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Abstract

:

Glaciers are shrinking due to global warming, resulting in a diminishing contribution of ice and snowmelt to headwaters and subsequent consequences to freshwater ecosystems. Within this context, we tested whether water-stable isotopes are spatio-temporal tracers of (i) water in high altitude periglacial environments, being the isotopic signature of surface water inherited from the snow/icemelt, groundwater, and rainfall; and (ii) regional (year-specific) meteorological conditions, being the isotopic signature of precipitations affected by air temperature, humidity and aqueous vapour origin, ascribing stable isotopes to the list of “essential climate variables″ (ECVs). To this end, we investigated the ionic and isotopic composition (δ18O and δ2H) of six high-altitude streams and one pond in the Italian Alps (Noce and Sarca basins) during the ablation season in 2018. Differences between habitat types (pond, kryal, rhithral, krenal) were detected. More negative values of δ18O and δ2H were recorded in the kryal and glacio-rhithral sites, dominated by ice and snowmelt, in early summer. Less negative values were recorded in these sites in late summer, as well as in the krenal sites, which were dominated by groundwater and rainfall inputs. The isotopic results also show that the complex alpine orography influences air masses and moisture, ultimately resulting in isotopic differences in the precipitations of neighboring but distinct catchments (Sarca and Noce basins). On average, less negative values were recorded in the Sarca basin, characterized by a higher contribution of precipitation of Mediterranean origin. In general, isotopic results of the entire water population appeared to be strongly influenced by the regional climatic anomaly of 2018, which was anomalously warm. Therefore, the study will provide additional information for the climate change debate, proposing water isotopes as ECVs for assessing change in a warmer future.
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1. Introduction


Glaciers are shrinking due to climate change worldwide, especially in the European Alps, where atmospheric warming appears to be amplified [1,2]. This warming, combined with decreased snowfall, has led to a 54% loss in ice area since 1850. Theoretical models suggest that only 4%–13% of the 2003 European Alps ice area will survive in 2100 [3,4]. Glacier shrinking is even more pronounced in the Southern Alps, where small glaciers (with a surface area of <1 km2) are expected to disappear within the next few decades [5,6]. Therefore, small glaciers, due to their very rapid reaction time, are particularly suitable for the assessment and monitoring of climate change impacts [7,8]. In the future, mean annual runoff is expected to progressively decrease in glacier-fed streams, and overall changes in the hydrological behavior of small- and large-scale catchments are expected [9,10].



Glacier shrinking and its consequences on glacier-fed streams induce variation in the physical, chemical and biological features of freshwater ecosystems [11,12]. This profoundly affects the ecosystem services that glacier-fed rivers provide to humans, particularly the provision of water for agriculture, hydropower, and consumption [11,13,14]. This is crucial for mountain settlements in glacialized regions, where the snow and ice melt contribution, especially in spring and summer, is the most relevant water source for several uses [13,14,15]. In particular, streams draining in Alpine areas are generally identified as some of the environments most sensitive to climate change [16,17]. This is particularly true for glacier-fed streams and rivers [18]. Within this scenario, runoff changes also impact on the biological community structure [13,19]. In fact, alpine streams with different water sources exhibit differences in their hydrological regime and physical and chemical features, thus supporting different plant and animal communities [20]. Specifically, glacially dominated streams are characterized by a deterministic nature of benthic communities, including the only Diamesa species (Diptera, Chironomidae), due to the overriding conditions of low water temperature (<4 °C), low channel stability, low food availability, and strong daily discharge fluctuations associated with glacier runoff. A decreasing environmental glacial influence is associated with ameliorated environmental conditions and higher biodiversity [21]. In addition, glacial influence and its temporal variation can impact runoff hydrochemistry, producing waters with different geochemical patterns depending on the water end members [22,23]. In this view, the use of dissolved ions as sulfates and silicon can be useful in distinguishing between snow, ice, and groundwater sources in headwaters [23].



