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Abstract

Rock glaciers are the most prominent permafrost-related mountain landforms. This study investigates the
effects of the discharge from an intact rock glacier on the hydrological, thermal and chemical dynamics of a
high-elevation stream in the NW Italian Alps. Despite draining only 39% of the watershed area, the rock glacier
sourced a disproportionately large amount of discharge to the stream, with the highest relative contribution to
the catchment streamflow occurring in late summer - early autumn (up to 63%). However, ice melt was
estimated to be only a minor component to the discharge of the rock glacier, due to its insulating coarse debris
mantle. The sedimentological characteristics and internal hydrological system of the rock glacier played a
major role in its capability to store and transmit relevant amounts of groundwater, especially during the
baseflow periods. Besides the hydrological influence, the cold and solute-enriched discharge from the rock
glacier significantly lowered the stream water temperature (especially during warm atmospheric periods) as
well as increased the concentrations of most solutes in the stream. Furthermore, in the two lobes forming the
rock glacier, different internal hydrological systems, likely driven by different permafrost and ice content,
caused contrasting hydrological and chemical behaviours. Indeed, higher hydrological contributions and
significant seasonal trends in solute concentrations were found in the lobe with higher permafrost and ice
content, due to different flowpaths. Our results highlight the relevance of rock glaciers as water resources,
despite the minor ice melt contribution, also suggesting their potential, increasing hydrological importance in

the light of climate warming.

Keywords: rock glaciers, hydrology, permafrost, discharge, water chemistry, climate change
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1. Introduction

Billions of people depend on water supply from mountain regions (Viviroli et al., 2020), where climate
change is driving a shift in precipitation phase from snow to rain and a trend toward earlier snowmelt (Huss et
al., 2017). At the same time, mountain glaciers around the world are rapidly receding (e.g., Hugonnet et al.,
2021; Zemp et al., 2015), shifting the predominant dynamics of the mountain cryosphere from glacial to
periglacial (e.g., Haeberli et al., 2017; Seppi et al., 2015). This shift could have relevant implications for
mountain water resources (e.g., Arenson et al., 2022; Wagner et al., 2021a). For instance, the projection of ice
loss rates indicates that in the next decades more subsurface ice may remain compared to glacier surface ice,
due to their different response times to atmospheric changes (Arenson et al., 2022; Haeberli et al., 2017). In
turn, permafrost degradation and subsurface ice loss may partially offset water shortages by increasing the
water storage capacity of mountain terrains due to the increase in the unfrozen sediment thickness (Rogger et
al., 2017).

Rock glaciers are the most prominent permafrost-related mountain landforms (Haeberli et al., 2006). Intact
rock glaciers consist of a seasonal frozen layer (active layer) covering ice-supersaturated debris and/or pure
ice (Jones et al., 2019), differing from relict rock glaciers which do not longer contain ice (Haeberli et al.,
20006). Intact rock glaciers can store water in solid (ice/snow) and liquid form (groundwater) (Wagner et al.,
2021a), potentially representing a relevant water source under future climate warming conditions (Arenson et
al., 2022; Jin et al., 2022; Jones et al., 2018). Rock glacier water storage occurs at long-term (ice storage from
multiannual to millennial timescales), intermediate-term (snow storage and release of water on seasonal
timescales) and short-term timescales (water diurnal drainage) (Jones et al., 2019). Despite the increasing
attention gained by intact rock glaciers as water sources, their contribution to the runoff of high-elevation
catchments, and its seasonal variations, remain largely unexamined.

Discharge from intact rock glaciers usually originates from snowpack and internal ice melting, rainfall, and
groundwater (Krainer et al., 2007). Commonly, the highest discharge rates occur during the spring - early
summer snowmelt, and gradually decrease through summer and autumn with the lowest flow rates recorded in
the winter months (Krainer and Mostler, 2002). In this framework, the identification and quantification of the
contribution of the different water sources composing the discharge of intact rock glaciers is still unclear (cf.,
Krainer et al., 2007; Williams et al., 2006), above all the permafrost-ice melt rate and its contribution to the
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water budget. In addition, irrespective of the water source, due to their cold discharge (Millar et al., 2013;
Krainer et al., 2007; Krainer and Mostler, 2002), rock glaciers are also emerging as potential climate refugia,
enabling the near- and long-term persistence of cold habitats and related biodiversity (Brighenti et al., 2021a).
However, how cold waters emerging from intact rock glaciers can influence the thermal regime of high-
elevation surface waters remains poorly investigated.

The degradation of permafrost and ice melting in rock glaciers can also affect the chemical characteristics
of surface water (Colombo et al., 2018b). High content of solutes, such as ions, nutrients, and trace elements
have been reported in intact rock glacier outflows (Brighenti et al., 2019; Colombo et al., 2019; 2018c;
Williams et al., 2007; 2006). This occurrence has been also shown to impact the ecological conditions of
downstream water bodies (Mania et al., 2018; Thies et al., 2013) and even the suitability of surface waters
downstream of rock glaciers for use as safe, potable water sources (Ilyashuk et al., 2018; 2014). Despite the
increasing number of studies devoted to the analysis of intact rock glacier hydrochemistry (Jones et al., 2019;
Colombo et al., 2018a), it is evident that further scientific investigation is required, particularly focused on the
quantification of the hydrochemical influence of intact rock glaciers on downstream water bodies.

The aim of this research is to assess the hydrological, thermal and chemical influence of an intact rock
glacier discharge on high-elevation stream water in the NW Italian Alps (Valtournenche Valley, Aosta Valley).
The specific objectives are to: (i) quantify the rock glacier hydrological influence (including the internal ice
melt rate), and its seasonal variations, on the hydrologic stream regime; (ii) investigate how the rock glacier

discharge thermally and chemically influences the stream water.

2. Study area

The study area is located in the NW Italian Alps, at the head of the Valtournenche Valley (Aosta Valley),
in the south-eastern side of the Cervinia basin (Fig. 1a). The study is focused on the intact Gran Sometta Rock
Glacier, a tongue-shaped landform originating from the rock walls of the Gran Sometta Peak (3165 m a.s.l.).
The rock glacier is approximately 400-m long, between 150- and 300-m wide, with a thickness of 20-30 m,
extending in elevation from 2630 to 2770 m a.s.l. (Bearzot et al., 2022).

The surface of the rock glacier consists of longitudinal ridges in the extensive central part, and a complex
of transverse ridges and furrows in the compressive terminal part (Fig. 1). The debris cover is composed of
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pebbles and angular blocks, in most places lacking any visible fine-grained matrix. Two adjacent lobes
constitute the main body of the rock glacier, called “Black” and “White”, given their different colours, driven
by the lithological composition. Indeed, the Black lobe is mainly composed of calcschists, with a secondary
presence of dolomitic marbles and metabasites. The White lobe is primarily composed of dolomitic marbles,
with a secondary presence of calcschists and metabasites. The remaining part of the study area is lithologically
similar to the rock glacier. Bare cliffs and debris talus deposits are dominant outside the rock glacier, while
soil cover with alpine meadows can be found in restricted areas, especially along the main stream draining the
catchment, the Pousset stream.

