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Highlights 

• Chemical weathering varies under different cryospheric conditions in mountain areas. 

• Higher seasonal increases in major ions in ponds with cryospheric features. 

• Sulphide oxidation dominates in glacier and permafrost lying on acid rocks. 

• Carbonation dominates in the rock glacier lying on ultramafic rocks. 
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Abstract 

Permafrost degradation, rock-glacier thawing, and glacier retreat are influencing surface water quality 

at high elevations. However, there is a lack of knowledge on the dominant geochemical reactions 

occurring in different cryospheric conditions and how these reactions change during the ice-free 

season. In the Col d'Olen area (LTER site, NW Italian Alps), four ponds with similar sizes, located in 

basins with different cryospheric features (glacier, permafrost, rock glacier, none of these), are present 

in a geographically limited area. All ponds were sampled weekly in 2015 and partially in 2014. Major 

ions, selected trace elements, and biotic parameters (dissolved organic carbon-DOC, fluorescence 

index-FI, and nitrate) are examined to evidence the effect of different cryospheric features on water 

characteristics. Where cryospheric conditions occur chemical weathering is more intensive, with strong 

seasonal increase of major ions. Sulphide oxidation dominates in glacier and permafrost lying on acid 

rocks, probably driven by enhanced weathering of freshly exposed rocks in subglacial environment and 

recently deglaciated areas, and active layer thickness increase. Differently, carbonation dominates for 

the rock glacier lying on ultramafic rocks. There, high Ni concentrations originate from dissolution of 

Mg-bearing rocks in the landform. In all settings, pH neutralisation occurs because of the presence of 

secondary carbonate lithology and ultramafic rocks. Nitrate highest concentrations and changes occur 

in cryospheric settings while DOC and FI do not show strong differences and seasonal variations. The 

establishment of more frequent monitoring for water quality in high-elevated surface waters is 

necessary to provide greater statistical power to detect changes on longer time scales. 
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1. Introduction 

During the last two decades the majority of glaciers have been retreating and losing mass in all high-

mountain regions (Zemp et al., 2015; Colombo et al., 2016a), and permafrost has undergone warming, 

degradation, and ice loss (Harris et al., 2003; Gruber et al., 2017). The observed changes in the 

cryosphere are influencing the surface water chemistry (Colombo et al., 2018a). Increases in solutes 

have been attributed to permafrost degradation (Mast et al., 2011; Todd et al., 2012), rock-glacier 

thawing (Ilyashuk et al., 2014, Ilyashuk et al., 2018), and glacier melting (Fortner et al., 2011; Salerno 

et al., 2016). Permafrost degradation has been reported to impact surface water quality in different 

areas of the world such as in the Arctic (e.g., Roberts et al., 2017; Szumińska et al., 2018), Antarctic 

(e.g., Levy et al., 2011; Gooseff et al., 2016), and several mountain ranges (e.g., Szopińska et al., 2016; 

Toohey et al., 2016). Moreover, water originating from rock glaciers has been shown to contain high 

heavy metal concentrations, mainly nickel, exceeding the guideline values for drinking water quality 

(Thies et al., 2013; Ilyashuk et al., 2014). Also nitrogen (N) forms and dissolved organic carbon (DOC) 

are predicted to increase with glacier shrinkage (Hood et al., 2015; Milner et al., 2017) and permafrost 

degradation (Baron et al., 2009; Abbott et al., 2014). 

It is now evident that cryospheric features are capable of strongly influencing the chemical quality of 

surface water bodies. However, comprehensive investigations on the dynamics of high-elevation 

surface waters characterised by different cryospheric conditions are uncommon and geographically 

scattered (Williams et al., 2006; Fegel et al., 2016). Moreover, there is a paucity of studies on how 

different cryospheric features influence the dynamics of biotic parameters such as dissolved inorganic 

N and DOC in high-elevation surface waters (Williams et al., 2007; Fegel et al., 2016). 

Usually, water bodies located in high-mountain environments are characterised by small dimensions, 

and can be defined as “ponds” according to Hamerlík et al. (2014) (a threshold of 2 × 104 m2 exists 

between ponds and lakes). Ponds represent key investigation sites of surface water quality at high 

elevations due to minimal direct human influence and because of their rapid response to climate-related 

changes (Adrian et al., 2009; Salerno et al., 2014). Moreover, at a temporal resolution of weekly 

observations, ponds have the advantage of integrating signals, which in streams might otherwise vary 

too quickly to be adequately appreciated (Salerno et al., 2016; Colombo et al., 2018b, Colombo et al., 

2018c). 



The Col d'Olen area (LTER site Istituto Mosso - NW Italian Alps) can be considered as an excellent 

site for investigating the relationships between cryospheric and surface water dynamics. The aim of this 

work is to provide new insights into the geochemical reactions occurring in different cryospheric 

conditions and how these reactions change during the ice-free season (pond surface without ice cover). 

We evaluated the dynamics of pond water characteristics during the ice-free season in four ponds with 

similar sizes, present in a geographically limited area (similar morpho-climatic conditions) at an 

elevation >2700 m a.s.l., and located in basins characterised by different cryospheric features (ice 

glacier, permafrost, rock glacier, none of these). All ponds were sampled weekly in 2015 and partially 

in 2014 (only the glacier and rock-glacier ponds were sampled), during the ice-free season. Major ions, 

selected trace elements, and biotic parameters are discussed here in order to evidence the effect of 

different cryospheric features on pond water characteristics. 

2. Materials and methods 

2.1. Study area 

The four investigated ponds are located in the NW Italian Alps, along Valle d'Aosta and Piemonte 

regional border, close to the Monte Rosa massif (Fig. 1). The research site is a node of the LTER 

network in Italy (http://www.lteritalia.it). Maximum linear distance among ponds is approximately 

2.5 km, while their elevation ranges between 2722 and 3083 m a.s.l. 

A glacier (Indren Glacier) is located in the Indren Pond basin, in direct contact with the pond. 

Permafrost probably occurs in the Bowditch Pond basin, which is located in the uppermost area of the 

Cimalegna plateau. A talus-tongue-shaped rock glacier (more information about the rock glacier can be 

found in Colombo et al., 2018b, Colombo et al., 2018c) flows into the Olen Pond. The above 

mentioned cryospheric features are absent in the Cimalegna Pond basin, located in the middle area of 

the Cimalegna plateau (Fig. 1). The selected ponds will hereafter be named Glacier_pond, 

Permafrost_pond, RockGlacier_pond, and NoPermafrost_pond, respectively, as a function of the 

prevalent cryospheric features in their basin (Fig. 1). Morphometric characteristics of these ponds and 

relative basins are reported in Table 1. All ponds do not have persistent surface inflows, while they all 

have surface outflows except for the RockGlacier_pond (Colombo et al., 2018b, Colombo et al., 

2018c). 



The geological maps elaborated by the Valle d'Aosta Region (scale 1:10,000, source: 

http://geologiavda.partout.it/) and by Leonoris et al. (2009), supported by several field surveys in 2014 

and 2015, show that the bedrock of the pond basins is mainly characterised by metamorphic rocks (Fig. 

2a1–a4). Glacier_pond, Permafrost_pond, and NoPermafrost_pond basins display the predominant 

presence of rocks with acid composition, with secondary presence of basic and terrigenous carbonatic 

rocks. Differently, the RockGlacier_pond basin is mainly characterised by basic and ultrabasic rocks, 

with secondary presence of terrigenous carbonatic and acid rocks (further details in Supplementary 

Material (S), Study area S1); the fine-grained deposit constituting the interior of the rock glacier, where 

outcropping, is composed by serpentinites while the surface of the landform is covered by clasts (gravel 

to boulders) of calcschists and serpentinites (Colombo et al., 2018c). 

The land cover characteristics of the basins were mapped by photointerpretation of digital orthoimages 

(years 2006 and 2012), supported by several field surveys (years 2014 and 2015). From the mapping 

activity, three main categories were identified within the basin area: (i) bedrock, (ii) coarse sediment, 

and (iii) soil. The land cover of the Glacier_pond basin is dominated by the glacier (Fig. 2b1). Coarse 

sediment constitutes the main land cover type in the Permafrost_pond and RockGlacier_pond basins 

(Fig. 2b2, b3). Differently, soil (often vegetated) is the main land cover type in the NoPermafrost_pond 

basin (Fig. 2b4). In all basins, bedrock outcrop is the second most widespread land cover type. 

2.2. Meteorological measurements and cryospheric features 

For the 2008–2015 period, an automatic weather station located close to the Permafrost_pond (AWS, 

Col d'Olen station, 2901 m a.s.l., operated by Comando Truppe Alpine - Ufficio Meteomont, Fig. 1) 

recorded a mean annual air temperature of −2.6 °C, a mean cumulative snowfall equal to 850 cm, and a 

mean liquid precipitation during the ice-free season of 400 mm. The snowpack generally developed by 

late October to early November, and melt out occurred mainly from July. Daily rain data for the 

investigated period were obtained from the Gressoney-La-Trinité - Lago Gabiet AWS (2379 m a.s.l., 

operated by Valle d'Aosta Region), located at ca. 3 km distance from the Col d'Olen AWS. Estimation 

of presence/absence of snowpack was based on two different approaches: (i) local meteorological 

measurements obtained from the Col d'Olen AWS (daily measurements), and (ii) spatially distributed 

approach based on Landsat 8 (weekly to bi-weekly observations) (Materials and Methods S2.1). 

Furthermore, among large blocks of the rock glacier, a fine-scale spatially distributed analysis of long-

lasting snow patches was performed (further details in Colombo et al., 2018c). 



