Response to the Editor

Tracer-based analysis of spatial and temporal variation of water sources in a glacierized catchment
by
Daniele Penna, Michael Engel, Luca Mao, Andrea Dell’Agnese, Giacomo Bertoldi, Francesco Comiti

Dear Editor,

we are resubmitting our manuscript entitled “Tracer-based analysis of spatial and temporal variation of water
sources in a glacierized catchment” after addressing all the comments and suggestions raised by the two
referees and by the editor. We significantly changed the manuscript, restructuring the sections, adding more
details on the methodology, clarifying some results, improving some figures, merging two tables, including
extra discussions and expanding the analysis on the contribution of snowmelt to groundwater recharge (that
led to the addition of a new figure). In the end, we believe that all these changes contributed to make the
manuscript clearer, more robust and with a possible stronger impact on the reader. Detailed responses to all
referees’ comments were posted on September 19. The responses to the editor’s comments are reported
below. The revised manuscript is attached and a marked-up manuscript version showing the changes is
provided below.

Thank you for considering the resubmission of our manuscript.
D. Penna, M. Engel, L. Mao, A. Dell’Agnese, G. Bertoldi, F. Comiti

We thank the editor for his/her comments. The reviewer’s comments are quoted in their entirety and the
authors’ responses are given directly afterwards.

Comment 1: “This is not a method target study. However, the data is valuable and provides important
information for the runoff generation in the study area. Therefore, the details are important for the readers
including equipment, lab procedures, etc.”

Response 1: As mentioned to the response to the referees, in the new revised version of the manuscript
we have added new details on the study area, the sampling procedure, the equipment we used, the
laboratory procedures we adopted.

Comment 2: “Appropriately state your objective. Besides the comments by Reviewer #2, | found that the
manuscript did not address the interaction issues between meltwater and streamflow, as stated in the
abstract. Please clarify the title and the corresponding statement.”

Response 2: The interaction between meltwater and stream water was addressed throughout the
manuscript by analysing the variability of water sources (snowmelt and glacier melt) to stream runoff. As
suggested by reviewer#2, we reformulated one objective to better reflect the results. Moreover, we
expanded the analysis of the role of meltwater in groundwater recharge (see below our response to
comment 4). As for the choice of not including an estimation of the fraction of snowmelt and glacier melt
in streamflow, please see our response to comment 2 by reviewer #2.

Comment 3: “Please check the annotated pdf for further minor comments.”

Response 3: Please, find a point-to-point response to each minor comment below.



Comment 4, page 4880: “How are the interactions between meltwater and streamflow embodied in the text?
Only contribution from melt water to streamflow is concerned”

Response 4: Following this comment, we changed some sentences in the abstract adding that we analysed
the role of meltwater also on groundwater recharge. We specified that we also sampled spring water (this
information was missing in the previous version) and that tracers were used to identify the water sources
for runoff and groundwater. Indeed, as stated in the response to comment 2 by reviewer #2, we expanded
the analysis on the snowmelt contribution to groundwater recharge, computing the contribution of
snowmelt to groundwater for each sampling date for two observations years, and including a new graph
(Fig. 10) to show the monthly evolution of snowmelt faction in groundwater.

Comment 5, page 4880: “Approach is not important in this study. To quantify the contribution rations of
meltwater and rainwater is important for the calibration of hydrological model.”

Response 5: We agree and changed the sentence as follows: “These results provided new insights on the
isotopic characterization of the study catchment presenting further understanding of the spatio-temporal

variability of the main water sources contributing to runoff.”

Comment 6, page 4880: “What do periods of limited melting refer to? It is difficult for the readers to
understand in the context”

Response 6: We agree. We changed the sentence as follows: “The same seasonal pattern observed in
streamflow was also evident for groundwater, with the highest electrical conductivity and least negative
isotopic values found during cold or relatively less warm periods, when the melt of snowpack and ice was
limited.”

Comment 7, page 4882: “No interactions are targeted in the manuscript”

Response 7: Please, see our response to comment 4 above.

Comment 8, page 4882: “Reword it”

Response 8: We changed the sentence as follows: “A powerful investigation tool useful for this purpose is
represented by tracers.”

Comment 9, page 4882: “Reword it ”
Response 9: We changed the sentence as follows: “The water input due to snow and glacier meltwater
during spring and summer is relevant for the yearly runoff regime of streams and groundwater recharge in

high-elevation Alpine areas (Koboltschnig and Schéner, 2011).”

Comment 10, page 4882: “When | read to here, | can understand that the authors will focus on the end-
member of streamflow but not precipitation and groundwater at all.”

Response 10: We agree that talking only about streamflow was misleading with respect to what is
addressed in the manuscript. Thus, in this part of the Introduction, we mentioned the role of snowmelt
and ice melt to groundwater recharge in addition to streamflow regime.

Comment 11, page 4883: “Use bracketed numbers, e.g. (1)”

Response 11: Done.

Comment 12, page 4884: “Reword this sentence”



Response 12: We changed the sentence as follows: “However, snow storms can also occur during the
summer at the higher elevations.”

