hence experience larger temperature variations. This is important as it means that the bottom of the ice core above the shear
zone will have higher plastic deformation, applying more shear strain to the underlying shear zone (Kiéb et al., 2007). The
other important consideration is that shallower shear zones are more likely to have seasonally-varying pore water pressures
due to water infiltration (Kenner et al., 2020; Bast et al., 2024). Murtel rock glacier has a thick cold permafrost core, and
most depths have annual mean temperatures below -1°C (Fig. 4). Cold ice has a lower permeability, making it more unlikely
that a seasonal drainage system develops at depth. As a result, drastic changes in pore pressure around the shear zone are not
expected, unlike at warmer sites, and this explains the unchanging shear zone velocity both seasonally and interannually at
Murtel rock glacier (Kenner et al., 2017; Cicoira et al., 2019b; Kenner et al., 2020; Bast et al., 2024). In summary, compared
to other sites, the ice-rich Murtel rock glacier has a relatively low fraction of deformation in the shear zone and relatively high

deformation in the ice-rich core and the AL.
4.2 Seasonal controls of deformation
4.2.1 Cold phase controls

During the cold phase, the snowpack acts as an insulator to the permafrost temperatures below, and this has consequences on
the deformation. Figure 6a shows how, during the cold phase, the decrease in temperature in the borehole is more attenuated
compared to the decrease in air temperature. An early winter with high snow accumulation acts to insulate the permafrost
below and leads to warmer permafrost temperatures (Hoelzle et al., 1999; Kenner et al., 2020; Amschwand et al., 2023). The
amount of snow accumulation from November to January has a positive and significant correlation with the average March-
April temperature at the top of the permafrost table for the periods 1997-2022 and 2016-2022 (R? = 0.64,0.79 respectively).
So, a high accumulation of early winter snow leads to warmer permafrost temperatures both during and after the winter. The
years with the least negative ground heat flux during the cold phase are also the years with the most snow accumulation during
the early winter (Fig. 6a—b). A persistent thick snow cover leads to less winter cooling of the permafrost at depth, which
carries over into the following warm phase, as within the ice core a significant correlation was found between the cold and
warm phase temperatures (Appendix Fig. B2). The ice core has a higher heat capacity due to its high ice content and therefore

there is a longer phase lag for its annual temperature cycle. So, the early winter snow accumulation has a lasting effect on the
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following warm phase ice core temperatures. Then, the warm phase temperatures in the ice core are strongly correlated with
the annual deformation within the ice core (Appendix Fig. Blc). So, years with a snow-rich early winter experience warmer
winter borehole temperatures, which in the ice core are followed by higher warm phase temperatures and thereby higher plastic

deformation.
4.2.2 'Warm phase controls

Many rock glacier kinematic studies report seasonal surface acceleration during or shortly after the spring melt (Ikeda et al.,
2008; Kenner et al., 2020; Bast et al., 2024). The relatively high water flow speed measured in rock glaciers indicates a high
drainage efficiency of meltwater (Krainer and Mostler, 2002; Buchli et al., 2013; Bast et al., 2024). However, for Murtel rock
glacier, it takes two to three weeks from the seasonal melt (May-July) to the start of acceleration in displacement (late August),
compared to a time-lag of only a few days for eight other rock glaciers (Buchli et al., 2013; Wirz et al., 2016; Kenner et al.,
2020). At Murtel rock glacier there are, on average, 50 days from the end of the spring zero curtain to when the maximum
surface velocity occurs (Appendix Table B1). Direct measurements of water content in Murtel rock glacier are not available,
therefore the timing and duration of the snowmelt and spring zero curtain are used as proxies for meltwater production. The
mean snow height in April to June is not correlated with the annual displacement measured by the top of the SAA chain
(R? =0.1) and is negatively correlated with the annual maximum GNSS velocity (R? = 0.6). This suggests that years with
more snowmelt in spring have a lower peak in surface velocity. In 2021 after a snow-rich winter and a mild and wet summer,
Murtel rock glacier had its lowest seasonal peak in velocity, while the nearby Schafberg rock glacier had its highest annual
velocity (Bast et al., 2024). For three rock glaciers in the Matter Valley, Switzerland, short peaks in surface velocity were
measured shortly after rainfall rates of 10 mm/day or above (Wirz et al., 2016). However, at Murtel rock glacier no short-
lasting peaks in velocity after large precipitation events can be observed. At Dirru rock glacier, Cicoira et al. (2019b) report
that seasonal acceleration is driven by the water input from snowmelt and rainfall. The sum of warm phase precipitation at
Murtel rock glacier does not have a significant correlation with the magnitude of peak surface velocity for both the GNSS and
SAA data. All of this suggests that the influx of water from snowmelt or rainfall does not have a clear effect on the timing and