The two rock glacier lobes differ in terms of internal structure and surface velocities (Bearzot et al., 2022).
The internal structure of the White lobe is composed by two high-resistivity bodies in the central (30-m
thickness) and terminal (20-m thickness) parts of the tongue, which are interpreted as substantial frozen ground
occurrences. These parts are overlaid by a less resistive layer representing the active layer and, below, by
resistivity values < 5 kohm m indicating unfrozen conditions. This lobe moves downstream at an average
annual surface velocity of 0.5 m y!. The Black lobe displays a different internal structure, showing a
continuous layer (20-m thickness) with high resistivity values (~100 kohm m) under the active layer, indicating
a higher frozen ground content with respect to the White lobe. This lobe moves downstream at a velocity of
about 1 m y!, twice as fast as the White lobe, likely due to its higher frozen ground content and, possibly,
slightly different topographic conditions (Bearzot et al., 2022).

Two springs are located at the fronts of the lobes, discharging into the main stream. In the studied watershed
(1.32 km?), three hydrological catchments were outlined using the surface topography (2mx2m-cell digital
terrain model), named “Up site” (upstream of the rock glacier), “White lobe”, and “Black lobe” (the last two
related to the studied rock glacier lobes), draining 61% (0.80 km?), 26% (0.34 km?), and 13% (0.17 km?) of

the watershed area, respectively (Fig. 1a).
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Figure 1. (a) Overview map of the study area, showing the sub-basin divisions with the respective planar-area contribution to the total
catchment (%), the location of the Cime Bianche AWS, and the location of the study area in northern Italy (inset) (coordinate system:
WGS84). Detailed view of the rock glacier measuring and sampling points: (b) three ground surface temperature (GST) data loggers,
salt injection point, four sites equipped for the measurement of the discharge through the salt-dilution method, and locations of the
probes; (c) five activated charcoal points, one field fluorometer, and two dye injection points; (d) isotopic and water chemistry

sampling sites (the sampling point “Snow" is not shown since it is placed further upstream,).

3. Data and methods
3.1 Meteorological conditions and snow-cover duration

A high-elevation automatic weather station (AWS) is located about 1 km West from the rock glacier front,
the Cime Bianche AWS (3100 m a.s.l.) (Fig. 1a). For the time span 2010-2021, the mean annual air
temperature was —2.6+£0.9 °C. In summer (June, July, and August), the mean air temperature was around
+4.4£1.8 °C. The snowpack generally developed by early-October, and the melt out of snow occurred around

July. The mean maximum snow depth was 1.8+0.3 m. The liquid precipitation during the snow-free season
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(no snow on the ground) was 262+138 mm on average. To support the investigations in the years 2019-2020-
2021, daily air temperature, snow-depth and precipitation data from the Cime Bianche AWS were analysed.
Snow-cover duration in the catchment and on the rock glacier was estimated using two approaches with
different spatial and temporal resolutions in order to adequately assess the presence/absence of snow in the
main stream catchment and in-between the coarse debris on the rock glacier surface. To provide an estimate
of the snow-covered area evolution in the entire basin, the Fractional Snow Cover (FSC) product (Dumont et
al., 2021) of the Copernicus High Resolution Snow & Ice Monitoring Service (https://land.copernicus.eu/pan-
european/buophysical-parameters/high-resolution-snow-and-ice-monitoring) was used. To analyse long-
lasting snow among the coarse blocks on the rock glacier surface, miniature temperature sensors were installed
to monitor snowmelt based on ground surface temperature (GST). Three temperature data loggers (Geotest
AG, Switzerland) were installed on the rock glacier surface (G-1, G-2, and G-3, Fig. 1b), measuring GST up
to a depth of 10 cm. Data were acquired every two hours between August 2018 and August 2021. The melt-

out date of snow was calculated based on the daily standard deviation of GST, following Schmid et al. (2012).

3.2 Discharge measurements and water temperature

Discharge measurements were performed using NaCl as a chemical tracer (Hudson and Fraser, 2008).
Tracer tests were carried out two times in 2019 (11" July and 3™ October), and approx. on a bi-weekly basis
during the field summer seasons 2020 (3™ July 2020 — 30" September, 7 observations) and 2021 (9" July —
14™ October, 9 observations). One injection point and three downstream measuring points were set (Fig. 1b).
The downstream points were chosen to quantify the hydrological contribution from the rock glacier to the
entire catchment runoff. Specifically, the point Up was located downstream of the injection point and upstream
of the rock glacier, along the main stream; it was selected to quantify the water flow from the upstream
catchment. The point Up+White was placed downstream of the White lobe tributary, in the main stream, to
quantify the water flow given by the sum of the White lobe and Up site contributions. The third measuring
point, Down (downstream), enclosed all the contributions from upstream (i.e., White and Black lobes, and Up
site). In these selected points, three OTT-CTD probes (OTT HydroMet) were installed in 2020 and 2021 to
continuously record physical and chemical parameters (water pressure, electrical conductivity - EC, and
temperature) every 30 minutes throughout the investigated period and every 10 seconds only when the tracer

7
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test was performed. A fourth probe was placed in the spring at the front of the Black lobe (Black spring, Fig.
1b). The White lobe spring (White spring) was not instrumented due to the very low superficial flow rate and
tortuosity among the boulders, which did not allow the proper positioning of the probe. Several problems
affected the installed OTT-CTD probes, mainly due to the low water level and occasionally fine sediment
deposition, often resulting in erroneous readings. The water temperature data series was the only one that
provided usable, continuous values, although not covering entirely the periods of investigation. Therefore, the
discharge patterns were investigated only using the salt dilution approach (discrete measurements) and the

chemical characteristics were analysed only based on grab samples.

3.3 Tracer tests

Tracer tests were performed to investigate the internal hydrological mechanisms and the potentially
different storage and flow dynamics of the two lobes. The injections were carried out in a debris covered zone
and in absence of snow-cover. Tynopal and fluorescein were injected on the surface of the rock glacier at the
injection points /7 and /F (Fig. 1¢) on 23 July 2021, at 11.00 am and 11.40 am, respectively. IT was injected
at ca. 2710 m a.s.l. on the White lobe, and /F' at 2735 m a.s.l. on the Black lobe. 200 g of tynopal and 50 g of
fluorescein were injected and rinsed using 1000-1 water tanks at the /T and IF points, respectively. After the
tracer injections, the springs were monitored using activated charcoal and a field fluorometer capable to
measure, in continuous, three tracers (Tynopal CBS-X, Na-fluorescein and any molecule in the rhodamine
family) and turbidity (Schnegg, 2002).

Activated charcoal (10 g) was inserted in perforated bags, allowing water to seep through them. The dye
tracer in the seeping water is absorbed cumulatively over the period of the bag immersion in water (Winkler
et al., 2016), providing evidence of the dye tracer passage at that point. Five sampling points were selected to
place the activated charcoal bags (Fig. 1¢). For the duration of the experiment (from 16" July to 6™ September
2021), two activated charcoal bags were placed at each sampling point. One activated charcoal remained
throughout the experiment (captor C, 16® July — 6™ September 2021) while the second (captor A, 16™ July —
23 July 2021) was replaced with another one (captor B, 23 July — 2" August 2021) on the day of the dye

tracer injections (23" July). The extraction was performed by placing 1 g of activated charcoal in 10 ml of a
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5% solution of KOH in methanol. The resulting eluate was then injected into the measuring cell of the
fluorometer for dye tracer detection.