To investigate the cryospheric conditions in the basins, different methods were used. (i) The potential 

permafrost distribution was investigated using the Alpine Permafrost Index Map (APIM, Boeckli et al., 

2012a) (Fig. 2c1–4) (Materials and Methods S2.1). (ii) Ground surface temperature (GST, e.g., 

Ishikawa, 2003) data were used to integrate the information obtained by the APIM. Temperature 

sensors were installed in the period 2015–2016 in the most representative debris deposits of each basin 

(Fig. 2b1–b4), while a longer data series is available for the NoPermafrost_pond basin (2008–2015) 

(Materials and methods Section 2.1). To assess the ground thermal regime, and the possible occurrence 

of permafrost, relevant parameters were extracted from the GST data, such as mean annual ground 

surface temperature (MAGST), ground freezing index (GFI), and winter equilibrium temperature 

(WEqT) (e.g., Seppi et al., 2015). (iii) To further investigate the ground surface thermal conditions in 

the Permafrost_pond basin and on the slopes above the NoPermafrost_pond basin, bottom temperature 

of the snow cover (BTS, e.g., Hoelzle, 1992) measurements were performed in 2013 and 2014 

(Materials and Methods S2.1). (iv) Ground temperature (GT) data from a 30-m deep borehole managed 

by Arpa Piemonte in the southern slope of the Permafrost_pond basin at 3020 m a.s.l. (Paro and 

Guglielmin, 2013) (Fig. 2b2) were used to analyse the ground thermal conditions. 

2.3. Pond water and precipitation sampling, and chemical analysis 

During the ice-free season 2015 (July–October) all ponds were sampled weekly for a total of about 14 

samples for each pond. Due to technical problems, trace elements were not analysed for the sampling 

performed on 7 August 2015. In 2014 (August–October), only the Glacier_pond and 

RockGlacier_pond were sampled, for a total of about 8 samples for each pond. All ponds were sampled 

from a point on the shore with no vegetation, using a telescopic sampling beam (Fig. 1). Water samples 

taken from shore were assumed not to be significantly different from mid-pond samples because the 

investigated ponds are small and shallow (Mast et al., 2011). Furthermore, a 300 cm-deep snow profile 

was sampled before the melting season near the Col d'Olen AWS in April 2015 (Fig. 1), and 6 snow 

samples were collected at 50-cm intervals for chemical analyses (Materials and Methods Section 2.2). 

Finally, a rain collector was installed in July 2015 closed to the RockGlacier_pond (Fig. 1) and 

sampled when precipitation occurred (5 observations). 

pH was measured potentiometrically (WTW-InoLab 7110 pH-meter equipped with Hamilton GelGlass 

electrode). Electrical conductivity (EC) at 20 °C was measured using a Crison - Micro CM 2201. The 

concentration of major anions (Cl−, NO2−, NO3−, PO43−, SO42−) was determined by ion 



chromatography (Dionex DX-500, California), while major cations (Ca2+, Mg2+, K+, Na+) were 

determined by flame atomic absorption spectroscopy (Perkin Elmer AAnalyst 400, Waltham, 

Massachusetts). Si and potentially toxic trace elements (Ni, Mn, Co, coming from the weathering of 

basic and ultrabasic rocks, e.g., Brooks, 1987), of relevance in the investigated area, were determined 

by inductively coupled plasma-sector field mass spectrometry (Thermo Finnigan Element 2, Bremen, 

Germany). Ammonium (NH4+) concentrations were determined spectrophotometrically (U-2000, 

Hitachi, Tokyo, Japan) by a modified Berthelot method involving reaction with salicylate in the 

presence of alkaline sodium dichloroisocyanurate (Crooke and Simpson, 1971). The quality of 

chemical analyses was determined by including method blanks, and repeated measurements of standard 

reference samples and certified samples (NIST 1640 “Trace elements in natural water”). Analytical 

precision for major anions was <10%, and for major cations and for trace elements was <5%. Total 

carbon (TC) and dissolved inorganic carbon (DIC, here expressed as HCO3−) (further analytical details 

can be found in Polesello et al., 2006) were analysed with a VarioTOC (Elementar, Hanau, Germany). 

Dissolved organic carbon (DOC) was quantified from the difference between TC and DIC. 

Fluorescence measurements were conducted on the DOC in the water samples using a HORIBA 

Scientific FluoroMax 3 (Materials and Methods S2.2). Analytical precision for DOC, HCO3−, and 

fluorescence index-FI was <2%. To investigate the differences in the dominant weathering processes, 

S-ratio [SO42−/(HCO3– + SO42−)] and Mg-ratio [Mg2+/(Ca2+ + Mg2+)] (where units of 

concentrations are expressed in equivalents per liter and the ratio as percentage) were calculate. 

Charge balance errors (CBE), expressed as percentages, were calculated as follows: 

 

where ∑
+
 is the sum of the cation (eq. L

−1
) and ∑

−
 is the sum of the anion (eq. L

−1
). The mean CBE 

values were: Glacier_pond, −11%; Permafrost_pond, −7%; RockGlacier_pond, +5%; 

NoPermafrost_pond, −1%; snow, +13%; and rain, +10%. 



DOC, FI, and NO3− were considered as “biotic parameters”. Indeed, previous studies in cryospheric 

settings considered these parameters as specific marker of microbial activity (Williams et al., 2007; 

Hood et al., 2009; Bhatia et al., 2013), with DOC and NO3− released from cryospheric features also 

able to influence the downstream ecosystems (Slemmons et al., 2013; Fegel et al., 2016; Milner et al., 

2017). 

2.4. Statistical analysis 

Differences in the temporal variation of chemical constituents during the sampling period were 

evaluated by pooling together the data collected in three selected periods of the ice-free season 2015: 

early (9, 15, 20 July), middle (13, 24, 31 August), and late (21, 28 September, and 5, 12 October) ice-

free season. The normality of the data was tested using the Shapiro-Wilk test. The data were also tested 

for homogeneity of variance with the Levene's test. To evaluate the significance of differences in solute 

concentration for the different sampling periods, one-way analysis of variance (ANOVA) was applied 

if data were normally distributed. In case of non-normally distributed data, the Kruskal-Wallis test was 

applied. All tests were implemented in the R software (R Core Team, 2019) with the significance level 

at p < 0.05. 

3. Results 

3.1. Meteorological conditions and cryospheric characteristics of ponds basins 

The Col d'Olen AWS showed the absence of the snowpack at the beginning of monitoring (July 2015) 

(Fig. 3a), while a rather thick early-fall snowpack started developing at the end of sampling (October 

2015). Landsat data confirmed the absence of snow in the basins until the beginning of October 2015. 

Among the blocks of the rock glacier, snowpack depletion occurred before the start of the sampling 

season (Colombo et al., 2018c). In July–August 2015, the mean air temperature was +6.4 °C (Fig. 3b), 

while it became negative or around 0 °C in September and during the first half of October (mean: 

−0.2 °C). During the ice-free season, six main precipitation events occurred, mainly concentrated in 

August (i.e, in the middle ice-free season). A main snow event occurred at the beginning of October. 

According to the APIM (Permafrost Index – PI, Table 1) and its interpretation key (Boeckli et al., 

2012a), permafrost is presumably present in the steep rock walls and coarse debris deposits in the 

basins of the Glacier_pond, Permafrost_pond, and RockGlacier_pond (Fig. 2c1–3). Permafrost is likely 



to be absent in the soil and flat-bedrock outcrop areas of the NoPermafrost_pond and 

RockGlacier_pond basins (Fig. 2c3–4), as well as below the temperate (Maggioni et al., 2009), wet-

based Indren Glacier (cf., Haeberli and Gruber, 2008). 

The thermal regime of the ground surface in the four basins is shown in Fig. 4 (sensors locations in Fig. 

2b1–b4), along with the evolution of the air temperature and the snowpack. MAGST and GFI in the 

Glacier_pond indicate very cold thermal conditions of the ground surface (Fig. 4, Table S2). In the 

Permafrost_pond, GST data confirm the possible presence of permafrost at the monitoring site (e.g., 

Seppi et al., 2015) with negative WEqT and GFI (Fig. 4, Table S2). Decidedly negative MAGST, GFI 

and WEqT confirm the presence of permafrost in the rock glacier, showing the well-known “negative 

thermal anomaly” characterising this coarse deposit (e.g., Harris and Pedersen, 1998), especially 

evident if compared to the warmer conditions characterising the soil-covered areas in the landform 

surroundings (Fig. 4, Table S2). Finally, although the NoPermafrost_pond is located close to the 

Permafrost_pond (i.e., elevation difference of 100 m only), the cryospheric conditions of its basin 

appear remarkably different. Indeed, GST data exclude the occurrence of permafrost in the 

NoPermafrost_pond basin, with WEqTs close to 0 °C, decidedly positive MASGTs, and slightly 

negative GFI values (Fig. 4, Fig. S1, Table S2). 



The BTS measurements performed in the Permafrost_pond basin and on the slopes above the 

NoPermafrost_pond basin (Fig. 4) highlight the great thermal difference between these two areas. The 

BTS measurements showed very cold ground surface conditions in the higher, southern slopes of the 

Permafrost_pond basin, indicating the likely presence of permafrost (cf., Julián and Chueca, 2007). 

This is confirmed by the 30-m deep borehole data, indicating the presence of warm permafrost (close to 

0 °C) in this site, with a maximum active layer thickness (ALT) of 3 m (late October 2014) and 4 m 

(early October 2015) (Fig. 4). BTS values gradually became warmer towards the northern zone of the 

Permafrost_pond basin and towards the eastern slope, in the transitional zone of the Permafrost_pond 

and NoPermafrost_pond basins, indicating the progressive disappearance of permafrost. The absence of 

permafrost in the NoPermafrost_pond basin could be explained by gentle slopes which favour snow 

accumulation and related thermal buffer effect, and presence of vegetated soil (Goodrich, 1982; Zhang 

et al., 1997). Moreover, permafrost absence is consistent with the observations showing that alpine 

permafrost is more common in areas of large-grain sizes than of fine-grained materials (e.g., Boeckli et 

al., 2012b). 