magnitude of the seasonal acceleration observed in the AL of Murtel rock glacier.

Thermal processes in the active layer (AL) during the warm phase are important for the acceleration in the AL deformation.
The timing of the end of the spring zero curtain sets the start of positive ground heat flux through the AL during the warm
phase. The earlier the spring zero curtain ends, the warmer the AL becomes, as the coupling between the atmosphere and the
AL begins earlier (Fig. 7a). Amschwand et al. (2023) found that the AL of Murtel rock glacier absorbs 70% of the incoming
energy. During the melting of the snowpack and the thawing of the AL ground ice, 20-30% of the meltwater can refreeze near
the bottom of the AL (Amschwand et al., 2024). At Murtel rock glacier ice was observed during the summer 2015 drilling at a
depth of 2.7 m, so within the 3.5 m thick AL. An earlier onset of the thaw season, with positive ground heat flux, leads to more
melting of this refrozen ice, which reduces shear resistance and increases deformation. In fact, the ground heat flux through

the AL was the most statistically relevant variable for the multiple linear regression (MLR) model built to predict monthly
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GNSS velocities using four different thermal variables (R? = 0.66, Appendix Fig B3). Moreover, when the AL reaches its
maximum thickness later in the season, the maximum GNSS velocity is higher (Figure 7¢). In other words, more persistent
warm conditions in the AL create favorable conditions for high surface movements and thereby AL deformation. So, one
plausible agent for the observed high AL deformation is a high heat content in the AL that thaws more of the refrozen AL
seasonal ice and reduces shear resistance. In 2022 both Murtel and Schafberg rock glaciers recorded one of the highest AL
summer temperatures, and Murtel experienced its highest seasonal velocity peak, while Schafberg one of its lowest (Bast et al.,
2024). This indicates that different rock glaciers respond differently to seasonal external forces and that the drivers of rock

glacier creep go beyond ground temperatures.

Another process behind the AL deformation may be that the ice-free debris matrix that makes up the AL goes through a
seasonal consolidation driven by gravity after the AL ground ice thaws. In such a case, the grain-size distribution of the blocks
in the AL is important. Arenson et al. (2002) state that the shear resistance caused by the interlocking forces of the individual
grains in the AL is higher for larger grains compared to smaller ones. The top of the AL at Murtel rock glacier is especially
coarse, so this consolidation mechanism would be limited by the high interlocking forces. Future inclinometer measurements

of AL deformation at other sites would be needed to further evaluate the interpretations presented here.

Depending on the rock glacier, ground temperatures can be a useful tool for inferring the timing and magnitude of peak
deformation. On average, at Murtel rock glacier the time lag between the annual maximum ground surface temperature and
the GNSS velocity is only 15 days, while at Ritigraben, Muragl and Schafberg rock glaciers this time lag is much longer at
2-3 months (Cicoira et al., 2019a). The shorter time lag between temperature and velocity at Murtel rock glacier exemplifies
the important link between temperature and creep at a seasonal timescale. The maximum ground temperature at 10 m occurs 5
months later than at the surface, which is similar to the 6 months observed by Vonder Miihll and Haeberli (1990) also at Murtel
rock glacier. So, only at longer timescales can the temperature at depth be a general indicator of the deformation at depth.
In fact, as seen in Figure 4b, the cold temperature profiles for 2017 and 2018 agree well with the lower annual deformation
velocity for these years. Similarly, the warm temperature profile for 2020 corresponds to a high annual deformation velocity.
Note that in 2022 the temperatures in the ice core are not particularly high; however, the ice core deformation in 2022 was
the highest of this period. The correlation between the mean annual borehole temperature and the annual deformation is the
strongest for depths from 8-15 m (Appendix Fig. Bla). The apparent link between ice core temperatures and deformation
supports the claim that the ice core of rock glaciers experiences plastic deformation. Glen’s law for ice flow states that stress
and temperature are mainly influencing creep, and for rock glaciers this is relevant when the debris content is lower than 40%),
such as in the case of the Murtel ice-rich core (Moore, 2014). Using a change in the observed mean ice core temperatures from
-1.3°Cin 2016 to -1.0°C in 2023 to perform a hypothetical thermal adjustment to the rate factor while assuming that the shear
stress in the ice core remains constant, Glen’s law predicts that the strain rate should have only increased by a factor of 1.02
during this period. The measured increase in strain rate using a velocity difference across the ice core of 1.9 cm/year in 2016
and 3.4 cm/year in 2023 is of a factor of 1.8. So, Glen’s law of ice flow and its temperature dependence through the rate factor