Differently from the analysis of the activated charcoal bags, which allowed a qualitative interpretation, the
field fluorometer enabled the quantification of the amount of dye tracer flowing at the downstream point (Fig.
Ic). A GGUN-FL24 fluorometer was used, with a 5 min and 1 min recording rate in the week before injection
(16" — 23 July 2021) and after injection (23" July — 2™ August 2021), respectively. The dye tracer recovery
estimation was performed by integrating through time the measured concentration values multiplied by the
discharge (Gaspar, 1987). The recovered mass of fluorescein was estimated from the fluorometer
measurements using the QTRACER?2 software that solves the equations from user-generated data input files
through integration of consolidated hydraulic models (U.S. EPA, 2002). The recovered tracer concentration
was estimated for the week following the injection, i.e., from 23" July to 2° August 2021. Only night data
were considered (from 8pm to 6am) since a malfunction in the light radiation shield prevented the use of the

complete data series.

3.4 Volumetric rock glacier variations

Measuring the actual contribution from permafrost ice melt to the water budget of rock glaciers has never
been done (to the best of our knowledge) due to the extreme difficulties posed by the rock-glaciated
environmental conditions. Here, the volumetric variations of the Gran Sometta Rock Glacier were used as a
proxy for the interannual ice changes (cf., Halla et al., 2021). The surface changes (horizontal and vertical)
were detected with unmanned aerial vehicle surveys on a yearly basis, around mid-August each year from
2018 to 2021 (Bearzot et al., 2022). The Structure-from-Motion technique (Westoby et al., 2012) was used to
generate dense point clouds of the rock glacier area and to produce orthomosaics and Digital Surface Models
(DSMs) through the Agisoft Metashape software (v. 1.5.5 and later versions) (further details in Supplement,
Text S1 and Tab. S1). DSMs, orthomosaics generation, point clouds comparison, and systematic error
assessment were analysed in Bearzot et al. (2022). After image alignment, all photogrammetric blocks (one
for each year) were processed with the same parametrisation to keep constant the impact on the final outputs.

Based on the multitemporal analysis of the annual DSMs, the annual volumetric changes were computed. The



213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

mean, standard deviation (stdev), and residual errors of the elevation change rates were computed on stable

areas outside the rock glacier, over the three time intervals (2018-2019, 2019-2020, and 2020-2021).

3.5 Chemical and isotopic analyses

To understand the chemical influence of the rock glacier discharge on the main stream, assess the
hydrochemical differences between the two lobes, and disentangle the contribution of different water sources
to catchment water, EC, pH, major ions (SOs*-, HCOs~, NOs~, CI, PO4s*, NO,~, Ca*, Mg*, Na*, K*, NH4"),
trace elements (Al, Ti, Cr, Mn, Mo, Co, Ni, Cu, Zn, As, Cd, Sn, Sb, Ba, Pb, Fe, V, Ag, Se, Hg), and water
isotopes (8'%0, 6*H, 3H, 8'*Cpic) were analysed. Water samples for EC, pH, major ions, and trace elements
were collected during three consecutive seasons, 2019-2020-2021 (June-July — October), approximately on a
bi-weekly basis; water samples for isotopic analyses were collected only in 2021 (Fig. 1d). Samples were
collected along the main stream, at sites Up and Down, and at the rock glacier springs, White spring and Black
spring. Precipitation and snow samples were collected only for isotopic analyses, in 2021. For the precipitation,
a collector was installed close to the Black lobe front and sampled at the same time of the chemical sampling
(if precipitation occurred). One snow sample was collected on 9™ July 2021 from a long-lasting snow patch;
snowmelt water dripping from the snow patch was collected before interacting with the ground. Through the
three-year period, 5 sampling surveys were performed in June-July, 8 in August, and 10 in September-October.
Samples for "0 and 6°H were collected at all sampling dates and sites, whereas selected dates and sites were
chosen for *H and §'*Cpic. An overview of the analysed parameters for each sampling date and site is reported
in Tab. S2.

pH was measured using a GLP21 (Crison Instruments). Electrical conductivity (EC) at +20 °C was
measured using a Metrohm 712 Conductometer. HCOs;~ was analysed with titration method. The
concentrations of major ions were determined by ion chromatography, using a Dionex ICS1000 for cations
and an Aquion for anions. Trace elements were determined by inductively coupled plasma-sector field mass
spectrometry (Varian 720). Hg was determined using a DMAS8O (Milestone). Analytical precision for major
anions was < 10%, and for major cations and trace elements was < 5%. Charge balance error for each sample

was always below 10%. Further information about the field sampling, sample treatment, and laboratory
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analyses is reported in Supplement, Text S2, whereas the limit of detection (LOD) and quantification (LOQ)
of each analyte are reported in Tab. S3.

8'%0 and 8’H were analysed with a Cavity Ring Down Spectroscopy (Model L2130-1, Picarro). Isotopic
composition was expressed as a & (per mil) ratio of the sample to the Vienna Standard Mean Ocean Water
(VSMOW), where § is the ratio of '*0/!°O and "H/?H. Analytical precision was 0.1 %o for %0 and 1 %o for
8°H. *H samples were analysed through Liquid Scintillation Counting (LSC), using Hidex 300SL, Tri-Carb-
2500TR, andTri-Carb-3100TR. The *H LOD was 0.8 TU (tritium units). 8'*Cpic (ratio of '*C/**C of dissolved
inorganic carbon-DIC) was analysed through gas chromatography combustion isotope ratio mass spectrometry
(GC-IRMYS), using a GC-Isolink II IRMS system, Trace 1310, Conflow4 - IRMS Delta V Plus (Thermo Fisher
Scientific). Analytical precision was < 0.5%o. Further details about the isotopic analyses and calibrations are
reported in Supplement, Text S2. All isotopic analyses were performed by the IT2E Isotope Tracer
Technologies Labs S.r.1.

To understand the influence of the rock glacier outflow on stream chemistry, differences among the
sampling sites Up, White spring, Black spring, and Down were evaluated with the non-parametric one-way
ANOVA (Kruskal-Wallis Test) using Wilcoxon scores, since several data series were non-normally distributed
(Shapiro-Wilk Test) and/or variances were significantly uneven between groups (Levene's Test), even after
data transformation. In addition, a simple two-component mixing-analysis was performed using EC, in order
to assess the relative contribution of sites Up and RGschem (average values between White spring and Black
spring) to Down (cf., Haag et al., 2000; Penna and van Meerveld, 2019). Findings of this last analysis are
intended to further support the hydrological investigations.

A Principal Component Analysis (PCA), applying variable standardisation (scaling and centring), together
with a correlation analysis (Spearman) were performed to visualise the differences in the relations among the
water parameters characterising the springs at the two rock glacier lobes. In addition, based on the melt-out
date of snow (obtained from the GST data elaboration), the variable “Days after snowmelt” was calculated for
each sampling date, at the White spring and Black spring sites. This was used as a proxy to describe the seasonal
patterns of water parameters while accounting for the contrasting end of the snowmelt period among different

years (cf., Brighenti et al., 2021b).
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All analyses were implemented in the R software (R Development Core Team, 2022), at a significance

level of p < 0.05.