Comment 13, page 4885: “Activities”

Response 13: We prefer to keep the word “pressure”. However, we changed the sentence as follows: “The
upper catchment is poorly subjected to human pressure as only sparse cattle and sheep grazing is present
up to 2400 m a.s.l..”

Comment 14: “Validate using this dataset?”

Response 14: Equation (2) describes the global meteorological water line that, in its original definition,
includes data from many stations around the world at different latitudes and elevations. As reported in
Section 4.2, our precipitation dataset shows an almost identical equation (Eg. 8) to that of the global
meteorological water line, suggesting a main oceanic origin of air masses that bring precipitation over the
study area.

Comment 15, page 4889: “Why not present the d180 results?”

Response 15: It is well known that d2H and d180 are covariant in water. Therefore, reporting results (time
series, graphs etc.) based on both isotopes is in many cases redundant. Adding d180 would make the
manuscript longer without adding relevant information to the story.

Comment 16, page 4889: “l didn’t see the description of the end-member identification method”

Response 16: We added a specific sentence on this in the new Subsection 3.3.

Comment 17: “What is principle hidden in this comparison?”

Response 17: To the best of our knowledge, glacier melt has been relatively rarely sampled and analysed

for stable isotopes in the literature. Therefore, we think that this comparison is useful to show the
variability of the isotopic composition of glacier melt in different climatic settings.
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Abstract

Snow-dominated and glacierized catchments are important sources of fresh water for biological
communities and for population living in mountain valleys. Gaining a better understanding of the
runoff origin and of the hydrological interactions between meltwater,—and—streamflow and
groundwater is critical for natural risk assessment and mitigation as well as for effective water
resources management in mountain regions. This study is based on the use of stable isotopes of water
and electrical conductivity as tracers to identify the water sources for runoff and groundwater and
their seasonal variability in a glacierized catchment in the Italian Alps. Samples were collected from
rainfall, snow, snowmelt, ice melt, spring and stream water (from the main stream at different
locations and from selected tributaries) in 2011, 2012 and 2013. The tracer-based mixing analysis
revealed that, overall, snowmelt and glacier melt were the most important end-members for stream
runoff during late spring, summer and early fall. The temporal variability of the tracer concentration
suggested that stream water was dominated by snowmelt at the beginning of the melting season (May-
June), by a mixture of snowmelt and glacier melt during mid-summer (July-early August), and by
glacier melt during the end of the summer (end of August-September). The same seasonal pattern
observed in streamflow was also evident for groundwater, with the highest electrical conductivity and

least negative isotopic values found during cold or relatively less warm periods, -ef-when the melt of

snowpack and ice was limited-melting. Particularly, the application of a two-component mixing

model to data from different springs showed that the everat-snowmelt contribution to groundwater
recharge varied between 21% (+3%) and 93% (+1%) over the season, and the overall contribution
during the three study years ranged between 58% (+2415%) and 72% (+1519%). These results
provided new insights on the isotopic characterization of the study catchment and-thepresented

approach-ceuld-efferpresenting further understanding of the spatio-temporal variability of the main
water sources contributing to runoff-ir-ethersnew-dominated-and-glacierized-Alpine-catchments.

1. Introduction

High-elevation mountain catchments are environments of highly economic and social value since
they store large volumes of water in form of snow and glacier-ice bodies and release it on a seasonal
basis as meltwater. Large populations living downstream of glacierized catchments primary rely on
snow and glacier meltwater for drinking and irrigation needs (Kriegel et al., 2013). Meltwater plays
also an important role in the aquatic ecology of downstream reaches, because it regulates summer
stream temperatures, maintaining high-quality habitat for fish and cold-water communities (Grah and
Beaulieu, 2013). From a hydrological perspective, snowmelt and glacier melt are important because

moderate inter-annual variability in streamflow (Stewart, 2009), and can maintain elevated discharge
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during the dry season or relatively dry years (Milner et al., 2009) when water demand is highest.

High-elevation catchments are complex environmental systems where different water sources interact
to affect the streamflow regime and the geochemical composition of stream water. Understanding
such a complexity is a first step towards a better conceptualization of catchment functioning that is
eritical-essential for natural risk assessment and mitigation as well as for effective water resources
management in mountain regions. This is even more critical under the current changing climatic
conditions, to which snow-dominated and glacierized environments are particularly vulnerable. Thus;
the expected future retreat of mountain glaciers and earlier melt of snowpack is producing marked
effects on the water balance. In future, mean annual runoff is expected to decrease but peak runoff is
likely to increase (Molini et al., 2011), with seasonal shifts in the runoff regime (Ké&ab et al., 2007)
and in the relative timing and contribution of the different water sources en-to baseflow, peak flow
and groundwater. This raises major concerns about water supply security in mountain regions
(Uhlmann et al., 2013).