Stable isotopes are an additional tool used to characterize water sources [24,25,26,27,28]. δ2H and δ18O are widely used in hydrological studies of high-elevation catchments [25,26,27,28,29]. Improvement of technological techniques, especially laser spectroscopy, helped increase the information of these tracers in different water compartments, especially in sensitive areas such as glacialized catchments, where environmental changes have the most impact [30,31]. In recent years, water stable isotopes have been increasingly used to trace water fluxes in the different hydrological conditions of glacial streams in Alpine areas [29,32,33] to characterize spring water [26], as well as to trace snowmelt in mountain streams [32,34,35] and runoff processes [30,34,36]. For instance, they can be used to separate the contribution of each streamflow component [25], although evaporation processes may complicate this framework [25,36,37]. Within this context, we tested the reliability of water stable isotopes, in addition to hydrochemical parameters, as spatio-temporal tracers in order to identify (i) water origin, being the isotopic signature of stream water inherited from snowmelt, ice melt, groundwater, and rainfall, that fed headwaters in different proportions; and (ii) regional (year-specific) meteorological conditions, being the isotopic signature of precipitations affected by air temperature, humidity, and aqueous vapor origin.



For this purpose, we investigated the ionic and isotopic composition (δ18O and δ2H) of high-altitude streams in the Italian Alps during the ablation season, in early and late summer 2018.



The study will provide additional information for the climate change debate, as by proposing water isotopes as essential climate variables (ECVs, [38]), it will help corroborate studies that have already proposed relationships between climatic conditions and isotopic fingerprints [39,40,41,42,43].




2. Characteristics of the Study Area


2.1. Geographic, Geomorphological and Glaciofluvial Features of the Catchments


The study area is located in NE-Italy (46° N, 10° E; Trentino Province), within two protected areas: (1) Adamello-Brenta Natural Park (including the Adamello-Presanella mountains, characterized by magmatic rocks; and the Brenta Dolomites, characterized by carbonatic rocks), and (2) Stelvio National Park (the Ortles-Cevedale mountains, characterized by metamorphic rocks) (Figure 1). Thirteen study sites were selected on six streams (Conca, Conca tributary, Careser, Careser tributary, Agola, Mandrone). The feeding glaciers have an area of <1 km2 (Table 1, Figure 1), apart from Careser (1.39 km2) and Mandrone (10.14 km2). They have been affected by a generalized retreat, with a glacier retreating rate ranging from 0.2 (Conca) to 21.7 (Careser) ha/year since the late 1990s [44].



The sites can be classified into four habitat types that reflect the stream origin according to [20,47]: kryal (five sites), glacio-rhithral (five sites), krenal (two sites), glacial pond (one site) (Table 1). The uppermost part of the glacial streams (Conca, Mandrone, Careser, Agola), which were fed only by ice and snowmelt and located upstream of the confluence with non-glacial tributaries, were classified as kryal. The length of these kryal systems varied from 0 km to 1.2 km. The stream type is classified as glacio-rhithral (also fed by precipitation and snowmelt) downstream confluence with non-glacial tributaries, becoming krenal where groundwater inputs become significant. The glacial pond (area of 227 m2 and a depth <1.5 m, located at a distance of 23 m from the Agola glacier snout, has been observed since 2005.



All sites were above the tree line (2170–2858 m asl) and within 2.3 km from the source downstream, with the sole exception being C8, located downstream from the confluence between Conca and another glacier-fed stream.



The glacial influence of the sampling sites was estimated with the Glacial Index (GI) and the percentage of glacier cover in the catchment (GCC) (Table 1). GI was calculated by combining glacier area with the distance from the glacier terminus according to [48]:


  GI =     area     dist +   area       ( for   area > 0 )  



(1)




where “area” is the extension of the glacier in km2 and “dist” is the distance of the study site in km from the glacier terminus. The maximum glacial influence (at zero distance from the glacier terminus) is GI = 1, and it decreases exponentially towards zero with increasing distance from the glacier [48]. GCC was estimated for each study site from GI according to [48]:


GCC = 20.996e^1.461GI



(2)







GCC varies according to Glacial Index from 0% to 100%.




2.2. Regional Meteorological Conditions of the Year 2018


According to the annual report published by [49] the Italian Superior Institute for Environmental Research and Protection, the year 2018 has been characterized by normal (within the average of historical series) precipitations but extremely anomalous “hot” temperatures (Supplementary Figure S1).