3.2. Chemical characteristics of ponds and precipitation 

Table 2 presents the statistical summary of the chemical characteristics of ponds, snow and rain during 

the ice-free season 2015. The observed chemical trends are shown in Fig. 5 for 2015, and in Fig. S2 for 

2014. Possible significant differences among early, middle, and late ice-free season are presented in 

Table S1.  

The main results related to the pond water quality are presented below. 

1. The Permafrost_pond showed the highest mean EC (84 μS cm−1), while the lowest mean value 

was measured at the NoPermafrost_pond (36 μS cm−1) (Table 2). Greatly lower mean values 

were measured in snow and rain (4 and 7 μS cm−1, respectively). All ponds, except the 

NoPermafrost_pond, showed strong EC increases during the ice-free season (Fig. 5a, Table S1). 

The highest values were observed during the late ice-free season at the Glacier_pond and 

Permafrost_pond, and during the middle ice-free season at the RockGlacier_pond. These ponds 

evidenced mean EC values up to 3 times higher than ones recorded during the early ice-free 

season. 



2. The mean pH of four ponds ranged from neutral (7) to subalkaline (7.5), while snow and rain 

presented more acidic values (5.6 and 6.0, respectively) (Table 2). All ponds showed pH 

increases during the ice-free season (Fig. 5b), with stronger variations at the Glacier_pond, 

Permafrost_pond, and RockGlacier_pond (Table S1). 

3. For all ponds, SO42− and HCO3– were the dominant anions, while Ca2+ and Mg2+ were the 

prevailing cations (Fig. 6). The highest EC at the Permafrost_pond corresponded to the highest 

concentrations of SO42− (455 μeq L−1) and Ca2+ (470 μeq L−1), while at the 

NoPermafrost_pond the concentrations of SO42− (104 μeq L−1) and Ca2+ (209 μeq L−1) were 

respectively ca. 4-fold and 2-fold lower than the ones found at the Permafrost_pond (Table 2). 

According to the EC, concentrations of dominant anions and cations increased during the ice-

free season. Glacier_pond and Permafrost_pond showed the highest values during the late ice-

free season, and the RockGlacier_pond during the middle ice-free season, while slight or no 

increases were observed at the NoPermafrost_pond (Fig. 5c, d, e, Table S1). 

4. During the early ice-free season, the RockGlacier_pond showed an S-ratio decidedly lower 

(12%) than the other ponds (43% - Glacier_pond, 51% - Permafrost_pond, 39% - 

NoPermafrost_pond) (Fig. 6). In all ponds, excluding the NoPermafrost_pond, the S-ratio 

markedly increased during the ice-free season (71% - Glacier_pond, 69% - Permafrost_pond, 

24% - RockGlacier_pond). 

5. During the early ice-free season, the RockGlacier_pond showed an Mg-ratio decidedly higher 

(46%) than the other ponds (23% - Glacier_pond, 15% - Permafrost_pond, 17% - 

NoPermafrost_pond) (Fig. 6). The Mg-ratio increased in all ponds during the ice-free season, 

with the highest increase measured at the RockGlacier_pond in the middle ice-free season. 

6. Among the potentially toxic trace elements, Ni was the dominant one for all ponds with a mean 

concentration at the RockGlacier_pond (340 nmol L−1) approximately one order of magnitude 

higher than concentrations in the other ponds (Table 2). Here, the highest concentrations were 

observed during the middle ice-free season (Fig. 5g, Table S1). 

7. Among the biotic parameters, the NoPermafrost_pond showed the lowest mean NO3− 

concentration (4 μeq L−1), which was less than half observed in the other ponds (Table 2). At 

all sites, NO3− concentrations increased significantly during the middle ice-free season (Fig. 

5h, Table S1). After this period, NO3− concentrations decreased, especially at the 

RockGlacier_pond and NoPermafrost_pond, with concentrations in the two ponds approaching 

similar values in the late ice-free season. 



8. Differently, mean concentrations as well as temporal variations of DOC and FI did not show 

any clear difference among ponds and seasonal trends (Table 2, Fig. 5i, l, Table S1). However, 

the Glacier_pond and RockGlacier_pond displayed the highest seasonal variability for FI. 

4. Discussion 

4.1. Factors potentially influencing the water quality of the ponds 

To understand the difference in the water chemical quality of the ponds, the most important factors 

potentially influencing the chemical characteristics of high-mountain waters are discussed here. 

4.1.1. Atmospheric deposition 

Given the low weathering-derived solute content in the atmospheric deposition with respect to the pond 

water (Table 2), the chemistry of the ponds can be mainly attributed to chemical weathering of rocks 

and soils. Moreover, considering the geographically limited area of investigation, the effect of 

atmospheric deposition should be similar for all ponds, thus the observed differences among the ponds 

should be attributed to other factors. 

4.1.2. Climate 

The similarly sized ponds are located in a geographically limited area with reduced elevation 

differences. Therefore, climatic conditions such as liquid precipitation, air temperature and consequent 

evaporative processes can be assumed to be similar among the selected basins. Generally, snow is 

considered as an important factor driving the seasonality of high-elevated surface waters, reducing 

solute concentrations during the early ice-free season, after the ionic pulse occurring at the beginning of 

the snow melting season (e.g., Williams and Melack, 1991). In our case, the snow conditions were very 

similar in all basins (Fig. 3). Hence, snow duration cannot be considered as the main reason for the 

observed differences in solute trends among the ponds. 

4.1.3. Soil distribution 

The presence of soil is generally associated with higher release of weathering-derived solutes in surface 

waters due to a significantly higher mineral surface area exposed to weathering than in coarse deposits 



and bedrock, and a higher residence time of water in contact with weatherable minerals in the soil (e.g., 

Drever and Zobrist, 1992; Marchetto et al., 1995). The NoPermafrost_pond belongs to the basin with 

the highest surface covered by soil (Fig. 2b4). Considering that its solute concentrations (Table 2) and 

seasonal variations (Fig. 5, Table S1) were the lowest among the ponds, the abundance of soil in the 

basin cannot be considered as a key factor in explaining the observed differences. 

4.1.4. Lithology 

Main differences in the lithology of the basins exist between the RockGlacier_pond basin and the other 

basins. Indeed, metamorphic rocks with basic/ultrabasic composition and schistous texture 

(serpentinites, serpentineschists) are abundant only in the RockGlacier_pond basin (Fig. 2) and 

constitute the fine-grained material in the inner part of the landform. This difference is reflected in the 

water quality of the RockGlacier_pond. Indeed, the RockGlacier_pond shows an Mg-ratio of ca. 50% 

due to high Mg2+ release from ultrabasic rocks, while for the other basins the ratio is ca. 20% (Fig. 6). 

For the same reason, high Ni concentrations (average: 340 nmol L−1, Table 2) occurred in the 

RockGlacier_pond (c.f., Kandji et al., 2017). 

4.1.5. Hydrology 

Regarding the Permafrost_pond, air temperature during the summer is generally considered to be the 

main driver of active layer evolution in mountain permafrost (e.g., Harris et al., 2009), with the 

maximum ALT generally reached between September and November (e.g., PERMOS, 2016). 

Maximum sub-surface discharge from permafrost has been estimated to occur when ALT is at its 

maximum (Ge et al., 2011). In the Permafrost_pond basin borehole, maximum ALT in 2015 was 

reached at the beginning of October. For this reason, it is possible to assume that, at the end of the ice-

free season 2015, the hydrochemical fluxes from the Permafrost_pond basin into the pond where 

higher, thus explaining the increasing solute concentrations in September and October (Fig. 5, Table 

S1). Progressively increasing seasonal solute concentrations at the Permafrost_pond are in agreement 

with previous studies performed in other mountain ranges that found increasing weathering signals in 

surface water attributable to permafrost thawing as the summer progressed (e.g., Beylich et al., 2003; 

Keller et al., 2010). Interestingly, the last two water samples (5 and 12 October) showed rather lower 

solute concentrations (well represented by EC values) (Fig. 5). In this case, it is possible that increasing 



solute concentrations due to maximum ALT were counterbalanced by the partial melting of the solute-

diluted early fall snowpack (Fig. 3). 

With regard to the Glacier_pond, a direct relationship between glacier discharge and air temperature is 

widely reported in literature as the basic climatic influence on glacier melting processes (e.g., Hock, 

2003). Furthermore, solute concentrations are often inversely related with glacier runoff, so that a 

rough rule of thumb is that low-discharge waters are concentrated whereas high-discharge waters are 

diluted (Tranter, 2006; Yde, 2011). The generally decreasing air temperature trend observed from the 

early to the late ice-free season might have been reasonably linked to a decrease in glacier melting and 

an increase in solute concentrations (Fig. 5, Table S1). 

A greater hydrological knowledge is currently available for the RockGlacier_pond. Colombo et al. 

