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Abstract. Rock glaciers play a vital role in the hydrological functioning of many alpine catchments. Here, we investigate
seasonal and daily freeze-thaw cycles of the previously undocumented Canfinal rock glacier (RG) located in the Val d’Ursé
catchment (Bernina Range, Switzerland) and the RG’s influence on the dynamics of the hydrogeological system. We combine
digital image correlation techniques, geochemical and isotopic analyses, time-series analysis, and hydrological monitoring
to understand the functioning of the hydrological system. An acceleration of RG creep since 1990 has occurred, with the
most active regions exhibiting horizontal velocities of ~1 m/yr. Distinct geochemical signatures of springs influenced by RG
discharge reflect contrasting and temporally-variable groundwater mixing ratios. A novel application of frequency-domain
analysis to time-series of air temperature and spring electrical conductivity enables a quantitative understanding of the RG
thaw and subsurface flow dynamics. Following the onset of snowmelt, we observed a gradual decrease in the time-lag between
air temperature maxima and spring electrical conductivity minima at the front of the rock glacier. This suggests progressively
increasing flows within the talus, driven by efficient recharge from snowmelt and contribution from the thawing rock glacier.
Through our multi-method approach, we develop a conceptual models representing the main cryo-hydrogeological processes

involved in RG-influenced alpine headwaters.

1 Introduction

Recent studies have quantified the role of groundwater in sustaining perennial streamflow in both glaciated and non-glaciated
alpine headwater catchments (Somers et al., 2019; Halloran et al., 2023). Rock glaciers (RGs) are key features in alpine
headwaters, being the most common periglacial phenomena on Earth (Krainer et al., 2007). They can store significant volumes
of water as groundwater and ice and contribute to catchment-scale fluxes (Harris et al., 2009; Evans et al., 2018). Rising
temperatures and changes in precipitation are accelerating the thawing of RGs worldwide (Kééb et al., 2007; Marcer et al.,
2021; Frei et al., 2018; Hanus et al., 2021; Manchado et al., 2024). Rock glacier degradation is expected to have a significant
impacts on the alpine hydrological cycle, affecting the hydrology of downstream springs and streams (Jones et al., 2021).

The active layer has been shown to act as a thermal insulator between the surface and the frozen RG core (Humlum,
1997; Amschwand et al., 2023). It has a low thermal conductivity, which implies a different thermal regime between the

RG and its surrounding environment. The ice is therefore partially insulated from external conditions, and thus thermally
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decoupled, making it more resilient to climate change than glaciers (Anderson et al., 2018; Jones et al., 2019, 2021). Analysis
of displacement dynamics can aid in tracking the seasonal freeze-thaw dynamics of active RGs (Groh and Blothe, 2019). The
creep of active RGs is primarily caused by forces at the primary basal shear horizon (Krainer et al., 2015). The dynamics of
RGs change over time and at different scales depending on the evolution of the RG thermal regime. It is mainly controlled by
heat conduction driven by air temperature, but other processes such as advection of air or water through the RG matrix can
also play a role (Haeberli et al., 2006; Pruessner et al., 2018). Several studies have found an increase in horizontal velocities as
a result of rising temperatures in the Alps due to climate change (Ké&ib et al., 2007; Marcer et al., 2021).

The critical link between RG freeze-thaw cycles, hydrological regimes, and creep dynamics is an underdeveloped topic
(van Tiel et al.; Harrington et al., 2018; Pauritsch et al.). In the context of climate change, several hypotheses—which are
not mutually-exclusive—have been proposed to explain modifications in the dynamics of horizontal displacement velocities

observed in active RGs:

In summer, high average and extreme air temperature values favour the melting of RG ice, leading to destabilisation and

acceleration (Marcer et al., 2021).

— Since adequate snow cover acts as a thermal insulator for the ground, a colder, snowier winter will tend to protect the

active zone of the RG in early spring (DallAmico et al., 2008).

— The early winter snow cover is important because it influences the thermal conditions underground by insulating the
ground from the arrival of colder air. As a result, it is unfavourable for the preservation and formation of ice within the

RG (Zhang, 2005).

— Intense precipitation in the form of rain has a destabilising effect due to the amount of water it can carry and the heat

transfer it induces (Wirz et al., 2016).

Determining the long- and short-term dynamics of RG freeze-thaw cycles remains a major challenge (Pruessner et al., 2021).
This knowledge gap stems from difficulties in collecting relevant data at such elevations, as well as a lack of understanding of
the processes involved over pertinent time-scales. Difficulties lie in distinguishing between water fluxes from RGs and those
from deeper groundwater flow paths, as well as in capturing their seasonal to daily variability (Krainer et al., 2015; Harrington
et al., 2018) is challenging. Few studies that place RGs in their broader hydrogeological context have been conducted (e.g.
Krainer et al., 2007; Del Siro et al., 2023; Munroe and Handwerger, 2023). As a result, seasonal variations in discharge sources
such as groundwater, precipitation and snowmelt are often overlooked.