In this—context—order to better predict the future hydrological behaviour in such rapidly changing

environments there is an urgent need to obtain a more detailed understanding of runoff origin and ef
the dynamic interactions between meltwater and streamflowhyerelogical-processes—and-ofruneff
origin in glacierized catchments, in-order to-better predict the future hydrological behaviour-in-such
rapidly-—changing-environments. This-would-allow-developing-a-broader-view-encompassing-the

internal-hydrolegical-funetioning—Forthispurpese—a-A powerful investigation tool useful for this
purpose is represented by tracers. Particularly, the stable isotopes of water (82H and 5'80) have been
recently used in high-elevation catchments to quantify post-snowmelt summer rainfall contributions
to streamflow (Dahlke et al., 2013), estimate the regional water balance (Ohlanders et al., 2013),
compute catchment residence times (Jeelani et al., 2013; Chiogna et al., 2014) and constrain model
parameters (Cable et al., 2011). Moreover, water isotopes, coupled to other geochemical tracers, such
as electrical conductivity (EC), have the potential to identify end-members (i.e., the dominant sources

to runoff) and compute their contribution to streamflow (Maurya et al., 2011).

The discharge-water input due to snow and glacier meltwater during spring and summer is relevant

for the yearly runoff regime of streams and groundwater recharge in high-elevation Alpine areas
(Koboltschnig and Schéner, 2011). Particularly, inner valleys of the Alps are characterized by

relatively low amounts of liquid precipitation and significantly benefit from the water contribution



102  provided by lateral valleys where snowmelt and/or glacier melt dominate streamflow_and feed
103  groundwater. One clear example is given by the Vinschgau/Venosta valley, in South Tyrol (Eastern
104 Italian Alps), where most of the economy is based on—TFheprimary—voice—in-the—economy—of
105  populationtivingthere-is the cultivation of apples. Since here the climate is relatively dry (the mean
106 annual precipitation for the period 1989-2012 in Laas-Lasa, at 863 m a.s.l. was 480 mm) a large part

107  of water supply derives from stream water from the tributaries of the main valley, which are used for
108  pressurized irrigation and hydropower production. Given the socio-economic importance of
109  meltwater in this region, we conducted an experimental research in the glacierized Saldur catchment,
110  one of the catchment that contributes to water availability in the upper Vinschgau valley. Importantly,
111 the glacier in the Saldur catchment is melting at a particularly fast rate, with 20% of areal reduction
112 from 2005 to 2013 (Galos and Kaser, 2014). The Saldur catchment has been recently objective of
113 different hydrological studies (e.g., Bertoldi et al., 2014; Della Chiesa et al., 2014; Pasolli et al., 2014)
114  but an assessment of the runoff water sources and of their spatio-temporal variability aleng-withbased
115  on an isotopic characterization of the catchment is still missinglacking.

116

117 Inthis paper, we take advantage of the combined use of two tracers, namely stable isotopes of water

118  and EC, sampled from precipitation and different water bodies ef-over three consecutive years, to:

119 (1)  define the origin of vapour masses that form precipitation in the study area; “ Formatted: Numbered + Level: 1 + Numbering Style: 1, 2,
. . . 3, ... + Start at: 1 + Alignment: Left + Aligned at: 0.63 cm +

120 #)(2) _identify the end-members to streamflow; Indent at: 1.9 cm

121 #B(3) understand the seasonal variability of srewmelt—and—ice—melt—contribution—tetracer

122 concentration in runeffstream water and groundwater;

123 #)(4) quantify the role of snowmelt on groundwater recharge.

124

125 2. Study Area

126 The field activities were carried out in the upper Saldur/Saldura catchment (61.7 km?) hying-located
127  in the upper Vinschgau/Venosta valley, South Tyrol (Eastern Italian Alps). Elevations in the
128  catchment range from 1.632 m a.s.l. at the outlet-chosen at a gauging station upstream of the
129  confluence with the Etsch/Adige River-to 3.725 m a.s.l. of the highest peak (Weikugel/Palla
130  Bianca). The upper part of the catchment hosts the Matsch/Mazia glacier (extent of 2.2 km? in 2013,
131  Galos and Kaser, 2014) whose current snout lies approximately at 2800 m a.s.l. and feeds the Saldur
132 River. Downstream of the glacier snout, the Saldur River receives water contributions from various
133 tributaries, most of them, especially on the left side of the valley, originatinged at elevations above

134 2900 m a.s.l. and therefore seasenaHy—snow-covered approximately from October/November to

135  May/Juneby-snew. As such, streamflow during summer and part of spring and fall is noticeably
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affected by water inputs mainly deriving from melting of the glacier body and-ef the winter snowpack
in different portions of the catchment. Glacier erosion formed the typical U-shape in the upper valley
that is partly filled with sediment from talus, small shallow landslides and large alluvial/debris fans
from the steep tributaries. The average slope of the catchment is 31.8° and the aspect is predominantly

towards South (Fig. 1 and Table 1).

The study area has a continental climate with low total annual precipitation compared to other

mountain areas at the same elevation. At 1570 m a.s.l., where a weather station is run by the Province

of Bolzano, the mean annual air temperature is 6.6 °C and the mean annual precipitation is 569 mm/yr.

