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Abstract

Three hypotheses exist to explain how meteorological variables drive the amount and concentration
of solute-enriched water from rock glaciers: (1) Warm periods cause increased subsurface ice melt,
which releases solutes; (2) rain periods and the melt of long-lasting snow enhance dilution of rock-
glacier outflows; and (3) percolation of rain through rock glaciers facilitates the export of solutes,
causing an opposite effect as that described in hypothesis (2). This lack of detailed understanding
likely exists because suitable studies of meteorological variables, hydrologic processes and
chemical characteristics of water bodies downstream from rock glaciers are unavailable. In this
study, a rock-glacier pond in the North-Western Italian Alps was studied on a weekly basis for the
ice-free seasons 2014 and 2015 by observing the meteorological variables (air temperature,
snowmelt, rainfall) assumed to drive the export of solute-enriched waters from the rock glacier and

the hydrochemical response of the pond (water temperature as a proxy of rock-glacier discharge,
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stable water isotopes, major ions and selected trace elements). An intra-seasonal pattern of
increasing solute export associated with higher rock-glacier discharge was found. Specifically,
rainfall, after the winter snowpack depletion and prolonged periods of atmospheric temperature
above 0 °C, was found to be the primary driver of solute export from the rock glacier during the ice-
free season. This occurs likely through the flushing of isotopically- and geochemically-enriched
icemelt, causing concomitant increases in the rock-glacier discharge and the solute export (SO4%,
Mg?*, Ca?*, Ni, Mn, Co). Moreover, flushing of microbially-active sediments can cause increases in

NOgz™ export.

1. Introduction

Permafrost degradation has been reported to impact the chemical characteristics of surface fresh
water across the globe (Frey and McClelland, 2009; Vonk et al., 2015; Colombo et al., 2018a).
Active rock glaciers are considered indicators of ice-rich permafrost in mountainous environments
(for a review: Haeberli et al., 2006). Tens of thousands of rock glaciers are estimated to exist
worldwide (Barsch, 1996) and their water storage may be hydrologically significant in some areas
and times (Jones et al., 2018). Recently, increases in electrical conductivity and solute
concentrations have been found in some rock-glacier lakes in the European Alps (Thies et al., 2007;
llyashuk et al., 2014, 2017) and in the outflow of a rock glacier in the Colorado Front Range
(Williams et al., 2006). Similar evidence was reported from some Himalayan lakes over the past
two decades, where significant enrichment in solutes has been attributed to the retreat of debris-
covered glaciers (Salerno et al., 2016). In all these cases, the authors consider air temperature as the
main climatic driver of change and hypothesise on underlying physical processes. Thies et al.
(2013) also reported that rock-glacier outflows can be highly enriched in heavy metals. Seasonally,
in the Northern Hemisphere, increased solute content has been reported in rock-glacier outflows

from May to October (Krainer and Mostler, 2002; Krainer et al., 2007), with geochemically-
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enriched icemelt that progressively becomes predominant in rock-glacier outflows through the
summer and fall seasons, after winter snowpack depletion (Williams et al., 2006).

The large area of mineral surfaces in contact with ice and undergoing chemical weathering in
rock glaciers (llyashuk et al., 2014, 2017) is hypothesised to enhance the production of concentrated
solutes in water (Williams et al.,, 2006; Fegel et al., 2016). Different hypotheses have been
formulated to explain how weather and climate drive the export of solute-rich water from rock
glaciers. Thies et al. (2007) proposed that atmospheric warming enhances solute export via ice melt
at depth. Williams et al. (2006) suggested that a long-lasting snow cover reduces solute export by
delaying subsurface ice melt, which is expected to release solutes, and that solute-rich water is
diluted with snowmelt. Similarly, periods of summer rainfall were found to correspond with lower
solute contents (Krainer et al., 2007), likely due to the low solute concentration in rain. By contrast,
Thies et al. (2007) assumed rainfall to contribute to the export of solutes due to an intensification of
water percolation through rock glaciers.

Generally, high-elevation impounded surface waters are considered key freshwater reference
sites due to minimal direct human influence and because of their rapid hydrological, physical,
chemical, and biological responses to climate-related changes (e.g., Catalan et al., 2006; Adrian et
al., 2009; Tolotti et al., 2009; Salerno et al., 2014, 2016). A better understanding of the
meteorological drivers responsible for solute export is therefore important for interpreting records
of pond water quality and for anticipating and monitoring future changes. In this study, a pond
adjacent to an active rock glacier located in the NW Italian Alps is used as a case study. At weekly
temporal resolution of observations, a pond has the advantage of integrating signals, which in a
stream might otherwise vary too quickly to be sampled adequately (Guzzella et al., 2016; Salerno et
al., 2016).

Some previous studies of the chemical characteristics of rock-glacier outflows (Williams et al.,

2006; Thies et al., 2013) and lakes (Thies et al., 2007; llyashuk et al., 2014, 2017) exist. Their
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ability to reveal the response of these systems to meteorological drivers, however, is limited. This is
because of low temporal resolution and only partial observation of the relevant meteorological,
hydrologic, and chemical variables. Aiming to fill this gap, this study investigates how
meteorological variables affect the export of solutes from a rock glacier into an adjacent pond.

In this study, a rock-glacier pond was monitored weekly, while the pond surface was without ice
cover (ice-free season), during 2014 and 2015. The link between meteorological variables and
hydrochemical characteristics was analysed by comparing air temperature, snowmelt and rainfall
with the hydrochemical response of the pond as revealed by water temperature as a proxy of rock-
glacier discharge, stable water isotopes, major ions and selected trace elements. Causal relationships
between meteorological variables and pond response were investigated by analysing the differences
in measured variables among three sampling points in the pond, considered representative of

specific water sources.

2. Materials and Methods
2.1  Study area

The Col d’Olen Rock Glacier Pond (45°52°8.22°°N, 7°51°46.98°’E) is located in the North-
Western Italian Alps (Fig. 1a) along the Valle d’Aosta and Piemonte regions border, at an elevation
of 2722 m a.s.l.. The catchment area, determined by using a Digital Terrain Model (DTM, cell size:
2 m x 2 m, produced by Regione Autonoma Valle d’Aosta), is approximately 206,000 m? (Fig. 1b).
The research site is a node of the Long-Term Ecological Research (LTER) network in Italy
(http://www.lteritalia.it).

Geologically, from North to South, the Col d’Olen area is structurally composed by: i) the Monte
Rosa nappe (micaschists and paragneisses with eclogite maphic rocks and aplitic tabular bodies); ii)
the complex Ophiolitic Piedmont Zone, with the “Zermatt-Saas” unit (ophiolitic breccias, quartzite

and manganese micaschists, phyllitic schists, and calcschists) and the “Combin Zone” unit
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Figure 1 - (a) Location of the study area in Italy. (b) Elevation map of the study area showing the
extent of the catchment as delineated from the DTM, the Col d’Olen Rock Glacier and the Col d’Olen
Rock Glacier Pond. (c) Three-dimensional view of the Col d’Olen Rock Glacier and the Col d’Olen
Rock Glacier Pond (GeoViewer3D Arpa Piemonte, source: http://webgis.arpa.piemonte.it/geoportale).

(d) Water temperature sensor locations and water sampling sites in the pond.

(serpentinites and prasinites); and iii) the Sesia Lanzo Zone (gneisses of polimetamorphic origin)
(Handy et al., 2010; Gasco et al., 2011; Steck al., 2015).

A high-elevation automatic weather station (AWS) is operated at 800 m distance from the pond
(Alpini Corps - Meteomont Service, Italian Army), the Col d’Olen station (2900 m a.s.l.). For the
time span 2008-2015, the station recorded a mean liquid precipitation during the ice-free season of

400 mm and a mean annual air temperature of -2.6 °C. The snowpack generally developed by late
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October to early November. The snowpack usually becomes isothermal in late May to early June
and melt out occurs in July.