4. Results
4.1 Meteorological conditions and snow-cover duration

The meteorological conditions and the snow-cover duration during the investigated periods are shown in
Fig. 2. To focus our analyses on the months that generally had positive air temperature and scares or absence
snow cover, and to simplify the presentation of the data, only the meteorological and snow-cover
characteristics from 1% June to 31%* October were considered. The meteorological conditions during the
investigated period were rather similar, although a moderately warmer mean air temperature was recorded in
2019 (+4.1 °C), with respect to 2020 (+2.5 °C) and 2021 (+2.6 °C). The cumulative liquid precipitation during
the snow-free periods was 190 mm in 2019, 186 mm in 2020, and 189 mm in 2021. The fractional snow cover
in the catchment, derived from remote sensing analysis, was less than 10% in mid-July and decreased to zero
in late July-early August, with no relevant difference between the three investigated years (Fig. S1). The melt-
out date of snow (obtained from the GST) occurred earlier in 2021 (25" June), with respect to 2019 (28" June)

and 2020 (11t July).
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Figure 2. Daily values of total precipitation (blue bars), air temperature (black line), and snow depth (grey area) in 2019 (a), 2020
(b), and 2021 (c) at the Cime Bianche AWS. Discharge rates estimated at the sites Up, Up+White, and Down in 2019 (d), 2020 (e) and

2021 (f). Data gaps in 2020 (e) are due to sensor malfunction.

4.2 Hydrological dynamics and water sources
4.2.1 Discharge patterns

The results of the discharge measurements are shown in Fig. 2. In 2019, 2020, and 2021, the maximum
discharge rates occurred at Down site in July, with the highest value recorded in 2021 (0.16 m* s™!). From July
onwards, discharges decreased at all three monitoring sites (Up, Up+White, and Down), to reach their
minimum values in September-October. The lowest value, 0.019 m* s!, was measured in October 2019 at site
Up.

Given the fact that the discharge measurements were discrete, single measurement values were aggregated
on a monthly basis (July, August, and September-October) in order to provide an overview of the seasonal
evolution of the rock glacier hydrological contribution to the Pousset stream over the entire research period.
The relative RGspydro contribution (composed of White + Black lobe contributions) to Down site showed a

gradual increase during the snow-free season, from 50% in July to 58% in August, finally peaking in

September-October at 63%; the overall relative hydrological contribution of RGshyaro was 55% (Fig. 3a). The
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Black lobe provided a higher relative contribution (71%), with respect to the White lobe, with rather stable

values across the snow-free season (Fig. 3b).
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Figure 3. Total and monthly relative discharge contributions (%), over the entire research period (2019-2020-2021), of Up and

RGShyaro (Black + White lobes) to the site Down (a) and of White and Black lobes to RGsnydro ().

4.2.2 Response of the dye tracers

Fluorescein was tracked with a strong signal by two activated charcoal bags, while tynopal was not detected
at any of the control points (Figs. 1¢, S2). In the week following the injection (23™ July — 2™ August 2021,
captors B), two activated charcoal bags detected the fluorescein at Black spring (n°3 in Fig. 1¢) and Down (n°5
in Fig. 1c). This was confirmed by the analysis of the activated charcoal bags kept on site throughout the
campaign, i.e., from 16" July to 6" September 2021 (captors C). These results also showed that there was no
water exchange between White and Black lobes. In addition, since the activated charcoal bag on the left-hand
orographic site of the Black lobe (n°4 in Fig. 1¢) did not track fluorescein, it is reasonable to assume that this
lobe does not release water laterally but only frontally, discharging directly (and only) into the Pousset stream.

During the sampling period, the field fluorometer at the site Down did not detect the transit of the tynopal
tracer but only the fluorescein. Fluorescein arrival was detected 32 hours after the injection, although this
transit time is likely overestimated since only night data were considered. In the week following the injection,

a tracer recovery rate of 7.2% was estimated (3.6 g out of 50 g injected were recovered). The estimated mean

tracer velocity was 3.4 m hour™'.
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4.2.3 Rock glacier volumetric variations

The negative and positive rock glacier surface elevation changes were predominantly related to the ridge
and furrow topography. The highest amount of these variations matched with high horizontal displacements
in the Black lobe toe. Conversely, smaller elevation changes occurred in the White lobe, where slower
movements took place. The mean horizontal and vertical errors were within the order of —0.44 and 0.24 cm
(stdev ranges 0.45—0.74) and between —3.00 and 9.44 cm (stdev ranges 7.84—12.61), respectively. The relative
residual errors were 0.70, 0.76, and 0.71 cm for 2018-2019, 2019-2020, and 2020-2021, respectively. The
uncertainty of image coregistration was also quantified along several profiles over the same stable terrain
outside the rock glacier and the mean difference between the DSMs between —0.03 m and 0.03 m. Although
these areas are considered stable, possible microtopography alteration could occur due to weathering and snow
cover presence. The mean annual volumetric changes of the rock glacier surface were =70 mm yr!, —124.6
mm yr!, and —53.9 mm yr'! in 2018-2019, 2019-2020, and 2020-2021 (Fig. 4), respectively. Since only two
discharge measurements were performed in 2019, only the time intervals 2019-2020 and 2020—2021 were

analysed in conjunction with rock glacier discharge rates (details in discussion).
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Figure 4. Surface vertical changes of the Gran Sometta rock glacier in 2018-2019, 2019-2020, and 2020-2021.

4.3 Thermal, chemical and isotopic characteristics of water
4.3.1 Water temperature

The mean daily water temperatures at sites Up, Up+White, Black spring, and Down are shown in Fig. S3.
The Black spring temperature remained constant throughout the investigated period at +0.5+0.1 °C. This

contributed to cooling down the Pousset stream; indeed, the mean temperature difference between Down and
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Up sites was —2.2+1.0 °C. On average, the maximum temperature difference between Down and Up sites was
observed in August (—2.9£1.0 °C), while the minimum temperature difference was observed in October
(—1.0+0.3 °C). To investigate the cooling effect of the rock glacier springs, the relationship between the mean
daily water temperature difference between Down and Up and the mean daily air temperature was explored.
The results showed that a higher mean daily air temperature corresponded to a higher difference in water

temperature (r =—0.71, p <0.05; Fig. 5).
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Figure 5. Scatterplot between the mean daily air temperature (Cime Bianche AWS) and the mean daily water temperature difference

between Down and Up sites (r = —0.71, p < 0.05). Month: J = July, A = August, S = September, and O = October.

The Black lobe caused the strongest cooling effect on the stream (difference between Down and Up: —2.2
°C; Fig. 5a), with Up+White and Up that were not significantly different, despite a decrease in stream water
temperature was also evident at Up~+White site (difference between Up+White and Up: —0.8 °C; Fig. 6a). The
water temperature variance also decreased from Up to Down, both on seasonal (Up: 2.9+1.7 °C, Down: 0.9+1.0
°C) and daily bases (Up: 6.5+2.6 °C, Down: 2.5£1.6 °C), with the strongest thermal smoothing effect exerted

by the Black lobe (Fig. 6b).
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Figure 6. (a) Boxplots (with jittered data points) showing the mean daily water temperature at the four measuring sites Up, Up+White,
Black spring, and Down during all investigated period; the black segment indicates the sites that are not significantly different (p >
0.05). (b) Hourly water temperature at sites Up, Up+White, Black spring, and Down between 18" and 29" August 2020 (here taken

as example).

4.3.2 Water chemistry

A statistical summary of water chemistry for all sampling sites is reported in Tab. S4. On average, pH was
basic (ca. 8) at all sampling sites. SO4*, HCOs~, Ca**, and Mg*" were the dominant ions. Ba was the only trace
element consistently above LOQ for all samples, while all other trace elements were very close to or below
LOQ and LOD for most of the analysed samples, thus they were excluded from further evaluation.