The latter is estimated to;-whieh increases up to 800-1000 mm/yr at 2000 m a.s.l.. Precipitation

typically occurs as snowfall from November to late April, while summer precipitation mainly
originates from convective rainfall events. However, snow storms can eceur-also occur during the
summer at the higher elevations. Snow cover is almost complete at least over the upper three quarters
of the Saldur catchment (approximately above 2200 m a.s.l.) until late April-early May, when the

melting season begins. Typically, at the end of June-early July snow cover amounts to approximately
10% of the total catchment area, as revealed by snow surveys and snow cover estimations based on
MODIS data (Notarnicola et al., 2013). Permafrost and rock glaciers are most likely present at
elevations higher than 2600-2800 m a.s.l., depending on local conditions (Boeckli et al., 2012, see
Table 1).

The Saldur River has a nivo-glacial regime, with minima recorded during the winter and maxima
typically observed in late spring-early summer. The average winter discharge at the catchment outlet
during the 2012-2013 winter period was around 0.38 m3/s whereas during summer 2013 was 3.99
m?3/s. The highest discharge since the start of monitoring (May 2009) was measured during a melt
event on 21 June 2013 and reached 25.9 m3/s, whereas the second highest peak was recorded during

a rain-on-snowfall event on 4 September 2011 and reached 18.2 m3/s. However, these values must be

considered approximated due to the uncertainties of the rating curve at high discharge values (see

Section 3).

Geologically, the Saldur basir-catchment belongs to the Matsch Unit, located in the southern Otztal-

Stubai complex_and characterized by three main tectonometamorphic events in the Variscan, Permian

and Cretaceous periods. The base of the Matsch Unit belongs to the Vinschgau Shear Zone, that

changes in the Schlinig fault. The Matsch Unit mainly consists of gneisses, mica gneisses and schists.
The land cover within the catchment is dominated by bare rocks and bare soil (47%), grassland (38%)

and forest (10%) (based on CORINE90 maps). The main grass vegetation Nardion strictae represents
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mostly the vegetation type at the bottom of the upper valley while the shrub vegetation Rhododendro-
Vaccinion covers mostly the valley slope. Haplic Leptosol are present above the tree line (at 2300 m
a.s.l.), while forests, especially on the north-facing slopes, are mainly characterized by Haplic
Podsols. Managed meadows below 1800 m a.s.l. are mostly characterized by Distric Cambisols. Soil

texture can be classified between loamy sand and sandy loam (Bertoldi et al., 2014).

The upper catchment is poorly subjected to weakly-affected-by-human pressures- as only sparse cattle

and sheep grazing is present up to 2400 m a.s.l.. Fhe-uppermost-permanently-Hved-building-is-at-1824
ma-standa-A small and—stee&gravel road goes up to around 2220 m a.s.l._and —Onrby-below-1300

—A-a limited net of tracks—ainly

huéed—danﬂg—lu#y—and—AugHs{— crosses the middle and the upper part of the catchment. Ga{{legm%e

3. Materials and Methods

3.1 Field measurements and sampling

Hydro-meteorological data used in this study were collected in the middle and upper part of the Saldur
catchment approximately from April 2011 to October 2013. Precipitation and temperature were
measured every 15 minutes by two non-heated weather stations (Onset Corporation, USA), labelled
M3 and M4 (Fig. 1) at 2332 and 1998 m a.s.l., respectively,-and managed by the Institute for Alpine
Environment of EURAC. For data analysis, the average values from these stations were used. Winter
precipitation in these stations was vatidated-estimated using precipitation-data-and-automatic recorded

snow height data from a nearby stations of the EURAC network in a wind-sheltered location at the

same elevation of the M4 station, by-usirgfollowing the approach suggested by Mair et al. (2013).

Water stage in the main Saldur channel was measured-recorded every ten minutes by-through pressure

transducers at the catchment outlet (1632 m a.s.l., station run} by the Hydrographic Office of the
Province of Bozen-Bolzano), and at two natural sections, laterally well confined by large immobile
boulders, eress-sections-on-the-matn-channel-named Lower Stream Gauge (S3-LSG, 2150 m a.s.l.)
and Upper Stream Gauge (S5-USG, 2340 m a.s.l.). The drainage area of these two sub-catchments is
18.6 and 11.2 km?, respectively (Table 1). Waterstage was-converted-to-discharge-by-means-ofEighty-

two (82) salt dilution discharge measurements were taken under different flow conditions, in a range

of 0.58 to 4.5 m3/s, repeatedly during the three years. The geometry of the natural cross-sections was

monitored over time and different flow rating curves, derived from the salt dilution measurements,
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were applied through the three years. Water stage was also measured on a tributary on the left side of

the valley (T2-SG, 2027 m a.s.l., drainage area of 1.7 km?) but direct discharge measurements were

not available to build a reliable flow rating curve. Thus, for tributary T2-SG, stream stage was used

throughout the study.