The Col d’Olen Rock Glacier (“Corno Rosso 2 Rock Glacier” in the Aosta Valley rock glacier
cadastre, http://www.geonavsct.partout.it) typology is a bouldery talus-tongue shaped (cf., Haeberli
et al., 2006) (morphometric characteristics are listed in Table 1). The rock glacier is covered by
boulders varying from tens of centimetres to several metres in size. Fine-grained sediments surface
at the terminus and at the lateral scarps. Serpentinites constitute the main lithology of the fine-
grained body, while calcschists and serpentinites are present as clasts and boulders on the surface.
The rock glacier seems to be active based on limited lichen growth, sparse vegetation, microform
evidence of recent movements in the steep frontal slopes, in addition to fresh and unstable boulders
on the surface (Barsch, 1996; Millar and Westfall, 2008). The rock glacier is classified as intact
according to the Aosta Valley rock-glacier cadastre. It has a main flow direction from NE to SW,
toward a small valley depression where the pond is located (Fig. 1c) and no surficial springs or
streams are visible. The contributing area of the rock glacier is 21,800 m?, this is about 11 % of the
pond catchment. Given the possibility for sub-surface flow, the actual contribution area, however,
could differ.

The pond has an elongated shape and is situated in front of the rock glacier, on the
orographically right, marginal side of the tongue (Fig. 1c and 1d, Tab. 1). Its shoreline is
surrounded by the rock glacier from NE to SE, with the front dipping into the pond, from N to SW
by slopes with weathering deposits (scree accumulations and pedogenised fine-grained deposits
often associated with alpine meadows) and a small rockfall deposit primarily composed of
amphibolites, and it is partially bordered on the south by bare bedrock outcrop (calcschists). The
pond has no persistent surficial inflows. Only a tiny ephemeral snowmelt stream that usually
disappears during the ice-free season (July—August) is present; the stream had dried-out before the

start of the investigated ice-free seasons 2014 (25 August to 9 October) and 2015 (9 July to 12



Rock-glacier morphometric characteristics

Minimum elevation of the front 2706 ma.s.l.
Rooting zone elevation 2816 ma.s.l.
Maximum length 340 m
Maximum width 160 m
Area 37,500 m?
Maximum height of the front 25m
Maximum marginal slope 46°
Mean surface slope angle 18°

Pond morphometric characteristics

Maximum length 60 m
Maximum width 40m
Perimeter 160 m
Area 1,600 m?
Maximum depth 3m

Table 1 - Rock-glacier and pond morphometric characteristics.

October). There are no surficial outflows from the pond and it is thermally mixed during the ice-
free season (Colombo et al., 2018b). The pond surface is usually ice-free from mid-July until mid-
October. During the two years investigated, the pond surface became ice-free on 25 and 4 July,
respectively. In 2014, the sampling season started only on 25 August, one month later than the
actual beginning of the ice-free season, because the location of the rock glacier inflow in the pond
was only then detected (Colombo et at., 2018b). Based on this experience, the sampling season in

the following year could start on 9 July, just a few days after the pond became ice-free.

2.2 Snow cover duration estimation

Snowpack duration in the catchment and on the rock glacier was estimated using three
approaches with different spatial and temporal resolutions in order to adequately assess the
presence/absence of snow in the catchment and among the boulders of the rock glacier. (i) Hourly
data on snow thickness were obtained from the Col d’Olen AWS to monitor local snowpack melt

progression. Data were aggregated to daily values and no data gaps were present in the series. (ii)
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Landsat 8 (spatial resolution: 30 m, geolocation uncertainty: 3-6 m, Storey et al., 2014) imagery
was analysed for the ice-free seasons 2014 and 2015. This provided a coarse resolution estimate of
snowpack persistence in the catchment on a weekly to two-weekly basis (further details in
Supporting Information (SI), Materials and Methods SI1). (iii) To analyse long-lasting snow among
the coarse blocks at the rock-glacier surface, a network of miniature temperature sensors was
established to monitor snowmelt based on ground surface temperature (GST) (e.g., Gadek and
Leszkiewicz, 2010; Staub and Delaloye, 2016). The melt-out date of snow (when the last snow
disappears at a location) was calculated based on the methodology proposed by Schmid et al.
(2012). GSTs were measured using miniature temperature loggers Maxim iButton® DS1922L
(accuracy +0.5 °C, resolution 0.0625 °C), programmed to record every three hours from 1 August
2014 to 12 October 2015. 34 loggers were distributed on an equally-spaced grid (26 m x 26 m) in
the area of the rock glacier contributing to the pond catchment, buried approximately 10 cm into the
ground or placed between and underneath boulders. 32 loggers were retrieved (Sl, Fig. SI1) and the

three-hourly data were aggregated to daily values. No data gaps were present in the series.

2.3  Meteorological and hydrological measurements

Air temperature was measured at the Col d’Olen AWS. Rain data were obtained from the
Gressoney-La-Trinité - Lago Gabiet AWS (managed by Arpa Valle d’Aosta, 2379 m a.s.l., located
at 2.5 km distance from the pond) since the rain gauge data from the Col d’Olen AWS had
numerous gaps in the ice-free season 2015. Hourly data were aggregated to daily values; no data
gaps were present in the series investigated.

To detect the rock-glacier discharge in the pond, Colombo et al. (2018b) integrated waterborne
geophysical techniques and a heat-tracer approach based on water temperature difference at three
measurement sites in the pond (Fig. 1d). The temperature of sub-surface rock-glacier outflow was

estimated at -0.5 °C, 0 °C and +0.5 °C, and assumed constant over time (Krainer et al., 2007; Millar
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et al., 2013; Geiger et al., 2014). Lacking persistent surficial pond inflows or outflows, that is a
common deficiency at all high-elevated water bodies, the applied methodology allowed to obtain
temporal variations in the rate of rock-glacier discharge (Qrock) on total discharge (Qtot) reaching
the RG3 sensor (Fig. 1d), providing qualitative information on temporal patterns, although not

quantifying the rock-glacier discharge in absolute terms.

2.4  Chemical analyses

Water sampling in the pond was carried out at the same three locations in the pond where water
temperature measurements were performed (Fig. 1d), using a telescopic sampling beam. A 300 cm-
deep snow profile was sampled before the melting season near the Col d’Olen station in April 2015,
and 6 snow samples were collected at 50 cm-intervals for isotopic analyses. A rain collector was
installed on the southern part of the pond and sampled for isotopic analyses when precipitation
occurred (13 observations).

For every sampling date and at each sampling point, two samples were collected in new 50-ml
polyethylene tubes for solute analyses (SI, Materials and Methods SI1). pH was measured using a
WTW - InoLab 7110 pH-meter, equipped with Hamilton GelGlass electrode. EC was measured
using a Crison - Micro CM 2201 (Colombo et al., 2018b). The concentration of major anions (CI-,
NO2, NOs, POs*, SO+*") was determined with a Dionex DX-500 (Dionex Corp., California), 2 mm
system, equipped with an auto-sampler AS50, AS9 analytical column, and AG9 pre-column. The
eluent was 9 mM sodium carbonate pumped at a flow rate of 0.25 ml min™. Major cations (Ca®*,
Mg?*, K*, Na*) were determined by F-AAS using a Perkin Elmer AAnalyst 400 (Perkin-Elmer Inc.,
Waltham, Massachusetts). Potential toxic trace elements (Ni, Mn, Co) from the weathering of
serpentinites (e.g., Brooks, 1987; Schreier et al., 1987) and generally reported to be highly
concentrated in rock glacier outflows (Thies et al., 2013) and lakes (Thies et al., 2007; Ilyashuk et

al., 2014) were analysed. These elements were determined using a Thermo Finnigan Element 2
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Inductively Coupled Plasma-Mass Spectrometer, able to work at low, medium and high resolution.
The quality of chemical analyses was determined by including method blanks and repeated
measurements of certified samples. Analytical precision for major anions was <10 %, and for major
cations and for trace elements was <5 %. Finally, to verify the possible contribution of soil matrix
to trace-element dynamics in the pond, correlations with soil-related contributions, such as organic
C, were checked. Dissolved organic carbon (DOC) was determined with a total organic carbon
(TOC) analyzer (Elementar, Vario TOC, Hanau, Germany). Analytical precision for DOC was <2
%.