While, on a global scale, 2018 has been the fourth warmest year (after the 2016, 2015 and 2017) of available historical series, in Italy, 2018 has been the warmest of those recorded, with a temperature anomaly of +1.7 °C with respect to the reference time series of the years 1961–1990. All months were warmer with respect to those of the reference series, with the exception of February and March, and the most marked anomaly was recorded in April when, in North Italy, a deviation of +3.7 °C was observed. In parallel with the observed air temperature, the Italian seawater in the year 2018 was anomalously warm, with the values recorded being the second highest of the historical series (after those of the year 2015). This temperature anomaly of Mediterranean seawater had a yearly average of +1.1 °C [50] and was observed for all months, with progressively higher deviations during spring and summer. According to analyses by Meteotrentino [51,52], this trend was confirmed in the Province of Trento, where the study sites are located. The amount of rain/snow precipitation, reported in Table 1, was slightly higher than that of the historical averages, while temperatures were generally 2–3 °C higher than the average. In particular, temperature anomalies have been recorded in all months of the year 2018: April recorded a deviation of +4.0 °C in respect to the historical series 1961–1990 [50], May–June and August recorded a deviation of +1.7 °C, and July recorded a deviation of +1.8 °C.





3. Materials and Methods


3.1. Sampling and Physico—Chemical Parameters


Stream sites were sampled during the ice-free period between mid-July and late September 2018, during two distinct campaigns: (I) between 16 July 2018 and 1 August 2018, and (II) between 22 August 2018 and 19 September 2019 (Table 2). The rationale behind the selection of sampling locations was to monitor stream water geochemistry at increasing distance from the glacier snout in distinct habitat types (kryal, krenal, glacio-rhithral), however, logistical criteria (i.e., easy site accessibility) were also taken into consideration. The glacial pond was sampled in the middle. Samples were stored in 100 mL high-density polyethylene bottles, which were completely immersed in water at each site. Samples of ice (six), snow (two) and rainfall (eight) were also taken (Table 2), in order to discriminate potential water end members. Rainfall was sampled by collecting water from pluviometers. Snow was collected using a shovel digging down to a depth of 30 cm from the surface; ice was collected using a hammer and chisel. These samples were preliminary stored in 1 L polyethylene bottles with wide mouths and then, after complete melting, transferred into 100 mL high-density polyethylene bottles. All bottles were properly closed and sealed without head space, to preserve the samples for isotopic analyses. For stream water, additional 1 L bottles were collected for geochemical analyses.



Physical, chemical and hydrological parameters of the streams were also measured in situ; pH and electrical conductivity were measured using a field multiprobe (Hydrolab Quanta, Hydrolab Corporation®, Texas, USA). Water temperature was monitored by digital loggers at each site, at 1 h-intervals from June to September (Onset Hobo tidbit; Onset Computer Corporation 470 MacArthur Blvd, Bourne, MA 02532). A derived parameter was set as the mean water temperature three weeks before sampling, notionally adopted by researchers studying periglacial environments [19,53].



Discharge was only retrieved by the salt dilution method [54] in CR0, CR2 and MA1, where discharge was measured every 1 h at a permanent gauge managed by Meteotrentino of the Trento Autonomous Province.




3.2. Laboratory Analyses


Isotopic analyses were carried out at the Department of Physics and Earth Sciences of the University of Ferrara. Hydrogen and oxygen isotopic ratios were determined using the CRDS Los Gatos LWIA 24-d isotopic analyzer. The isotopic ratios of 2H/1H and 18O/16O were expressed as δ notation (δ= (Rsample/Rstandard − 1) × 1000) with respect to the Vienna Standard Mean Ocean Water (V-SMOW) international standard. Three bracketing standards were systematically run in analytical sessions. These standards, obtained from the Los Gatos Research Company, were calibrated according to international IAEA (International, Atomic Energy Agency) standards. Analytical precision and accuracy, based on replicate analyses of standards, were better than 0.3% and 1.0% for δ18O and δ2H, respectively [39,40,41,42].



Chemical analyses (calcium, magnesium, sodium, potassium, silicium, chloride, bicarbonate, and sulfate) were carried out in the laboratory of the Provincial Agency for Environmental Protection (APPA) according to standard methods [55]. The results are reported in Table 2. Detection limits are 1 mg/L for Ca2+, Na+, Mg2+ and HCO3−; 0.1 mg/L for K+ and SO42− Cl−, and 0.01 mg/L for Si. Some samples had parameters below the detection limit, especially Na+; in samples like this, in order to have a numerical value (it was necessary to check electroneutrality and to provide classification diagrams), we assumed a value intermediate between 0 and the detection limit, i.e., 0.5 mg/L for Ca2+, Na+, and Mg2+; and 0.05 mg/L for K+, SO42−, and Cl−. Analyses appeared to be reliable as the ionic balance displayed relative error [(Σcations − Σanions)/(Σcations + Σanions)] × 100, generally less than 5%.