Stable isotopes of water and EC were measured in rain water, stream water, groundwater, snow,
snowmelt and ice melt. The majority of samples was collected between April and October of each
monitoring year but occasional samples were also taken in winter, early spring and late fall, especially
at the lowest sampling locations. Bulk precipitation was sampled at five locations at different
elevations along a 1000 m gradient (Fig. 1 and Table 2) using a 5-L high-density plastic bottle with
a 18.5 cm diameter funnel. A mosquito net was placed inside the funnel to prevent leaves, particles
or insects falling into the sampler. Bottles were filled with 1.5 cm of mineral oil to prevent evaporation
and isotopic fractionation, and replaced approximately every 45 days in 2011 and roughly monthly
in 2012 and 2013. Stream water was manually sampled (grab samples) in the Saldur River at eight
locations and in five tributaries between 1775 and 2415 m a.s.l. (Fig. 1 and Table 2). The tributaries
were chosen to represent sub-catchments characterized by different hydro-geomorphological

properties and size (Table 1).

Groundwater was sampled from four springs between 2334 and 2360 m a.s.l. on the right side of the
valley (Fig. 1 and Table 2), named SPR1 to SPR4. SPR1 was located at the bottom of a hillslope. The
water flow was relatively fast but stopped completely and-when the spring dried out in October 2011
and 2013. SPR2 was surrounded by rocks in a ponding area and the flow was very slow. SPR3 was
located close to the stream and connected to it (water flowing from the spring evidently moved
downslope towards the stream). Similarly, SPR4 emerged was—characterized-by—evident-bubbling
from sand sediment and flowing—flowed down to the stream. Samples of stream water and
groundwater were collected approximately-on a monthly basis.

The snowpack was sampled by snow corers. Three snow pits were dug on 8 March 2012 (at 1998,
2185, and 2205 m a.s.l.) and two on 6 February 2013 (at 1998 and 2085 m a.s.l.) and-shew-samples

were-taken-at-differenttayers-Two samples were taken from each layer in the snow pits directly with
the sampling bottles. The samples were stored in portable coolers in the field, and let melting in the

lab at roughly 20°C. Two samples from the same layers were mixed and analysed. Mereover+tThree

samples of fresh snow were collected in the lower part of the catchment after two snowfalls in spring

2012. In this case, snow was sampled by means of 1-L plastic bags, stored in a cooler, and let melting
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at roughly 20°C. A few other snow cores were taken occasionally, in spring and summer, at other
locations and higher elevations. Snowmelt was sampled by collecting water dripping from snow
patches, residual ef-the—winter snowpack, approximately between 2190 and 2815 m as.l..
Furthermore, the integrated value of snowmelt during the spring was measured using plastic
snowmelt lysimeters (Shanley et al., 2002), with an approximate collecting area of 1 m2, connected
to a 20-L close bucket by 1-m long plastic tube. A 2 cm layer of mineral oil was put in the bucket
during the lysimeter installation to prevent evaporation. Two lysimeters were placed at S3-LSG and
one at 2205 m a.s.l. in fall 2011 and two at 2205 and 2225 m a.s.l. in fall 26432012. They were
emptied in mid-May 2012 and at the beginning of June 2013, respectively. Ice melt was collected by
sampling rivulets flowing on the surface of the glacier tongue, approximately at 2800 m a.s.l..
Additionally, some samples of water slowly dripping from melting debris-covered ice (part of a
disconnected glacier mass) were taken near the glacier snout. Throughout the paper, we refer to
glacier melt and debris-covered ice melt to distinguish between the two types of ice melt sampling
methods. Snowmelt and ice melt samples were taken occasionally during the summer and early fall
of the three monitoring years. Overall, 598 water samples were taken during the observational
periods. The position of all field instruments and rainfall, stream water and groundwater sampling

locations is displayed in Fig. 1.

3.2 Laboratory analysis

All water samples were collected in 50 ml high-density plastic bottles with a double cap, leaving no
headspace. The samples were stored in the dark at 4°C before isotopic analysis. The isotopic
composition of the water samples was determined at the Laboratory of Isotope and Forest Hydrology
of the University of Padova (ltaly), Dept. of Land, Environments, Agriculture and Forestry by an off-
axis integrated cavity output spectroscope (model DLT-100 908-0008, Los Gatos Research Inc.,

USA). The analys protocol and the procedure adopted to minimize the carry over effect are described;

see in Penna et al.; (2010; 2012). The typical instrumental precision (average standard deviation of
2094 samples) is 0.5%o for 8°H and 0.08%. for 8'80. EC was measured in the field using a portable
conductivity meter (WTW 3410, WTW GmbH, Germany) with a precision of + 0.1 uScm-L.

3.3 Data analysis
In order to identify the origin of the air masses that determine precipitation on the study area, and to

better identify the end-members for runoff Starting—from—8°H-and-5*0-data—we computed the

deuterium-excess (d-excess) for each sample, defined as (Dansgaard, 1964):

[ Formatted: Font: Bold
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d — excess = §°H — 8 §180+10- (Eq. 1).