Samples for stable water isotopic analyses (580 and §?H) were collected using new vials with
airtight caps. To determine isotope concentrations an Isotopic Liquid Water Analyzer used a time
based, optical absorption spectroscopy of the target gasses (Picarro L2130-i). Analyses for 630 and
5°H were performed at the INSTAAR (Institute of Arctic and Alpine Research) Kiowa
Environmental Chemistry Laboratory of the University of Colorado at Boulder (USA). Isotopic
compositions are expressed as a & (per mil) ratio of the sample to the Vienna Standard Mean Ocean
Water (VSMOW), where § is the ratio of ¥0/*0 or 2H/*H. Analytical precision was 0.05 %o for
both 580 and 8H. Deuterium excess (dexcess) (Dansgaard, 1964) was also analysed to provide
insight into the potential importance of melt-freeze cycles characterising the outflow from the rock
glacier (Steig et al., 1998; Williams et al., 2006). dexcess Was computed for each sample following
the protocol developed by Johnsen and White (1989) based on the equation for the Global

Meteorological Water Line (GMWL, Craig, 1961).

2.5  Statistical analyses
Statistical analyses were performed using the programming language R (R Development Core
Team, 2011). Principal Component Analysis (PCA), a multivariate ordination technique, was

conducted to interpret the major patterns of variation in the data. Data were centred and
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standardised to mean zero and unit variance so that all variables were comparable. The degree of
correlation among data was verified through the correlation coefficient (r) (e.g., Venables and

Ripley, 2002).

3. Results
3.1  Snow cover duration

The two ice-free seasons 2014 and 2015 had different snow-depletion periods. Col d’Olen AWS
data showed that the snowpack was absent from the beginning of August in 2014 (Fig. 2a) and from
the beginning of July in 2015 (Fig. 2b). Landsat data showed that in 2014, the last snow in the
catchment was present on 19 July (catchment 1 % snow covered) (Fig. 2a). In 2015, no snow was
found at the beginning of the ice-free season (Fig. 2b). The spatially distributed temperature logging
showed that, in 2014, no snow was present on the rock-glacier surface from the date of first water
sampling (25 August). During the ice-free season 2015, melt-out date of snow ranged from 6 June
to 7 July 2015 (SI, Fig. SI2), with snowpack depletion occurring before the start of the ice-free

season on 9 July.

3.2  Meteorological conditions

Similar to snow cover duration, air temperature during the ice-free seasons 2014 and 2015 was
different. In July—August 2014 the mean air temperature was lower (mean: +3.4 °C) (Fig. 2c) than
the air temperature in the same period in 2015 (mean: +6.4 °C) (Fig. 2d). Conversely, the air
temperature in September and during the first ten days of October 2014 was higher (mean: +1.8 °C)

(Fig. 2c¢) than the air temperature in the same time-span in 2015 (mean: -0.2 °C) (Fig. 2d).
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Figure 2 - Data series for the ice-free seasons 2014 (left) and 2015 (right). (a-b) Snow thickness (cm)
(grey polygons) and percentage of catchment covered by snow (%) from Landsat data (black line, dots
represent analysed images, those with cloud cover were excluded). (c-d) Mean daily liquid
precipitation (mm), fresh snow (cm), air temperature (°C), and water temperature (°C) at RG1, RG2

and RG3 (please note that ¢ and d have different secondary y-axes). (e-f) Relative rock-glacier
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contribution expressed as ratio Qrock/Qtot (details in the main text) in the pond with the temperature
of the cold-water from the rock glacier estimated at -0.5 °C, 0 °C and +0.5 °C. (g-h) dexcess values (%o) at
RG1, RG2 and RG3. (i-l) EC values (uS em™). (m-n) SO+* concentration (umol L™). (0-p) NOg

concentration (umol L) (modified from Colombo et al., 2018b).

Precipitation was less abundant during the sampling season 2014 (no precipitation event exceeded
20 mm, Fig. 2c) than in 2015 (six precipitation events exceeded 20 mm, Fig. 2d). Liquid
precipitation events were mainly concentrated in September and early October 2014 (Fig. 2c), and

in August 2015 (Fig. 2d).

3.3  Rock-glacier discharge

Daily water temperature during the ice-free seasons 2014 and 2015 at RG3 (mean: +4.7 °C) was
lower than water temperature at RG1 (mean: +8.5 °C) and RG2 (mean: +8.4 °C) (Fig. 2c and 2d).
The difference between RG2, which showed an almost identical pattern to RG1 both in 2014 and
2015 (Fig. 2c and 2d), and RG3 was used to infer the relative discharge coming from the rock
glacier on a daily basis (Colombo et al., 2018b). The results showed that in the ice-free season
2014, two main peaks of rock-glacier discharge were estimated from mid-September, just before the
end of the ice-free season, on 19 September and 6 October (Fig. 2e). During the ice-free season
2015, a long and almost continuous high-discharge period was detected from 14 August to 3
September (Fig. 2f).

In both years, high discharge was observed before air temperature became negative or close to 0
°C. This was particularly evident in 2015 before mid-September, when average daily air
temperature became negative (Fig. 2d), and water temperature recorded by all sensors (RG1, RG2,
and RG3) became equal, i.e., a clear signal of the rock-glacier discharge interruption (Fig. 2d).

Hereafter, the period of higher discharge observed during both sampling years (from 17 September
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to 9 October 2014, and from 11 August to 11 September 2015 - until the RG3 water temperature
converged with the water temperature at RG1,2) will be named high-discharge (HD) period and the
remaining period as low-discharge (LD) period. The delay time between main precipitation events
and discharge peaks was found to range from 6 hours to 3 days. It is important to note that no
measurements were performed during periods in which rock-glacier discharge is usually reported to
be the highest due to snowpack melting (May—June) (e.g., Krainer and Mostler, 2002; Krainer et al.,

2007) because the ice cover on the pond surface is, on average, present until mid-July.

3.4  Water isotopes

Isotopic values of water samples showed the main differences between RG3 and RG1,2 during
the HD period (Tab. 2). For instance, average RG3 and RG1 dexcess difference during the HD period
was +1.56 %o, while the difference during the LD period was +0.23 %.. Although less evident than
Oexcess, 620 and 8?H became more enriched at RG3 than at RG1,2 during the same period (Tab. 2).
As a benchmark of the system, snow and rain were also sampled. Snow was characterised by the
lowest 880 (mean: -18.9 %o), 8°H (mean: -139.26 %o), and dexcess (Mean: 11.7 %o) values.
Contrarily, rain showed the highest 580 (mean: -10 %o), 8°H (mean: - 64 %o), and Jexcess (Mean:

15.9 %o) values, with no temporal pattern in the series (not shown).

18 2 N
0 O (%0) 0 H (%o) Jexcess (%o)
RG1 RG2 RG3 RG1 RG2 RG3 RG1 RG2 RG3

LD 1274 -1274  -1275 -89.93 -89.82 -89.79 1197 1208 12.20
(13 observations) ~ (0.96)  (1.01)  (0.98)  (8.80)  (9.25)  (9.04) (1.41) (1.38) (1.55)

HD 1202 -12.01 -11.83 -83.40 -83.38 -80.34 1275 1272 1431
(8 observations)  (0.82)  (0.77) (0.62) (6.92) (6.87) (6.31) (0.83) (1.19) (1.84)

Table 2 - Isotopic measurements for the sampling sites during low-discharge (LD) and high-discharge

(HD) periods in 2014 and 2015. Mean value and standard deviation (in brackets) are reported.
14



