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Abstract. Intact rock glaciers, a permafrost landform common in high-mountain regions, are often conceptualized as (frozen)
water reserves. In a warming climate with slowly degrading permafrost, the large below-ground ice volumes might suggest a
buffering effect on summer streamflow that due to the climate resiliency of rock glaciers only increases with rapidly receding
glaciers. In this case study, we assess the role and functioning of the active Murtel rock glacier in the hydrological cycle of
its small (30 ha) periglacial and unglacierized watershed located in the Upper Engadine (eastern Swiss Alps). Our unprece-
dentedly comprehensive hydro-meteorological measurements include below-ground heat flux measurements in the 3—5 m
thick coarse-blocky active layer (AL), direct observations of the seasonal evolution of the ground-ice table, and discharge and
isotopic signature of the outflow at the rock-glacier front. The detailed active-layer energy and water/ice balance quantifies
precipitation, evaporation, snowmelt, ground ice melt, and catchment surface outflow. Our single-site, but detailed case study
resolves thermo-hydraulic processes in the coarse blocky AL that might enhance the snowmelt—groundwater connectivity in
periglacial high-mountain watersheds underlain by discontinuous permafrost. A substantial part of the snowmelt refreezes
in the cold AL (~ 150—300 mm w.e. or ~ 20—40 % of the snowpack), forming superimposed AL ice that is released dur-
ing the thaw season at melt rates low enough for the meltwater flow to be routed through the permafrost aquitard to deeper
sub-permafrost aquifers. Meltwater fluxes are low (1—4 mm w.e. day '), but sustained throughout the entire thaw season
(~ 100 days) due to small ground heat fluxes and the dampening effect of the AL. The superimposed AL ice acts as a coupled
thermo-hydrological buffer that (to some extent) protects the underlying ice-rich rock glacier core by converting most of the
ground heat flux to meltwater during the thaw season. Consequently, meltwater release from the ‘old’ permafrost ice due to
climate-induced permafrost degradation is currently ~ 10 mm yr~! or an order of magnitude smaller than the contribution
of AL meltwater and not more than a few % of the overall water/ice fluxes. In view of the widespread and long-lasting oc-
currence of climate-resilient permafrost in high-mountain watersheds and the increasing importance of groundwater-sustained
late-summer baseflow relative to vanishing glaciers and diminishing snowpacks, it is important to investigate mechanisms, flow

paths, and efficiency of groundwater recharge in mountain permafrost terrain.
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1 Introduction

In our rapidly changing climate, changing precipitation patterns and enhanced sublimation/evapotranspiration due to warming
and greening (vegetation succession) lead to profound hydrological regime shifts in high-mountain regions (Hock et al., 2022).
The hydrological buffer capacity of above-ground cryospheric components decreases, as glaciers recede and precipitation
in form of snow decreases, while evaporative losses to the atmosphere (Fugger et al., 2024) and inter-annual variability in
precipitation increase. Droughts and reduced stream flow in the summer months of dry years might become more frequent
and severe, reducing water security in downstream regions (Haeberli et al., 2017; Schaffer et al., 2019; Hoelzle et al., 2020;
Barandun et al., 2020; Arenson et al., 2022). Hence, the hydrological buffer capacity of comparatively climate-resilient and
robust below-ground components will become increasingly important: ice-rich mountain permafrost with rock glaciers as its
most conspicuous morphological expression (Barsch, 1996), and groundwater in headwater aquifers (Woo, 2011; Hayashi,
2020).