(2018b) estimated the rock-glacier inflow contribution to the pond through heat tracing methods. A 

general decreasing rock-glacier discharge trend was observed between the early and late ice-free season 

2015. The contribution from the rock glacier reached minimum values when the mean air temperature 

was negative or close to 0 °C (Fig. 3). This observation agrees with the results obtained by previous 

studies on rock-glacier hydrology reporting a direct relationship between air temperature and rock-

glacier discharge (Krainer et al., 2007; Geiger et al., 2014). Therefore, the decreasing rock-glacier 

discharge could be the cause of the increasing solute concentrations observed between the early and 

late ice-free season (Fig. 5, Table S1), due to the “concentration effect” caused by a probable inverse 

relationship between solute concentrations and rock-glacier discharge. This general basic pattern driven 

by air temperature was furtherly modified by the response of the rock-glacier outflow to liquid 

precipitation inputs. Indeed, Colombo et al., 2018b, Colombo et al., 2018c found that the main rock-

glacier discharge contribution is associated with intense precipitation events. Concurrently with high 

discharges, electrical conductivity and solute peaks were observed (also during the ice-free season 

2014, Fig. S2) leading to the assumption that the infiltration of rain water in the ice-sediment matrix 

might be able to increase rock-glacier ice melting, thus enhancing the export of mineralised waters. 

Therefore, the highest increase of solute concentrations observed during the middle ice-free season is 

attributed to higher precipitation in this period. 

The absence of prevailing cryospheric features makes the NoPermafrost_pond basin less sensitive to 

the seasonal air temperature trend, which influences the thawing/melting processes and consequently 

solute concentrations. In fact, in this pond solute concentrations were stable or showed only slight 



increases, if compared to the other ponds (Fig. 5, Table S1). For instance, the slight seasonal increases 

in EC at the NoPermafrost_pond is in agreement with the findings reported by Rogora et al. (2013) that 

analysed the water quality of 20 ponds in the Swiss Alps (2010–2011 period). These lakes were located 

at a mean elevation of 2130 m a.s.l., which allowed to reasonably exclude a significant contribution 

from cryospheric features. 

4.2. Cryospheric features and chemical reactions 

Reactions that donate H3O+ from the dissociation of organic and inorganic acids are crucial for 

chemical weathering in cryospheric-affected basins; H3O+ ions primarily derive from the dissociation 

of inorganic acids such as sulphuric, carbonic, or simple hydrolysis (Tranter et al., 2002; Stachnik et 

al., 2016). Dissolution of silicate or carbonate minerals is coupled to these reactions (Eqs. (1)–(6) in 

Table 3), which affect water chemistry by enriching it with ions resulting in altered ion ratios and 

different slopes and intercepts in linear regression equations (Table 3). 

In the investigated area, all ponds except the NoPermafrost_pond show significant regression slopes 

(0.77 < r < 0.99, p < 0.01) for ion associations [Ca2+ + Mg2+ vs SO42−], [HCO3– vs SO42−], and 

[Ca2+ + Mg2+ vs HCO3−] (Fig. 7, Table S3). The significance of these relationships points out that 

processes responsible for donating H3O+ were more intensive in presence of cryospheric features like 

glacier, permafrost, and rock glacier. These regressions can be also attributed to other factors such as a 

progressive change in discharge during the ice-free season (as supposed above), that could generate 

dilution or concentrations of waters, resulting in significant relationships among major ions (Lamb et 

al., 1995). In this regard, Tranter et al. (2002) affirmed that it is probable that both hydrologic and 

chemical controls exist under cryospheric conditions. 

4.2.1. Permafrost and glacier 

4.2.1.1. Middle and late ice-free season 

The lithology of the Glacier_pond and Permafrost_pond basins is prevalently siliceous. The slopes of 

[Ca2+ + Mg2+ vs SO42−] and [HCO3– vs SO42−] are close to the theoretical slopes of sulphide 

oxidation coupled to silicate dissolution (SDSO, Eq. (4) in Table 3) and far from the slopes for 

carbonation of silicate (SDC, Eq. (2)) (Fig. 7). Table S3 shows slopes of 0.96 and 1.0 for the regression 

[Ca2+ + Mg2+ vs SO42−] and 0.20 and 0.25 for the regression [HCO3– vs SO42−] for Glacier_pond 



and Permafrost_pond, respectively. The comparison of these observed slopes with the theoretical 

values for SDSO (1 for [Ca2+ + Mg2+ vs SO42−] and 0 for [HCO3– vs SO42−]) highlights a 

similarity. In addition, during the ice-free season, the mean S-ratio was 67 and 65% for Glacier_pond 

and Permafrost_pond, respectively. With S-ratio equal to 100%, weathering of silicate would be 

completely driven by sulphide oxidation and the slope of the regression [Ca2+ + Mg2+ vs SO42−] 

would be 0 (Eq. (4)). The observed [HCO3– vs SO42−] slope equal to 0.20 and 0.25, and S-ratio equal 

to 67 and 65% suggest that under prevalent conditions of SDSO, other secondary reactions can occur, 

as discussed below. 

4.2.1.2. Early ice-free season 

During the early ice-free season S-ratio values were 43 and 51% at the Glacier_pond and 

Permafrost_pond, respectively (Fig. 6). These ratios increased during the ice free season (71% - 

Glacier_pond, 69% - Permafrost pond) (Fig. 6). Unfortunately, there are not enough data to perform 

regression calculations for each period of the ice-free season. However, the S-ratio value close to 50% 

at both ponds in the early ice-free season suggests predominant carbonate dissolution with sulphide 

oxidation (CDSO, Eq. 3). Albeit a lithological setting characterised mainly by acid-siliceous rocks, 

secondary carbonate-silicate rocks and basic rocks (i.e., calcite-rich rhodingitic gabbros) are also 

present in the basins (Fig. 2, Study area S1). 

Previous studies (Tranter and Wadham, 2014; Stachnik et al., 2016) reported proportionally higher 

HCO3– concentrations in glacial meltwaters during the early ice-free season due to carbonate 

hydrolysis (CH, Eq. (5)) driven by simple contact between water and minerals. For instance, Tranter et 

al. (2002) suggested that, due to the water-saturated conditions of subglacial environments at the 

beginning of the ablation season, a decoupling between these environments and atmospheric CO2 can 

occur. Thus, glacial meltwaters are initially involved in CH which does not require a proton source and 

is relatively rapid. Moreover, these authors observed that the theoretical solubility of calcite in distilled 

water, initially saturated with air, at 0 °C is ca. 250 μeq L−1 for Ca2+ and the [Ca2+ + Mg2+ vs 

HCO3– + CO32−] slope is close to the theoretical value of 1 (Eq. (5)). Therefore, in ions associations 

[Ca2+ + Mg2+ vs SO42−], an intercept lower than 250 μeq L− indicates simple CH at the initial stage 

of water contact with subglacial sediments. In this study, intercepts ranging from 47 to 122 μeq L−1 

were found for the Glacier_pond and Permafrost_pond, respectively (Table S3), suggesting that 

(Ca2+ + Mg2+) concentrations derived by CH without additional H3O+ sources. However, the S-ratio 



close to 50% suggests that simple hydrolysis was accompanied by additional processes at the initial 

stage of chemical weathering such as sulphide oxidation. Mean (Ca2+ + Mg2+) concentrations in the 

early ice-free season were 83 and 294 μeq L−1 for the Glacier_pond and Permafrost_pond, respectively 

(Table S1). Subtracting these values from the intercepts, 36 and 172 μeq L−1 of (Ca2+ + Mg2+) are 

obtained and could be due to SDSO, considering that SO42− concentrations were 56 and 189 μeq L−1 

at the Glacier_pond and Permafrost_pond, respectively (Table S1). 

These observations indicate that in the early ice-free season CH coupled to SDSO gave an S-ratio close 

to 50%, while with the progression of the season, the increase of oxidative processes made SDSO the 

dominant reaction increasing the S-ratio. At the same time, CH remained rather constant during the ice-

free season. This background reaction could have been further favoured by carbonic acid (CDC, Eq. 1), 

becoming more available as suggested by HCO3– increases (Fig. 5, Table S1). 

4.2.1.3. Neutralisation of pH 

CH and possible CDC with the progression of the ice-free season are supposed to be responsible for the 

observed pH increases (Fig. 5, Table S1) even if these reactions were not dominant. In general, a large 

amount of H3O+ results from pyrite oxidation, thus decreasing the pH. However, when sufficient 

carbonates are present, pH can be maintained neutral (Tranter et al., 2002). The alkalinisation processes 

observed in this study do not agree with acidification observed by some authors in other cryospheric 

settings (e.g., Salerno et al., 2016; Ilyashuk et al., 2018). These authors reported a decreasing pH due to 

sulphide oxidation in acid rock drainage (ARD) conditions. The present study evidences that 

acidification does not occur in presence of secondary amount of carbonate-rich rocks (i.e., even 

secondary amounts of carbonate rocks are able to buffer the pH against acidification derived by 

sulphide oxidation). 

4.2.1.4. Sulphide oxidation 

Regarding SO42− increases, the rate of sulphide oxidation is controlled by the dissolved O2 content, as 

well as the availability of reactive sulphides in sulphur-rich minerals (e.g., pyrite) (Williamson and 

Rimstidt, 1994; Tranter et al., 2002), that are present in the investigated area. Despite the declining 

dissolved O2 concentrations as the reaction proceeds, microbial activity is likely to be the dominant 

influence on the rate of sulphide oxidation; indeed, laboratory experiments evidenced that microbially-



catalysed rates of oxidation can be at least two orders of magnitude greater than chemical rates (Sharp 

et al., 1999). 