cannot alone explain the change in strain rate of the ice-rich core at Murtel rock glacier. The presence of the active layer on
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top and the shear zone below create additional boundary conditions for the deformation dynamics of the ice core which are
not taken into account by Glen’s law. The few thin rocky layers in the ice core are also likely to have a role in its deformation
behavior. The creep of debris-poor ice is known to depend on the ice content and grain size, which affect the strain rate response
to the applied shear stress (Cicoira et al., 2021). Various laboratory experiments found that when the debris content exceeds
about 40%, the interlocking forces between debris particles become dominant enough to increase the shear resistance and
thus reduce the strain rate (Bucki and Echelmeyer, 2004; Ladanyi, 2003; Moore, 2014). So, rock glacier ice cores with low
debris content should experience higher strain rates and therefore a larger contribution to surface displacement, as observed at
Murtel rock glacier. The deformation in the ice-rich core at Murtel rock glacier experiences seasonal fluctuations only during
the years with very large seasonal velocity peaks at the surface (2020 and 2022). The cause of seasonal peaks in ice-rich core
deformation is unclear, but it can be noted that in 2020 the annual mean ice-rich core temperature was the highest of the 2016—
2023 period, and the annual deformation in the ice-rich core was clearly enhanced (Fig. 5). The relatively large proportions of
AL and ice-rich core deformation mean that, for Murtel rock glacier, the surface velocity differs by 5.4 cm/year to the top of
the shear zone. It is important to note that due to the variety of the stratigraphy and internal structure of different rock glaciers,
there may not be a universal dominant seasonal control of deformation. For example, a rock glacier with predominantly plastic
deformation is likely to respond more to thermal forcings than a rock glacier with a larger shearing component which is likely

to be more sensitive to changes in pore water pressure (Kenner et al., 2017).
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Figure 7. Linear regression analysis between the end of spring zero curtain (ZC) and the annual maximum mean AL temperature for (a) the
1987 borehole data and (b) the 2015 borehole data. Linear regression analysis for years 2016-2022 between the annual maximum GNSS

velocity and (c) the date of the end of the spring ZC, (d) date when snowmelt is the highest, (e) the annual maximum AL temperature, and

(f) the date when AL thickness reaches its maximum. Data source: PERMOS (PERMOS, 2024).

4.3 SAA chain behavior and limitations

In the monthly time series of borehole velocity data, there are two summers that stand out: that of 2021 and 2022 (Fig.