To understand the influence of the rock glacier on stream chemistry, the following parameters were
selected: (i) EC, as an integrator of all dissolved ionic species; (i1) SO4>~ and (iii) HCO;", as dominant anions;
(iv) Ca*" and Mg*", as dominant cations, here considered together as Ca?>+Mg>* (expressed in peq L™); (v)
Ba; (vi) NOs™ as an indicator of biotic processes (cf., Colombo et al., 2019; Williams et al., 2007). The
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differences in the parameters previously indicated are shown in Fig. 7. All parameter values and concentrations
at Down site were significantly higher than at Up, except for HCOs~, which did not significantly differ among
all sites, according to Kruskal-Wallis Test with Wilcoxon scores. EC, SO4>~, and Ca’>+Mg?" were the highest
at White spring and Black spring, although not significantly different between them. Ba and NO;~
concentrations were the highest at Black spring. Considering EC as a tracer into a two-component mixing-
analysis, the relative contribution of the two lobes (RGSchem) to Down increased from 49% in June-July to 62%
in September-October; the overall RGschem relative contribution was 55% (Fig. S4).

At the Black spring site, the first two axes of the PCA explained 77.7% of the total variance within the
dataset (Fig. 8a). The PC 1 was primarily a gradient of EC, major ions (except HCO;3"), Ba, and, secondarily,
pH (which also influenced the PC 2). These variables were generally positively correlated with each other,
while pH was negatively correlated (Fig. 8b). Differently, HCOs™ plotted along the PC 2 and it was not
correlated to any variable. In addition, the samples collected at Black spring in September-October plotted
almost exclusively on the right side of the first ordination, indicating that these dates were characterised by
higher EC, major ions (except for HCOs") and Ba concentrations, and lower pH values, with respect to the
samples collected in June-July and August. At the White spring site, the first two axes of the PCA explained
69.8% of the total variance within the dataset (Fig. 8c). The main differences with respect to the PCA
performed at Black spring was that at White spring no evident seasonal variations emerged from the data and
correlations were generally weaker and even not significant (except for HCO;") (Fig. 8d).

The differences in seasonal variations were further confirmed by looking at the trends of the main chemical
parameters (Fig. 9). Indeed, the Black spring exhibited evident increases in EC, major ions (except for HCO;~
) and Ba values as a function of the days eclapsed after the snowmelt period, while pH decreased, instead.
Differently, the White spring did not show significant seasonal trends, except for Mg*", which slightly

increased.
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4.3.3 Water and DIC isotopic signatures

The results of the isotopic analyses are presented in Tab. S4 and S5. Precipitation showed the most enriched
values, with —9.1£0.7%o for 8'®0 and 59.5+4.3%. for 8°H. On the opposite, the single sample for Snow
evidenced the most depleted signal in the dataset, with values of —14.4%o for 5'*0 and —104.6%o for 5*H. Up
and Down sites together with White spring and Black spring signatures arranged in between Precipitation and
Snow, with a variability between —13.5+0.3%o (White spring) and —13.2+0.6%0 (Up) for 3'%0, and between
—93.6+2.2%o (White spring) and —90.5+3.9%o (Up) for 8*H. The stable water isotopic data are consistent with
isotope compositions for the precipitation representative of the Northern Italian Meteoric Water Line

(NIMWL) (Longinelli and Selmo, 2003; Fig. 10).
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Figure 10. Dual-plot isotope distribution at the investigated sites, in 2021. Site: S = Snow, P = Precipitation, U = Up, W = White

spring, B = Black spring, and D = Down. NIMWL: Northern Italian Meteoric Water Line.

Coupling chemistry and isotopes, it is possible to observe for the Black spring a strong positive correlation
from July to October between 5'30 and SO4>~ (here used as a tracer of weathering processes in cryospheric
environment; cf. Colombo et al., 2019; Salerno et al., 2016), while just a slight increment for the White spring
occurred (Fig. 11); by specifying this, the isotope “delta”, expressed as the difference between the maximum
and the minimum 3'%0 measured was 1.39 and 0.76%o, for the Black spring and White spring, respectively.

Even Up and Down sites recorded higher delta values than the White spring of 1.61 and 1.44%o, respectively.
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From the dual-plot isotope distribution, it is possible to assert how signals related to the White lobe resulted
more conservative than the ones of the Black lobe (Fig. 10), as the latter seemed to be more influenced by
liquid precipitation.

Results for 8'*Cpic ranged from —14.8 to —10.3%o in Precipitation, while it was —11.7%o in Snow (Tab. S5).
8"3Cpic at Up site ranged from —5.6 to —4.5 %o, while in rock glacier samples ranged from —2.7 to —1.8%o (both
found at Black spring). A significant trend toward a 8"*Cpic enrichment over time was registered at the Black
spring, whereas the White spring presented only a slight oscillatory behaviour during the investigated period
(Fig. 9).

Data for *H were always above the LOQ (Tab. S5). Tritium content was measured in one July sample for
Snow (6.8 TU), and a single sample collection was performed at Up (6.0 TU), White spring (4.7 TU), and
Precipitation (6.0 TU), in September 2021. A prolonged monitoring of the Black spring revealed a slight

variation in *H content, ranging between 4.8 (July and September 2021) and 7.0 TU (August 2021).
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Figure 11. Scatterplot between SO+~ and 60 at sites White spring (W) and Black spring (B), in 2021.

5. Discussion
5.1 Hydrological dynamics and water sources

5.1.1 Rock glacier impact on hydrologic regime
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The highest discharge rates at all measuring sites were measured at the end of the snowmelt period or right
after the melt out of snow (i.c., July). However, these were not the streamflow peaks, which likely occurred
during the peak snow-melt period in June (cf., Geiger et al., 2014; Krainer and Mostler, 2002), when our
measurement sites were inaccessible. With the progression of the snow-free season, discharge rates
significantly decreased, reaching their lowermost values in September-October, as observed in other high-
elevated and rock-glaciated settings (Harrington et al., 2018; Geiger et al., 2014; Krainer and Mostler, 2002).

The relative contribution of the rock glacier increased towards late summer - early autumn, with the highest
influence on the main stream measured in September-October (62-63%), as observed from both hydrological
and chemical measurements. Despite draining only 39% of the watershed area, the Gran Sometta Rock Glacier
contributed 55% of catchment streamflow during the period July — October. Therefore, our findings support
the concept of these landforms as important hydrogeomorphic units which can store and transmit quantities of
groundwater, modulating the catchment hydrologic response and sustaining the baseflow during the late
summer - early autumn (Wagner et al., 2021a; Harrington et al., 2018). Indeed, sediment accumulation and its
drainage processes in rock glaciers, together with the subsurface properties (e.g., porosity, transmissivity, and
storage capacity), can impact the seasonal streamflow (Hayashi, 2020; Harrington et al., 2018). In this sense,
rock glaciers have the net effect of increasing total surface runoff from alpine drainage basins, due to their
capability to act as impervious surfaces (Wagner et al., 2020; Harrington et al., 2018; Geiger et al. 2014),
playing a critical role as shallow groundwater reservoirs in mountain headwaters (Wagner et al., 2021a, 2020;
Hayashi, 2020; Winkler et al., 2018, Geiger et al., 2014).