In the Glacier_pond, progressive increases in SO42− content can be attributed to chemical reactions, 

probably microbially mediated (Skidmore et al., 2005; Wadham et al., 2010), occurring in subglacial 

environments (Bottrell and Tranter, 2002; Stachnik et al., 2016). Here, mechanical comminution of 

bedrock by glacial ice can generate fresh mineral surfaces that are poised for chemical weathering 

(Tranter et al., 2002) and are capable to sustain chemotrophic microbial communities adapted to dark 

conditions in subglacial habitats, with biological pyrite oxidation that can drive mineral dissolution 

(Boyd et al., 2014; Harrold et al., 2016). The enrichment in SO42− is likely to be associated with 

delayed flow waters originating from distributed-type drainage beneath the glacier (Tranter et al., 1993; 

Wadham et al., 2010), indicating increasing residence time and rock/water interaction at the glacier bed 

(Cooper et al., 2002). Moreover, the abundance of freshly exposed mineral surfaces in recently 

deglaciated areas can favour the export of SO42− due to more rock exposed to air and enhanced 

mineral oxidation (e.g., Salerno et al., 2016). In fact, the Indren glacier has suffered an important 

reduction since the first decades of XX sec., loosing ca. 45% of the areal extension between 1955 and 

2006 (from 1.68 to 0.92 km2) (CGI-CNR, 1961), similar to what occurred in other glaciated areas in 

the NW Italian Alps (Giaccone et al., 2015; Colombo et al., 2016b). It is also worth noting that SO42− 

content during the ice-free season 2014 reached a maximum of 194 μeq L−1 (Fig. S2) while in 2015 it 

peaked at 440 μeq L−1. Colombo et al. (2018c) found that the ice-free season in 2014 was colder than 

in 2015, with snow depletion occurring one month later. Thus, it is possible that enhanced weathering 

on freshly exposed mineral surfaces and a more developed subglacial hydrological system might have 

been responsible for greater inputs of sulphate into the pond. 

In the Permafrost_pond, the increasing release of SO42− could be linked to enhanced oxidation 

processes in recently thawed zones, allowing migration of groundwater and O2 into the subsurface 

where they previously could not penetrate (Mast et al., 2011; Todd et al., 2012). This is corroborated by 

the observation at the temperature borehole of the progressive active layer thickening during the ice-

free season 2015, reaching its maximum thickness in early October. Interestingly, the 30-m deep 

borehole data in 2014 and 2015 showed that the permafrost temperature on the southern slopes of the 

Permafrost_pond basin is close to 0 °C (Fig. 4). This evidence might indicate that permafrost could be 

thawing and subsurface ice could be melting, releasing latent heat. 



4.2.1.5. Chemical weathering under glacier and permafrost conditions 

It is important to highlight the similarity of the chemical reactions observed at the Glacier_pond and 

Permafrost_pond. Under prevalent acidic-silicate rocks and secondary calcite-rich rocks, the ice-free 

season displayed an initial simple CH coupled with SDSO. Along the ice-free season, SDSO became 

the dominant reaction donating H3O+, while CDC occurred only secondarily. However, the minor 

presence of carbonates allowed pH to increase; therefore, these environments are assumed to not play a 

significant role in atmospheric CO2 sequestration. 

4.2.2. Rock glacier 

In the RockGlacier_pond basin, metamorphic rocks with basic/ultrabasic composition and schistous 

texture (serpentinites, serpentineschists) are the dominant lithology (Fig. 2, Study area S1). Generally, 

serpentine minerals (Mg3Si2O5(OH)4) weather through exchange reactions between H3O+ and Mg2+ 

(Eq. (7)), analogous to Eqs. (2) and (4) in relation to the H3O+ donor, originating from the dissociation 

of sulphuric (Heikkinen and Räisänen, 2008) or carbonic (Kandji et al., 2017) acid. Despite its slow 

weathering rate, serpentine has been shown to be able to buffer the H3O+ although the neutralisation of 

acid is more likely to be provided by brucite (Mg(OH2)), considering that it is more reactive than 

serpentine (Bales and Morgan, 1985; Kandji et al., 2017). Brucite is abundant in the serpentinitic 

material composing the rock glacier. Generally, the weathering of these rocks give a high Mg-ratio 

(Kandji et al., 2017), as it was observed at the RockGlacier_pond (52%), while for the other basins the 

ratio was ca. 20% (Fig. 6). Furthermore, a decidedly lower S-ratio was found at the RockGlacier_pond 

(23%) in comparison to the mean values of the other basins (55%) (Fig. 6). This is due to relatively 

higher HCO3– and lower SO42− concentrations with respect to the other ponds (Fig. 5). 

4.2.2.1. Early ice-free season 

During the early ice-free season, the S-ratio at the RockGlacier_pond was 12% (Fig. 6), while HCO3– 

concentrations (235 μeq L−1) were an order of magnitude higher than SO42− concentrations 

(32 μeq L−1). Similar to the other ponds, HCO3– could have been released by CH; indeed, also in the 

RockGlacier_pond basin, secondary carbonate-silicate rocks are present. Given the 170 μeq L−1 

intercept in the ion association [Ca2+ + Mg2+ vs SO42−], (Ca2+ + Mg2) concentrations probably 

originated by a simple CH without additional H3O+ sources. The mean (Ca2+ + Mg2+) concentration 

in the early ice-free season was 242 μeq L−1 (Table S1) and, subtracting this value from the intercept, a 



value of 72 μeq L−1 of (Ca2+ + Mg2+) is obtained, which requires a H3O+ source. This value could be 

due to the dissolution of brucite, considering that in this period the Mg-ratio of the RockGlacier_pond 

(46%) was higher with respect to the mean Mg-ratio of the Permafrost_pond and Glacier_pond (ca. 

20%). H3O+ could have been released at an initial stage of both SDC and SDSO considering that 

SO42− was 32 μeq L−1 and HCO3– was assumed to be 40 μeq L−1 (estimated subtracting 32 μeq L−1 

of SO42− from 72 μeq L−1 of (Ca2+ + Mg2+)). 

4.2.2.2. Middle and late ice-free season 

With the progression of the ice-free season CH became a background process and the higher availably 

of CO2 and O2 provided by the contact with air and precipitation made H3O+ available. The 

[Ca2+ + Mg2+ vs SO42−] intercept is close to 3 (2.70), while [Ca2+ + Mg2+ vs HCO3−] intercept is 

close to 2 (1.8), entailing that 2/3 of H3O+ were provided by carbonic acid (Eq. 2, SDC) and 1/3 of 

H3O+ was provided by sulphide oxidation (Eq. 4, SDSO). 

4.2.2.3. Neutralisation of pH 

Also at the RockGlacier_pond, pH increased during the ice-free season (Fig. 5, Table S1). As discussed 

above, CDC is responsible for maintaining neutral pH conditions; however, in this case pH increase 

was also favoured by SDC of Mg-bearing rocks (Kandji et al., 2017). As observed in other rock-

glaciated settings (e.g., Ilyashuk et al., 2014, Ilyashuk et al., 2018; Salerno et al., 2016), ARD did not 

occur, while a less common neutral rock drainage (NRD) was observed due to the presence of 

carbonate-siliceous or Mg-bearing rocks (Heikkinen et al., 2009). 

4.2.2.4. Chemical weathering under rock-glaciated conditions 

Similarities exist among the ponds located in cryospheric settings. EC and major ions increased during 

the ice-free season. Processes that donate H3O+ were more intensive in presence of cryospheric 

features. Furthermore, the ice-free season began with a common CH. Main differences were observed 

due to the dominant lithology in the RockGlacier_pond basin, characterised by Mg-bearing rocks. With 

the progression of the ice-free season, the dissolution of Mg-bearing rocks occurred mainly with SDC, 

while SDSO was secondary. In this environment, pH was neutralised both by the presence of 

carbonates and by the carbonation of ultramafic rocks. Generally, it is possible to affirm that 

cryospheric features located in ultramafic settings can play a significant role in atmospheric CO2 



sequestration, favouring the carbonic to the sulphur acid, contrarily to what observed for acidic-silicate 

lithologies. Similar observations derive from ultramafic mine wastes where serpentines and brucite 

were observed to spontaneously react with CO2 (Kandji et al., 2017). 

The presence of ultrabasic rocks in the RockGlacier_pond basin caused higher Ni concentrations in this 

pond than in the others (Fig. 5, Table 2). Generally, the mobility of Ni is higher at lower pH. In the 

RockGlacier_pond pH ranged from 7.2 to 7.7, and part of the dissolved Ni was found in water solution, 

while at higher pH (> 8) it would have been completely precipitated, as observed in ultramafic mine 

wastes (Kandji et al., 2017). 

4.3. Biotic drivers on pond water quality 

4.3.1. Nitrate 

The lower NO3− concentrations in the NoPermafrost_pond and its reduced seasonal increase in 

comparison to the other ponds (Fig. 5, Table S1) could be attributed to the higher presence of soils and 

vegetation in the basin (Sickman et al., 2002) with the biological community playing a crucial role in 

limiting losses of nitrates (Kopácek et al., 2004; Balestrini et al., 2013), and lower slopes favouring 

nitrogen (N) retention (Kopácek et al., 1995; Kamenik et al., 2001). However, recent studies in 

different cryospheric settings reported higher mean NO3− concentrations and seasonal increases in 

systems fed by glacier/rock-glacier/permafrost ice meltwater in comparison to snow/groundwater-fed 

systems (e.g., Williams et al., 2007; Barnes et al., 2014). 

