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In the current context of climate change, rock glaciers represent potentially important water resources due to the melting of ice they contain and/or their role as high mountain water reservoirs. However, the hydrology of these high-altitude debris accumulations is poorly known. Understanding the origin and quality of rock glacier outflows is essential to evaluate their contribution and impact on headwater systems. In this study, we developed a conceptual model explaining the main hydro-chemical processes in active rock glaciers in the current context of permafrost warming. This conceptual model was derived from isotopic and physico-chemical analyses performed on six rock glacier outflows in the Swiss Alps during the warm season. Similar chemical and isotopic analyses were performed in sources not fed by rock glaciers at all study sites. The ion content (SO42-, Ca2+, Mg2+ and NO3−) of the water emerging from active rock glaciers was globally higher than that of sources not fed by rock glaciers. Besides, the electrical conductivity and the ion content (SO42-, Ca2+ and Mg2+) of the active rock glacier springs increased during the warm season, tracking the increasing perennial ground ice melting. We hypothesized that the ionic fingerprint of melting ice points mainly to the remobilization of chemical compounds stored during a colder period of the past in the cryosphere (e.g., the 1960s–1980s).
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1 INTRODUCTION
Mountains are often portrayed as water towers due to their important water supply, especially in semi-arid and arid regions (Viviroli et al., 2007). However, mountains play a crucial role in lowland hydrology even in the alpine areas, where the snow and ice melting in the warm season provides considerable water supply (Messerli et al., 2004). Water resources in high mountain regions—such as glaciers, snow and permafrost ice—are, however, affected by both the increase in atmospheric temperatures and changes in precipitation patterns and regimes consequent to climate change (e.g., Haeberli and Beniston, 1998; Seidel et al., 1998; Beniston and Stoffel, 2014). Permafrost undergoes accelerated degradation, as evidenced by the continuous increase in active layer thickness, the warming of ground temperatures at depth and the increase of the water-to-ice content ratio observed at different permafrost sites in recent years through thermal and geophysical methods (Marmy et al., 2016; Biskaborn et al., 2019; Mollaret et al., 2019; PERMOS 2022). However, unlike glaciers, permafrost can benefit from thermal offset conditions created by snow and/or superficial debris layers (i.e., the active layer; Giardino et al., 2011). Consequently, the ice loss from ground ice and debris-covered glaciers in the European Alps by the middle of the 21st century is expected to be smaller than for surface glaciers (Haeberli et al., 2017). In contrast to glaciers, however, the link between permafrost degradation and its impact on the hydrological cycle of Alpine catchments is less clear. On the one hand, rock glaciers represent potentially important water reservoirs due the temporary storage of liquid water in the unfrozen pore space. In addition, the storage capacity of active and inactive rock glaciers could increase in the future, as the ground ice melt will potentially increase the pore space available for the accumulation of liquid water (Wagner et al., 2021a; Wagner et al., 2021b). On the other hand, the contribution of rock glaciers to headwater systems can be given directly by the melting of the ice they contain (e.g., Duguay et al., 2015; Jones et al., 2018; Winkler et al., 2018). In fact, rock glaciers can have two types of solid water storage: a small temporary reservoir composed of seasonal ground ice in the active layer, which is aggraded and melted seasonally; a long-term reservoir formed by the perennial ground ice of the permafrost body, which is more resilient to external climatic conditions (Dunguay et al., 2015). Krainer et al. (2015) estimated that water supply due to perennial ground ice melting was about 2% of the mean discharge of the Lazaun rock glacier outflow (Austrian Alps). Harrington et al. (2018) obtained similar results for the water emerging from the Helen Creek rock glacier (Canada), where the contribution of the perennial ice melting was between 3% and 5% in July-August. However, knowledge about the contribution of ice melting in water emerging from rock glaciers is still limited. The uncertainty about the hydrological role of permafrost degradation arises from the fact that tracing the ice melt in rock glacier outflows is an indirect and technically difficult task.
The water supply related to ice melting in rock glacier springs can potentially be detected from some physical and chemical cues (for a literature review, see Colombo et al., 2018b; Jones et al., 2019). For instance, some studies linked the isotopic signature (δ18O) of rock glacier outflows during the warm season to the water supply related to the ground ice melting (Williams et al., 2006; Krainer et al., 2007; Reato et al., 2022). Similarly, the electrical conductivity and ionic content in the water emerging from rock glaciers typically increase during the warm season and more generally over recent years, which could also indicate an increase in water supply related to ground ice melting. According to some studies, the increased melting of rock glacier ice promotes the chemical weathering resulting from the contact between air/water and freshly exposed rock surfaces (e.g., Williams et al., 2006; Ilyashuk et al., 2014; Colombo et al., 2018a; Ilyashuk et al., 2018; Brighenti et al., 2019; Steingruber et al., 2020; Brighenti et al., 2021). Moreover, permafrost degradation can also increase microbial activity within the rock glacier, by promoting the release of NO3− in the internal water flows (e.g., Williams et al., 2007; Barnes et al., 2014). Finally, solutes released by rock glaciers may also have an atmospheric origin. In fact, the atmospheric deposition of pollutants and eolian dust can affect the hydrochemistry of mountain watersheds (e.g., Rogora et al., 2016; Litaor, 2022). According to Scapozza et al. (2020a), the cryosphere can store these chemical compounds and release them when the ice undergoes melting. Therefore, the loss of ice from rock glaciers has the potential to affect both the quantity and quality of mountain headwaters.
The objective of this study is to improve the knowledge on ice melt tracing in rock glacier outflows, in order to understand the hydrological role played by rock glaciers in periglacial watersheds and to quantify the impact of ground ice melting on the hydrochemistry of Alpine water ecosystems. The research question is two-fold: 1) Is the chemical and isotopic composition of rock glacier springs significantly different from that of streams not fed by rock glaciers? 2) Can the physico-chemical and isotopic composition of rock glacier springs trace the water origin during the warm season? To this aim, we investigated six rock glaciers, with the objective of identifying potential ice melt tracers through a spatial comparison between sources and sites. We also studied the temporal analysis of the hydrological functioning of one of the rock glaciers investigated. Sampling and monitoring of the springs were achieved during the warm season of 2020, from June/July to October. Finally, we developed a conceptual model of the hydro-chemical processes taking place in active rock glaciers in the current context of air, ground and permafrost temperature warming.
2 STUDY AREA
2.1 General overview