3.5  Water chemical composition

EC showed higher values at RG3 than at RG1,2 during the HD period (Tab. 3) in 2014 (Fig. 2i)
and 2015 (Fig. 2l). For major anions, the main differences among the sampling points in the pond
were found for SO4* (Fig. 2m and 2n) and NOs™ (Fig. 20 and 2p), with higher concentrations at
RG3 during the HD period, similar to EC (Tab. 3), as expected. Concentration increases of the
major cations Mg?* (Fig. 3a and 3b) and Ca?* (Fig. 3c and 3d) were measured at RG3 in the same
period (Tab. 3). Na* and K* concentrations were lower compared with those of Mg?* and Ca?* and
did not show specific temporal patterns (not shown) although during the HD period they were
slightly more diluted at RG3 than at RG1,2 (Tab. 3). The trace elements Ni, Mn and Co were more
concentrated at RG3 than at RG1,2 (Tab. 3) during the HD period in 2014 (Fig. 3e, 3g, and 3i), and
from mid-July to mid-September 2015, with the greatest differences measured during the HD period
in 2015 (Fig. 3f, 3h, and 3l). An initial peak in trace-element concentrations was also found at the
beginning of the ice-free season 2015 (Fig. 2f, 2h, and 2l). For each sampling point, weak negative
correlation between DOC and trace elements occurred at RG1 with DOC and Ni (r=-0.44; p<0.1)
and DOC and Co (r=-0.38; p<0.1), and at RG2 between DOC and Ni (r=-0.47; p<0.05) and DOC

and Co (r=-0.64; p<0.01). No correlation occurred at RG3 (SI, Tab. SI1).
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EC (uS cm™) pH CIl- (umol L)
RG1 RG2 RG3 RG1 RG2 RG3 RG1 RG2 RG3
LD 46.0 46.0 48.5 7.5 7.4 7.4 25 2.2 2.4
(13 observations)  (12.6) (15.7) (13.7) (02) (0.2) (0.2) (20) (15 (14)
HD 50.5 47.5 68.6 7.5 7.6 7.5 2.4 15 3.0
(8 observations) (11.7) (7.8) (227) (0.1) (03) (0.1) (19 (0.4) (0.8)
S04 (umol L) NOz (umol LY) Mg?* (umol L?)
RG1 RG2 RG3 RG1 RG2 RG3 RG1 RG2 RG3
LD 38.0 36.0 40.0 4.7 3.9 5.1 98.9 89.9 103.6
(13 observations)  (17.5) (20.5) (195) (1.4) (2.0) (1.4) (27.0) (35.8) (33.4)
HD 41.8 43.2 79.5 6.9 6.8 17.0 111.8 110.0 1654
(8 observations)  (10.3)  (88) (53.2) (34) (3.8) (10.1) (21.0) (14.9) (23.1)
Ca?* (umol L) K* (umol L?) Na* (umol L)
RG1 RG2 RG3 RG1 RG2 RG3 RG1 RG2 RG3
LD 1014 100.0 102.1 10.7 9.9 10.6 5.9 5.7 5.3
(13 observations)  (24.3) (31.9) (25.6) (3.8) (41) (44) (20) (3.0) (L4)
HD 121.6 1247 143.7 10.9 9.6 6.9 4.7 5.7 4.6
(8 observations)  (11.4) (14.8) (254) (45 (31) (34) (11) (1) (1.9
Ni (nmol L?) Mn (nmol L1) Co (nmol L)
RG1 RG2 RG3 RG1 RG2 RG3 RG1 RG2 RG3
LD 197.2 217.6 257.3 24.1 24.3 39.2 0.9 0.8 11
(12 observations)  (78.0) (79.3) (135.6) (45.4) (48.7) (60.2) (0.6) (0.6) (0.7)
HD 192.2 213.0 509.1 22.5 31.2 94.5 1.1 1.3 2.3
(8 observations)  (53.9) (43.4) (192.8) (18.7) (26.3) (66.9) (0.6) (0.7) (0.9)

Table 3 - Solute concentrations in the water sampling sites during low-discharge (LD) and high-

discharge (HD) periods in 2014 and 2015. Mean value and standard deviation (in brackets) are

reported. NO, and PO.* were below the detection limits.
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Figure 3 - Data series for the ice-free seasons 2014 (left) and 2015 (right). (a-b) Mg?* concentration at
RG1, RG2 and RG3 (umol L?). (c-d) Ca?* concentration (umol L1). (e-f) Ni concentration (nmol L™).

(g-h) Mn concentration (nmol L™?). (i-1) Co concentration (nmol L%).

4. Discussion

The integrated analyses of water temperatures, estimated relative rock-glacier discharge, stable
water isotopes and solute content revealed systematic patterns. In both ice-free seasons, RG1 and
RG2 generally showed similar patterns, while higher chemical concentrations were measured at
RG3 (Fig. 2 and 3). There, increases of inferred rock-glacier discharge (Fig. 2e and 2f) were found
to be temporally associated with isotopically-enriched waters, particularly evident for dexcess (Fig. 29

and 2h).
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4.1  Rock-glacier hydrological contributions

HD periods in 2014 (Fig. 2e) and 2015 (Fig. 2f) occurred after the melting of the snowpack (Fig.
2a, 2b, and SI, Fig. SI2) thus, the contribution of snowmelt on rock-glacier discharge can be
excluded. Higher air temperatures in July—August 2015 (mean: +6.4 °C) in comparison to July—
August 2014 (mean: +3.4 °C) (Fig. 2c and 2d) enhanced the melting of the snowpack, resulting in
its complete depletion in the catchment and on the rock glacier one month earlier in 2015 than in
2014 (Fig. 2a and 2b). A long-lasting winter snowpack in 2014 probably contributed to delaying the
onset of active-layer thawing (cf., Hanson and Hoelzle, 2004). Conversely, higher air temperatures
in September and during the first ten days of October 2014 (mean: +1.8 °C) than during the same
time in 2015 (mean: -0.2 °C) (Fig. 2b and 2c) contributed to the extension of the thawing season
until October 2014 (Fig. 2e), while no evidence of rock-glacier discharge was found in the pond
from mid-September 2015 (Fig. 2f). The air temperature difference between the two years
investigated is reflected in the dynamics of the distributed GST measurements on the rock glacier.
Indeed, in the first part (until the end of August) of the ice-free season 2014 mean GSTs were lower
(+6.1 °C) than in 2015 (+8.9 °C). Conversely, during the second part (in September and during the
first ten days of October) of the ice-free season 2014 mean GSTs were warmer (+4.4 °C) than in
2015 (+2.3 °C), with GSTs generally close to 0 °C or negative after mid-September 2015 (not
shown). Since the beginning of September 2015, mean air temperatures were negative or close to 0
°C values for several days (Fig. 2d). During this period, low water temperature at RG3
progressively increased until convergence with temperatures at RG1,2 (Fig. 2d), when the HD
period stopped (Fig. 2f).

HD periods from the rock glacier were found to be associated with liquid precipitation during the
ice-free seasons 2014 (Fig. 2c and 2e) and 2015 (Fig. 2d and 2f). In general, rain events increased
the export of cold water from the rock glacier at RG3 and this is assumed to be due to the contact of

water with melting ice in the subsurface (Krainer and Mostler, 2002; Berger et al., 2004; Krainer et
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al., 2012; Millar et al., 2013). This was evident from mid-September to the end of the ice-free
season 2014 (Fig. 2c¢), and from mid-August to mid-September 2015 (Fig. 2d). Previously, intense
summer rainfall has been reported to cause peaks in discharge from rock glaciers while water
temperature usually remains stable around the freezing point (Krainer and Mostler, 2002; Berger et
al., 2004; Krainer et al., 2007; Geiger et al., 2014). Our observations likely reflect the same pattern
where higher cold discharge contributes to the temperature signal observed at RG3. Moreover,
water infiltration can lead to a rapid warming of the ground at depth through thermal advection and
release of latent heat (Rist and Phillips, 2005), in turn leading to higher unfrozen water content,
especially if temperatures are close to 0 °C (Anderson et al., 1973; Arenson et al., 2002).

The delay between precipitation events and discharge peaks ranged from 6 hours to 3 days. In
the latter case, snow melting after each precipitation event was the main driver of discharge
delaying. Generally, delay time ranged from 6 hours to 1 day after rainfall events. Rainfall periods
have been reported to cause great variations in groundwater circulation in rock glaciers and even
dry springs can reactivate after heavy and/or repeated rainfall events (Kummert et al., 2017).
Moreover, highly variable residence times, ranging from few hours to several days, of water in
rock-glacier bodies have been reported in the scientific literature and are likely based on internal
characteristics such as hydraulic connectivity, active-layer thickness and sedimentological
composition, or the amount and characteristics of internal ice (Tenthorey, 1992, 1993; Harris et al.,
1994; Krainer and Mostler, 2002; Berger et al., 2004; Buchli et al., 2013). The residence time in the
investigated rock glacier is likely to indicate that the flow path in the landform is heterogeneous and
the hydraulic connection is poor (Tenthorey, 1992, 1993; Harris et al., 1994). Moreover, percolating
water might flow through fine-grained unsaturated terrain at larger depths due to a great active layer
thickness, resulting in small flow velocity in the rock-glacier interior (cf., Buchli et al., 2013).
Flowing water was neither seen nor heard between the coarse debris, and this has been previously

attributed to the presence of meltwater channels eroded into the frozen rock-glacier body (Krainer
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and Mostler, 2002; Berger et al., 2004). Keeping in mind that the flow of the rock-glacier water into
the pond is localised and sub-surficial, it is possible that part of the flow path is in fine-grain
sediments and in bedrock fractures (Colombo et al., 2018b), thus further increasing the residence
time of water in the system. The observed residence times are similar to the delay detected between

events of strong precipitation and peaks in rock-glacier movement (Wirz et al., 2016).