Concerning the RockGlacier_pond basin, it is worth noting that, regardless of having the second most 

widespread relative soil distribution area among all basins (14.7%) after the NoPermafrost_pond basin 

(53.8%, Table 1), the highest seasonal NO3− value and increase (27 μeq L−1 and +508%, respectively, 

Table S1) were registered here during the middle ice-free season. During this period the rock glacier 

displayed the highest hydrological contribution to the pond (Colombo et al., 2018b). After this mid-

season peak, NO3− strongly decreased in the late ice-free season, with concentrations approaching 

those observed in the NoPermafrost_pond. This occurrence indicates that the rock glacier is a 

fundamental factor in exporting N, and this evidence is even more striking if compared to a similar 

pond without a rock glacier (or other cryospheric features) in the catchment. Microbial communities 

adapted to extreme environments have been suggested as potential sources of the elevated NO3− in 

rock-glacier outflows (Williams et al., 2007). Similarly, the high NO3− values and increases at the 



Permafrost_pond could be attributed to cryospheric factors. Indeed, Barnes et al. (2014) suggested that 

observed NO3− increase in high-elevated surface waters may be a result of meltwater flushing 

microbially-active sediments following permafrost degradation. 

 

The Glacier_pond also showed relatively high values and increases in nitrate. Glacier runoff has been 

suggested to act as N source (Milner et al., 2017), concentrated in glacier ice from the atmosphere 

(Daly and Wania, 2005) or originating from microbial ecosystems on and beneath the ice (Wadham et 

al., 2016). However, the processes responsible for the increase in N export from glaciers are still object 

of debate, spanning from enhanced nitrification in subglacial environments (Wynn et al., 2007) to the 

release through abrasion of old organic N bound in rock (Boyd et al., 2011). 

4.3.2. DOC and FI 

DOC concentrations were very similar among the four ponds, without any clear seasonal trend (Fig. 5, 

Table S1), in agreement with the findings of Williams et al. (2007). In the Glacier_pond, the transient 

shifts in FI towards values <1.3 during the middle ice-free season suggest a potential component of 

terrestrially-derived DOC (McKnight et al., 2001; Lafrenière and Sharp, 2004; Barker et al., 2013). 

This is surprising since developed soils are absent in this basin. Thus, it is possible that the re-

arrangement and flushing of the subglacial drainage system could be the cause, implying the existence 

of a source of terrestrially derived DOC in the subglacial environment (cf., Lafrenière and Sharp, 

2004). However, further analyses are needed to improve our knowledge on the origin of DOC in the 

Indren Glacier meltwater. Differently, high FI values in the RockGlacier_pond during the middle ice-

free season suggest a primarily aquatic-like microbial source, as already observed in a rock-glacier 

outflow in the Colorado Front Range (Williams et al., 2007). Interestingly, Mania et al. (2018) found 

microorganisms frequently associated with glacial and subglacial environments in the 

RockGlacier_pond sediments in early-September 2015, hypothesising a transient and localised, 

meltwater-driven microbial enrichment. 

5. Conclusion 



Permafrost degradation, rock-glacier thawing, and glacier retreat have been reported to impact 

chemical characteristics of surface waters across the globe. However, comprehensive investigations on 

the dynamics of high-elevation surface waters located in different cryospheric settings are uncommon 

and geographically scattered. In this study we show that chemical weathering is more intensive in 

presence of cryospheric conditions. Major ions strongly increase during the ice-free season in the ponds 

with cryospheric features in their basins due the progressive seasonal modifications of flowpaths and 

water sources, while no trends or slight increases occur in the pond without cryospheric features. 

Enhanced weathering of freshly exposed rocks in subglacial environment and recently deglaciated 

areas, and active layer thickness increase are probably the drivers of sulphide oxidation, which 

dominates in glacier and permafrost lying on acid rocks. Differently, carbonation dominates for the 

rock glacier lying on ultramafic rocks, with high Ni concentrations occurring in the RockGlacier_pond 

due to the dissolution of Mg-bearing rocks in the landform body. The neutralisation of pH takes place 

in all settings due to the presence of secondary carbonate lithology and ultramafic rocks. Among the 

biotic parameters, the highest concentrations and seasonal increases in nitrate occur in the ponds with 

cryospheric features in their basins probably due to limited presence of soils and vegetation together 

with higher slopes that limit N retention, and meltwater flushing microbially-active sediments. DOC 

and FI do not show strong differences and seasonal variations, although stronger variations in 

fluorescence index in glacier and rock-glacier ponds could indicate transient modifications of flowpaths 

and water sources in the glacier, and increasing contribution of internal ice from the rock glacier. 

 

Although this study represents a temporal and geographic snapshot of the dynamics of cryospheric 

features-surface water interactions, it provides evidence of the importance of glaciers, permafrost, and 

rock glaciers in shaping the chemical dynamics of high-elevation ponds. Under the effects of climate 

change, the establishment of more frequent monitoring for water quality in high-elevation surface 

waters will provide greater statistical power to detect changes on longer time scales, overcoming the 

obvious limitations of short-term investigations performed in these remote areas. 
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Tables 
 

Table 1. Morphometric, cryospheric and land cover characteristics of the investigated pond basins. 

Where reported, the range is in brackets. Morphometric characteristics for the Glacier_pond and 

RockGlacier_pond basins were analysed using a 2mx2m-cell digital elevation model-DEM (produced 

by Regione Valle d'Aosta) while for the Permafrost_pond and NoPermafrost_pond basins a 5mx5m-

cell DEM was used (produced by Regione Piemonte). The land cover characteristics of the basins were 

mapped by photointerpretation of digital orthoimages (years 2006 and 2012) (source: 

www.pcn.minambiente.it). 

 
 
 

Table 2. – Statistical summary of water chemistry monitored for ponds, snow, and rain in 2015. For 

each variable, median, mean, and standard deviation are reported. Solute, pH, electrical conductivity 

(EC), dissolved organic carbon (DOC) concentrations, and fluorescence index (FI) are reported. FI was 

not measured in snow and rain. Where present, limit of detection (LOD) NO2− > 0.5 μeq L−1, 

PO43− > 4 μeq L−1, HCO3– > 4.2 μeq L−1, Mg2+ > 0.8 μeq L−1. 

 
 
 



Table 3. Main reactions of chemical weathering processes in cryospheric basins, theoretical slopes, and 

S-ratio (modified from Tranter et al., 2002 and Stachnik et al., 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figures 

 

Fig. 1. Location of the study area in Italy and in the NW Italian Alps (www.pcn.minambiente.it), aerial 

overview of the study area (orthoimage year 2006), and details of each pond (Google Earth, 

Image©2018 DigitalGlobe). Black dashed lines indicate the hydrographic basin borders, pale blue 

circles refer to the water chemistry sampling locations, the red circle refers to the snow-profile site, and 

the green circle refers to the rain collector location. The yellow pentagon indicates the Col d'Olen 

AWS. 

 
 
 
 
 
 
 
 
 
 

http://www.pcn.minambiente.it/


 

 
 
Fig. 2. Lithological (a), land cover (b), and potential permafrost distribution (c) maps of the Glacier_pond (1), 

Permafrost_pond (2), RockGlacier_pond (3), and NoPermafrost_pond (4) basins. (a1–a4) Codes for lithology 

identification are: MRACST – Metamorphic rocks with acid composition and schistous texture (micaschists, 

paraschists, polimetamorphic schists with minor migmatite bodies); MRBCMT – Metamorphic rocks with basic 

composition and massive texture (amphibolites, metabasites, prasinites, rhodingitic metagabbros); IMRACPMS 

– Intrusive and metamorphic rocks, with acid composition, prevalently with massive structure (gneiss, 

leucochratic gneiss, metagranites); MRSCMS – Metamorphic rocks with silica composition and massive 

structure (quartzites); MRB/UCST – Metamorphic rocks with basic/ultrabasic composition and schistous texture 

(serpentinites, serpentineschists); MRT-CCST – Metamorphic rocks with a terrigenous-carbonatic composition 

and schistous texture (calcschists). (b1–b4) The yellow stars indicate the ground surface temperature (GST) 

measurement sites. The red pentagon in b2 indicates the 30-m borehole location. (c1–c4) Alpine Permafrost 

Index Map (APIM) of the study area (Boeckli et al., 2012a). Permafrost Index (PI) 0 (permafrost only in very 

favourable conditions), 0.5 (permafrost mostly in cold conditions), and 1 (permafrost in nearly all conditions). 

https://www.sciencedirect.com/science/article/pii/S0048969719328062#bb0050


 
 

 
 
 
Fig. 3. (a) Snow thickness (grey polygons) and percentage of each pond basin covered by snow from Landsat 

data (lines, punctual symbols represent analysed images for each basin, those with cloud cover were excluded) 

during the ice-free season 2015. (b) Daily rain (blue histograms), fresh snow (grey polygons), and mean air 

temperature (black line). 

 

 

 

 

 

 

 

 

 

 



 

Fig. 4. Thermal regime from the ground surface temperature (GST) measurements in the investigated basins (a–

d), compared with (e) air temperature and snow thickness recorded at the Col d'Olen AWS in the time-frame 1 

August 2015–31 July 2016; see Fig. 2b1–2b4 for GST sensor locations. (f) Location and temperatures of the 

bottom temperature of the snow cover (BTS) measurements in 2013 and 2014 in the Permafrost_pond and 

NoPermafrost_pond basin area. Ground temperature (GT) measured in the 30-m deep borehole of permafrost 

station managed by Arpa Piemonte in the southern slopes of the Permafrost_pond basin, in 2014 (g) and 2015 

(h) (www.alpine-permafrostdata.eu); the location of the borehole is shown in Fig. 2b2. 

 

 

 

 

 

http://www.alpine-permafrostdata.eu/


 

Fig. 5. Seasonal trends of pond water quality and biotic parameters for the 2015 ice-free season. (a) Electrical 

conductivity (EC), (b) pH, (c) SO42−, (d) HCO3−, (e) Ca2+ + Mg2+, (f) Si, (g) Ni, (h) NO3−, (i) dissolved 

organic carbon (DOC), and (l) fluorescence index (FI). Early, middle, and late ice-free season periods are also 

shown. 