The rock glaciers selected for this study are located in the Lepontine Alps (Ticino Canton) and in the Pennine Alps (Valais Canton) in Switzerland (Figure 1). Each rock glacier has a flow emerging from its front. The main characteristics of these rock glaciers are summarized in Table 1. Regarding the climatic context, Mean Annual Air Temperature (MAAT) and Mean Annual Precipitation (MAP) in the Pennine Alps registered by the MeteoSwiss weather station of the Col du Grand Saint Bernard (located 27 km away from Lac des Vaux site) were −0.1°C and 2472 mm respectively for the period 1991–2020 (Table 2A). In the Lepontine Alps, meteorological stations are located at low altitude and for this reason it is necessary to estimate MAAT and MAP above 2000 m asl through vertical gradients of temperature and rainfall. The MeteoSwiss stations of Acquarossa/Comprovasco, Piotta and Robièi were the closest weather stations to the northern Ticino rock glaciers with long historical series of data. Estimated MAAT ranged between 3.1°C and 3.4°C at 2000 m asl, 0.6°C and 0.9°C at 2500 m asl, and −2.0 and −1.6°C at 3000 m asl for the period 1991–2020. Estimated MAP ranged between 1725 and 2446 mm at 2000 m asl, 1880 and 2601 mm at 2500 m asl, and 2035 and 2756 mm at 3000 m asl for the period 1991–2020 (Table 2A). Generally, the snow cover persists on the ground from October/November to June/July at the different study sites. Between October 2019 and June 2020, Campolungo/Fontane (located next to Lago di Leìt rock glacier) and Piano del Simano (next to Alpe Pièi rock glacier) stations of the Institute for Snow and Avalanche Research SLF recorded lower maximum daily snow depths than the 2011–2020 multi-year average, with values of 227 cm and 203 cm, respectively (Table 2B). In contrast, Lac des Vaux SLF station (located next to Lac des Vaux rock glacier) recorded a maximum daily snow depth of 255 cm between October 2019 and June 2020, which is above the 2011–2020 multi-year average.
[image: Figure 1]FIGURE 1 | Location of the rock glaciers investigated in this study.
TABLE 1 | Main characteristics of the rock glaciers in this study.
[image: Table 1]TABLE 2 | Climatic parameters of the study regions. A) Mean Annual Air Temperature (MAAT) and Mean Annual Precipitation (MAP) for different weather stations for the reference period 1991–2020. Estimated MAAT and MAP at 2000, 2500 and 3000 m asl in Lepontine Alps were calculated through a vertical gradients of temperature (0.5°C/100 m) and rainfall (0.31 mm/m) proposed by Scapozza et al. (2015). Data: MeteoSwiss. B) Maximum snow depth between October 2019 and June 2020 for Campolungo/Fontane, Piano del Simano and Lac des Vaux stations. 2011–2020 multi-year averages of the maximum snow depth measured between October and June are also reported. Data: Swiss Federal Institute for Snow and Avalanche Research SLF.
[image: Table 2]2.2 Sites description
For each study site, two types of water sources were monitored. The first one corresponded to springs located at the front of rock glaciers (hereafter referred as to RG for “rock glacier”), whereas the second type corresponded to springs located within the same catchment but in areas where permafrost presence is unlikely (hereafter referred as to non-RG for “non-rock glacier”). The presence of permafrost was evaluated through potential permafrost distribution maps developed by Deluigi et al. (2017) for the Western Valais Alps and by Deluigi and Scapozza (2020) for the Ticino Alps (Table 3).
TABLE 3 | Description and location of the analyzed water sources.
[image: Table 3]2.2.1 Lac des Vaux
The Lac des Vaux site is located in the Verbier ski domain and covers an altitude range of approximately 2500–3000 m asl. The lithology of this site is mainly characterized by gneisses, igneous rocks and prasinites that belong to the Mont Fort Nappe (Swisstopo, 2020). The site features an active rock glacier of about 14.8 ha (Figure 2A). Geoelectrical surveys and ground surface temperature data suggest that permafrost conditions, and more generally ground ice, are present in most of the landform (Lambiel, 2006; Scapozza, 2013). A spring located at the rock glacier front (“Vaux RG”) forms the La Fare stream, which in turn feeds the lake. Another stream, located in the western area of the rock glacier, was used as the non-rock glacier counterpart (“Vaux non-RG”). The Vaux RG site was sampled halfway between the rock glacier front and the lake because the source was too widespread further upstream.
[image: Figure 2]FIGURE 2 | The rock glaciers and ice-patches investigated in this study: (A) Lac des Vaux active rock glacier, (B) Lago Nero ice patches, (C) Lago di Leìt active rock glacier, (D) Ganoni di Schenadüi active rock glacier, (E) Alpe Pièi inactive rock glacier and (F) Alpe di Sceru I relict rock glacier. Photo (A): C. Lambiel, photos (C) and (D): C. Del Siro, photos (B), (E) and (F): C. Scapozza.
2.2.2 Lago Nero
The site of Lago Nero is situated in the northern part of the Val Bavona and covers an altitude range of approximately 2400–2800 m asl. This study site is located in the Maggia Nappe and is essentially characterized by leucocratic gneiss composed by biotite and plagioclase, conglomeratic gneiss, banded gneiss and polycyclic gneiss (Scapozza et al., 2020a). The site presents an active rock glacier and some ice-patches located southeast of the lake (Figure 2B). The development of the ice-patches took place mainly between 1960–1980, namely during a period favorable to ice aggradation (Scapozza et al., 2020a). In this study, the spring located downstream of the ice-patches (“Nero IP”) was investigated. According to Scapozza et al. (2020a), who analyzed the local permafrost distribution and the impacts of its degradation on the hydro-chemical characteristics of the Lago Nero watershed, Nero IP spring is fed by water from an area characterized by ice-patches surrounded by periglacial terrains, which contain very likely large amounts of ground ice. For this reason, the Nero IP spring has been associated with the springs of active rock glaciers. The water flowing over a rock wall was considered as the non-rock glacier counterpart (“Nero non-RG”).
2.2.3 Lago di Leìt
The study site of Lago di Leìt is located in the area of Passo Campolungo, which is located in the western part of the Valle Leventina and covers an altitude range of 2200–2680 m asl (Pizzo Lei di Cima). The lithology of this site is characterized by gneiss (including plagioclase gneiss), quartz rich schists, two-mica schists and amphibolite belonging to Simano nappe (Bianconi and Strasky, 2015). An active rock glacier of about 5.4 ha is located southeast of the lake (Figure 2C). Several water springs emerge from its very steep front. Temperature measurements of these springs indicated probable permafrost occurrence in this area (Deluigi and Scapozza, 2020). Steingruber et al. (2020) also measured very high sulfate and base cation concentrations in the springs. In this study, a water source located at the rock glacier front (“Leìt RG”) and the water emerging from a rock fissure east of the front (“Leìt non-RG”) were investigated.
2.2.4 Ganoni di Schenadüi
Val Cadlimo is a side valley located between the Lukmanier Pass and the Gotthard Pass. This study site covers an altitude range of 2400–2746 m asl (Schenadüi) and is composed entirely of Streifengneis, namely leucocratic gneiss containing alkaline feldspar and muscovite, belonging to Gotthard nappe (Bianconi and Strasky, 2015). The site is characterized by the presence of the active rock glacier of Ganoni di Schenadüi, whose area is about 7.3 ha (Figure 2D). The source located at the rock glacier front (“Schenadüi RG”) and water from a stream mainly on bedrock east of the rock glacier (“Schenadüi non-RG”) were investigated in this study.
2.2.5 Alpe Pièi
The study site of Alpe Pièi is located in the eastern part of the Valle di Blenio and covers an altitude range of 2300–2842 m asl (Cima di Gana Bianca). The lithology of this site is fully characterized by Gana Bianca orthogneisses, which generally contain white micas, plagioclases, alkaline feldspars and, locally, biotite and carbonate nodules, belonging to Simano nappe (unpublished data supplied by M. Cavargna). This area presents a large rock glacier of about 18.4 ha characterized by an upper lobe that is superimposed on the main lobe of this periglacial landform (Scapozza and Reynard, 2007; Figure 2E). Low horizontal velocities measured from 2009 indicate that this rock glacier is inactive (Scapozza et al., 2014). The temperatures of the springs indicate the probable/possible occurrence of permafrost in the western part of the front but the unlikely occurrence of permafrost for the eastern part of the front (Scapozza and Reynard, 2007). Sites investigated for this study were the spring in the central part (“Pièi RG”) and the one in the eastern part of the front (“Pièi non-RG”), but fed by waters coming from the eastern part of the catchment, partially on bedrock.
2.2.6 Valle di Sceru