5). From August to September 2021, both the AL and the ice core experience unusually low velocities, with the ice core
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recording negative values, meaning that the SAA chain moved backwards. In the vertical deformation profile of 2021 the most
pronounced inversion in velocity is observed at the permafrost table and extends down to only about 5 m (Appendix Fig. C2).
Below approximately 15 m the velocity remains positive and relatively constant. It is difficult to say what caused the apparent
backward movement of the SAA chain segments at the top of the ice core; however, it can be speculated that the SAA chain
itself buckled backward within the filling material inside the casing of the borehole. During these few months, the SAA chain
only moved backwards by about 1 cm, which is well within the 11 cm-wide casing pipe. The GNSS station did measure a
surface velocity peak during 2021, so this supports the idea that the cause of this SAA chain behavior is structural and specific
to the borehole. The lack of a velocity peak in 2021 is also what caused the correlation analysis to be weaker with the SAA data
compared to the GNSS data. In 2022, an almost opposite SAA chain behavior occurs, where towards the bottom of the AL an
unusually strong acceleration in August and September occurs (Appendix Fig. C3). This acceleration behavior can be observed
down to 15 m depth, so it is unclear whether this event originated at the permafrost table or deeper in the ice core. The cause
of this deviation of a few centimeters from the typical seasonal acceleration is again likely to derive from an adjustment of the
chain within the filling material in the borehole pipe. Both 2021 and 2022 have the largest deviations in terms of horizontal
direction of movement, which would fit with an unusual movement of the chain within the casing (Appendix Fig. C4). Direct
observations of the state of the SAA chain in the borehole are not possible, and this limits the evaluation of such events. It is
also important to consider that errors during the mandatory data conversion with the Measurand propriety software cannot be
assessed as it is not open-source and its processing steps are unknown. Buchli et al. (2016) suggest that this software likely
performs not only the trigonometrical conversion of the angles data to displacement vectors, but also other steps to account
for the flexing and strain on the joints that link the SAA segments. The only data available to validate the SAA data is the
record from the old 1987 borehole. The deformation profiles from the old and the new borehole have a very similar shape
with similar values for the fraction of deformation in each layer and the depths of the shear zones only differ by 2 m (Table 2,
Appendix Fig. C1). The similarity is reassuring, as the inclinometer chain in the 1987 borehole had a very different installation
and measurement technique. Any large systematic errors of the 2015 SAA data can be ruled out as the total displacement
integrated at the top of the SAA chain differs by only a few centimeters to that measured by the geodetic surveys of a block
a few meters away. This also demonstrates that the seasonal peaks measured in the AL by the SAA chain are reliable signals
because without them the difference in total surface displacement to the geodetic data would be much larger. In the future, a
GNSS station placed directly on top of the borehole chamber would further strengthen the validation of the near-surface SAA
data. An accuracy assessment of the SAA data can be done using the measurements at depths below the shear zone, where it is
assumed that there should be no displacement. There, the observed maximum total displacement measured over the 7.25 years
is 2 cm, and this can be used to estimate an annual velocity uncertainty of 0.3 cm/year which is three times more than that
reported by the manufacturer. This, then, can be considered as an upper bound of the instrument uncertainty, and it remains well
below the typical surface velocity magnitudes of 1-5 cm/month. This gives confidence in the kinematic patterns and processes

inferred from the SAA data throughout this study.
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4.4 Evaluating the methods to measure surface displacement

Murtel rock glacier, given its abundance of kinematic monitoring, provides the unique opportunity to compare difference
measurement methods. The GNSS station at Murtel rock glacier measures more deformation than the borehole SAA chain,
although the two stations are only a few meters apart. The total displacement of the GNSS station calculated from the distance
of its position in July 2016 to August 2023 is of 101 cm, while aggregating the displacement of the uppermost SAA segment
yields 86 cm. Most of the discrepancy between the GNSS and the SAA data occurs during the warm phase when the seasonal
peaks in GNSS deformation exceed those of the SAA (Fig. 5). The GNSS receiver is mounted on a one-meter-tall mast on top
of a single large boulder that exhibits additional movements on top of the general translational movement of the active layer,
leading to higher measurements of displacement. The inclinometer of the GNSS station measures an increase in tilt during the
seasonal acceleration towards a different direction than that of the rock glacier creep, suggesting that the boulder experiences
individual rotational movements (Appendix Fig. C5a). The corrected GNSS total displacement by removing the rotational
component is 1.5 cm lower, providing a slight improvement (Fig. 8). A difference in the total displacement of 14 cm over seven
years between a GNSS system and a SAA chain which integrates the movement of 80 segments over 40 m to estimate surface
displacement is an acceptable result. Moreover, even with these methodological differences, the timing of the seasonal surface

velocity peaks is very similar between the GNSS and the borehole SAA data (Fig. 5b).