3.3. Data Analyses


The relationship between δ2H and δ18O in precipitation delineates meteoric water lines (MWL), as firstly proposed by [56], who defined the global meteoric water line (GMWL) as a line calculated with ordinary least square regression method that has the formula δ2H = 8 × δ18O + 10. There are also many regional or local meteoric water lines (LMWLs) that differ from the GMWL in both slope and deuterium intercept, as a result of varying climatic and geographic parameters [57]. The degree by which the LMWL departs from the GMWL can reveal important information about the meteoric sources of water (e.g., oceanic or terrestrial) and atmospheric conditions during transport [57,58,59]. The regression line between δ2H and δ18O can also be calculated for water samples of different types, such as river waters, soil waters or groundwater. In the case of river water, regression lines can be defined as the river water line (RWL; 41,42,59). In this paper, we propose a regression line relative to Alpine headwater, using the isotopic data included in this study as a tool to characterize hydrological conditions in periglacial systems. Isotopic gradients in relation to air temperature have been calculated, considering the minimum and maximum isotopic values and the altitude differences as (δ18Omin − δ18Omax)/(Tmax − Tmin) and (δ2H min − δ2H max)/(Tmax − Tmin).





4. Results and Discussion


Major elements are reported in Table 2 and in the Piper classification diagram of Figure 2, which is commonly used to define hydrochemical facies [60]. Careser waters (CR) mainly contain calcium and sulfate, reflecting the interaction with outcropping lithologies (sulfide-bearing metamorphic rocks in the Ortles-Cevedale group); in this case, the dissolved sulfate is plausibly derived through the oxidation of sulfides, as is often observed in water interacting with similar metamorphic rocks [61].



Agola (AG) waters from the Brenta Dolomites are totally dominated by calcium and bicarbonate, in agreement with the sedimentary nature of the outcropping rocks. Mandrone (MA) and Conca (C) waters, despite having calcium bicarbonate facies, are comparatively enriched in potassium and silica, which is in agreement with the felsic magmatic rocks outcropping in this area.



As expected [20,22], calcium, bicarbonates, and sulfates dominate bulk glacial outflow in varying proportions, with subordinate quantities of magnesium, sodium, and potassium. Kryal waters with low amounts of dissolved components generally evolved into glacio-rhithral waters characterized by higher solute concentration, especially higher sulfates, due to subglacial drainage processes that involved interactions with the bedrock [23]. On the other hand, krenal water can be highlighted by higher solutes, especially high Si, which is a component that has longer residence time and is typically enriched in groundwater. The studied stream water samples are reported in the notional Si vs. SO42− diagram in Figure 3, which is generally used to discriminate kryal/rhithral/krenal water, according to [23]. Figure 3a reports data from the Conca, Agola and Mandrone streams, while Figure 3b reports data from the Careser stream, which is generally characterized by a higher sulfate concentration in relation to the sulfur-rich metamorphic lithologies. The observed trends roughly respect the above classification, with exception of the sample C0_II, which, in spite of its kryal character, is anomalously enriched in sulfate, possibly suggesting the contribution of waters that interacted with solid matrices.



Oxygen and hydrogen isotopes were also measured in the streams, ice, snow, and rain of the different basins described in this study (Table 2). The running waters displayed δ18O varying between −13.1‰ and −7.7‰, and δ2H varying from −88.5‰ and −44.1‰, with an average δ18O = −11.4‰ and δ2H = −73.6‰.



The precipitations collected during the summer of 2018 in the Adamello and Ortles Cevedale area recorded δ18O ranges between −10.7‰ and −8.7‰, and δ2H between −73.6‰ and −52.9‰. Isotopic data are represented in Figure 4, which describes the relationship between δ18O and δ2H in the different types of waters in the two sampling periods, together with the GMWL, LMWL [57,62,63], and HWL (Headwater Line) defined in this study. In general, the isotopic values were more negative in early summer, with the lowest δ18O being −13.1‰ and the lowest δ2H being −87.4‰. Early summer samples plotted close to the LMWL defined by [57], which has a slope of ≈8, while late summer samples moved towards the LMWL defined by [62], which has a slope of ≈7. This shift in isotopic values suggests a higher contribution of precipitation of a Mediterranean origin, which is typically characterized by a low slope regression line [62,63,64,65]. Furthermore, it is also in agreement with hydro-climatic models indicating that eastern air masses become predominant in late summer in the study region [66].