The Valle di Sceru is located in the eastern part of the Valle di Blenio and covers an altitude range of 2000–2786 m asl (Cima di Gana Rossa). This valley is entirely constituted by feldspar rich-paragneisses belonging to Simano nappe (Scapozza et al., 2011). The extended rock glacier complex (about 37 ha) is constituted by protalus ramparts, as well as active and relict rock glaciers. The active rock glacier of Piancabella is part of the Swiss Permafrost Monitoring Network PERMOS (e.g., PERMOS, 2019). Past mapping, geophysical and hydrological studies in this region have identified a different permafrost occurrence between the left (unlikely) and right (probable) sides of the valley (Scapozza, 2008; Scapozza, 2009; Scapozza et al., 2011; Mari et al., 2013). The monitored sites (Sceru RG and Sceru non-RG sources) at the front of the large relict rock glacier of Alpe di Sceru I (Figure 2F) were chosen accordingly.
3 MATERIALS AND METHODS
3.1 Sampling and monitoring strategy
Continuous monitoring was applied only to the rock glacier springs, from June/July to October 2020, while individual sampling was manually done at all sources on three dates over the warm season: in early summer (June/July), in late summer (August) and in early autumn (October). Nevertheless, at some study sites, the sampling location varied during the season due to the presence of snow. At the Lac des Vaux site, the persistence of snowpack in early July and early snowfall in October prevented the collection of the Vaux non-RG samples at the same location during the warm season. At the Lago Nero site, because of heavy snowfalls in early October, the last sample from Nero IP was collected further downstream than previous samples. Similarly, the last sample of Nero non-RG was collected further downstream from the rock face: water in form of ice was collected because all streams were frozen, except the one emerging from the ice-patches. Finally, at Ganoni di Schenadüi site, the last sample at Schenadüi non-RG was collected further downstream than the previously collected samples due to the heavy snowfall in early October (Table 3).
3.2 Continuous monitoring
Physical parameters such as the water temperature and the electrical conductivity can indicate the possible degradation of the permafrost. Water temperature is a simple method to examine the permafrost occurrence in Alpine watersheds through thresholds values (Haeberli, 1975; Carturan et al., 2016). In addition, an increase in electrical conductivity in rock glaciers outflows during the warm season could indicate progressive melting of the rock glacier ice (e.g., Krainer et al., 2007; Thies et al., 2013; Colombo et al., 2018c). In this study, temperature-conductivity sensors (Hobo Fresh Water Conductivity data logger, respective accuracies 0.1°C and 5 μS/cm) were installed at rock glacier outflows at the beginning of the 2020 warm season, using a sample rate of one hour. All electrical conductivity data are reported at 25°C (specific conductance). Furthermore, punctual and seasonal variations in discharge normally indicate a change in the water supply of rock glacier outflows (e.g., Krainer and Mostler, 2002; Berger et al., 2004; Krainer et al., 2007). Water height of La Fare was then measured hourly using a pressure sensor (Hobo Water Level datalogger, accuracy 0.5 cm), installed at the Vaux RG site. A water height-discharge calibration curve was established from salt tracings, which were performed on seven dates during the 2020 warm season: July 9 and 21, August 4 and 20, September 13, and October 1 and 13 (cf. Franchini, 2022).
3.3 Punctual sampling
3.3.1 Chemical parameters
Water samples from rock glacier outflows and streams not fed by rock glaciers were manually collected at all study sites. The collected water was filtered through a 0.45 µm pore size filter directly in the field, stored and frozen in the laboratory until the analyses (within the following 6 months). The concentrations of major ions (cations and anions) were measured in duplicates by ion chromatography (Metrohm ion chromatography 930 Compact IC Flex instrument, whose detection limit is about 0.1 mg/L). Total carbon was measured on a TOC-L Shimadzu instrument (detection limit: 0.5 mg/L). All analyses were performed in a laboratory at the University of Lausanne. In this work, only sulfate (SO42-), nitrate (NO3−), calcium (Ca2+), magnesium (Mg2+), total inorganic carbon (TIC) and total organic carbon (TOC) analyses were reported.
3.3.2 Isotopic composition
The water origin can also be defined through daily and seasonal variation of the isotopic signature. In particular, the ratio of stable isotopes oxygen-18 and oxygen-16 (the so-called δ18O) allows to trace the temperature at which water vapor is condensed in the atmosphere. The decrease in temperature of a vapor mass causes the gradual loss of water from the cloud due to condensation process. Condensation initially affects isotopically enriched water vapor in the cloud. Continued cooling of the vapor mass will also lead to condensation of the isotopically depleted water remaining in the cloud, which will fall as snow (e.g., Clark and Fritz, 1997). Because of these isotope fractionations, snow is therefore isotopically more depleted in 18O than rain. Hence, the oxygen isotopic composition of the springs was measured in this study in order to discriminate water origins, mainly differentiating between liquid and solid precipitation. Sampling was conducted manually for both RG and non-RG springs at all sites, except for the Vaux RG source.
Car accessibility to the Lac des Vaux rock glacier allowed the installation of an automated water sampler (1 sample per day). Snow samples were also collected and analyzed (here named “S samples”, cf. Table 4). All water samples for isotopic analyses were stored in a refrigerator of the laboratory until the analyses. The analyses were performed in the Stable Isotope Laboratory of the University of Lausanne between November 2020 and January 2021. The isotopic composition of the water was determined with an analytical system of Wavelength Selective Cavity Ringdown Spectroscopy of Picarro L-2140i (precision is ± 0.025‰).
TABLE 4 | Measured parameters in samples collected at the rock glacier outflows (RG), at the ice-patches outflow (IP) and at the streams not fed by rock glaciers (non-RG). The isotopic values for the snow samples (S) are also reported.
[image: Table 4]3.4 Statistical analysis
Differences in water ion/isotopic values across study sites, sampling dates (early summer, late summer and early autumn) and springs (RG versus non-RG springs) were tested using a three-way ANOVA with fixed effects (study sites X sampling dates X springs and including the interaction between sites/dates and springs). The normality of residuals and the homogeneity of variances were visually checked using the QQ plots and the residuals versus fitted plots, respectively. Statistical analyses were performed with the programming language R (R Core Team, 2022) considering a significance level (α) of 0.05.
4 RESULTS
4.1 Continuous water monitoring
The seasonal evolution of the water electrical conductivity and temperature varied between sites, depending on the degree of activity of the rock glacier (Figure 3; Figure 4). The missing data correspond to periods when the sensor was out of the water due to low flow level. Electrical conductivity values of water emerging from active rock glaciers were characterized by a strong daily variability in early summer (June and July). The electrical conductivity of these springs also increased throughout the warm season (Figure 3). For example, at the Nero IP source, the electrical conductivity measured in early autumn was five times greater than the values recorded in early summer. In contrast, electrical conductivity was constant at the Sceru RG source (around 140 μS/cm) and decreased at the Pièi RG source over the season. The temperature of the water emerging from the Lac des Vaux, Ganoni di Schenadüi and Alpe Pièi rock glaciers (the latter only at the beginning of the measurements) showed strong daily variations, with maximum values in the afternoon and minimum values in the early morning (Figure 4). Nero IP and Leìt RG sources had steadier and colder (<1.5°C) water temperatures than the other sites, with yet some peaks and drops in temperature. The temperature recorded at Sceru RG source showed a stable value around 2°C throughout