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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. A-Following the onset of snowmelt, we observed a gradual decrease in the time-lag
between air temperature maximum-and-spring-EC-minimum. caused-by dilution from RG-ice melt; is-observed-ove

esmaxima 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 eonceptuat-models—for-a
conceptual models representing the main cryo-hydrogeological processes involved in RG-influenced alpine hydrogeologicat
systems-on-daily-and-seasonal-time-sealesheadwaters.

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 ene-ofkey features in alpine
headwaters, being the most common periglacial phenomena on Earth (Krainer et al., 2007). They can store significant vol-

umes of water as groundwater and ice and contribute signifieantly-to catchment-scale fluxes during-thaw—(Harris-et-al5-2009)
Harris et al., 2009; Evans et al., 2018). Rising temperatures and changes in precipitation are accelerating the thawing of RGs
worldwide (Kiib et al., 2007; Marcer et al., 2021; Frei et al., 2018; Hanus et al., 2021; Manchado et al., 2024). Reeent-studies
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—Rock glacier degradation is expected to have

a significant impaet-impacts on the alpine hydrological cycle, affecting the hydrology of downstream springs and streams
(Jones et al., 2021). i ; : .

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
the-outsideits surrounding environment. The ice is therefore partially insulated from external conditions, and thus thermally
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 Bléthe, 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(tir), but other processes such as advection of air or water through the RG matrix
can also play arole (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 (Kéib et al., 2007; Marcer et al., 2021). However,elimate

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
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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 in uences 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 (zZhang, 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).

gingFewstudieghatplaceRGsin theirbroade

suggesthatonly a smallfractionof thewaterreleasedy rock glaciersoriginatesfrom ice thaw, with precipitation snowmelt,
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eenneetivity Thismulti-facetecapproactaliowsusto-understands creepratesandtheir

‘meteorologic

cryosphere-groundwatenteractions,This comprehensivepproachnot only enhancegur understandingof the complex

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

(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-reteiracealegica b slemathesindysiic s madens el o roepadoanilonuhich s cverloinbs
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groundwater recharge. In Itration is expected to be greatest on gentle slopes with exposed permeable material such as debri

and talus deposits or fractured bedroksteepslopeswith-lew-permeabilitymaterial;suchassub-glaciamerainesrinta

and temperature of several springs (Figure 1) are monitored.

anextensivemonitoringnetwork,thoughonly a selectionof environmental monitoring pointglevanto this study arealseindieategshown.

A former glacier front, associated with the Cavaglia local glacial stage (Egesen 1), reached an elevatiomoB24.6Qvith
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