Low d-excess values indicate that evaporation fractionation has occurred, and this leads to a change
in the slope of the relationship between 580 and 82H. The d-excess represents the intercept of the
linear fit line between 880 and §2H data in precipitation at the global scale, named global
meteorological water line (GMWL, Craig, 1961) and defined as:

82H (%0) = 8 5180 + 10 (Eq. 2)

The d-excess in precipitation is related to humidity and temperature at the moisture source
(Dansgaard, 1964) and therefore is useful to infer the origin of water vapour that determines
precipitation in the study area (Cui et al., 2009; Wassenaar et al., 2011; Hughes and Crawford, 2013).
In South-Western Europe, precipitation data that show d-excess close to the one of the GMWL
typically indicate an Atlantic origin of air masses whereas higher d-excess may reflect the influence
of water vapour coming from the Mediterranean basin, for which the local Mediterranean meteoric
water line (MMWL) is valid (Gat and Carmi, 1970):

52H (%o) = 88180 + 22 (Eq. 3)

The identification of the end-members to surface and subsurface runoff was performed by using d-

excess coupled to §?H data of rainfall, glacier melt and snowmelt, as well as of the streams and
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springs, and an end-member plot was built.

The computation of the snowmelt contribution to groundwater recharge was performed by using a
simple two-component separation model (Pearce et al., 1986), based on water and tracer mass

balance, as follows:

Q1 =0,+0Q; (Eq. 4)
Q1€ = Q2C; + Q3G (Eq. 5)
Q2 = [(C1 — G3)/H(C, — C3)] X Q4 (Eq. 6)

where Q1, Q2 and Qs represent three different water components (in this case, spring water, snowmelt
and rainfall) and Ci1, C2 and Cs represent their tracer concentrations. On the basis of Eq. 6, we
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quantified the percentage of snowmelt contribution to groundwater recharge (SNML %) over the

three study years using §?H data, as follows (Earman et al., 2006; Zhang et al., 2009):
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SNMLT % = [(Cspr-Crr)/(Csnm-Crr)] % 100 (Eq.7)

where Cspr is the average isotopic composition of all samples collected from each spring over the
three monitoring periods, Crr is the volume-weighted average isotopic composition of the 23 rainfall
samples collected at the locations RF4 and RF5 (the ones closest and upstream the selected springs,
Table 2 and Fig. 1) and Csnw is the average isotopic composition of 16 snowmelt samples collected

from melting snow patches at elevations higher than those of the springs. Similarly, we assessed the

seasonal contribution of snowmelt to each spring for each sampling date in 2012 and 2013 (2011 was

excluded due to the low number of snowmelt samples available). In this case, Cspr is the isotopic

composition of the spring water sample collected on a certain day, Cgre is the volume-weighted

average isotopic composition of the rainfall samples collected at the locations RF4 and RF5 during

the period previous to the sampling day, and Csnm_is the (average) isotopic composition of the

snowmelt sample(s) collected on that day. The 70% uncertainty in the separation of the two
components was estimated through the method suggested by Genereux (1998) that takes into account
the difference between the isotopic composition of the components and the variability (expressed by
the standard deviation) of the isotopic composition of each component. The smaller the difference
and the larger the variability, the higher the uncertainty.

Given the covariance between 52H and 580 values of all samples, we reported in the paper only §?H
values in cases the-plots-and-analyses-througheutthe-paper-where information eeming-deriving from
both isotopes were redundant;-we-reported-onty-resultsreferring to-52H-values.

4. Results and Discussion

4.1 Tracer concentration in different waters

The different waters sampled in the Saldur catchment during this study showed a marked variability
in tracer concentration (Fig. 2). Over the entire dataset, 32H values ranged from -26.1%o to -202.0%o
and EC ranged from 1 pScmt to 461 puScml. Rainfall and winter snowpack samples were
characterized by the most positive and the most negative isotopic composition, respectively..—with
median-values-of-65-0%0-and-158.9%,-in-5°H;respectively— Overall, snowmelt was-intermediatehad
values between rainfall and snowpack {median-8"H=-122.9%0)-whereas ice melt was more enriched
in heavy isotopes.-{median-8°H=-1013%0)- Stream water from the main stream and the tributaries,

and groundwater from the springs had similar-isetopic-compesition-{median-82H=-105:2%0—103:4%0




‘340
341
342
‘343
344
345
346
347
348
349
350
351
352
353
354
355

356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373

ana—+04-7%orespectively)-butstil-statistically different isotopic compositions (Kruskal-Wallis test
significant at 0.05 level).

The median EC of rainfall (Fig. 2, panel b) was 8-Sem*-thus-lower than the EC typically measured
in precipitation both in urban catchments (e.g., Pellerin et al., 2008; Meriano et al., 2011) and in other
mountain catchments in more natural settings (e.g., Lambs, 2000; Zabaleta and Antigliedad, 2013).
Low EC in rainfall indicates low concentration of solutes and suggests a little or negligible influence
of air masses coming from the Mediterranean Sea basin, rich in salts and therefore characterized by
higher EC (see also Section 4.2). The median EC of snowmelt (from patches of old snow and from
the snowmelt samplers-lysimeters as a whole) and ice melt (glacier melt and debris-covered ice melt

as a whole) was also low and very low, ef-12nSem*-and-2uSem-t-respectively. Thus, the isetepes
isotopic composition aHewed-to-characterize-the-ice-meltsignaturecompared-to-that-of rainfall,-and