the warm season. From the graphs of the electrical conductivity and temperature, sudden spikes due to precipitation were observed but the response of physical parameters to rainfall events is described in detail through the high-resolution observation of the Lac des Vaux rock glacier (Figure 5). The hydrograph for La Fare showed that the flow was characterized by an overall decreasing trend over the warm season, with a clear diurnal cyclicity recorded in early summer and discharge peaks observed in the hours after a rainy event (Figures 5A–D). At the beginning of the monitoring, the water emerging from the rock glacier showed low δ18O values (around −14‰). From July 20 there was a rapid increase in the isotopic content of water, then from the beginning of August onwards the values stabilized around −13/−12.5‰, plateauing until the end of the observations. However, several δ18O peaks were observed throughout the warm season (Figure 5B). These peaks, which correspond to a rapid enrichment in 18O in water, often occurred after rain event (Figure 5D). Those were visible around July 11, 23 and 29, August 3, 13 and 29, and September 12. Electrical conductivity tended to increase slowly throughout the warm season (Figure 5C). While values varied between 40 and 50 μS/cm in early summer, by August 20 the electrical conductivity fluctuated around 60 μS/cm. At the beginning of the observation period, daily fluctuations in electrical conductivity were also observed and were negatively correlated to daily cyclicity in discharge. Several drops in electrical conductivity were also recorded by the instrument around July 21, August 3, 12, 29, September 11, 23 and October 3. They always corresponded to rainfall peaks measured by the Lac des Vaux SLF station (Figure 5D).
[image: Figure 3]FIGURE 3 | Hourly monitoring of the electrical conductivity in RG sources. Manual measurements of the electrical conductivity through a digital conductivity sensor are also indicated.
[image: Figure 4]FIGURE 4 | Hourly monitoring of the temperature in RG sources. Manual measurements of temperature through a digital temperature sensor are also indicated.
[image: Figure 5]FIGURE 5 | High-resolution monitoring at Vaux RG spring: (A) discharge (source: Franchini, 2022), (B) isotopic content (missing data correspond to samples that were lost due to instrument problems) and (C) electrical conductivity. Hourly precipitation measured at the Lac the Vaux station (D) are also reported (source: Swiss Federal Institute for Snow and Avalanche Research SLF). Grey bars indicate correlation between major rainfall events and changes in measured parameters.
4.2 Samples analysis
The chemical and isotopic composition measured in the water samples is summarized in Table 4. The dominant ion measured in the water emerging from rock glaciers and ice-patches was sulfate (SO42-), with the exception of the Lac des Vaux and Alpe Pièi sites, where the dominant ion was calcium (Ca2+). Globally, the ion content measured at the Valle di Sceru site were very high. In contrast, the ion concentrations measured in Alpe Pièi springs were very low (<7 mg/L). A three-way ANOVA test was performed on all ion/isotopic parameters. For the NO3− variable, the residuals versus fitted plot showed outliers belonging to Alpe Pièi site. For this reason, the NO3− values measured at this study site were removed in order to meet the homogeneity of variances assumption. The ANOVA test showed significant effects of study sites, sampling dates (early summer, late summer and early autumn) and springs (RG versus non-RG springs) on ion/isotopic values (Table 5). In particular, the three sampling dates were associated with significant differences in SO42-, Ca2+, Mg2+, NO3− and δ18O values. In addition, the source factor affected significantly SO42-, Ca2+, Mg2+ and NO3− values. For sulfate values, moreover, the effect of source type depended on the study site. No parameter showed a significant interaction between sampling dates and source types. In contrast, the site factor had a significant effect on all parameters (except for TOC values), indicating the presence of local specificities (see Chapters 4.2.1 and 4.2.2).
TABLE 5 | p-values of the three-way ANOVA performed on ion/isotopic values measured in water samples. Asterisk indicates the values below the significance level alpha (α = 0.05).
[image: Table 5]4.2.1 Differences between sampling dates
Site-specific differences and detailed seasonal trends are presented in Figure 6 and Figure 7. Chemical and isotopic parameters were standardized using Z-scores in order to be compared over similar scales. As shown by the ANOVA test, SO42-, Ca2+ and Mg2+ values varied strongly between sampling dates. In particular, these chemical parameters increased progressively throughout the warm season in the water emerging from active rock glaciers. In fact, for example, SO42- values detected in Schenadüi RG and Nero IP in early autumn were respectively about 9 and 3 times higher than those measured in early summer. Sceru RG also showed a seasonal increase in SO42-, Ca2+, Mg2+ concentrations but the increase factor (of 1.3 times for these ions) between early summer and early fall was smaller than that observed for active rock glacier springs (cf. Table 4). In addition, Vaux RG and Nero IP springs also showed a progressive increase in NO3− concentrations throughout the warm season, whereas an important seasonal increase in TIC values was observed only in the Vaux RG spring. In contrast, Pièi RG as well as all non-RG sources were characterized by a less clear seasonal trend in ion content. Regarding the isotopic content, water samples of RG and non-RG sources had a very low δ18O values in early summer, similar to those measured in snow samples (cf. Table 4). After the snowmelt season, the values tended to strongly increase in the water emerging from rock glaciers between early and late summer, with the exception of Sceru RG spring. In contrast, between late summer and early fall δ18O values tended to remain rather stable, with slight increases or decreases (<± 0.6‰), with the exception of Pièi RG, whose isotopic content decreased by 1.1‰. The non-RG springs followed a similar trend, although major changes in isotopic content (>± 0.7‰) were observed between late summer and early fall at Lago Nero, Ganoni di Schenadüi and Valle di Sceru sites. In contrast, Sceru RG and Vaux non-RG sources showed a different seasonal evolution, characterized by a fairly constant isotopic content throughout the warm season.
[image: Figure 6]FIGURE 6 | Chemical parameters measured in RG springs (left column) and non-RG springs (right column) during the warm season. Values were standardized using Z-scores.
[image: Figure 7]FIGURE 7 | δ18O values measured in RG springs (left column) and non-RG springs (right column) during the warm season. Values were standardized using Z-scores.
4.2.2 Differences between springs
The spatial comparison between sources and study sites is represented in detail in Figure 8. As already suggested by the ANOVA test, the type of source significantly affected SO42-, Ca2+, Mg2+ and NO3− values. In detail, the median concentrations of these chemical elements measured in RG springs were greater than those detected in non-RG springs during the warm season. This trend is clearly visible in sites with active rock glaciers, with the exception of Lac des Vaux site. In fact, for example, the concentrations of sulfates and calcium measured in Leìt RG in early autumn were 2.5 times and about 2 times greater than those detected in Leìt non-RG, respectively. Similarly, the concentrations of the same ions measured in Schenadüi RG in early autumn were 15 and 4 times higher than those determined in Schenadüi non-RG, respectively (cf. Table 4). At the Valle di Sceru site, SO42-, Ca2+, Mg2+ and NO3− median values measured in the RG source were also greater than those detected in the non-RG source. In contrast, at the Alpe Pièi site, there was little difference in SO42-, Ca2+, Mg2+ and NO3− values between RG and non-RG sources. Similarly, at the Lac des Vaux site, differences between sources were less pronounced, with the exception of NO3− values, which were clearly higher in the RG source than in the non-RG source. Highest TIC concentrations were measured at the Lac des Vaux site, whereas sources located at Valle di Sceru and Lago di Leìt sites did not show significant TOC values. Significant values of total organic carbon were mainly observed in RG sources located at the Alpe Pièi, Ganoni di Schenadüi, Lago Nero and Lac des Vaux sites. At Ganoni di Schandüi site, median values of δ18O measured in RG and non-RG sources were rather similar. Leìt and Nero non-RG sources were on average more enriched in 18O than RG/IP sources during the warm season. On the contrary, at the Valle di Sceru, Lac des Vaux and Alpe Pièi sites, the median values of δ18O measured in RG sources were higher than those detected in non-RG sources.