 

Fig. 6. Relative contribution of the various ions to the total ionic content of the ponds, together with S-ratio and 

Mg-ratio, during the early, middle and late ice-free season 2015. 



 

 

Fig. 7. Ion associations and regression equations for the investigated ponds: (a) (Ca2+ + Mg2+) vs 

SO42−; (b) HCO3– vs SO42−; (c) (Ca2+ + Mg2+) vs HCO3−. Significant slopes and intercepts 

between major ions and SO42− are also reported in Table S3. 
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S1 Study area 

The Glacier_pond basin is dominated by metamorphic rocks with acid composition and schistous 

texture (paraschists and polimetamorphic schists with minor migmatite bodies). Intrusive and 

metamorphic rocks, with acid composition, prevalently with massive structure (leucochratic gneiss and 

metagranites), metamorphic rocks with basic composition and massive texture (metabasites), and minor 

bodies of metamorphic rocks with a terrigenous-carbonatic composition and schistous texture 

(calcschists), are also present (Fig. 2a1). 

The Permafrost_pond is characterised by outcrops of metamorphic rocks with acid composition and 

schistous texture (micaschists), intrusive and metamorphic rocks, with acid composition, prevalently 

with massive structure (gneiss), and metamorphic rocks with basic composition and massive texture 

(amphibolites, rhodingitic metagabbros) (Fig. 2a2).  
The RockGlacier_pond basin is characterised by metamorphic rocks with basic/ultrabasic composition 

and schistous texture (serpentinites, serpentineschists), metamorphic rocks with basic composition and 

massive texture (amphibolites), metamorphic rocks with a terrigenous-carbonatic composition and 

schistous texture (calcschists), and metamorphic rocks with acid composition and schistous texture 

(paraschists) (Fig. 2a3). 

Finally, the lithological setting of the NoPermafrost_pond basin is characterised by metamorphic rocks 

with acid composition and schistous texture (micaschists), intrusive and metamorphic rocks, with acid 

composition, prevalently with massive structure (gneiss), metamorphic rocks with basic composition 

and massive texture (amphibolites), and metamorphic rocks with silica composition and massive 

structure (Quartzites) (Fig. 2a4). 

Geologically, the study area shows a tectonic intersection of major structural/paleogeographic domains 

of the Alpine orogen, with the presence (from north to south) of the Monte Rosa nappe, the ‘Zermatt-

Saas’ unit, the ‘Combin Zone’ unit (these two latter being Penninic nappes with distinct metamorphic 

facies), and the Sesia Lanzo Zone. Especially in the RockGlacier_pond basin, the tectonic contact 

between the ‘Zermatt Sass’ unit (eclogite facies) and the overlaying ‘Combin Zone’ (blueschist facies) 

unit is characterised by distinctive structural association of brittle faults and fractures (Colombo et al., 

2018a and references therein reported). These structural features have been reported to influence 

mainly the outflowing dynamics of the RockGlacier_pond, through a seepage occurring across a minor 

fault zone affecting the bedrock at the pond bottom (Colombo et al., 2018a). This distinctive structural 

association is less evident or absent in the other pond basins, thus the overall geological context is 

assumed to be similar among the ponds. 

 

S2 Materials and Methods 

S2.1 Cryospheric and snow cover features 

The Alpine Permafrost Index Map (APIM) shows a qualitative index describing how likely permafrost 

exists, requiring an interpretation key to further locally refine the estimate shown in the map. For 

instance, coarse-debris cover is considered among the most important factors indicating cold ground 

conditions. Conversely, bedrock, soil and vegetation covers are considered as factors indicating warm 

ground conditions and/or absence of permafrost (Boeckli et al., 2012). 

For the ground surface temperature (GST) measurements, miniature sensors Maxim iButton DS1922L 

(accuracy ±0.5 °C, resolution 0.0625 °C) were used. The sensors were installed at the depth of 

approximately 5−10 cm below the debris/soil cover (and among the blocks of the rock glacier). Sensors 

were programmed to record every three hours from 1 August 2015 to 31 July 2016. Three-hourly data 

were aggregated to daily values. No data gaps were present in the series. The methodology used for 

waterproofing the sensors is reported in Colombo et al. (2018b). In addition, a thermistor combined 

with a GEOTEST UTL-1 data logger (accuracy ±0.1 °C, resolution 0.27 °C) measured GST in the 



NoPermafrost_pond basin on a hourly basis for the period 2008–2015. Hourly data were aggregated to 

daily values. No data gaps were present in the series. 

To measure the bottom temperature of the snow cover (BTS), a thermometer Delta Ohm RTD HD 

2307.0 (accuracy ±0.05 °C, resolution 0.1 °C), equipped with a probe Pt100 TP474C.0, has been 

installed on a stainless steel probe. The location of each sample point was recorded with a handheld 

Global Positioning System (GPS) ("Aventura" TwoNav vs. 2.6.2). The measurements were performed 

during the late winter (March/April), when a sufficient snow cover was established since at least one 

month, before the onset of snow melt. Since a minimum snow thickness of 80 cm is necessary to 

provide a sufficient insulation against air temperature variations, measurements were made only where 

this threshold was found. About 200 measurements were obtained over a range of elevations, aspects, 

slopes and land covers. 

For the snow cover duration analyses, hourly data on snow thickness were obtained from the Col 

d’Olen station. Data were aggregated to daily values and no data gaps were present in the series. 

Moreover, Landsat 8 (spatial resolution: 30 m, geolocation uncertainty: 3–6 m, Storey et al., 2014) 

imagery was analysed. Landsat 8 data were downloaded from https://earthexplorer.usgs.gov by setting 

the desired time span and by using the basin shapefiles. An R script (R Core Team, 2018) originally 

developed for analysing MODIS data (Godone et al., 2011; Minora et al., 2015) was used to detect 

snow cover in each Landsat scene. Every scene was masked with the boundaries of the study area and 

processed to detect snow covered pixels based on NDSI (Normalized Difference Snow Index, Riggs et 

al., 1994): 

 

 𝑁𝐷𝑆𝐼 =
𝑏𝑎𝑛𝑑 3−𝑏𝑎𝑛𝑑 6

𝑏𝑎𝑛𝑑 3+𝑏𝑎𝑛𝑑 6
          (1) 

 

where, band 3 has wavelengths of 0.53–0.59 µm (green) and band 6 has wavelengths of 1.57–1.65 µm 

(short-wavelength infrared). When NDSI was greater than 0.4 the pixel was classified as snow. 

Concerning the Glacier_pond basin, an additional processing was carried out in order to remove, from 

the basin surface, the Indren Glacier area. The aim of the editing was to remove ice covered surface 

which may distort the quantification of snow covered surface. Glacier outline was plotted by the 

employment of the orthoimage of the year 2012 as base layer. Its surface was then subtracted, in GIS 

environment, from the basin shapefile. The corrected shapefile was then used in the computation. The 

classified raster was then converted into tabular form for counting and quantification of snow cover 

duration in the catchment. 

 

S2.2 Pond water and precipotation sampling, and chemical analyses 

High-mountain lacustrine waters contain very low solute concentrations, it is therefore imperative that 

sampling, storage and analysis are done with extreme care to avoid false positive results or high blanks. 

Measurements were performed in triplicates. For every sampling date and at each sampling point, 

samples were collected in new polyethylene tubes that had been rinsed several times with high-purity 

Milli-Q water. To properly choose the tubes used for the sampling, they were preliminarily tested, 

storing Milli-Q water as well as acidified water in conditions similar to those of the samples. No release 

of the analysed solutes was detected. For chromatographic analysis of major anions, the content of the 

tubes was immediately filtered through a 0.2 µm membrane filter. Another aliquot of the filtered 

samples was acidified to pH<2 with hydrochloric acid, purified by sub-boiling distillation, and used for 

analysis of major cations and trace elements. The first 15-20 ml of the filtrate in the tubes was 

discarded to condition the filter and then the tubes were pre-rinsed three times with filtered sample 

water. Samples for major and trace elements were processed in a clean environment under a Class-100 

laminar-flow bench-hood. The sample blanks were prepared similarly to samples in the laboratory, 



without the field sampling step. Since the difference between the sample blanks and the calibration 

blanks was always lower than the detection limit of the used instrument, the calibration blank, made in 

connection with instrumental calibration and daily prepared, was subtracted from the sample 

concentration. Also, the standard solutions for the instrumental calibration were prepared in aliquots of 

calibration blank. The tubes used for measurements of electrical conductivity (EC), pH, dissolved 

organic carbon (DOC), dissolved inorganic carbon (DIC), and fluorescence index (FI), remained 

unfiltered and were pre-rinsed three times with sample water. An aliquot of the unfiltered samples was 

filtered in the laboratory through a 0.45 μm filter, the filtered aliquot was then transferred and stored in 

acid-washed and combusted glass vials at +4 °C in the dark, and subsequently analysed for DOC, DIC, 

and FI. Samples were stored in an ice-packed cooler (KERN FRIO Diagnosach) during transport and 

immediately transferred to the laboratory where they were refrigerated (at +4 °C). Snow samples were 

stored frozen (at -20 °C) until analysis, then placed in covered polyethylene buckets and melted at 

room temperature. DOC was determined on acidified sample aliquots using Pt-catalysed, high 

temperature combustion followed by infrared detection of CO2, after removing inorganic C by purging. 
FI samples were scanned in an optically clear quartz cuvette. Scans were performed at an excitation 

wavelength of 370 nm, for emissions wavelengths between 370 and 700 nm at 1-nm increments. Scans 

of sample blanks of deionised water were performed, and the blank fluorescence values were 

subtracted from the raw scans of the samples in order to remove the effects of Raman scattering 