Isotopic data of the waters analyzed in this study are also plotted together with the geographical and hydro-climatic parameters reported in Table 1. Figure 5a,b reports δ18O vs. altitude of the sampled waters and mean altitude of the relative basin, respectively. A decreasing isotopic trend (less negative δ18O) can be observed at decreasing altitude. A rough relationship is observed between δ18O and air temperature measured in the periods preceding water sampling (Figure 5c,d): more negative isotopic compositions are linked to the lowest temperature, as expected by theoretical studies on isotopic fractionation [56,67,68] and empirical studies on meteoric [68] and surface waters [67]. The relationship between δ18O and discharge (Figure 5e) highlights that there were more negative isotopic values during high discharge (in particular on Ortles/Cevedale), which is probably related to inputs of snow that plausibly fell during winter, subsequently contributing to meltwater characterized by residence time long enough to facilitate interaction with the weathered substrata. Coherently, rainfall collected at this site during sampling periods recorded isotopic values that were less negative (δ18O of −9.7‰). In other words, stream waters characterized by more negative isotopic values are also associated with comparatively high electrical conductivity (EC up to 100 μS/cm, Figure 5e), possibly suggesting a more effective interaction of snowmelt with the underlying substrata. In fact, during the ablation season, meltwater infiltrates the glacier/snowpack and is channelized in a sort of arterial conduit, thus reaching the subglacial environment, where interaction with the bedrock is favored [69].



On the whole, the investigation revealed that isotopes, together with the dissolved species, are highly informative of the nature of water components [70,71], providing sensitive proxies to monitor threatened ecosystems such as those typical of high-altitude periglacial environments. In periglacial environments, the stream water composition represented a multicomponent system including several end members such as spring water, groundwater, and snow/ice melt (Figure 6). The latter complicates the system because there is often a time lag between snow/ice formation and subsequent melt. In this framework, isotopes can be useful in implementing the information derived by geochemical tracers such as SO42− and Si. In Figure 4, for example, sample C0 collected in the Conca stream is generally defined as kryal type. However, in the late summer season, the increasing sulfate concentration revealed the contribution of SO42− enriched water with an isotopic fingerprint typical of local precipitation, which infiltrated the ice/snow cover and finally reached the Conca stream, conforming to a krenal habitat.



Moreover, it is interesting to note that waters collected in the distinct basin showed differences in isotopic composition, which in turn reflected variable meteoric contributions at a regional scale: Conca and Agola had δ18Oavg −11.4‰ and δ2Havg −74.4‰, which are less negative than those measured in the Careser basin (δ18Oavg −12.2‰ and δ2Havg −79.4‰). Of note, Conca and Agola are included in the Sarca river basin, which is influenced more by the Ora del Garda wind [72], which delivers Mediterranean air masses. Coherently, according to [57], Mediterranean air masses have less negative isotopic values, in response to the secondary evaporation and kinetic fractionation typical of arid regions. On the other hand, the Careser basin is included in the Noce and Adige river basins, which received precipitation mainly of Atlantic origin (more negative isotopic values).



In general, as shown in Figure 7, it appears that the recorded isotopic values were less negative than those observed in the neighboring periglacial stream systems studied in previous years; the studied water was also isotopically less negative then the Adige water composition collected at the source between 2013–2017 (Figure 7). This suggests a relationship between the water isotopic fingerprint and the temperature anomaly recorded on a regional scale.




5. Conclusions


Despite system complexity, we observed coherent relationships between the isotopic composition of running waters and geographical and hydro-climatic parameters. In general, we observed a relationship between the isotopic fingerprint of the studied waters and the climatic features of the year 2018 in Northern Italy (including Trentino) and its surrounding seas [50].