[image: Figure 8]FIGURE 8 | Distribution of ion and isotopic values measured in RG and non RG springs during the warm season.
5 DISCUSSION
5.1 Ice melt tracers
5.1.1 Physical parameters
Water emerging from active rock glaciers showed a seasonal increase in electrical conductivity and, at the Vaux RG spring, a seasonal decrease in flow, which is consistent with trends observed in other studies (e.g., Krainer and Mostler, 2002; Berger et al., 2004; Krainer et al., 2007; Thies et al., 2013). Low electrical conductivity and high flow measured in early summer in rock glacier outflows were due to snowmelt. The latter also caused daily fluctuations in electrical conductivity (where minimum values were typically observed in the evening) and discharge (where maximum values were typically observed in the evening) of the water emerging from Lac des Vaux rock glacier. This negative correlation between EC and discharge was also observed in water emerging from rock glaciers investigated by Krainer et al. (2007) and Wagner et al. (2021b). The seasonal increase in electrical conductivity in the water emerging from active rock glaciers could indicate an increasing ground ice melting during the warm season. Indeed, once the snow has completely melted, the atmospheric heat can penetrate into the ground and generate thaw in the active layer. This seasonal thaw will gradually increase during the warm season, which may have two effects on the hydrochemistry of the water emerging from active and inactive rock glaciers: 1) an ion release through the perennial ground ice melting (e.g., Thies et al., 2007), because ice can temporarily store air pollutants arising from atmospheric fallout (Scapozza et al., 2020a); 2) an increase in freshly exposed mineral surfaces within rock glaciers in contact with air/water, which promotes the chemical weathering process (Williams et al., 2006; Ilyashuk et al., 2014; Ilyashuk et al., 2018; Colombo et al., 2018b). In addition, the increase in the seasonal thaw depth also changes internal flow paths, by decreasing the flow velocity of the water through rock glaciers (Buchli et al., 2013) but, at the same time, increasing the contact time between rocks and water and thus enhancing chemical weathering processes. This seasonal trend in electrical conductivity was not observed in the water emerging from the inactive rock glacier of Alpe Pièi, where the ice body might possibly be now located at greater depth. In contrast, the hydrological functioning of relict rock glaciers is expected to differ from active and inactive rock glaciers, with greater storage capacity and longer average residence times for water flowing through their internal structure (see e.g., Wagner et al., 2016; Winkler et al., 2016). Indeed, the rather constant values of electrical conductivity and temperature measured at the Sceru RG spring during the warm season, suggest that water was probably mixed for a long time in an aquifer before exiting. The possible presence of an aquifer in southern part of the rock glacier has been suggested by Scapozza (2008) and Scapozza et al. (2008) on the basis of self-potential profiles carried out in the Valle di Sceru. Despite the possible storage of water in the body of the rock glacier, major rainfall events caused decrease in water electrical conductivity at the Sceru RG source, which is consistent with the variations observed by Winkler et al. (2016) in the water emerging from the Schöneben relict rock glacier (Austrian Alps). High-resolution monitoring at the Lac des Vaux rock glacier allowed to analyze in detail the responses of physical parameters to major rainfall events. Consistent with the observations of Krainer et al. (2007) and Harrington et al. (2018), liquid precipitation caused rapid decreases in electrical conductivity in water emerging from the rock glacier, through a dilution effect of dissolved ions (Colombo et al., 2018b). Flow rates measured in La Fare also followed episodic variations: in particular, peaks were observed in the hours following a rainy event, consistent with measurements made in other studies (Krainer and Mostler, 2002; Berger et al., 2004; Krainer et al., 2007). These observations suggest that most meteoric water is rapidly released by the rock glacier, in the form of surface runoff (also called suprapermafrost flow) that flows over the surface of the ice present in the active layer or in the permafrost (Krainer and Mostler, 2002). However, some meteoric water can also seep through the ice/air and rock matrix or through taliks, forming intrapermafrost flows (Vonder Mühll, 1992; Scapozza, 2008) that feed the subpermafrost flow. In fact, Krainer et al. (2007) observed that the active rock glacier of Reichenkar (Austrian Alps), in the month of June, released only between 40% and 68% of the total precipitation within 48 h after the rainy event. In addition, tracer tests with fluorescent dye (Uranine) performed at the Lac des Vaux rock glacier in the summer of 2020 by Franchini (2022) showed that the hydrological functioning changed throughout the warm season. In early summer, high water flow velocity (115 m/h) through the rock glacier indicated that water flowed rapidly over an impermeable surface composed of seasonal ice located at the base of the active layer. Progressive ground thawing during the warm season allowed the opening of pores previously closed by ice. This, in turn, allowed greater water infiltration into the rock glacier body causing lower flow velocity measured in late summer (70.8 m/h) and in early autumn (35.4 m/h). A similar decline in water flow velocity through the rock glacier over the summer season was also observed by Buchli et al. (2013) in the Turtmann Valley (Swiss Alps), where values decreased from 43.4 m/h (early July) to 15.3 m/h (late August) according to the tracer tests with Rhodamine G. The constant water temperature of about 2°C measured at the Sceru RG spring is at boundary between possible and unlikely permafrost occurrence based on the thresholds defined by Haeberli. (1975). The cold temperatures recorded at this site could therefore be related to cold ground condition. Indeed, apparent resistivity profiles realized by Scapozza (2008) and Scapozza et al. (2011) showed the possible presence of an ice core in the southern lobe of the rock glacier, which may have been preserved through internal ventilation. Furthermore, it is also possible that cold water (with a temperature of 0.4°C; cf. Scapozza and Reynard, 2007) emerging from the active rock glacier of Piancabella feeds the Sceru RG spring through a subsurface flow along the southern slope of the valley, as directly proved by water tracing performed by Mari et al. (2013). Water temperature measured at the Leìt RG and Nero IP sources was rather constant and cold (<1.5°C) throughout the warm season, consistent with the water temperature of other active rock glacier outflows (Krainer and Mostler, 2002; Krainer et al., 2007; Geiger et al., 2014). This trend in water temperature could indicate that the flow was in contact with an ice body (Berger et al., 2004; Scapozza et al., 2020a). Vaux RG, Schenadüi RG and Pièi RG sources showed higher temperatures and daily variations throughout the monitoring period. At the Lac des Vaux site, the position of the temperature sensor (located about 225 m from the rock glacier front) probably played an important role in the observed thermal evolution. Indeed, the water emerging from the rock glacier was subjected to heat exchange with the atmosphere before reaching the sensor, which would explain the daily fluctuations observed. The very low water flow emerging from Alpe Pièi and Ganoni di Schenadüi rock glaciers (the water was almost stagnant) likely played an important role in the observed temperatures, by promoting heat exchange between water and atmosphere.