4.2  Isotopic signature of the pond water

During the HD period, dexcess increased, reaching maximum values at RG3 both in 2014 and 2015
(Fig. 2g and 2h). In this period, dexcess values at RG3 (max.: 16.5 %o, mean: 14.3 %o) were closer to
those of rain (max.: +19.5 %o, mean: +15.9 %o) than of snow (max.: +13.3 %o, mean: +11.7 %o). A
mean dexcess Value for snow of about +11 %o was reported by Williams et al. (2006) in their study on
the Green Lake 5 rock glacier, similar to the base value for the ice core of the Galena rock glacier
(Steig et al., 1998). Williams et al. (2006) found increasing dexcess Values in the rock-glacier outflow
during the summer season, with a maximum value of +17.5 %o in the fall. An enrichment of +6 %o
compared to snow is similar to the values for sections of the ice core from the Galena rock glacier
that had undergone multiple melt-freeze cycles (Steig et al., 1998). In our study, a smaller
enrichment was found at RG3, but it is worth noting that the mixing with more depleted pond water
is likely to smooth the enriched isotopic signal coming from the rock-glacier into the pond.
Williams et al. (2006) attributed the dexcess enrichment in the rock-glacier outflow to icemelt subject
to multiple melt-freeze cycles. The authors also reported that some combination of isotopically-
enriched rainwater and icemelt could have potentially provided the same isotopic values in the
outflow of the rock glacier. However, in that case, the effect of rain was considered minimal due to
its small contribution to annual precipitation. In our case, giving the mixed origin (i.e., rain, icemelt,
groundwater) of the water source at RG3 (further mixed with pond water) and the fact that it is not

easy to discriminate among these different components, the contribution of ice melt, here
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considered as originating from a mixture of ice and debris, to the hydrological budget cannot be
well constrained (cf., Krainer et al., 2007). However, the effect of rainwater alone can be excluded
because strong increases in dexcess at RG3 were only found during the HD period and did not occur
during other rainfall events in the ice-free seasons (Fig. 2c and 2d); this is particularly evident
during the last month of the ice-free season 2015. Moreover, if this was only an effect of rainwater
flowing from the catchment to the pond and directly falling into the pond, one would expect similar
behaviours among all sampling points, with no such strong enrichment preferentially affecting RG3.
Evaporation could also influence the isotopic trends in the pond (cf., Jonsson et al., 2009), with
implications for dexcess dynamics (cf., Yuan et al., 2011). However, dexcess Values were similar at
RG1, RG2 and RG3 for several sampling dates, both in 2014 (Fig. 2g) and 2015 (Fig. 2h). Indeed,
these values derived from the mixing effect of all hydrological components in/from the pond (also
including the evaporation), influencing all the sampling points. Only during the estimated HD
periods, dexcess Values at RG3 deviated substantially from the values measured at RG1,2.
Considering the small dimensions of the pond, evaporation should act similarly at all the
investigated sampling points. In fact, during LD periods, dexcess Values were rather similar among
the sampling points in the pond. Thus, this might indicate that the cold water at RG3 originated
from a combination of isotopically-enriched rainwater and icemelt subject to multiple melt-freeze
cycles (Steig et al., 1998; Williams et al., 2006). Although less evident, 50 and §?H became more
enriched at RG3 than at RG1,2 during the HD period (Tab. 2). Isotopic enrichment trends were
observed in the outflows of other rock glaciers (Williams et al., 2006; Krainer et al., 2007) and were
attributed primarily to the progressive decrease of isotopically-depleted snowmelt and secondarily
to higher contribution of isotopically-enriched rain and icemelt plus groundwater.

At the beginning of the ice-free season 2015 (until mid-August), although relative rock-glacier
discharge was estimated to be low to moderate (ranging between 0.1 and 0.4, Fig. 2f), RG3 did not

show the strong isotopic enrichments as during the HD period. This can be explained with the
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presence of cold and rather isotopically-depleted snowmelt coming from the rock glacier, although
snow was estimated to be absent in the catchment and on the rock glacier (Fig. 2a, 2b, and SI, Fig.
SI2). Thus, it might be possible that, even if investigated at fine-scale with a grid of surficial ground
thermal sensors, the potential effects of “hidden” long-lasting snow patches melting among the
boulders require an improvement of the measurement setting. Moreover, ice might have
accumulated by refreezing of snowmelt after percolating into the active layer (Hinkel et al., 2001;
Rist and Phillips, 2005; Juliussen et al., 2008; Woo, 2012) or on top of an ice-rich body inside the
rock glacier. This ice might have melted during the warm July-August 2015 period, providing a
combination of snowmelt (isotopically-depleted), surficial icemelt (isotopic signature similar to
snowmelt), and potential minor internal icemelt (isotopically-enriched) and thus resulting in a rather
depleted isotopic signature. This could have led to an inflow of cold and rather isotopically-depleted
water from the rock glacier without strong concentration differences among sampling points due to
its reduced discharge and because of the presence of isotopically-depleted snowmelt water at the
beginning of the ice-free seasons in the pond (cf., Krainer et al., 2007; Jeelani et al., 2010; Penna et

al., 2014).

4.3  Export of solutes from the rock glacier

Similar to isotopes, the times of strong differences in solute concentrations between RG3 and
RG1,2 corresponded with the HD period. This was shown mainly by EC and SO.* trends in 2014
(Fig. 2i and 2m) and 2015 (Fig. 2l and 2n), with this evidence particularly accentuated in 2015.
Similar behaviour was found for Mg?* (Fig. 3a and 3b) and Ca?" (Fig. 3c and 3d). Furthermore,
trace elements associated with serpentinite weathering (Ni, Mn, Co) strongly increased at RG3
during the HD period, although they were found to be temporally anticipated with respect to major

ions. Trace elements also evidenced an initial peak at the beginning of the ice-free season 2015

(Fig. 3).
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In the present study, increases in EC and major ions (SO4%, Mg?*, Ca?*) were found in late
summer and early fall, in agreement with previous studies (Krainer and Mostler, 2002; Berger et al.,
2004; Williams et al., 2006; Krainer et al., 2007; Thies et al., 2013). They were, however, also
associated with higher rock-glacier discharge after liquid precipitation events. This association, to
the best of our knowledge, has been observed here for the first time. Indeed, some previous studies
reported dilution of rock-glacier outflow after rainfall due to its low solute content (Krainer and
Mostler, 2002; Berger et al., 2004; Krainer et al., 2007). Since increasing EC and major-ion
concentrations were found after the winter snowpack had melted and were associated with higher
rock-glacier discharge after rainfall, it is likely that this results from the export of geochemically-
enriched icemelt (Williams et al., 2006), strong enough to dominate over possible dilution with
solute-poor precipitation water. As already observed for isotopes, the effect of rainwater alone can
be excluded since different rain events occurred during the investigated ice-free seasons but strong
solute increase at RG3 was always associated with HD periods (Fig. 2 and 3). This excludes the
possibility of a simple flushing of solutes from micropores during higher flows or other reactions in
the rock-glacier fine-grained sediment interior (Clow and Drever, 1996). However, variations of
solute concentrations in response to changes in discharge are usually modest (Clow and Drever,
1996), generally evidencing relatively small declines to great discharge increases (Clow and Mast,
2010) through the “chemostatic” behaviour (Godsey et al., 2009). Additionally, rainfall events are
usually reported to lower solute concentrations in mountain surface waters, showing strong
concentration-flow relationships, especially for weathering-related ions (Froehlich et al., 2008;
Goulsbra et al., 2014; Blumstock et al., 2015). Finally, increasing solute concentrations were
systematically found at RG3, which is inconsistent with the assumption of the effects of rain
flowing from the catchment and/or directly falling into the pond, which should influence all the