The year 2018 was extremely warm, with anomalies of air (and seawater) temperature in all months, especially in the spring and summer. Coherently, the observed isotopic values were the least negative ever recorded in Italian Alpine systems of comparable altitude (see for comparison 26, 29, 33, 34, 73, 74). The isotopic anomaly between the average of the recorded compositions of the Careser basin and that of comparable alpine systems of similar altitude [29,33] was normalized to the annual air temperature anomaly of the “Careser Diga” meteorological station (2600 m a.s.l.), which is +2.3 °C with respect to the historical series (Supplementary Figure S1); in doing so, we obtained gradients of 0.5‰/°C and 8‰/°C for δ18O and δ2H, respectively. In our view, this observation implies that river water isotopes can be ascribed as ECVs [38,41] that are useful in monitoring sensitive ecosystems threatened by global warming. On the other hand, it is important to take also into account that different sub-basins are included in the Noce river basin and in the Sarca river basin. These areas belong to different meteoclimatic regions generally governed by a different seasonality of precipitation [72]. Further investigation is needed to verify whether the observed trends will persist in the future, in order to develop scenarios that consider evolving conditions.
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Figure 1. The four glacial systems studied in the Italian Alps (46° N, 10° E, Trentino Province). Glacier surface in 2015 (blue color): Conca = 0.14 km2, Agola = 0.19 km2, Careser = 1.39 km2, Mandrone = 10.14 km2 [45]. Codes of sites are in Table 1. LIA, Little Ice Age [46]. Orthophotos are from the geoservice of Trento Province. The glacier surface data source: [45]. Sampling sites are denoted by red circles. 
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Figure 2. Piper classification diagram according to [60] demonstrating the hydrochemical facies of collected water in different mountain groups characterized by different lithologies. 
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Figure 3. Binary diagram of SO42− vs. Si. Samples are divided into four categories, as described in the text (kryal—black circle, rhithral—white square, krenal—black cross, glacial pond—white circle). (a) Data from the Conca, Agola and Mandrone streams; (b) data from the Careser stream, which is generally characterized by a higher sulfate concentration in relation to sulfur-rich metamorphic lithologies. 
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Figure 4. Isotopic composition of stream waters in the two sampling seasons described in the previous chapter, as well as precipitation and ice. Meteoric water lines (grey line [56], black line [57], and red line [62]) are also reported. Headwater Line (HWL) headwater regression line was calculated considering all samples from streams. 
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Figure 5. (A) δ18O vs. sampling altitude and (B) δ18O vs. mean altitude of the sub-basin; (C) δ18O vs. water Tmean* measured for three weeks before sampling δ18O and (D) δ18O vs. air Tmean** measured from January to the sampling period; (E) δ18O vs. discharge and (F) δ18O vs. electrical conductivity. 
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Figure 6. Isotopic composition of stream waters categorized as kryal (close to the glacier snout), rhitral and krenal. 
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Figure 7. δ2H range of alpine periglacial waters in the summer of 2018 described in this study, compared with alpine stream waters from other glacial areas reported in previous studies: A = Vauz surface waters [25], B = Saldur surface waters [32], C = Adige river source waters [27,42], D = Vermigliana surface waters [73], E = Noce Bianco surface waters, and F = Swiss surface waters [74]. 
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Table 1. Catchment characteristic and location of the sample sites.
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Site

	
Stream

	
Date

	
Season

	
UTM (X; Y)

	
Type

	
Altitude Site (m a.s.l.)

	
Mean Altitude of the Sub-Basin (m)

	
Area of Sub-Basin (Km2)

	
Distance from the Glacier (km)

	
GI

	
GCC%

	
Tair (°C)

	
Rainfall (mm)

	






	
Brenta dolomites (calcareous rocks)

	

	

	

	

	

	

	

	

	
SARCA RIVER BASIN




	
AG_pond

	
Agola

	
16 July 2018

	
I

	
643,419; 5,112,593

	
glacial pond

	
2596

	
2763

	
0.41

	
0.02

	
0.95

	
84

	
−1.8

	
416




	

	

	
22 August 2018

	
II

	

	

	

	

	

	

	

	
−0.4

	
565




	
AG1

	
Agola

	
16 July 2018

	
I

	
643,496; 5,112,526

	
kryal

	
2623

	
2713

	
0.19

	
0.00

	
1.00

	
90

	
−1.8

	
416




	

	

	
22 August 2018

	
II

	

	

	

	

	

	

	

	
−0.4

	
565




	
Adamello (magmatic rocks)

	

	

	

	

	

	

	

	




	
C0

	
Conca

	
2 August 2018

	
I

	
624,408; 5,106,984

	
kryal

	
2833

	
2963

	
0.13

	
0.44

	
0.31

	
33

	
−0.1

	
1006




	