(Lafrenière and Sharp, 2004). After subtracting the blank, the fluorescence index (FI-the ratio of 

emission intensity at 450 nm to 500 nm for an excitation of 370 nm) was determined (McKnight et al., 

2001). Limit of detection (LOD) and limit of quantification (LOQ) of the analytes were as follows: Cl
−
, 

LOD > 0.5 μeq L
−1

 / LOQ > 1.7 μeq L
−1

; SO4
2−

, LOD > 4 μeq L
−1

 / LOQ > 13.3 μeq L
−1

; NO3
−
, LOD > 

1 μeq L
−1

 / LOQ > 3.3 μeq L
−1

; NO2
−
, LOD > 0.5 μeq L

−1
 / LOQ > 1.7 μeq L

−1
; PO4

3−
, LOD > 4 μeq 

L
−1

 / LOQ > 13.3 μeq L
−1

; DIC (as HCO3
−
), LOD > 4.2 μeq L

−1
 / LOQ > 14 μeq L

−1
; Ca

2+
, LOD > 2.5 

μeq L
−1

 / LOQ > 8.3 μeq L
−1

; Mg
2+

, LOD > 0.8 μeq L
−1

 / LOQ > 2.7 μeq L
−1

; Na
2+

, LOD > 1.5 μeq L
−1

 

/ LOQ > 5 μeq L
−1

; K
2+

, LOD > 1.3 μeq L
−1

 / LOQ > 4.3 μeq L
−1

; Si, LOD > 0.5 μmol L
−1

 / LOQ > 1.7 

μmol L
−1

; Ni, LOD > 0.62 nmol L
−1

 / LOQ > 2.1 nmol L
−1

; Mn, LOD > 1.3 nmol L
−1

 / LOQ > 4.3 

nmol L
−1

; Co, LOD > 0.17 nmol L
−1

 / LOQ > 0.57 nmol L
−1

; DOC, LOD > 0.05 mg L
−1

 / LOQ > 0.17 

mg L
−1

. NH4
+
 was calibrated between 0.025 and 0.5 mg L

−1
.  

  



Figures and tables 

 
Fig. S1 – (a) Ground surface temperature (GST) regime at the NoPermafrost_pond basin (period 2008–

2015), compared with (b) air temperature and (c) snow thickness recorded at the Col d’Olen AWS 

(2900 m a.s.l.).  



 
Fig. S2 – Ice-free season 2014. (a) Air temperature (°C), mean daily rain (mm), fresh snow (cm) and 

snow thickness (cm). (b) Electrical conductivity (EC) at Glacier_pond and RockGlacier_pond, (c) 

SO4
2-

, (d) Ca
2+

, (e) Mg
2+

, (f) Ni, (g) NO3
-
. In e and f the Glacier_pond is represented on the secondary y 

axis. The Permafrost_pond and NoPermafrost_pond were not sampled in the ice-free season 2014. 



Parameter Sampling site 
Early ice-free season 

(E) 

Middle ice-free season 

(M) 

Late ice-free season 

(L) 

Difference (%) 

(M-E)/E 

Difference (%) 

(L-E)/E 

       

EC (μS cm−1, 20 °C) 

Glacier_pond 18 (4) 51 (7) 62 (12) +184 +246 

Permafrost_pond 43 (5) 91 (11) 110 (13) +113 +157 

RockGlacier_pond 33 (1) 92 (21) 63 (5) +178 +89 

NoPermafrost_pond 31 (4) 35 (2) 37 (2) +12 +18 

H3O
+ (nmol L−1) 

Glacier_pond 220 (103) 108 (36) 39 (0) -51 -82 

Permafrost_pond 60 (12) 31 (18) 40 (13) -48 -34 

RockGlacier_pond 55 (18) 23 (5) 30 (8) -58 -46 

NoPermafrost_pond 82 (13) 63 (9) 71 (45) -24 -13 

SO4
2− (μeq L−1) 

Glacier_pond 56 (29) 283 (41) 378 (88) +402 +569 

Permafrost_pond 189 (36) 526 (105) 658 (46) +179 +249 

RockGlacier_pond 33 (5) 190 (22) 114 (14) +476 +247 

NoPermafrost_pond 84 (4) 105 (6) 122 (8) +25 +45 

HCO3
− (μeq L−1) 

Glacier_pond 71 (4) 100 (25) 149 (5) +41 +111 

Permafrost_pond 178 (29) 239 (34) 298 (46) +34 +67 

RockGlacier_pond 235 (6) 379 (44) 373 (28) +61 +58 

NoPermafrost_pond 138 (49) 165 (4) 183 (22) +20 +32 

Ca2+ (μeq L−1) 

Glacier_pond 74 (18) 244 (43) 292 (51) +215 +277 

Permafrost_pond 248 (27) 536 (26) 600 (57) +116 +142 

RockGlacier_pond 130 (8) 298 (69) 245 (17) +129 +90 

NoPermafrost_pond 191 (22) 214 (4) 208 (13) +12 +9 

Mg2+ (μeq L−1) 

Glacier_pond 22 (8) 55 (11) 111 (20) +149 +404 

Permafrost_pond 46 (19) 114 (28) 153 (11) +146 +231 

RockGlacier_pond 112 (25) 366 (22) 256 (22) +227 +129 

NoPermafrost_pond 39 (2) 43 (5) 50 (6) +11 +28 

Ca2+ + Mg2+ (μeq L−1) 

Glacier_pond 83 (25) 312 (53) 403 (71) +275 +383 

Permafrost_pond 294 (45) 650 (48) 753 (57) +121 +156 

RockGlacier_pond 242 (30) 664 (89) 503 (28) +175 +108 

NoPermafrost_pond 230 (20) 257 (8) 258 (13) +12 +12 

Si (μmol L−1) 

Glacier_pond 10 (9) 16 (3) 28 (2) +73 +190 

Permafrost_pond 24 (16) 26 (6) 30 (6) +8 +26 

RockGlacier_pond 14 (4) 17 (1) 29 (6) +18 +106 

NoPermafrost_pond 28 (8) 38 (3) 30 (5) +34 +5 

Ni (nmol L−1) 

Glacier_pond 21 (7) 29 (6) 19 (5) +42 −10 

Permafrost_pond 24 (9) 41 (4) 50 (17) +69 +106 

RockGlacier_pond 403 (158) 587 (113) 131 (19) +46 −68 

NoPermafrost_pond 18 (9) 22 (7) 18 (6) +21 −3 

NO3
− (μeq L−1) 

Glacier_pond 6 (2) 18 (5) 26 (2) +191 +327 

Permafrost_pond 6 (3) 23 (3) 19 (2) +321 +235 



RockGlacier_pond 5 (2) 27 (3) 5 (1) +508 +16 

NoPermafrost_pond 2 (1) 6 (3) 6 (1) +191 +217 

DOC (mg L−1) 

Glacier_pond 1.2 (0.1) 0.9 (0.2) 1.3 (02) −19 +11 

Permafrost_pond 1.2 (0.2) 1.4 (0.1) 1.6 (0.4) +9 +27 

RockGlacier_pond 1.6 (0.5) 1.2 (0.2) 1.7 (0.4) −21 +6 

NoPermafrost_pond 1.2 (0.2) 1.5 (0.1) 1.2 (0.5) +29 +3 

FI 

Glacier_pond 1.5 (0.4) 1.3 (0.2) 1.4 (0.2) −13 −8 

Permafrost_pond 1.5 (0.1) 1.6 (0.1) 1.6 (0.1) +8 +4 

RockGlacier_pond 1.6 (0.1) 1.8 (0.2) 1.4 (0.1) +16 −9 

NoPermafrost_pond 1.5 (0.1) 1.6 (0.1) 1.5 (0.1) +7 −1 

 

Table S1 – Mean values of electrical conductivity (EC), pH (here expressed as H3O
+
), selected solute and dissolved organic carbon 

(DOC) concentrations, and fluorescence index (FI) at the survey ponds sampled during the early, middle and late ice-free season. The 

standard deviation is in brackets. 



Parameter 

Glacier_pond 

(Coarse sediment) 

2015–2016 

Permafrost_pond 

(Coarse sediment) 

2015–2016 

RockGlacier_pond 

(Rock glacier) 

2015–2016 

RockGlacier_pond 

(Soil) 

2015–2016 

NoPermafrost_pond 

(Soil) 

2015–2016 

NoPermafrost_pond 

(Soil) 

2008–2015 

       

MAGST (°C) –0.1 +0.3 –1.6 +2.4 +1.6 +1.7 

GFI (°C·day) –593 –294 –912 0 −27 −42 

WEqT (°C) / –2.2 –5.5 +0.1 −0.2 −0.5 ÷ 0 

 

Table S2 – Relevant parameters extracted from the ground surface temperature (GST) data. MAGST: mean annual ground surface 

temperature; GFI: ground freezing index; WEqT: winter equilibrium temperature. The WEqT was not reached at the monitoring site of 

the Glacier_pond due to the scarce and discontinuous snow cover because of snow depletion by wind. 

 

 



Pond Ion association 

 
(Ca2+ + Mg2+) vs 

SO4
2-  

HCO3
- vs  

SO4
2- 

(Ca2+ + Mg2+) vs 

HCO3
-- 

Glacier_pond 0.96 (47) 0.20 (60) 4 (-156) 

Permafrost_pond 1.00 (122) 0.25 (131) 3.2 (-210) 

RockGlacier_pond 2.70 (170) 0.92 (240) 1.8 (-162) 

 

Table S3 – Simple linear regression equations between major ions. Slopes and intercepts (in brackets) 

are reported only for significant (p < 0.05) regression equations. Regressions are shown in Fig. 7. 
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