During the period July — October, the Black lobe contributed significantly more (71%) than the White lobe
(29%) to catchment streamflow, with no relevant seasonal variations. It is known that different spatial
distribution, depth, and thickness of permafrost affect hydrology, infiltration, and runoff response in high-
mountain catchments (Rogger et al., 2017; Duguay et al., 2015; Geiger et al., 2014). Thus, it is possible that
the continuous layer of frozen ground (and ice) in the Black lobe resulted in larger hydrological contributions
(and possibly, runoff events) during the investigated snow-free seasons because of the more limited losses to
deep groundwater storage that, vice versa, could be enhanced in the White lobe (characterised by low content
and heterogeneous distribution of permafrost and ice) (cf., Rogger et al., 2017; Evans et al., 2015; Geiger et
al., 2014).
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The dye tracer tests confirmed the diversity of water circulation in the two rock glacier lobes and therefore
their hydrological behaviours. At the Black lobe, the fluorescein was tracked by both the activated charcoal
bags and the field fluorometer, which showed the first detection of the tracer approx. 32 hours after the
injection, with a recovery rate of 7.2% in the first week after the injection. The remaining percentage of dye
infiltrated from the active layer and likely penetrated in the underlying zone. Thus, different flow paths might
be present in the Black lobe: a shallower flow (on the surface of the permafrost table and above the ground
ice) and intra- and sub-permafrost flows (cf., Jones et al., 2019; Winkler et al., 2016; Tenthorey, 1992). The
tracer mass recovered is in line with what was found in other case studies dealing with rock glaciers (e.g., Mari
et al., 2013).

Differently from the Black lobe, at the White lobe, the passage of the tracer (tynopal) was not tracked during
the investigation period. Thus, this lobe could be characterised by the prevalence of a deeper, slow groundwater
flow due to major areas of unfrozen layers responsible for groundwater storage and retarded runoff (Wagner
et al.,, 2021b). In addition, in accordance with the geophysical data collected by Bearzot et al. (2022), the
injection point of the tynopal was located in a thick unfrozen zone, therefore the dye tracer might have directly
infiltrated to a great depth into the debris body and slowly circulated under the permafrost, thus further
explaining a high residence time (cf., Rogger et al., 2017). Another reason for the non-detection of this tracer
and for the lower discharge contribution may be related to the fracturing of bedrock and the presence of bedrock
depression. Since this area was characterised by a small glacier during the Little Ice Age (Bearzot et al., 2022),
it is also possible that glacier erosion created hummocks and depressions in the bedrock of the watershed
(Harrington et al., 2018). The fractured rocks might allow the tynopal and water for a slow drainage of
groundwater stored in partially filled depressions through bedrock fractures and, as a consequence, potentially
drain part of the tynopal/water outside the investigated watershed. On one hand, this last case would imply that
the difference in the discharge between the two lobes may not be solely due to internal hydrological systems
driven by different cryospheric conditions, although their contrasting hydrochemical patterns indicate a
relevant role of permafrost and ice distribution in the two lobes (details in 5.2.2). On the other hand, this would
imply an underestimation of the potential water resource that could be provided by our rock glacier, thus further

highlighting its relevant role as groundwater reservoir.
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5.1.2 Water sources and estimated contribution from internal ice melt

The distinction of different water sources composing rock glacier outflows is generally based on qualitative
or indirect approaches rather than built on reliable measurements of individual system components combined
with quantitative measurements. Here, different lines of evidence have been used to trying dealing with this
issue.

The two lobes showed similar §'%0 and 8*H isotopic compositions, also similar to stream water, thus ruling
out the hypothesis of relevant, different recharge inputs within the investigated systems. The isotopic
composition of rock glacier outflows generally represents the reflection of a mixture of at least three
components with different contributions over the hydrological year. In addition to precipitation and snow
contributions, the third component corresponds to the groundwater baseflow input plus ice melt, whose
isotopic fingerprint is not always easy to assess (Hayashi, 2020; Sileo at al., 2020). Differently, a higher
variability in water stable isotopes was found at the Black lobe, as an indication of a system more prone to a
local recharge influence and/or just likely more connected to the subsurface. The significant shift in the Black
lobe stable isotope values reflected a seasonal pattern in accordance with concentration data interpretation,
evidencing a more hydrologically responsive system (i.e., faster water circulation). A more conservative
flowpath might describe the White lobe behaviour (i.e., slower water circulation). Therefore, stable water
isotopes confirmed the existence of different internal hydrological systems in the two lobes, although pointing
to similar recharge sources (also in the stream), thus suggesting minor ice melt inputs from both lobes,
assuming ice melt having a well-distinguishable isotopic signature (cf., Williams et al., 2006).

Considering *H, it represents a valuable qualitative tracer due to spike of atmospheric *H in fallout from
bomb testing in the 1950s (Celle-Jeanton et al., 2002). *H has a half-life of 12.4 years, such that precipitation
before the 1950s will contain less than 0.1 TU, whereas precipitation that fell during the decade of 1950—1960
will now contain approximately 70 TU (Celle-Jeanton et al., 2002). Tritium is suitable for untangling residence
times for young flowpaths (in a geological understanding), being the ideal tracer for approx. 80-year-old water
systems (Kralik, 2015). Tritium data for Precipitation and Snow reflected the signal of modern precipitation
monitored in central Europe (WISER, https://nucleus.iaca.org/wiser). Only a slight depletion in *H content
was observed for stream and rock glacier springs, if compared to precipitation data, suggesting a relatively
modern water (infiltrated after the *H peak). Considering the September 2021 sampling, when the contribution
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of ice melt should have been at its maximum, *H values in the rock glacier springs and the stream differed only
by a maximum of 1.3 TU, possibly indicating a slight difference in residence time (< 1-2 years, c.f., Munroe,
2018). Thus, a relevant hydrological contribution to the rock glacier discharge from the melting of old
permafrost ice (with age from centuries to millennia?) and/or transitional-layer ice at the top of permafrost
(decades old?) was unlikely. It is also true that the seasonal (annual) active-layer ice (i.e., the superimposed
ice that forms each spring due to the refreezing of part of percolating melt water) might have contributed to
the rock glacier discharge. However, the lack of sensitivity in discretizing such small differences in residence
time represents a limitation of the qualitative method using solely *H data. For further discussion aimed at a
fine interpretation of the ice melt apparent ages (Suckow, 2014), *H data needs to be coupled with information
of the dissolved *He generated from *H decay (Schlosser et al., 1988; Solomon et al., 1995), which is still
poorly documented for alpine catchments (e.g., Munroe, 2018).

Based on the rock glacier discharge rates and volumetric variations, the overall ice melt contribution was
estimated to represent less than 3.5% of the rock glacier discharge (3.3% in 2019-2020 and 2.5% in
2020—2021). Estimation of ice melt contribution was not performed for the time-lapse 2018—2019; however,
taking into account that the volumetric variation in 20182019 (=70 mm yr™") fell within the range measured
for 2019-2020 and 20202021 (—53.9 + —124.6 mm yr'"), ice melt contribution in 2018-2019 did not likely
diverge consistently from the presented estimations. Even assuming all ice melt occurring in September-
October, when active layer depth is usually at its maximum, the net contribution of permafrost ice melt in the
baseflow period would be 7% and 10% for 2019-2020 and 2020—2021, respectively. It is worth noting, though,
that these values are surely overestimated since they refer to both ice and sediment losses. In this regard, due
to its advancing movement, the rock glacier front is cut every year and the material removed to allow the ski
slope (in winter) and the service road (in summer) to be opened (Bearzot et al., 2022).

In light of these findings, internal ice melt should be considered a minor contributor to the rock glacier

discharge, as already reported in other rock-glaciated settings (Harrington et al., 2018; Krainer et al., 2015).