The total geodetic displacement measured over the entire period differs only by 3 cm relative to the total displacement measured
by the SAA chain (Fig. 8). At first sight, this is perhaps surprising given the large difference between the annual geodetic
velocities and those of the SAA in Figure 5. However, it is important to note that the annual geodetic survey dates are at the end
of August, such that in most years the true seasonal velocity peak is not fully captured. So, the annual values may not agree, but
in the long-term it captures the total displacement well. A sensitivity analysis using alternative survey dates to calculate annual
velocities from the GNSS and SAA data reveals that surveying at the end of September is sufficient to capture the appropriate
annual velocity signal. So, future geodetic surveys on Murtel rock glacier would benefit by taking place in late September or
later, provided that early winter snow is not already present, as this makes accessing the site difficult. In summary, at longer
timescales, the GNSS, SAA and geodetic displacement data agree relatively well. The GNSS data deviates by about 10% in
its total displacement, likely due to additional movements of the boulder it is mounted on. Rock glacier velocity (RGV) taken
as a single mean value from surface measurements is often used to correlate with climatic variables as a parameter of the
"permafrost” ECV (Kellerer-Pirklbauer et al., 2024; Hu et al., 2025). This study illustrates how different point measurements
of surface displacement can lead to different results at annual timescales and that surface velocity may differ from velocity at
depth. At the surface, the annual maximum monthly velocity from the GNSS was found to have the strongest correlations to
atmospheric variables. Based on the borehole SAA data at Murtel rock glacier, the annual variations in surface velocity are
mostly limited to the active layer. The process understanding gained from the extensive data at Murtel rock glacier suggests
that the degree of representativeness of changes in surface RGV for movement at depth depends on the internal structure and

thermal regime of the rock glacier. For example, the thick and cold ice-rich core of Murtel rock glacier limits the amount of
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meltwater infiltrating at depth, limiting the seasonal acceleration to near the surface. So, in order to reliably explain processes

linking RGV and climatic factors, information about internal processes should be considered.
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Figure 8. Comparison between the surface displacement measured by the GNSS, SAA and geodetic station. The GNSS corrected data
subtracts the rotational movement of the mast from the horizontal displacement. The cumulative lines are the integrated displacement from
the monthly or yearly velocity data. The total displacement (cm) measured over the entire observation period by the GNSS and the geodetic

station is shown on the right. Data source: PERMOS and PermaSense.

5 Conclusions

At Murtel rock glacier temperature and deformation are both continuously measured in a borehole since 2016. These obser-
vations are complemented with a GNSS station, annual geodetic surveys and a meteorological station. This provides a unique
dataset and opportunity to investigate rock glacier kinematics in detail, including deformation with depth and process under-
standing. The borehole deformation data collected over seven years indicate that, on an interannual timescale, most of the
temporal variation in deformation is driven by the active layer (AL) and the ice core. On a seasonal timescale, fluctuations are
evident only in the AL, and at lower magnitude and only for a few years in the ice core. The shear zone deformation remains
constant at around 5.9 cm/year throughout the observation period. Compared to the few other rock glaciers with borehole
deformation data, we observe a larger proportion of deformation occurring in the AL. The vertical distribution of seasonal
fluctuations in deformation at Murtel rock glacier is driven by its thick and cold ice-rich core. Compared to other rock glaciers,
Murtel has a high ice content and cold temperatures, inhibiting the development of an effective drainage system at a seasonal

timescale. The years with the warmest summers had the highest deformation, but the years with highest snowmelt water in-
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put did not experience particularly high deformation. Thermal forcing on the production of meltwater at the permafrost table
seems to explain the near-surface summer acceleration well, while the stable shear zone deformation indicates an absence of
water controls at depth. During the almost 8 year measurement period, the geodetic measurements of surface displacement
455 match very well with the total displacement from the SAA chain. At an annual timescale, there are larger differences in the
measured velocities between the SAA chain and the geodetic station, which can be largely explained by the different timing of
the measurements. The continuous GNSS data agree well with the winter background velocity and the timing of the summer
acceleration pattern as measured by the borehole SAA chain. However, the magnitudes of the GNSS velocity peaks are higher
than those of the SAA measurements. The finding that most of the seasonal acceleration is limited to the active layer raises
460 the need for more data on internal processes of rock glaciers to better understand where the strong correlations between RGV
and climate variables come from. For this, it is important to continue the long-term monitoring of rock glacier deformation,
especially with depth. This study shows how the unique seven-year record of high resolution deformation and temperature data
with depth combined with meteorological data is invaluable to identify subsurface processes and related forcings. Although
Murtel is especially cold and slow-moving for a rock glacier, the findings related to the seasonality distribution of deformation

465 with depth are relevant for other similar sites where long-term borehole data is not available.