snowmelt_and ice melt allowed ;-for a mere-uniguehyclearer separation of these end-embers than EC.
The median EC of stream water in the tributaries and groundwater was similar {232-anrd-222 1Sem;
respectively} and higher than that of the Saldur River {(160-1Sem*) that-which clearly reflected the

contribution of low EC snowmelt and ice melt to streamflow (Section 4.7). EC samples of stream

water and groundwater showed statistical differences even more marked than those shown by &°H
data (Kruskal-Wallis test significant at 0.01 level). This reflects the fact that all expected water
sources contributing to streamflow during rainfall events and melting periods (rainfall, snowmelt and
ice melt) had low values of EC but contrasting isotopic composition that compensated when mixed

in the Saldur River.

4.2 Isotopic composition of rainfall
The linear relationship between 8180 and 8?H composition of rainfall data collected at different

elevations in the Saldur catchment defined a local meteorological water line (LMWL), expressed as
(Fig. 3):

82H (%o) = 8.18180 +103  R? =099, n = 66 (Eq. 8)

This relationship is slightly different from the LMWL of Northern Italy (Longinelli and Selmo, 2003;
Longinelli and Stenni, 2008, Table 3) defined-as:
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and also from the LWML found by Chiogna et al. (2014) for a station at 1176 m a.s.l. in a glacierized
Alpine catchment between the Ortles-Cevedale and the Adamello—Presanella massifs (Northern Italy,
approximately 44 km South in a straight line from the Saldur catchment, Table 3)-defined-as:
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Conversely, the LMWL in the Saldur catchment is quite similar to the one derived at the highest
elevation (2731 m a.s.l.) reported by Chiogna et al. (2014) in similar climatic conditions_(Table 3);
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Itis evident that the slope of the Saldur LMWL (10.1) is higher than that of the other Northern Italian
sites at lower elevations (7.7 and 7.6, Egs-9-and-10,+espectivelyTable 3), but approximately the same
to that in a mountain region at higher elevation (8.0, E¢—ttTable 3). More interestingly, both the
slope and the d-excess of the Saldur LMWL are nearly identical to those of the GMWL (Eq. 2) and
d-excess is noticeably different from that of the MMWL (Eq. 3). Although a full comparison among
these relationships cannot be made because the LMWL at our site did not include samples collected
during the winter, this reveals that precipitation (at least during late spring, summer and early fall_of

the three observation years) in the Saldur area, and likely in other left-side lateral valleys of the Upper

Vinschgau valley, was predominantly originated by air masses developing on the Atlantic Ocean,
with limited influence by inflow of water vapour from the Mediterranean sea. This confirms what

was indicated by the very low EC observed in rainfall (Section 4.1)._Moreover, these observations

are in agreement with the fact that the complex topography of South Tyrol leads to the coexistence

of many different microclimates and precipitation patterns (Brugnara et al., 2012).

Figure 3 also highlights the clear and expected temperature-dependent seasonality (e.g., Wassenaar
etal., 2011) with heavier isotopic values occurring during the summer, lighter values occurring during
the fall and intermediate values generally occurring during the spring, and partially overlapping with
the most negative summer samples and the most positive fall samples. In addition, the-insetreported
i Fie_3.di - . > inall _ . .

elevation—+revealing-a-we observed a marked altitude effect (Araguas-Araguas et al., 2000; inset of
Fig. 3), recognized in almost all mountain ranges worldwide (Poage and Chamberlain, 2001).
Particularly, the linear relationship between the average isotopic composition of rainfall samples and
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elevation in the Saldur catchment yielded an isotopic depletion rate of -1.6%. for 82H and -0.23%o for
880 per 100 m rise in elevation. This gradient is steeper than that found in a snowmelt- and glacier
melt-dominated Andean catchment, Chile (Ohlanders et al., 2013), and by Chiogna et al. (2014), and
is gentler than that in the Kumaon Himalayas, India (Kumar et al., 2010). However, the gradient is
fully consistent with that in Kashmir Himalaya (Jeelani et al., 2013) and with the one reported by

Longinelli et al. (2006) for an Alpine region in North-Western Italy.

Elevation played also a role on the spatial variability of d-excess in precipitation. Although the
relationship was less strong than the one between elevation and 8H and 580 in rainfall, our data (not
reported) showed that d-excess (the average of data available for all five sampling locations, n=8)
increased roughly linearly ef-by 0.2%. per 100 m rise in elevation (R?=0.69, n=5, significant at 0.1
level). This effect was also reported for other mountain areas (Cui et al., 2009; Kumar et al., 2010;
Jeelani et al., 2013). In some cases, the increase of d-excess with altitude was reported to be mainly
present at high relative humidity (Gonfiantini et al., 2001; Windhorst et al., 2013) which is not the
case of the study area. In the Saldur catchment, this effect may be attributed to higher relative
humidity at higher elevations due to snow and ice melting which tends to enhance the kinetic
fractionation process during evaporation (cf. Peng et al., 2004). However-additional-unknown-factors