	

	
14 September 2018

	
II

	

	

	

	

	

	

	

	
1.2

	
1279




	
C2

	
Conca

	
2 August 2018

	
I

	
625,164; 5,106,582

	
glacio-rhithral

	
2507

	
2857

	
0.37

	
1.32

	
0.14

	
26

	
2.1

	
1006




	

	

	
14 September 2018

	
II

	

	

	

	

	

	

	

	
3.3

	
1279




	
C3

	
Conca

	
1 August 2018

	
I

	
625,387; 5,106,300

	
glacio-rhithral

	
2252

	
2643

	
0.82

	
1.73

	
0.11

	
25

	
3.7

	
1006




	
C4

	
Conca

	
1 August 2018

	
I

	
625,985; 5,106,616

	
glacio-rhithral

	
2115

	
2573

	
3.8

	
2.47

	
0.08

	
24

	
4.6

	
1006




	
C7

	
Conca tributary

	
1 August 2018

	
I

	
625,582; 5,106,233

	
krenal

	
2170

	
2480

	
1.33

	
1.55

	
0.00

	
0

	
4.3

	
1006




	
C8

	
Conca

	
2 August 2018

	
I

	
628,379; 5,106,895

	
glacio-rhithral

	
1300

	
2395

	
15.8

	
5.29

	
0.19

	
28

	
9.9

	
1019




	
MA1

	
Mandrone

	
19 September 2018

	
II

	
620,717; 5,115,876

	
kryal

	
2569

	
3004

	
15.94

	
0.05

	
0.98

	
88

	
0.9

	
643




	
Ortles-Cevadale (metamorfic rocks)

	

	

	

	

	

	

	

	

	
NOCE RIVER BASIN




	
CR0

	
Careser

	
25 July 2018

	
I

	
631,528; 5,144,516

	
kryal

	
2858

	
3071

	
5.22

	
0.75

	
0.61

	
51

	
−3.9

	
1006




	

	

	
14 September 2018

	
II

	

	

	

	

	

	

	

	
−2.6

	
495




	
CR1

	
Careser

	
30 August 2018

	
II

	
631,608; 5,144,166

	
kryal

	
2694

	
3041

	
5.33

	
1.16

	
0.50

	
44

	
0.0

	
495




	
CR1bis

	
Careser tributary

	
30 August 2018

	
II

	
631,237; 5,143,523

	
krenal

	
2645

	
2843

	
0.73

	
1.36

	
0.00

	
0

	
0.4

	
495




	

	

	

	

	

	

	

	

	

	

	

	




	
CR2

	
Careser

	
25 July 2018

	
I

	
631,227; 5,143,477

	
glacio-rhithral

	
2642

	
2997

	
8.39

	
2.29

	
0.34

	
35

	
−1.2

	
643




	

	

	
30 August 2018

	
II

	

	

	

	

	

	

	

	
0.4

	
495











[image: Table] 





Table 2. Physico—chemical parametrs, geochemical data and discharge of waters collected in this study. SW stands for Stream Water.
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	Sampling Site
	Water Type
	Twater °C
	EC (µS/cm)
	pH (20°C)
	δ18O ‰
	δ2H ‰
	Q (m3/s)
	Ca2+ (mg/L)
	Na+ (mg/L)
	K+ (mg/L)
	Mg2+ (mg/L)
	Si (mg/L)
	SO42− (mg/L)
	Cl− (mg/L)
	HCO3− (mg/L)





	Season I
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	AG_pond
	SW
	4.5
	76
	8.2
	−11.1
	−75.7
	na
	16.9
	<1.00
	<0.1
	1.30
	0.09
	0.30
	<0.1
	54.0