Data availability. The PERMOS borehole temperature and weather data is all available through their online data portal at https://www.
permos.ch/data-portal. The precipitation data used from the PERMA-XT station is available at https://www.permos.ch/doi/permos-spec-2023-1.
The Piz Corvatsch weather station data is available upon request from MeteoSwiss. The borehole SAA data is made available on Zenodo

(Saibene, 2025). The code to process and visualize the data is available on GitHub which can be found in the Zenodo publication.
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Appendix A: Phases and zero curtains

Table A1l. Durations in days of the cold and warm phase for each hydrological year.

Hydrological year Cold phase duration (days) Warm phase duration (days)
2016 238 143

2017 225 147

2018 223 145

2019 218 120

2020 253 113

2021 219 171

2022 211 -
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Table A2. The spring and autumn ZC duration, start and end dates for each year based on the 2015 borehole temperatures.

Year Spring ZC Spring Start Spring End Autumn ZC Autumn Start  Autumn End
(days) (days)

2016 33 06-18 07-21 28 10-24 11-21

2017 38 05-30 07-07 26 10-15 11-10

2018 23 05-29 06-21 29 11-03 12-02

2019 32 06-22 07-24 98 11-23 02-29

2020 27 06-20 07-16 42 10-28 12-09

2021 31 06-22 07-23 38 11-07 12-15

2022 26 06-22 06-24 - - -

2023 18 06-16 07-04 46 11-15 12-31

Appendix B: Controls on deformation
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Borehole temperature and annual deformation
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Figure B1. Linear correlation matrix showing the R? and p-value of regressions between the mean (a), maximum (b) and warm phase (c)
g

annual borehole temperature at various depths and the annual deformation at that depth.
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Figure B2. Linear correlation matrix showing the R? and p-values of regressions between the mean cold phase borehole temperature and the

mean warm phase borehole temperature at varying depths (a); and between the mean cold phase air temperature and the mean warm phase
borehole temperature at varying depths (b) from 1998 to 2022.
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Table B1. Yearly data of spring ZC end dates based on the 2015 borehole temperatures, date of maximum GNSS surface displacement, and

the time lag between the two.

Year End date of spring ZC Date of max GNSS displacement  Time lag (days)
2016 07-21 09-12 53
2017 07-07 08-28 52
2018 06-21 08-23 63
2019 07-24 08-26 33
2020 06-16 08-21 66
2021 07-23 09-07 46
2022 06-24 08-03 40
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Predicted GNSS deformation rate (mm/month)
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Figure B3. MLR model results from the testing data subset using the monthly-averaged air and surface temperature, AL mean temperature,

and Q¢ at 3.5 m depth as drivers of the GNSS velocity. Grey dashed line is a 1:1 line for scale. Data source: PERMOS and PermaSense.
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Appendix C: Deformation profiles, time series and unique events
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Figure C1. Monthly cumulative deformation profiles from the inclinometer data in both the 1987 and the 2015 borehole at Murtel rock
glacier. Graph of old deformation profiles adapted from Arenson et al. (2002).
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Figure C2. Vertical deformation profile from June to December 2021 during the unique deceleration event measured by the SAA in Murtel
2015 borehole.
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Figure C3. Vertical deformation profile from May to December 2022 during the unique deceleration event measured by the SAA in Murtel
2015 borehole.
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Figure C5. Monthly GNSS tilt (a). Monthly deformation rate measured at the surface by the GNSS station and the borehole SAA with the
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used to correct the GNSS velocity (b). Data source: PERMOS and PermaSense.
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