5.1.2 Isotopic composition (δ18O)
Similar isotopic values between water sources and snow samples in early summer indicate that all streams were fed by snowmelt during this period. Afterwards, an enrichment in 18O in all water sources (except in Sceru RG and Vaux non-RG sources) has been observed between early summer (June-July) and late summer (August). Between late summer and early autumn (October), δ18O values measured in RG sources tended to remain rather stable, with the exception of Pièi RG source, whose δ18O values significantly decreased. This seasonal evolution of the isotopic signature in water emerging from rock glaciers was clearly visible in Vaux RG source thanks to the high-resolution monitoring. A similar trend was observed by Krainer et al. (2007), who measured an increase in δ18O values from −17.5‰ (snowmelt) to about −14‰ (from August until early autumn). Harrington et al. (2018) also observed such a seasonal variation in isotopic signature in the water emerging from the Helen Creek rock glacier (Canada), although the transition from snowmelt (−20‰) to the plateau observed since August (−19/18.5‰) is less pronounced than that of Krainer et al. (2007) but more similar to that observed at the Vaux RG spring. Isotopic enrichment in water sources may indicate a change in the origin of water supply during the warm season. Already during the snowmelt, the isotopic content of the meltwater tends to increase due to isotopic fractionations taking place in the snowpack (cf. Moser and Stichler, 1974; Taylor et al., 2001). As suggested by Krainer et al. (2007), also water supply related to rain water can play a role in the 18O enrichment observed in the springs. Vaux RG source showed that the δ18O peaks recorded during the warm season occurred after rainfall events, indicating that there was an input of 18O-enriched water in the hydrological system.
Precipitation can have two effects on isotopic signature of water emerging from rock glaciers. In the short term, meteoric water rapidly released by rock glaciers causes δ18O peaks within hours of the rain event. In the long term, meteoric water that percolates through the ice/air and rock matrix can feed and isotopically enrich the subpermafrost flow circulating at the base of the rock glacier. But another type of water supply in active and inactive rock glaciers may contribute to seasonal enrichment in 18O, namely the water from ice melt (Krainer et al., 2007; Reato et al., 2022). As suggested by Williams et al. (2006), the increase in seasonal thaw depth during the warm season promotes the contact between liquid water and internal ice of rock glaciers, causing isotopic fractionations that concentrate heavier isotopes in the ice. In addition, several melt-freeze cycles can also enrich in δ18O the internal ice of rock glaciers (Steig et al., 1998; Williams et al., 2006). However, given the multitude of possible origins of the water emerging from rock glaciers, ice melt tracing remains a very difficult and complicated task (Krainer et al., 2007; Colombo et al., 2018a).
5.1.3 Sulfates and base cations
Water emerging from active rock glaciers was characterized by a progressive increase in ionic content (in particular SO42-, Ca2+ and Mg2+) during the warm season, consistent with the results of several studies (Williams et al., 2006; Thies et al., 2013; Colombo et al., 2018a; Scapozza et al., 2020a; Brighenti et al., 2021). Sceru RG spring was also characterized by a slight seasonal increase in SO42-, Ca2+ and Mg2+ values. In addition, SO42-, Ca2+, Mg2+ and NO3− concentrations measured in RG sources were globally greater than those detected in non-RG sources during the warm season. As explained before, the progressive increase in seasonal thaw depth probably affected the hydrochemistry of rock glacier outflows. In addition, it is possible to exclude significant solute export from watersheds caused by rainfall events, as the days preceding the sampling were generally characterized by dry conditions (except for water samples collected in early summer). Chemical elements such as sulfates, calcium and magnesium can therefore have a double origin. On the one hand, these ions can have a geological origin, through the chemical weathering of evaporite rocks (such as gypsum, anhydrite, calcite and dolomite; cf. Giovanoli et al., 1988; Spencer, 2000) and/or sulfide minerals (such as pyrrhotite and pyrite; cf. Scapozza et al., 2020a) in contact with air/water. In addition, chemical alteration by acidic water of silicate minerals (such as biotite and plagioclase) contained in gneissic rocks can release Ca2+ and Mg2+, as well as HCO3− (e.g., Giovanoli et al., 1988; Drever and Zobrist, 1992). On the other hand, these ions can also have an atmospheric origin. In fact, the cryosphere can store air pollutants and other chemical compounds derived from past atmospheric deposition, as evidenced by analyses of several ice cores collected in the Swiss Alps (e.g., Wagenbach and Geis, 1989; Sodemann et al., 2006; Bohleber et al., 2018). The last cold period favorable to significant ion storage in ice occurred probably between the 1960s and the 1980s (Scapozza et al., 2020a). Indeed, cold weather conditions (such as heavy snowfall and/or low summer temperatures) occurred during this period, as evidenced by the advancement of several glaciers in the European Alps (Wood, 1988). At the same time, a peak in anthropogenic sulphur dioxide (SO2) emissions and, consequently, in sulfur deposition occurred in Europe in the 1960s and 1970s (Mylona, 1996). Moreover, the Southern Alps is a region particularly affected by anthropogenic pollutant emissions (especially sulfur dioxide and nitrogen oxides) and deposition due to its proximity to the industrialized area of Po Plain (Steingruber, 2015; Rogora et al., 2016). Regarding base cation deposition, peaks of these ions in rain water measured in Southern Alps are often associated with alkaline precipitation that occurred in presence of dust (mostly rich in calcium and bicarbonate) in the atmosphere, which is usually of Saharan origin (Rogora et al., 2004; Rogora et al., 2016). Mineral dust concentration measured in ice cores collected from Colle Gnifetti allowed reconstruction of mineral dust events during the 20th century, showing that several depositions took place during the 1970s and 1980s (Wagenbach and Geis, 1989). Globally, the watersheds in this study are characterized by crystalline rocks such as orthogneiss and paragneiss—which are rather resistant to chemical and mechanical weathering (e.g., Kühni and Pfiffner, 2001)—and by almost total absence of evaporitic rocks and sulfide minerals (cf. Chapter 2.2). This lithological conformation suggests that ion release into the water emerging from rock glaciers is probably largely caused by perennial ground ice melting and only a small part by chemical weathering. However, at the Lac des Vaux site, the possible presence of carbonate-rich quartz schists belonging to the Col de Chassoure Formation (Sartori et al., 2006), could have affected the chemical composition of both RG and non-RG springs. In fact, both springs showed high concentrations of calcium, magnesium and inorganic carbon probably released by carbonate dissolution. Nevertheless, the seasonal increase in ion concentrations visible at the Vaux RG source would prove that the hydrochemistry of this spring was affected by ground thawing. In contrast, the less clear seasonal evolution of the ion content in the Pièi RG spring, as well as the similar concentrations measured in RG and non-RG sources, indicate the low probability that the rock glacier outflow was affected by perennial ground ice melting. High values of Ca2+ and TIC measured in both RG and non-RG sources could be caused by the dissolution of carbonate nodules contained in the Gana Bianca orthogneiss.
5.1.4 Nitrates