Intact (i.e., ice-bearing) rock glaciers, a mountain permafrost landform widespread in nearly all mountain ranges worldwide,
are distinct bodies of a perennially frozen debris—ice mixture covered by a seasonally thawed debris layer, the active layer
(AL) (Haeberli et al., 2006). The perennially frozen interior, the rock glacier core, consists of ice-supersaturated debris whose
creep deformation results in the conspicuous lobate or tongue-like form (Barsch, 1996). Intact rock glaciers store and release
water in different forms, such as ice, snow, and water, on long-, intermediate- and short-term timescales (Jones et al., 2019).
The insulating and convective cooling effect of the thick AL creates a cool and stable microclimate in the AL that is partially
decoupled from the atmosphere (Wakonigg, 1996; Humlum, 1997; Harris and Pedersen, 1998; Hanson and Hoelzle, 2004;
Delaloye and Lambiel, 2005; Guodong et al., 2007; Amschwand et al., 2024a, b). Controlled by the ground thermal regime
rather than by the surface energy balance (SEB) directly (Amschwand et al., 2024a), ground ice melt at depth proceeds slower
and delayed compared to snow or glacier melt at the surface on seasonal up to decadal timescales (cf. Reznichenko et al., 2010).
On a seasonal time scale, the sustained melt of ground ice is thought to contribute to late-summer streamflow. On decadal time
scale, rock glaciers are more resilient (less sensitive) to climate changes compared to (debris-covered) glaciers and expected to
outlast them as our mountains shift away from the glacial towards the para- and periglacial realm (Haeberli et al., 2017, 2024;
Schaffer and MacDonell, 2022). Especially in semi-arid, already today weakly glaciated and water-stressed high mountain
areas such as parts of Central Asia, the Himalayas or the Dry Andes, the large below-ground ice volumes and hydrological
buffer capacity of climate-resilient, ice-rich permafrost landforms might become important hydrological elements.

The hydrological significance of rock glaciers primarily relates to (1) the long-term, climate-resilient storage of permafrost
ice in the rock glacier core (water in reserve), (2) the seasonal storage and freeze/melt of water/ice in the AL (water/ice
in circulation), and (3) water storage in unfrozen fine-grained sediments and interaction with liquid water flowing through
or beneath rock glaciers (storage-release, routing and chemical alteration/mineralization of water) (Azocar and Brenning,
2010; Corte, 1976; Burger et al., 1999; Jones et al., 2019). An useful concept for their understanding and management is
to differentiate between water/ice in circulation (renewable, flow-limited resource) and water/ice in reserve (nonrenewable,

stock-limited resource) based on a time scale of one (or a few) hydrological years (Gleick and Palaniappan, 2010).
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Intact rock glaciers have been storing “old' ice in the permafrost body beneath the AL for centuries up to millennia (Krainer
et al., 2015). This permafrost ice at depth has been interpreted to be roughly as old as the rock glacier it is embedded in.
Therefore, it is frozen precipitation from past Holocene cold climatic phases and is a nonrenewable resource (Barsch, 1996;
Haeberli et al., 2003; Az6car and Brenning, 2010; Krainer et al., 2015; Amschwand et al., 2021; Lehmann et al., 2022; Nickus
et al., 2023). Protected by the AL, accumulation and melt have been slow and driven by major climatic shifts throughout
the Holocene. Driven by the current climate change, permafrost including rock glaciers is found to be degrading widely in
high-mountain environments (Beniston et al., 2018; Biskaborn et al., 2019). Intact rock glaciers react by slow AL deepening,
releasing meltwater previously bound in the ice-rich permafrost, and transitioning towards a relict (i.e., ice-free) state over the
time scale of centuries (Scherler et al., 2013). As intact rock glaciers are a common periglacial landform and the ice-rich core
is typically 10 30 mthick (Cicoira et al., 2021), the amount of below-ground permafrost ice as estimated from (static) rock
glacier inventories and empirical area-volume scaling relations is substantial (Rangecroft et al., 2015; Az6car and Brenning,
2010; Brenning and Azdcar, 2010; Brenning, 2005; Jones et al., 2018b, a). In semi-arid, weakly glacierized catchments, water
volume equivalent (w.e.) stored in rock glaciers can exceed glacier ice volume or might do so in the future (Jones et al., 2018a,;
Bodin et al., 2010; Janke et al., 2017; Az6car and Brenning, 2010).