sampling sites.
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In this study, SO4> was found to increase at RG3 during the HD period (Fig. 2m, 2n, and Tab.
3). Icemelt from rock glaciers has been assumed to be enriched in SO4* (Thies et al., 2007; Thies et
al., 2013; llyashuk et al., 2014) due to enhanced chemical weathering of freshly exposed mineral
surfaces in an environment with high availability of moisture (Williams et al., 2006). In the present
study, this includes fine-grain serpentinite detritus and the potential presence of sulphide minerals
such as pyrite. Lower sulphate concentrations in RG1,2 suggest that the higher sulphate at RG3 is
not derived from fresh mineral surfaces produced by shallow frost weathering (cf., Roy and
Hayashi, 2009) but rather derived from the frozen debris-ice mixture in the rock glacier. SO4> can
also be locally generated by the mineralisation of organic matter in peaty soils (Blodau et al., 2007),
but these are absent in the sampling point surroundings. Moreover, Colombo et al. (2018b)
collected two surficial lacustrine sediment cores from the deepest area of the pond (approx. 2.5+3 m
water depth) and assessed the presence of organic S compounds (Total S content ranging from 0.4
to 0.6 g kg1). Sulphur cycling in aquatic sediments involves both reductive and oxidative processes
(Jargensen, 1988, 1990) and might influence sulphate concentrations in the water (Holmer and
Storkholm, 2001). However, since the pond is well mixed during the ice-free season (Colombo et
al., 2018b), potential sediment-water interactions affect all the sampling points in the pond. SOs*
concentrations were found to be similar among the sampling points during LD periods, with
increases at RG3 only during HD periods, thus excluding a potential localised influence of
lacustrine sediments on SO42* dynamics at RG3. Also, Mg?" was found to increase at RG3 during
the HD period (Fig. 3a, 3b, and Tab. 3); its source can be serpentinites, which are usually enriched
in Mg?* (Vithanage et al., 2014; Baumeister et al., 2015), and constitute the fine-grained sediment
rock-glacier body. Similarly but less pronounced, Ca?* increased at RG3 concurrent with the HD
period (Fig. 3c, 3d, and Tab. 3). This can be explained by the fact that even though serpentinite
rocks are depleted in essential nutrients such as Ca?*, K*, and P (Baumeister et al., 2015), the

presence of calcschists on the rock-glacier surface might be expected to result in higher
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concentrations of Ca?* (Touhari et al., 2014). Thus, icemelt is expected to be primarily enriched in
S04 and other weathering products from serpentinites such as Mg?* and, secondarily, of Ca?* from
carbonate dissolution deriving from surficial rocks during percolation of snow meltwater and/or rain
in the ground (Baltensperger et al., 1990; Haeberli et al., 1999). Flowing of rain on and through the
internal sediment-ice matrix during the thawing season is assumed to be the main driver of solute
export from the rock glacier, with soluble ions released by thaw and made available for flushing. A
similar process has been comprehensively described by Lamhonwah et al. (2017) in a High Arctic
catchment on Melville Island, Canada. The authors found rainfall events to act as a flushing
mechanism, mobilising solutes from the subsurface (ice-rich layers in the upper permafrost) to
surface waters.

Greater differences for EC and major ions between RG3 and RG1,2 were found in 2015 than in
2014 (Fig. 2 and 3). This is consistent with the observation of earlier snow melt-out in 2015 (Fig.
2b) than in 2014 (Fig. 2a), which likely increased subsurface melt and corresponding export of
solutes (cf., Williams et al., 2006). However, a very thin snow cover can cool the ground due to
reduced thermal insulation (Luetschg et al., 2008) and thus may reduce the summer export of
solutes from a rock glacier. Generally, EC and solute content in the Col d’Olen Rock Glacier Pond
were comparable to values measured in rock-glacier outflows in catchments composed of
metamorphic rocks (Krainer and Mostler, 2001a,b, 2002; Berger et al., 2004; Krainer et al., 2007),
but lower than values measured in other rock-glacier outflows (Williams et al., 2006; Thies et al.,
2013) and lakes (Thies et al., 2007; llyashuk et al., 2014).

Regarding NOs", previous studies in high-mountain regions considered it as a specific marker of
microbial activity. For instance, the nitrate in the outflow of talus and blockfields appears to result
primarily from microbial activity (Williams et al., 1997; Ley and Schmidt, 2002; Ley et al., 2004)
where the microbes are carbon limited and hence move the nitrogen cycle towards net nitrification

(Williams et al., 2007). At our site, NO3™ was found to strongly increase at RG3 during the HD
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period both in 2014 (Fig. 20) and 2015 (Fig. 2p). This is in agreement with other studies in
mountain permafrost areas, where increasing nitrate concentration in surface waters was attributed
to melting ice in permafrost and rock glaciers (Williams et al. 2007; Baron et al., 2009; Fegel et al.,
2016). Microbial communities adapted to extreme environments have been suggested as potential
sources of the elevated nitrate in rock-glacier outflows (Williams et al. 2007). Additional research
in the Rocky Mountains suggested the observed nitrate increase in surface waters may also be a
result of meltwater flushing microbially-active sediments following permafrost degradation (Barnes
et al., 2014) and active microbial populations in sediment pockets within talus deposits (Ley et al.,
2004). Nitrate leaching is also possible from organic soil horizons during higher flow (Walling and
Webb, 1986), but as these are absent on the rock glacier, nitrate increase at RG3 are not attributed
to the leaching from the soil. In this study, NO3s™ concentrations in the pond, except during the HD
period at RG3, were comparable to those measured in a rock-glacier lake in the Central Eastern
European Alps (llyashuk et al., 2014) and other high-elevation surface waters (Balestrini et al.,
2014; Magnani et al., 2017), but lower than those measured in other rock-glacier outflows in the
Colorado Front Range (Williams et al., 2007).

Trace elements associated with serpentinite weathering (Ni, Mn, Co) strongly increased at RG3
during the HD period both in 2014 and 2015 (Fig. 3 and Tab. 3). This pattern is in agreement with
previous observations of higher metal concentrations in rock-glacier ponds (Thies et al., 2007) and
rock glacier outflows (Thies et al., 2013) in comparison to reference surface waters not influenced
by rock glaciers, even though these studies did not investigate intra-seasonal trends. Increasing
export of trace elements from permafrost during the late melt season has been also reported in
Arctic areas and attributed to a thickening active layer, exposing previously frozen soil to mineral
weathering processes (Barker et al., 2014). Soil solution might be responsible for the export of trace
elements since it is generally enriched in DOC, which can increase the mobility of metal ions

(Rember and Trefry, 2004). In this case, a positive correlation between DOC and the concentration
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of trace elements during the HD period would be expected. However, at RG3, no relationship
between DOC and trace elements was found (SI, Tab. SI1), further indicating that soil is not
involved in ion discharge processes of the rock glacier. Interestingly, increases in trace elements at
RG3 were found to be earlier than those of major ions (Fig. 3). This is particularly evident in 2015,
when increases in trace elements at RG3 were measured not only during the HD period (mid-
August to mid-September), but also in July when the relative discharge of the rock glacier was
calculated to range between 0.1 and 0.4 (ratio Qrock/Qtot), especially after a period characterised
by some precipitation events (mid-July) (Fig. 2f). Thus, it is possible that these elements are more
easily exported from a matrix of sediment and ice derived from ultramafic rocks like serpentinites.
Moreover, an initial peak in trace-element concentrations was found at the beginning of the ice-free
season 2015 (Fig. 3). One explanation might be the release of trace elements from the melting
snowpack before the onset of the ice-free season in the pond, potentially incorporated into
snowmelt from upper soil horizons in the catchment (Rember and Trefry, 2004; Bagard et al.,
2011). Moreover, the thick ice cover on the pond for eight to nine months during the winter might
be accompanied by a decrease in pH caused by CO oversaturation of water (Wograth and Psenner,
1995). This would prevent the transfer of most trace elements from the water phase to the sediment
and cause a desorption from the sediments, resulting in increased concentrations of free metal ions
(Salomons, 1995). Mixing of water during the ice-free season would then promote the progressive
decrease of trace-element concentrations, as observed in the pond except during the HD period (Fig.
2 and 3). Generally, trace-element concentrations in this study were lower than the ones measured
previously in rock-glacier outflows (Thies et al., 2013) and rock-glacier lakes (llyashuk et al., 2014)
in the Central Eastern Alps, probably due to different local settings. More research is needed to
further explain these differences, since considerable uncertainty still exists about the origin of the