Nitrates contained in rock glacier outflows probably have a double origin, which would explain the absence of a clear seasonal trend of NO3− in most RG sources. On the one hand, microbial activity within rock glaciers can play an important role in nitrate release into the water, as suggested by some studies in the United States (Williams et al., 2007; Barnes et al., 2014; Fegel et al., 2016). Colombo et al. (2018a) and Colombo et al. (2019) also measured elevated NO3− values in Alpine ponds located in catchments with probable permafrost occurrence in the north-western Italian Alps (Aosta Valley). These studies suggest that NO3− enrichment was probably due to water flowing through sediments where microbial activities were active. On the other hand, as suggested by Scapozza et al. (2020a), the release of atmospheric pollutants through ice melting can also enrich the water in NO3−. The highest values of nitrates were measured at the Pièi RG (2.9 mg/L) and Sceru RG (1.5 mg/L) sources. It is possible to consider that the inactive rock glacier of Alpe Pièi and the relict rock glacier of Alpe di Sceru I may potentially represent porous environments suitable for the development of microbial communities. In contrast, all non-RG sources were characterized by low NO3− values. This is probably due to the important presence of rock outcrops upstream of these sampling points at most sites, which represent less suitable environments for microbial community development.
5.1.5 Summary of results
The spatial comparison between sources and sites of different physico-chemical parameters measured in the water, provided insight into whether and where there may have been perennial ground ice melting during the warm season and what tracers might indicate such process (Table 6). Perennial ground ice melting thus probably affects the physico-chemical composition (especially EC, SO42-, Ca2+ and Mg2+) of the water emerging from the active rock glaciers investigated. In contrast, a different situation was observed at sites with relict and inactive rock glaciers. The slight seasonal increase in ionic content (SO42-, Ca2+ and Mg2+) observed in the water emerging from the relict rock glacier could trace the perennial ground ice melting occurred at the top of the valley, although this water supply may have been partially masked by water mixing process in an internal aquifer. In contrast, no clear signal of perennial ground ice melting was observed in the outflow of the inactive rock glacier.
TABLE 6 | Summary of the potential ice melt tracers resulting from the spatial comparison between sources and sites.
[image: Table 6]5.2 Conceptual model
Figure 9 shows a conceptual model of the main hydro-chemical processes taking place within an active rock glacier in the current context of atmospheric warming, which causes both seasonal and perennial ground ice melt. This model is based on the results of this study and on the conceptual models suggested by Williams et al. (2006) and Colombo et al. (2018a). In the past, atmospheric depositions of eolian dust and anthropogenic pollutants that occurred during the winter period, allowed the temporary accumulation of various chemical compounds in the snowpack (Figure 9A). In early summer of past and present times, ice aggradation can occur at the base of the active layer through the refreezing of the meltwater coming from the snowpack (e.g., Hanson and Hoezle, 2004). The chemical compounds that were stored in the snowpack are then transferred into the ground ice. The rock glacier outflow is mainly fed by meltwater coming from the snowpack, which is poorly conductive and depleted in 18O and in ions, consistent with the model suggested by Colombo et al. (2018a). The suprapermafrost flow is dominant and flows rapidly over a largely impermeable surface formed by the seasonal ground ice. Highest discharges and reduced water circulation within the rock glacier are observed in this period (Figure 9B). In late summer of the present time, the snow cover has almost completely disappeared, allowing heat propagation into the ground. Seasonal ground ice melt occurs and voids can open. For this reason, intrapermafrost flow is greater than that observed in early summer, when the basis of the active layer was still frozen. The strong reduction of 18O-depleted and poorly mineralized water coming from snowmelt and the increase in groundwater (mainly fed by rainwater) would explain the increase in electrical conductivity and in ionic/isotopic content in the rock glacier outflow compared to early summer (Figure 9C). In early autumn of the present time, the active layer no longer contains seasonal ground ice and melting of the perennial ground ice at the permafrost table may occur. Chemical compounds that were stored into the perennial ground ice are then released and flushed out of the system by water circulating within the rock glacier. In fact, the water emerging from the rock glacier shows high electrical conductivity values and high ion content (especially SO42-, Ca2+ and Mg2+) (Figure 9D). At this stage, water percolation is quite widespread within the rock glacier, as indicated by low water flow velocities. However, the water availability is generally low during this period, as evidenced by the low discharge of the rock glacier outflow. Perennial ground ice located at the permafrost table can be subjected to δ18O enrichment due to isotopic fractionations between liquid water and ice. The isotopic values of the water emerging from the rock glacier are high and quite similar to those measured in late summer, which may indicate that the outflow is a mixture of groundwater (which is mainly fed by rainy water) and meltwater related to the perennial ground ice melting, as suggested by Krainer et al. (2007).
[image: Figure 9]FIGURE 9 | Conceptual model of the main hydro-chemical processes taking place in an active rock glacier, divided into four time phases: (A) winter time in the past, (B) early summer in past and present time, (C) late summer in present time and (D) early autumn in present time. This figure refers to the conceptual models proposed by Williams et al. (2006) and Colombo et al. (2018a).
6 CONCLUSION
In the global context of permafrost degradation as a consequence of the ongoing climate change, hydrological studies of rock glaciers are essential to understand and evaluate their potential as a water resource in high mountain regions. This research aimed at improving knowledge about ice melt tracing in rock glacier outflows through physical and chemical parameters, in order to understand the hydrological role played by these high altitude debris accumulations in periglacial watersheds. A spatial comparison between sites and springs allowed to observe that sources fed by active rock glaciers were characterized by a seasonal increase in electrical conductivity and in ionic content (especially SO42-, Ca2+ and Mg2+). In addition, RG springs were globally characterized by higher ion values (especially SO42-, Ca2+, Mg2+ and NO3−) than those measured in non-RG sources. The only exception is the site with the inactive rock glacier, where the similar chemical-isotopic composition between RG and non-RG springs could indicate that the perennial ground ice is now located at greater depth. We assume that physico-chemical parameters (especially EC, SO42-, Ca2+ and Mg2+) measured in water emerging from active rock glaciers represent potential ice melt tracers. Gneissic lithology of watersheds suggests that the ion release observed in these springs is mainly caused by perennial ground ice melting and only a small part by chemical weathering of the rocks. It is hypothesized that the cryosphere stored a large amount of chemical compounds arising from atmospheric fallout during a colder period in the past (e.g., 1960s–1980s) and that the current melting of the perennial ground ice partially releases these chemical compounds in the Alpine water ecosystems. The ion release process related to perennial ground ice melting is expected to decrease in future as the ice content of rock glaciers is also expected to decrease due to atmospheric warming. However, in the coming years it will be important to continue this kind of monitoring in order to quantify the impact of perennial ground ice melting on hydrochemistry of Alpine water ecosystems. It would also be interesting to combine hydro-chemical and geophysical/geodetic measurements in order to quantify the changes in rock glacier ice content.
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Valle di Sceru Sceru RG Punctual (water sampling) and continuous (by sensor) 4627'13.61'N, 9'01'34.86'E 1996
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(06.07.2020)
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(20.08.2020)
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A) Climate normals (1991-2020) of air temperature and precipitation