“Young' ice accumulates and melts seasonally in the AL (“seasonal AL ice”, “superimposed ice” in Bearzot et al. (2023)).
This ice is derived from modern precipitation and is a renewable resource. Its accumulation/release is conditioned by freeze/thav
cycles driven by the SEB and short-term weather conditions. AL ice volumes are presumably much smaller compared to that of
permafrost ice, but in much faster exchange between the atmo- and hydrosphere. Available studies suggest that a considerab
fraction of the annual precipitation can be stored and released from intact rock glaciers. Marchenko et al. (2012) report that the
observed accumulation—-melt 40 60 cmof ground ice seasonally stored a substantial amocur®0% of the snowpack in
the Northern Tien Shan. Halla et al. (2021) found inter-annual ice storage changes on Dos Lenguas rock glacier (Dry Andes
of Argentina) of 36 mmyr ! (25 80% of the annual precipitation) ane28 mmyr * (17 55%). While the timing of
seasonal formation and melt of ground ice has long been inferred from thermal (Hinkel and Outcalt, 1994; Kane et al., 2001;
Hanson and Hoelzle, 2003, 2004; Sawada et al., 2003; Rist and Phillips, 2005; Herz, 2006) and geophysical measurement:
(Hilbich et al., 2009; Schneider et al., 2013), so far few estimates of the magnitude of seasonal to inter-annual ice turnover
exist even at plot scale. These estimates are based on rare exposure of ground ice or drillings (Sawada et al., 2003; Yoshikaw
et al., 2023; Marchenko et al., 2012, 2024), and petrophysical joint inversions of (most often) geoelectrical and seismic mea-
surements (Mollaret et al., 2019, 2020; Steiner et al., 2021; Bearzot et al., 2023; Bast et al., 2024), in cases combined with
kinematic surveys to relate changes in ground ice content to surface kinematics (heave/subsidence) (Halla et al., 2021). Quan
tifying changes in ground ice content and AL depth is a progressing research eld (e.g. Hauck et al., 2011; Wagner et al., 2019;
Pavoni et al., 2023; Maierhofer et al., 2024; Morard et al., 2024) because the closer degrading permafrost aprGaaies
enters the zero curtain, the more its state is re ected by changes in ice content (latent heat) rather than by ground temperature
(sensible heat) (Hauck and Hilbich, 2024). Other approaches include hydro-chemical and water isotope measurements (Blum-
stengel and Harris, 1988; Harris et al., 1994; Williams et al., 2006; Munroe and Handwerger, 2023a, b), AL energy budgets
(Scherler et al., 2014), and numerical modelling (Pruessner et al., 2022; Renette et al., 2023; Mendoza Lépez et al., 2024).
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The ice-rich permafrost of intact rock glaciers affects the hydrology of a watershed by its semi-impervious layer (aquitard)
that controls the lateral ow and limits (but not prevents) the exchange between surface waters and sub-permafrost groundwa-
ter (Cheng and Jin, 2012). A perched supra-permafrost aquifer within the AL on top of the ground-ice table is separated from
a sub-permafrost aquifer (and unfrozen water in intra-permafrost taliks). Runoff from the shallow, highly permeable supra-
permafrost aquifer is rapid and ashy, this quick ow is only weakly chemically altered. However, some water can percolate
across the permafrost through taliks or "warm', permeable zones. These are characteristic features of the inherently discon
tinuous mountain permafrost, whose distribution is mosaic-like and controlled by spatially complex topo-climatic conditions
like insolation/shading and snow cover (Arenson et al., 2022). A dynamic sub-permafrost storage of liquid water retains water
in ne-grained, unfrozen sediments during months—years and sustains base ow during summer droughts or in winter (Rogger
et al., 2017; Wagner et al., 2021; Reato et al., 2021; Bearzot et al., 2023). This water is more strongly chemically altered and
mineralized, as for example indicated by its higher electrical conductivity (Krainer and Mostler, 2002). For long-term projec-
tions, it is important to appreciate the widely diverging time scales of storage mechanisms (from weeks in the AL to millennia
in the permafrost core) and the transient state of the mountain permafrost subject to climate change (Jones et al., 2019). As rocl
glaciers degrade, hydraulic permeability and liquid water storage capacity increases at the expense of the storage of permafros
ice (Winkler et al., 2016a, b; Wagner et al., 2016; Harrington et al., 2018; Colombo et al., 2018).

Although the conceptual framework of the different rock glacier storage mechanisms is established knowledge, no consensus
on the present nor future hydrological role of rock glaciers has been reached to date (Duguay et al., 2015; Schaffer et al., 2019;
Jones et al., 2019; Arenson et al., 2022), not least due to sparse quantitative hydro-meteorological eld data from permafrost-
underlain high-mountain watersheds.