5.2 Thermal and chemical influence on stream water

5.2.1 Water temperature
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The low water temperature of the Black lobe spring, near 0 °C, suggests that the water flow was in direct
contact with ice or permafrost within the debris deposit (Scapozza et al., 2019; Millar et al., 2013). The rock
glacier discharge lowered the average water temperature of the main stream by ca. 2.2 °C, on average. The
thermal effect of the rock glacier was greatest in August, when the thermal effect of the rock glacier was
strongest (mean: 2.9 °C; daily maximum: 4.3 °C). However, the cooling effect of the rock glacier decreased
during periods with lower air temperature (and diminished solar radiation) and higher influence of snowmelt
(e.g., early July and October), which caused upstream temperature to decrease. Our findings are in agreement
with Harrington et al. (2017), who found a rock glacier spring to exert a dominant control on stream
temperature during the summer months, regardless of the magnitude of the distributed energy fluxes.

The thermal influence of the two lobes also acted on the amplitude of the daily thermal variations in the
main stream, greatly reducing them downstream. The thermal variations are generally reduced in the outflows
of rock glaciers, due to the water flowing in direct contact with ice or permafrost body (Colombo et al., 2018c;
Carturan et al., 2016; Millar et al., 2013; Krainer et al., 2007) and the “thermal smoothing effect” of the coarse

debris cover (Harrington et al., 2017; Winkler et al., 2016).

5.2.2. Water chemistry

The influence of the rock glacier on the main stream was also evident from a purely chemical standpoint.
Indeed, most of the solutes displayed higher concentrations at the Down site (after the water input from both
lobes) with respect to the Up site. Rock glaciers are known to act as a solute-concentrating mechanism
(Brighenti et al., 2019; Colombo et al., 2018c) increasing, in their waters, the concentrations of several
weathering products (e.g., SO4*, Ca*, Mg?") (Colombo et al., 2018b). This is commonly attributed to the
enhanced water-rock contact, together with thawing of permafrost and the release of solute-enriched icemelt
(Colombo et al., 2018b; Munroe, 2018; Williams et al., 2006).

Among the different solutes, SO4*>~ have been often found to be particularly concentrated in rock glacier
waters (Steingruber et al., 2020; Rogora et al., 2020; Ilyashuk et al., 2018; Williams et al., 2006). In our case,
much higher (up to three times) mean SO4>~ concentrations were found at the lobes with respect to Up site,
while no HCO;~ enrichment was found in the rock glacier water. '3Cpic showed enriched values at the rock
glacier lobes (mean: —2.3%o) with respect to stream water (mean: —5.1%o) (further details about the §"*Cpic
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dynamics are reported in the Supplement, Text S3). This evidence seems to indicate a similar carbon source,
although with a higher contribution from carbonate weathering by sulphuric acid (e.g., produced by sulphide
oxidation) in the rock glacier (cf., Ulloa-Cedamanos et al., 2021; Spence and Telmer, 2005). The S-ratio (SO4*
/(SO4>+HCO5"), where units of concentrations are expressed in peq L™!; Tranter et al., 1997) and the Rsos (the
molar ratio SO4*7/(Ca**+Mg?*); Ulloa-Cedamanos et al., 2021) were 0.58 at the rock glacier and 0.34 at Up,
on average. S-ratio and Rsos equal to 0.5 correspond to predominating carbonate weathering by sulphuric acid,
while carbonate weathering by carbonic acid decreases both indices below 0.5 due to excess of HCOs™. S-ratio
and Rsos values above 0.5 at the rock glacier indicate a SO4>~ excess; a combination of sulphide oxidation and
gypsum dissolution might be responsible for this occurrence (cf., Ulloa-Cedamanos et al., 2021; Cooper et al.,
2002). Even though there are no mapped gypsum deposits within the catchment nor were found during targeted
field surveys, they might be present in the sub-surface in association with dolomites. Alternatively, the
weathering of calcium silicates driven by sulphide oxidation might also contribute in causing the SO4>~ excess,
although considering the predominant presence of carbonatic rocks with no high silica content and the very
low contribution of Na* and K* to the cations at all sampling sites (always < 3%, on average), this process
should not be relevant (cf., Steingruber et al., 2020; Spence and Telmer, 2005). However, further analyses are
necessary to distinguish between specific weathering processes and discriminating between different geo-
lithological sources, such as detailed lithological investigations and additional geochemical analyses (e.g.,
sulphur and oxygen isotopes of sulphate as well as calcium and magnesium isotopes; e.g., Steingruber et al.,
2020; Colombo et al., 2018b). Nevertheless, our findings are in agreement with previous studies which
attributed the enhanced release of SO4* from rock glaciers to different weathering processes (and their
combination) in an environment with high availability of fresh mineral surfaces and moisture together with the
presence of sulphide-bearing minerals (e.g., pyrite) and/or gypsum (Rogora et al., 2020; Steingruber et al.,
2020; Ilyashuk et al., 2018; Williams et al., 2006).

Regarding the generally low concentrations of trace elements, they can be explained by the relevant
presence of carbonate rocks and basic pH (cf., Colombo et al., 2019). Previous studies reported high trace
element concentrations in rock glacier meltwaters, although generally associated with acid or ultrabasic

metamorphic lithologies (Colombo et al., 2019; Ilyashuk et al., 2018; 2014; Thies et al., 2013). In our case,
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only Ba was consistently above LOQ, showing an enrichment in the rock glacier outflows and downstream
along the main stream.

NOs™ concentration was also higher at the lobes. This could be attributed to the presence of soils and
vegetation in restricted areas along the main stream, with the biological community playing a relevant role in
limiting losses of NOs™ to the stream (cf., Colombo et al., 2019; Balestrini et al., 2013; Kopacek et al., 2004),
and/or to microbial communities adapted to the extreme environment of the rock glacier as potential sources
of nitrate in its outflow (Williams et al., 2007).

Evident differences in the seasonal trends of solutes, as a function of the days elapsed after the seasonal
snow cover disappearance, were noted in the two lobes. Seasonal increases in solute concentrations are usually
attributed to the progressive reduction of solute-diluted snowmelt (early summer) (e.g., Engel et al., 2019) and
to increasing contributions of solute-enriched water fluxes when the active layer thickness is at its maximum
(late summer - early autumn; Brighenti et al., 2021b; Colombo et al., 2019; 2018b; Williams et al., 2006).
Considering that the two lobes are adjacent and thus have similar snowmelt duration, one would expect
comparable hydrochemical behaviours. However, this was not the case. Thus, it is possible that different
flowpaths, as deduced by the hydrological analyses, corresponded also to different solute sources into the two
lobes. Indeed, besides the absolute variations in solute concentrations, different proxies indicated possible
seasonal changes in the weathering processes in the Black lobe (which were not observed at the White lobe).
Mean S-ratio and Rsos values increased from June-July (S-ratio: 0.48; Rsos: 0.51) to September-October (S-
ratio: 0.63; Rsos: 0.61). In addition, 8'*Cpic showed a seasonal enrichment with a range from —2.7 to —1.8%o
and Rsos and 8'*Cpyc exhibited a significant correlation (r = 0.82, p < 0.05). Finally, pH seasonally decreased.
These patterns point towards seasonal, relative increasing contributions from weathering processes associated
with sulphide oxidation (Ulloa-Cedamanos et al., 2021; Colombo et al., 2019; Williams et al., 2006). This
occurrence might indicate that, in the Black lobe, where permafrost and ice content is higher (with possible
greater moisture content), seasonal active layer thickening, thawing of permafrost, and melting of ice would
progressively open flowpaths in the lobe interior (percolation of near-surface water into rock-ice matrix might
also occur). Then, increasing chemical fluxes would originate from chemical weathering of freshly exposed
mineral surfaces (further enhanced by the decreasing water flow velocity through the rock glacier system over
the course of the summer) and, secondarily, from solute-enriched icemelt (cf., Colombo et al., 2018c; Williams
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et al., 2006). Differently, in the White lobe, this change in space and time of flowpaths, causing seasonal
changes in chemical weathering dynamics, would be reduced, given the lower permafrost and ice content and
the possible presence of preferential flowpaths thorough unfrozen zones in the lobe interior. Lower shear stress
and friction in the White lobe (characterised by slower displacement rates with respect to the Black lobe) might

also play a role in lowering the production of fresh mineral surfaces inside the lobe.