high concentrations of trace elements in rock-glacier ice in the Central Eastern Alps (Colombo et
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al., 2018a). However, during the HD period, Ni concentrations at RG3 exceeded the European
guideline values for drinking water by a factor of two (Council of the European Union, 1998).
Isotopes, EC, pH, major ions and trace elements measured at RG3 were grouped within a PCA to
provide an overview of the characteristics of the rock-glacier discharge into the pond. Figure 4
shows loading and score combined in a plot of the first two principal components. The bottom and
left axes represent the scores of the analysis, whereas the top and right axes show factor loadings.
The black and red dots represent sampling dates with reference to the first pair of axes, while the
lengths of the arrows refer to the second-factor loadings. Factor loadings, representing the
weightings of variables into each component, are the key to understanding the underlying nature of
a particular factor. PCA revealed two main directions of variation, with Axis 1 explaining 47 % of
the total variance and Axis 2 explaining an additional 22 %. An examination of the inter-set
correlations of variables, together with the position and length of the arrows, revealed that the
strongest direction of variation (Axis 1) was primarily a gradient of EC, major ions (S04%, NOs,
Mg?*, Ca?*), pH and isotopes (5120, 52H, dexcess). These variables had positive correlations with
PCA Axis 1 (Fig. 4) and to each other (Tab. 4) and plotting towards the right of the ordination. Ni,
Mn, and Co were highly correlated each other and with NOz™ but not correlated with other major
ions (SO4%, Mg?*, Ca?") (Tab. 4). Na* and K* were negatively correlated with trace elements and
NOs™ (Tab. 4), and plotted along the PCA Axis 2 (Fig. 4). From the PCA, it is possible to observe
that the samples collected during the HD period (red dots in Fig. 4) plotted almost exclusively on
the right side of the first ordination (Fig. 4), indicating that these dates were characterised by higher
concentrations of some major ions (SO42", NOs, Mg?*, Ca?*) and trace elements, and isotopically-
enriched. By contrast, some dates (9, 15, and 20 July 2015) are plotted on the left side of the first
ordination and they partially influenced the second direction of variation (Fig. 4), indicating higher
concentrations in trace elements but lower major-ion concentrations, as observed at the beginning of

the ice-free season 2015 (Fig. 2 and 3).
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ions (green labels) and trace elements (red labels) of 20 sampling dates in which all variables were
measured at RG3. Black and red dots indicate the sampling dates during periods of low-discharge
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9

10

11

SO+

Ca®*

K+

Ni

18

EC pH NOs Cl- Mg2+ Na* Mn Co excess o O oH
0
EC 1
PH  0.79%* 1 1
SO4? 0.91*%**  0.68*** 1
NO3s" 0.65*** 0.41* 0.57*** 1 2
Cr 0.08 0 0.16 0.13 1
|\/|g2+ 0.80***  0.67***  0.73***  (0.60*** 0.23 1 3
Ca? 0.74***  0.56***  0.61*** 0.42* 0.04 0.88*** 1
Na* -0.10 0.15 -0.01 -0.47** 0.47** 0.02 -0.06 1 4
K* -0.03 0.23 -0.07 -0.56** 0.11 -0.03 -0.01 0.78*** 1
Ni 0.30 0.02 0.29 0.69*** 0.12 0.36 0.26 -0.58***  -0.76*** 1 5
Mn 0.18 0.07 0.21 0.65*** -0.01 0.03 -0.12 -0.50**  -0.67***  0.70*** 1
Co 0.26 0.13 0.27 0.68*** -0.09 0.34 0.26 -0.69***  -0.82*** (0.80*** (0.78*** 1 6
excess 0.69***  0.60*** 0.53** 0.78*** -0.04 0.60*** 0.48** -0.18 -0.07 0.33 0.41* 0.35 1
8180 0.80***  0.76***  0.61*** 0.53** 0.16 0.82***  0.76*** 0.12 0.26 0.11 -0.09 0.03 0.79*** 1 /
52H 0.80***  0.76***  0.61***  0.60*** 0.10 0.80***  0.72*** 0.04 0.19 0.16 0.02 0.11 0.86***  (0.99*** 1 8

Table 4 - Correlation matrix for measured variables of 20 sampling dates in which all variables were measured. Negative correlation coefficients mean

inverse relationship. *, **, and *** indicates significant correlation at p<0.1, p<0.05 and p<0.01, respectively.
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4.4  Conceptual model of solute export

We propose a conceptual model for explaining the main processes driving the export of solutes
from the Col d’Olen Rock Glacier into the adjacent pond. It is based on inference since we rely on
surface water measurements rather than direct measurement of water inside the rock glacier, and
surface observations rather than knowledge of the internal structure of the rock glacier.
Nevertheless, we believe that it has value despite these uncertainties, as it connects differing lines of
evidence and may facilitate the generation and testing of new hypotheses. Regarding the internal
structure of the rock glacier, fine-grained material is assumed to gradually become abundant with
increasing depth, and close to the permafrost table, fines are predominant (Haeberli et al., 2006). An
inner sediment-ice matrix is hypothesised (Haeberli, 1985; Barsch, 1988; Haeberli et al., 2006).

Before the beginning of the ice-free season, snowmelt is the dominant water source, depleted in
isotopes and solute-diluted. When the ice-free season begins, higher concentrations of trace
elements can be found in the pond (e.g., 9 July 2015), possibly due to mobilised trace elements in
snowmelt or as a result of the ice cover on the pond for months during the winter that could result in
increased concentrations of free metal ions (Fig. 5a). At this time, the 0 °C isotherm is near the
surface (Fig. 5a) (cf., Williams et al., 2006).

Later in the ice-free season, the active layer is partially thawed and the remaining snowmelt
(from long-lasting snow patches in hollows between and underneath boulders) flows through it.
Near-surface ice, derived from snowmelt refrozen in the active layer, might also melt. The frozen
core is well below 0 °C and at the same time, unfrozen water can exist as films on the surfaces of
fine sediment particles (Williams and Smith, 1989; Rempel, 2012). This unfrozen water is
geochemically-enriched due to solute expulsion during ice growth (Konrad and McCammon, 1990).
At low temperatures, the permeability of the sediment-ice matrix is reduced due to the freezing of

water and the decreased thickness of liquid films around sediment particles (Burt and Williams,
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Figure 5 - Conceptual scheme of the hypothesised internal structure of the rock glacier and main

processes driving the export of solutes into the marginal pond (modified from Colombo et al., 2018b).
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(a) At the beginning of the ice-free season, the chemical characteristics of the water in the pond are
mainly driven by snowmelt, which is depleted in isotopes and solute-diluted. High trace-element
concentrations are found in the pond, possibly due to snowmelt mobilisation and/or prolonged winter
ice-coverage of the pond. The 0 °C isotherm (black dotted line) is surficial. (b) Later in the ice-free
season, the 0 °C isotherm extends into the rock glacier; the frozen core remains well below 0 °C and
some unfrozen water exists within it. The rock-glacier discharge is generally low or moderate, and it
mainly derives from long-lasting snow patches and surficial ice, resulting in isotopically-depleted
water diluted in major ions. In this thermal condition, the percolating surficial water is not able to
infiltrate into the rock-glacier core to mobilise solutes. Rainfall can cause moderate increases in trace-
element concentrations, given their higher potential for export from the interior of the rock glacier. (c)
After the snowmelt depletion and with the progression of the rock-glacier thawing, the 0 °C isotherm
is deeper within the rock glacier, and the temperature of the uppermost zone of the internal sediment-
ice matrix rises, causing a higher amount of unfrozen water; some ice might melt. In this thermal
condition, rain is able to infiltrate into the rock-glacier core, and isotopically- and geochemically-
enriched icemelt can be flushed, with concomitant increases in the rock-glacier discharge and the
solute export. (d) Towards the end of the ice-free season, air temperature is negative or close to 0 °C
for days and the 0 °C isotherm is surficial. Precipitation can occur in form of rain and snow, with the
snowpack that can start forming. In this thermal condition, the rock-glacier discharge is low,
isotopically-depleted and solute-diluted. Heterogeneity beyond this simplified model is like to exist

inside the rock glacier.