In this work, we present quantitative data from a detailed single-site case study on Murtél rock glacier (Engadine, eastern
Swiss Alps) and compare short-, intermediate and long-term water/ice storage changes for the hydrological years 2021-2023
We estimate the ground ice storage changes based on point-wise in-situ observations of the seasonally moving ground-ice tabl
and from the AL energy budget. Ground ice storage changes are energy-controlled phase changes, i.e., ice/water and energ
turnover in the AL are closely linked. By measuring and parameterizing the ground heat uxes and accounting for sensible heat
storage changes in the thick debris mantle (Amschwand et al., 2024b), the latent storage changes associated with water phas
changes — melting and refreezing — can be isolated. We build on a large body of local previous work: The SEB and AL-
internal heat uxes on Murtél have been measured/estimated by Mittaz et al. (2000); Hoelzle et al. (2001); Stocker-Mittaz et al.
(2002); Schneider (2014); Scherler et al. (2014); Hoelzle et al. (2022) and Amschwand et al. (2024a, b). Hydro-meteorological
measurements (snow, rainfall, out ow discharge) complement the plot-scale water budget. Additionally, we use stable water
isotope and electrical conductivity (EC) to compare the rock-glacier out ow to the knéWd-EC signature of the permafrost
ice. This case study contributes to the question of the hydrological signi cance of rock glaciers by presenting a complete hydro-
meteorological data set at the well-studied Murtél rock glacier and explores the permafrost—groundwater connectivity.
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2 Study site
2.1 Rock glacier structure and hydro-morphological setting

The studied Murtél rock glacier (Murtel I; WGS 84: 48°47°N, 9 4P15°E; CH1903+/LV95: 2'783'080, 1'144'820; 2620—

2700 m asl.; Fig. 1, A1), close-by Marmugnun rock glacier (Murtél 1) and the relict Murtél 11l rock glacier are located in a
north-facing cirque in the Upper Engadine, a slightly continental, rain-shadowed high valley in the southeastern Swiss Alps
(Fig. 2a). Mean annual air temperature (MAAT) id:7 C, mean annual precipitation (MAP) is 900 mm (Scherler et al.,

2014). The rock glaciers have an altitude range from 2540 (base of front Murtél Ill), 2620 (base of front Murtél I) to 2720
m asl (transition to talus) (Fig. 2b). The talus slopes (at an elevation 2720-2800 m asl.) connect the active rock glaciers to
the headwalls and consist of large, angular debris. The headwalls rise from 2800 to 3165 m asl. (a spur of Piz Murtél) and
are more active above rock glacier Marmugnun (Mdiller et al., 2014) with massive, long-lasting avalanche deposits in late
spring—early summer and a debris cone built by frequent rock falls in summer—autumn. The entire mountain slope is part of the
periglacial belt and underlain by permafrost (Mdller et al., 2014). Perennial snow patches/névés reported by Haeberli (1990)
and Tenthorey and Gerber (1991) disappeared by the early 2000s (M. Hoelzle, pers. comm.), but were exceptionally present in
the cool-wet summer 2021. Soils are absent—thin and vegetation is sparse. The catchment3§ $r@adind not glacierized.

Figure 1. Location of Murtél rock glacier in the Upper Engadine, a high valley in the eastern Swiss Alps. Inset map: Location and extent

(black rectangle) of regional map within Switzerland (source: Swiss Federal Of ce of Topography swisstopo).

The lobate Murtél rock glacier is c800 mlong, 180 mwide, and covered by 2 5 m thick coarse-blocky AL (debris
mantle). Geophysical investigations revealed that its thickness varies according to the surface micro-topograghy) from
in the furrows to5 m beneath the ridges (Vonder Mihll and Klingelé, 1994; Vonder Mihll et al., 2000). Thus, the permafrost
table shares the surface furrow-and-ridge micro-topography, although attenuated (water ponding or channelling?). Fine materia
increases towards the AL base, but is overall sparse. The permeable coarse-blocky AL does not inhibit water ow and has a
very low water retention capacity (Springman et al., 2012). The Murtél permafrost body between the seasonally thawed coarse-