Environmental tracers provide unique information on the origin of waters, their residence times, and mixing during hydro-
logical changes. Studies have used electrical conductivity (EC) as a tracer to complement water level data at alpine sites, taking
advantage of its low cost and low probe maintenance requirements (Cano-Paoli et al., 2019). For example, EC can be used to
separate hydrographs (Laudon and Slaymaker, 1997) or to analyse daily dilution/enrichment cycles of RG runoff on a seasonal
or daily scale (Brighenti et al., 2021). EC is generally low at the onset of snowmelt and during high runoff periods due to

significant dilution. In contrast, during late summer and winter baseflow, EC progressively increases as groundwater, with its
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higher mineralization, becomes the primary driver of stream ow (Jones et al., 2019). Field campaigns for water sampling, on
the other hand, face signi cant logistical challenges in alpine environments, limiting the ability to intervene at appropriate inter-
vals to capture the variability of responses during high-frequency hydrological changes. Several authors have characterised the
seasonal evolution of the composition of water discharge from RGs using isotopic analyses (in paf@ul@hese studies
suggest that only a small fraction of the water released by rock glaciers originates from ice thaw, with precipitation, snowmelt,
and groundwater being the primary sources of spring water (Krainer et al., 2007, 2015; Harrington et al., 2018).

In this study, we employ a multi-method approach to investigate the cryo-hydrogeological functioning of the Val d'Ursé Crit-
ical Zone Observatory in Switzerland, where a major rock glacier (the Can nal rock glacier) is present. By combining digital
image correlation, hydrochemical analysis, and a novel frequency-domain analysis of temperature and electrical conductivity
monitored at spring locations, we aim to resolve the seasonal to diurnal freeze-thaw dynamics of the RG, identify multi-year
trends in its creep rates and their meteorological drivers, and elucidate cryosphere-groundwater interactions. This compre-
hensive approach not only enhances our understanding of the complex hydrological processes in the Val d'Ursé headwatel
catchment but also generates knowledge that can be applied to other alpine regions with similar environmental settings.

2 Study area and instrumentation

The Can nal rock glacier is located in the UniNE Val d'Ursé Critical Zone Observatory (CZO) for Alpine Research (Grisons,
Switzerland) (Figure 1). It is a glacially formed, E-W oriented valley located in the Bernina Range (Western Rhaetian Alps,
Switzerland) that feeds the main Val Poschiavo valley to the east. The geology consists of crystalline basement rocks and
intruded granite of the Sella Nappe. The lower and middle parts of the valley are concerned by Marinelli-Formation schist with
Sella-Granodiorit (Lindsay, 2000). Musella-Granite and Sella-Granodiorit combine to form the southern ridges which feed the
Can nal RG. The Sella-Nappe is thrust over the Bernina-Nappe near the northern boundary of the Val d'Ursé and the nappe
stack is part of a larger regional anticline.

Field outcrop observations reveal highly fractured and faulted lithologies, including open fractures, exfoliation joins, calcite
veins, and folded schist (Lindsay, 2000). Analysis of fractures in borehole KB4 (Figure 1) indicates dip angles ranging from
30° to 90° from the horizontal, with fracture density decreasing with depth. This trend is consistent with ndings from other
crystalline regions (Eberhardt et al., 2004) and support classical conceptual structural models in alpine settings (Welch and
Allen, 2014). This fracture pattern results from tectonic processes such as exhumation, stress release, and topographic stress
(Hencher et al., 2011). The main lineaments in the catchment are oriented NW-SE and NNE-SSW and are predominantly
sub-vertical (Lindsay, 2000).

In the region, mean precipitation is 1060 mm over the period 2014-2022 based on measurements from nearby weather
stations managed by the Federal Of ce of Meteorology and Climatology MeteoSwiss (Robbia, 1078 m.a.s.| and Passo del
Bernina, 2272 m.a.s.l). Annual mean temperature measured at the front of the RG during 2014-2028 isTg#cally in
the Alps, peaks in monthly precipitation occur in early spring and late fall, while February is the driest and coldest month
(Lindsay, 2000).
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The hydrogeological system of the study site is made up of a fractured aquifer which is overlain by quaternary detrital
sediments and coarse deposits. Several locations in the study area are intensely fractured, which allow for ef cient deep
groundwater recharge. In Itration is expected to be greatest on gentle slopes with exposed permeable material such as debiri
and talus deposits or fractured bedrock. Several springs and groundwater seepage zones in uenced by permafrost thaw hav
been identi ed across the watershed. They con rm the permafrost zones indicated by the Federal Of ce of Environment (Figure
1).

The Val d'Ursé CZO (Figure 1) includes a 200.3 m-deep borehole equipped with two pore water pressure sensors (KB4 in
Figure 1). Additionally, the electrical conductivity (EC) and temperature of several springs (Figure 1) are monitored.

Figure 1. Location of the study siteA) in relation to the AlpsB) within the Poschiavino catchment, af) the Val d'Ursé Critical Zone
Observatory (CZO) for Alpine Research. The CZO is characterized by a dense network of springs, streams, wetlands, permafrost (FOEN
Switzerland, 2005), and two major rock glaciers. It is supported by an extensive monitoring network, though only a selection of environmental
monitoring points relevant to this study are shown. Aerial picture ©Data: CNES, Spot Image, swisstopo, NPOC.

A former glacier front, associated with the Cavaglia local glacial stage (Egesen 1), reached an elevatiomo®24.6Qvith
an equilibrium line at 2450m where the Can nal RG now stands (Burga, 1987). Rockfalls from the cliffs lled the moraine
valley of this retreated or partially retreated glacier, and favourable permafrost conditions led to the formation of the Can nal
RG. There are also signs of lateral moraines located beneath the RG. The RG has a ler@fh of, a maximum width of

250 m, and a surface area 0.2 kn?. Its front is located at an elevation 0f2220 m and faces north-east. Its rooting zone
begins at an elevation of2500 m, at the base of a ridge. This cliff links the Piz Can nal (2812 m) to the Corno Compascio