	AG1
	SW
	0.1
	23
	7.4
	−12.1
	−86.7
	0.11
	3.40
	<1.00
	<0.1
	1.10
	0.02
	0.10
	<0.1
	17.0



	C0
	SW
	5.4
	3
	6.2
	−11.3
	−77.1
	0.02
	<1.00
	<1.00
	0.20
	<1.00
	0.05
	<0.1
	<0.1
	4.00



	C2
	SW
	8.5
	8
	6.6
	−11.0
	−72.4
	0.04
	1.20
	<1.00
	0.30
	<1.00
	1.07
	0.40
	<0.1
	7.00



	C3
	SW
	11.3
	10
	6.6
	−10.6
	−72.4
	0.06
	1.40
	<1.00
	0.40
	<1.00
	1.07
	0.40
	<0.1
	7.00



	C4
	SW
	11.3
	10
	6.6
	−11.3
	−74.6
	0.40
	1.30
	<1.00
	0.40
	<1.00
	1.17
	0.40
	<0.1
	6.00



	C7
	SW
	8.4
	13
	6.6
	−10.9
	−70.9
	0.01
	1.60
	<1.00
	0.40
	<1.00
	1.68
	0.60
	0.30
	7.00



	C8
	SW
	13.0
	7
	6.6
	−11.2
	−72.4
	2.39
	<1.00
	<1.00
	0.40
	<1.00
	0.75
	0.30
	<0.1
	5.00



	CR0 I
	SW
	3.7
	90
	7.4
	−13.1
	−87.4
	2.22
	15.1
	<1.00
	0.60
	2.30
	0.89
	34.0
	<0.1
	13.0



	CR1 I
	SW
	7.8
	85
	7.4
	
	
	2.39
	11.1
	<1.00
	0.40
	<1.00
	0.61
	23.0
	0.50
	12.0



	CR1bis I
	SW
	7.5
	80
	7.0
	−12.1
	−86.7
	0.01
	10.3
	<1.00
	<0.1
	3.40
	1.68
	32.0
	32.0
	7.00



	CR2 I
	SW
	5.0
	70
	7.2
	−12.8
	−88.5
	2.57
	11.1
	<1.00
	0.30
	1.60
	0.70
	24.0
	<0.1
	12.0



	AG1_I
	Ice
	n.a.
	9
	n.a.
	−12.3
	−86.0
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.



	AG1_I
	Snow
	n.a.
	9
	n.a.
	−10.4
	−73.6
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.



	AG1_I
	Hail storm
	n.a.
	81
	n.a.
	−8.7
	−52.9
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.



	CR0_I
	Ice
	n.a.
	12
	n.a.
	−11.3
	−84.8
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.



	Season II
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	AG_pond
	SW
	11.3
	67
	8.5
	−7.7
	−44.1
	n.a.
	13.2
	<1.00
	0.20
	1.40
	0.14
	0.5
	<0.1
	47.0



	AG1
	SW
	0.1
	25
	8.5
	−11.9
	−72.1
	0.08
	3.90
	<1.00
	<0.1
	1.10
	0.04
	<0.1
	<0.1
	18.0



	C0
	SW
	3.3
	3
	6.3
	−11.5
	−70.6
	0.02
	<1.00
	<1.00
	0.20
	<1.00
	0.23
	0.9
	<0.1
	5.00



	MA1
	SW
	0.3
	5
	6.9
	−11.8
	−74.2
	3.80
	<1.00
	<1.00
	0.50
	<1.00
	0.51
	0.3
	0.10
	5.00



	C2
	SW
	6.7
	14
	6.8
	−11.6
	−73.6
	0.07
	1.80
	<1.00
	0.40
	<1.00
	1.59
	0.7
	0.20
	8.00



	CR0 II
	SW
	4.4
	184
	6.7
	−12.4
	−76.8
	0.98
	30.8
	<1.00
	1.60
	5.10
	1.96
	79.0
	<0.1
	18.0



	CR1 II
	SW
	4.9
	110
	6.9
	−12.9
	−79.5
	1.06
	18.9
	<1.00
	0.90
	2.80
	1.07
	42.0
	<0.1
	17.0



	CR1bis II
	SW
	8.4
	70
	7.0
	−10.5
	−69.5
	0.02
	8.90
	<1.00
	0.30
	2.90
	1.63
	28.0
	0.30
	9.00



	CR2 II
	SW
	5.9
	102
	6.7
	−10.9
	−67.0
	1.57
	15.1
	<1.00
	0.70
	3.50
	1.73
	41.0
	0.20
	13.0



	AG1_II
	Ice
	n.a.
	7
	n.a.
	−12.9
	−79.6
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.



	AG1_II
	Hail storm
	n.a.
	30
	n.a.
	−10.2
	−58.2
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.



	CR2_II
	Rain
	n.a.
	7
	n.a.
	−9.7
	−52.9
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.



	CR2_II
	Hail storm
	n.a.
	101
	n.a.
	−10.7
	−61.6
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
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