1976). Meltwater from snow and near-surface ice at this time may percolate through the rock
glacier in the voids created by the larger clast material, and infiltrating water likely flows mostly
near and around the perennially frozen core. The 0 °C isotherm extends into the rock glacier (Fig.
5b) (cf., Williams et al., 2006). Minor amounts of internal meltwater can be exported after rainfall

periods, which might be able to modify the thermal properties of the active layer (lijima et al.,
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2010), enhancing water percolation and ice melting. This association of source waters leads to a
rather depleted isotopic signature and similar major-ion concentrations at all sampling points in the
pond, with single concentration increase discrepancies at RG3 for easily exportable trace elements
from the sediment-ice matrix after rainfall periods (e.g., July 2015).

After the snowmelt depletion and with the progression of the thawing season, the ground
temperature rises and the temperature of the uppermost zone of the internal sediment-ice matrix
rises as well. This leads to an increase in its permeability and in the amount of contained unfrozen
water, even if still below 0 °C (melting point depression) (Williams and Smith, 1989; Kurylyk and
Watanabe, 2013). The 0 °C isotherm might also extend into the frozen core, and some ice might
melt. The internal ice is then in contact with a significant amount of liquid water and isotopic
enrichment can be caused by melt/freeze episodes (Steig et al., 1998; Williams et al. 2006). Water
in contact with newly-eroded mineral surfaces causes chemical weathering, further increasing the
elemental products in the liquid water. Then, isotopically-enriched and elementally-depleted
subsurface flow of infiltrated rainwater flushes this isotopically- and elementally-enriched icemelt,
finally entering into the pond at RG3 (e.g., from mid-August to mid-September 2015) (Fig. 5c).
Higher permeability of the sediment-ice matrix further allows the percolating rain to infiltrate in it
(Haeberli et al. (2006) suggest that precipitation can infiltrate up to 0.5 m into rock glacier ice),
enhancing the export of the available stored solutes. Moreover, water infiltrating into the frozen
core might be further enhanced by the dilatancy effect due to warming ground temperature and
melting ice in the creeping rock glacier (Arenson et al., 2002; Arenson and Palmer, 2005). Nitrate
export from the rock glacier increases too, due to the flushing of microbially-active sediments.

Towards the end of the ice-free season, after days of atmospheric temperature negative or close
to 0 °C, the active layer is freezing back. The 0 °C isotherm is more surficial. Precipitation can be in
form of both rain and snow, and snowpack can start forming on the rock glacier. In this thermal

condition, the rock-glacier discharge is low, leading to a relatively low export of solutes and, at
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some point, the cold water source freezes/dries-out and no further export of water and solutes

occurs (e.g., from mid-September to the end of the ice-free season 2015) (Fig. 5d).

45  Potential environmental implications and research perspectives

As demonstrated in this work, after winter snowmelt depletion, rainfall events facilitate the
export of solutes previously stored a rock-glacier. In the Northern Hemisphere, snow cover extent in
spring (March, April) has undergone significant reduction over the period 1922-2010 (Brown and
Robinson, 2011). Contextually, a significant air temperature increase (1.26 °C) at hemispheric scale
has been found at mid-latitudinal land areas (40°-60°N) (Brutel-Vuilmet et al., 2016). In the North-
Western Italian Alps between 1961 and 2010 the weather stations located above 1600 m a.s.l.
presented an increase in air temperature (Acquaotta et al., 2015). Moreover, Terzago et al. (2012,
2013) outlined a significant decrease of snow depth over seasonal (November-May) time scale, and
Fratianni et al. (2015) reported significant decreases in fresh snow, causing a shift of the snowmelt
in spring as also reported for the Swiss Alps (Klein et al., 2016). As global climate models generally
predict a continuous increase in air temperature during the coming decades, suggesting that
moisture availability under warmer scenarios is likely to increase summer rainfall (IPCC, 2013), it
is possible to predict an increase in solute flushing from rock glaciers. However, the impacts of this
process on surface-water characteristics will likely be dependent on the ratio of rock-glacier size to
catchment area, frozen core characteristics and dimensions, characteristics of the rock-glacier
internal hydrological system, and lithological setting. For instance, as observed in this work, the
rock glacier is approximately 11 % of the total catchment area, thus the other pond inflows (e.g.,
runoff from non-rock-glaciated zones of the catchment) diluted the enrichment of solutes provided
by the rock glacier. Higher rock glacier/catchment area ratios (Thies et al., 2007), high elemental
concentrations in rock-glacier ice (Krainer et al., 2011, 2015), and the occurrence of acid rock

drainage (llyashuk et al., 2014, 2017) will likely have stronger impacts on surface-water
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characteristics in other environments. Finally, this study shows the effect of rain on solute flushing
from rock glaciers, a process that has been previously described for permafrost in the Arctic.

This study suggests potential future research directions. Considering the limited number of
studies on the effects of rock-glacier thawing on downstream water quality, the establishment of
frequent monitoring for key chemical analytes in surface water will provide greater statistical power
to detect changes in solute levels, especially considering elements that are dangerous for drinking
water and ecosystem health. In this context, what duration will the transient effects of the increased
geochemical contribution of rock glaciers have? Will these effects subside after a few decades when
rock glaciers become inactive or relict, or will the sediment bodies continue to supply higher solute
levels? Finally, other debris-cover features can be interested by the presence of permafrost
containing a significant amount of ground ice such as talus slopes (Lambiel and Pieracci, 2008;
Scapozza et al., 2011), which are omnipresent in mountain landscapes (Sass, 2006). Should we

expect the same behaviour evidenced in rock glaciers for these typical mountain features?

5. Conclusions

Several hypotheses to explain how weather and climate drive the export of solute (major ions
and trace elements) enriched water from active rock glaciers have been published but remain
underpinned and tested with sparse data, only. This study complements previous efforts by
reporting weekly observations of a wide range of variables (air temperature, snowmelt, rainfall,
water temperature as a proxy of rock-glacier discharge, stable water isotopes, major ions and
selected trace elements) characterising a rock glacier-pond system. From the results and discussion,
the following conclusions are drawn:

1) Periods of high discharge from this rock glacier were synchronous with periods of enhanced

export of major ions and trace elements.
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2) Rainfall events have been found to be the primary meteorological driver of the rock-glacier
discharge and, therefore, the solute export from the landform during the ice-free season.

3) A conceptual model has been proposed for describing the potential mechanisms responsible
for the solute export from the rock glacier. At the beginning of the ice-free season, snowmelt
runoff, isotopically-depleted and diluted in major ions, is the dominant water source.
Snowmelt mobilisation and/or prolonged winter ice-coverage might be responsible for the
high trace-element concentrations in the pond. During the ice-free season, after the winter
snowpack melting and prolonged periods of atmospheric temperature above 0 °C, rain can
infiltrate in the rock-glacier core, likely flushing the isotopically- and geochemically-
enriched icemelt. This causes concomitant increases in the rock-glacier discharge and the
solute export (SO4>, Mg?*, Ca?*, Ni, Mn, Co). Moreover, flushing of microbially-active
sediments can cause increases in NOs™ export.

With projected reductions in snow cover duration and increases in air temperature and summer
rainfall in the Northern Hemisphere and, specifically, in the Alps, an increase in solute flushing
from rock glaciers is likely to occur in the future. The characteristics of catchments (e.g., ratio of
rock-glacier size to catchment area, lithological setting) and of rock glaciers (e.g., frozen core
structure and dimensions, hydrological system properties) will likely influence the timing and
magnitude of the impacts of rock-glacier thawing. Thus, additional investigations on rock-glacier
dynamics and internal structure might help in extending our knowledge on rock-glacier thawing
impacts on surface water and testing hypotheses on the main processes driving the export of solutes

from this typical mountain landform.
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