5.3 Environmental implications

Due to climatically-driven glacial recession, glacier melt contribution to streamflow will gradually decline
whereas runoff from rock glaciers will become more relevant, due to their water storage capability and longer
response times to climatic changes (Wagner et al., 2021a; Jones et al., 2019). However, based on our
observations and most recent findings, only a minor component of the water storage capability of rock glaciers,
directly contributing to runoff, could be represented by melting ice. This is due to the slow conduction of heat
through the ground, causing internal ice to melt at slow rates (Arenson et al., 2022). In addition, unlike solid
water storage resources, such as glaciers and snow, the replenishable storage volume of rock glaciers is
expected to increase as the degradation of permafrost (and ice melting) proceeds (Hayashi, 2020; Jones et al.,
2019). Thus, rock glaciers will be an important source of water supply for both sensitive ecosystems and human
consumption in the future, even with reduced hydrological fluxes originating from ice melt (Wagner et al.,
2021a; Hayashi, 2020; Winkler et al., 2016).

Rock glaciers could play an increasingly relevant role not only by influencing timing and magnitude of
runoff, but also its thermal conditions. Water temperature in mountain streams is highly sensitive to
atmospheric warming (Michel et al., 2022; van Vliet et al., 2013), representing a critical factor for aquatic
ecosystems (Niedrist and Fiireder, 2020). The thermal state of streams in mountainous areas is expected to
become even more vulnerable to warming in the near future due to the expected reductions in snow and glacier-
melt inputs (Michel et al., 2020). Rock glaciers could compensate for air temperature warming trends and
lower contributions of meltwater from snow and glaciers in mountain streams, especially during warm
atmospheric periods. This effect could persist even after most of the ice will have melted, since low water

temperatures have been measured in springs emanating from rock glaciers with low (Harrington et al., 2017)
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to no ice content (Winkler et al., 2016), due to the physical characteristics of the coarse blocky cover
(Harrington et al., 2017; Winkler et al., 2016).

The hydrological and thermal role of rock glaciers could be accompanied by a chemical influence. Under
continued atmospheric warming, a sustained glacier recession in combination with a prolonged snow-free
period may further boost the hydrochemical influence of intact rock glacier outflows. This influence will be
more evident during baseflow conditions, in late summer - early autumn, when the relative hydrological
contribution of rock glaciers is higher, with potentially significant effects on surface-water ecology and for
drinking water quality (Brighenti et al., 2019; Colombo et al., 2018b; Ilyashuk et al., 2018; 2014; Thies et al.,

2018).

5.4 Research limitations

The main limitations of our approach are related to groundwater circulation and discharge analyses. Indeed,
the dye tracer investigation was performed only for a relatively short amount of time during the snow-free
season, therefore no information on the hydrological behaviour of the lobes was obtained for the snow-covered
season. For this reason, the groundwater circulation investigation left some open considerations. For instance,
the residence time of the dye tracer into the White lobe is unknown since the tynopal was not tracked during
the campaign months in 2021, and further observations were not performed during the following melt
season(s). Thus, the White lobe may contribute more groundwater, with respect to the Black lobe, especially
during the snow-covered season, due to its internal characteristics, hence potentially representing an
underestimated water source when considering the entire hydrological year. In addition, the possible presence
of depressions and fractures in the bedrock would require additional investigations in other downstream springs
and water bodies, potentially revealing different flow paths. Furthermore, although the seasonal variations in
the relative contribution from the rock glacier agree well with the chemical analysis, thus confirming the
goodness of our findings, they were not investigated continuously. Therefore, our understanding of the rock
glacier hydrological behaviour is partial. For instance, the discharge response to precipitation events is
unknown, and this could have been helpful in drawing a clearer picture of the internal hydrological systems of
the two lobes. Finally, in the Up catchment, small rock glaciers, protalus ramparts, and ice-cored moraines are
potentially present (as deduced from aerial and satellite images), even though targeted geomorphological
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surveys have not been performed so far. These landforms share similar sedimentological features with the
analysed rock glaciers; thus, it is possible to assume the existence of non-negligible hydrological contributions
from these deposits, especially during the baseflow period. This occurrence would imply that, in other rock-
glaciated catchments without these landforms, the hydrological relevance of rock glaciers might be higher than
what estimated in this study.

Further uncertainties exist on the potential impacts of the rock glacier influence on the thermal and chemical
conditions of the main stream, chiefly involving their propagation downstream, which was not investigated in
our study. For instance, atmospheric conditions are the primary driver of the energy budget in mountain
streams, with a dominant role of air temperature and radiation (Somers et al., 2016; Khamis et al., 2015;
Magnusson et al., 2012). Therefore, a rather rapid equilibration of water temperature downstream might occur.
However, the cooling effect of rock glacier discharge has been found to persist over several hundreds of metres,
highlighting an overarching role of the large (negative) advective heat flux of the cold rock glacier discharge
on stream energy fluxes (Harrington et al., 2017). Similarly, rock glacier discharge has been found to exert a
significant influence on the downstream hydrochemistry of alpine streams, up to 3 km, highlighting its

importance on the alpine river networks (Brighenti et al., 2019).

6. Conclusions

This study investigated the hydrological, thermal and chemical influence of an intact rock glacier on a high-
elevation stream. Despite the estimated minor contribution from ice melt, the rock glacier springs sourced a
disproportionately large amount of discharge to the main stream during the investigated snow-free seasons,
with increasing contribution towards late summer and early autumn. This occurrence confirms the importance
of rock glaciers as water sources, especially in those periods when the contribution of snowmelt is reduced or
absent. In addition, the cold-water discharge from the rock glacier significantly cooled down the stream water
temperature, with a larger influence during warm atmospheric periods. The chemical characteristics of the
main stream were also impacted by the rock glacier discharge. Indeed, solute-concentrated waters sourcing
from the rock glacier significantly increased the concentrations of most solutes in the stream. Remarkably, the
two lobes forming the rock glacier, characterised by different permafrost and ice content, displayed evident
contrasting hydrological and chemical behaviours. Thus, despite both lobes being intact and active, different
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internal hydrological systems, likely driven by different cryospheric conditions, seemed to play a relevant role
in shaping their hydrological and chemical response.

In the future, the increasing relevance of rock glaciers as water resources could be accompanied by an
increasing chemical influence, with potentially significant effects on surface-water ecology and drinking water
quality. At the same time, rock glaciers could play a role as thermal buffers on mountain streams, considering
air temperature warming trends and lower contributions of water from melting snow and glaciers. Future work
should focus on long-term hydrological and hydrochemical monitoring of rock glacier discharge and affected

surface waters, assessing the downstream propagation of this “rock glacier effect”.
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