Pennine Alps

Lepontine Alps

Station Col du Grand Saint Bernard Acquarossa/Comprovasco Piotta Robiéi
Coordinates 45'52/0872'N, 4627'34.29'N, 4630'53.33'N, 4626'35.06'N,
(WGS84) 7101452°E 8'56'775'E 841'16.96'E 830'48.21'E
Altitude [m asl] 2472 575 990 I 1898
MAAT [C] -0.1 105 8.1 36
MAAT at 2000 m asl ['C] - 34 31 31
MAAT at 2500 m asl ['C] - 09 06 06
MAAT at 3000 m asl ['C] - -16 -20 -19
MAP [mm] 285 1283 1456 2414
MAP at 2000 m asl [mm] - 1725 1769 2446
MAP at 2500 m asl [mm] - 1880 1924 2601
MAP at 3000 m asl [mm] = 2035 2079 2756

B) Average snow depth

Pennine Alps

Lac des Vaux

Campolungo/Fontane

Lepontine Alps

Piano del Simano

Coordinates
(WGS84)

Altitude [m asl]

Max snow depth 2019-2020 [cm]
Average max snow depth 2011-2020 [cm]

4606'19.04'N,
7'16'11L.71'E

2550
255
230

4627'56.61'N,
843290'E

2216
227
278

4628'2.84'N,
8'58/5097'E
2450
203
220
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Coordinates Exposition  Altitude of the front  Activity References

(WGS84) [m asl]
Lac des Vaux Verbier 46'06'3.56'N, NW 2620 Active Lambiel (2006); Scapozza (2013)
7'16'35.12'E
Lago Nero Val Bavona 4626'48.97'N, w 2585 Active Scapozza et al. (2020a)
$324431'E
Ganoni di Val Cadlimo 4633'19.55'N, N 2480 Active | Scapozza et al. (2016); Scapozza et al.
Schenadiii 844'5162'E (2020b)
Lago di Leit Passo del 4627'4287'N, N 270 Active Deluigi and Scapozza (2020);
Campolungo 843/26.06'E Steingruber et al. (2020)
Alpe di Sceru I Val Malvaglia 4627'1640"'N, NE 1966 Relict | Scapozza (2008); Scapozza et al. (2008)
901'26.03""E
Alpe Piéi Valle di Blenio | 46'28'3.79'N, 8'59'4.68'E s 2340 Inactive | Scapozza et al. (2016); Scapozza et al.
(2020b)
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