4.3 Isotopic composition of snow, snowmelt and ice melt

Snow samples taken from the winter snowpack covered a broad isotopic range—spanrning—from—
134-9%0—t6—202:0%0—ir—5°H—and—from—18.-34%—to—26-46%—in—5'%0 (Fig. 4), reflecting a wide
variability in air temperature that may have occurred also during the winter. Moreover, snow samples
plottedfel well on the LMWL (and therefore on the GMWL), as also confirmed by the slope and

interception values very similar to those of the LMWL (Table 34). This was also found for a set of

snow-dominated catchments in Switzerland (Dietermann and Weiler, 2013) and indicates a similar

geographical origin of precipitation during the winter with respect to the other seasons. However, we

must mention that the range in the isotopic composition of snow samples was likely underestimated,

due to the uncertainty associated with finding sampling locations representative for the isotopic

signature of snowpack over the entire catchment. Indeed, in addition to altitude and seasonal effects,

several other factors such as micro- and macro-topography, relocation of snow through wind drift and

avalanches, and enrichment of heavy isotopes in upper layers of the snowpack depending on the sun

exposure can contribute to significantly enhance the spatial and temporal variability of the isotopic

composition of snowpack (Dietermann and Weiler, 2013). Samples collected from melting snow
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patches showed a wide isotopic range too;—varying-from—106:1%0t0—165.4%0—in-8°H-and-from—
14.26%0-t0—-21-47%0-i-5*°0 (Fig. 4). This likely reflects the different elevations where-at which the
samples were collected and, at the same time, the progressive seasonal isotopic enrichment that
snowpack underwent during the melting process (Taylor et al., 2001; Lee et al., 2010). Meltwater
samples of snow patches taid-fell on the LMWL too (Fig. 4), and were characterized by values of
slope and intercept very similar to those of the LMWL (Table 34), indicating no or negligible
secondary fractionation effects due to evaporation during deposition and melting processes.

Alternatively, this might also suggest a high consistency of isotopic fractionation as well as a temporal

covariation of meltwater isotopic values at the catchment scale (Zhou et al., 2014). Winter- and

spring-integrated snowmelt samples taken from the lysimeters also followed the LMWL but were
slightly below it-the line (Fig. 4) and showed a slightly smaller slope and intercept (Table 34).
Moreover, except for three samples, snowmelt samples collected from lysimeters were isotopically
heavier than snowmelt samples collected from snow patches. This difference was related to some

possible contamination from relatively—tess—negative—precipitation during the spring, relatively
enriched in heavy isotopes. The three samples with more negative values were collected in spring

2012 from snow lysimeters loeatized-located close to the stream at S3-LSG, in a zone where the

valley is relatively narrow and direct sunlight is limited.

Ice melt samples generally plotted on the LMWL but, in accordance to Gooseff et al. (2006), the
slopes and the intercepts of their 5!80-82H relationships for both glacier melt and debris-covered ice
melt were slightly smaller than those of the LMWL (Table 34). A comparison of the isotopic
composition of glacier meltwater in the Saldur catchment with samples taken in other parts of the
globe reveals the variability of dominant climatic conditions. Saldur glacier melt was more depleted
compared to the Mafengu River, China (Yang et al., 2012), similar to the Ganga River catchment in
the Himalayan foothills (Maurya et al., 2011) and in the Langtang and Dudh Kosi basins in Nepal
Himalaya (Racoviteanu et al., 2013). However, it was heavier than that in the Wind River Range in
the American Rockies (Cable et al., 20161) and a Central Andean catchment (Ohlanders et al., 2013)
and, not surprisingly, much heavier than that found at the Imersuaq Glacier, West Greenland (Yde
and Knudsen, 2004).

The isotopic range of glacier melt and debris-covered ice melt samples collected in the Saldur
catchment was similar (Fig. 4).-with-average-8°H=-102.3%.-and standard-deviation=7-8%.-for-glacier
melt-{n=16)-and-average-8°H=-100-2%--and-standard-deviation=4.9%.for-debris-covered-ice-me

r=9) However, glacier melt typically showed higher d-excess—{12+#%e—s—110%s) but similar
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variability of d-excess{standard-deviation-of1-2%ovs—1-4%0} compared to debris-covered ice melt.
This difference was likely associated to the aforementioned increase in d-excess with elevation
(Section 4.2), since the rivulets sampled on the glacier surface originated at higher elevations
compared to the debris-covered ice collected nearby the glacier snout. Moreover, the expected lower
melt rate due to the debris coverage, compared to the melt occurring on the bare glacier surface, might
have also determined secondary evaporation effects (confirmed by the slightly smaller slope
compared to glacier melt, Table 34) contributing to the difference in d-excess between the two
subsets. However, the most striking difference between the two types of ice melt samples lays in the
much higher and more variable EC of meltwater derived from ice bodies covered by debris
{average=66-nSem*—standard-deviation=40-uSem -+ r=6)-compared to the extremely low (almost
distilled) and little variable EC of glacier meltwater—{average=2-pSem*—standard-deviation=0.7
#Sem*—A=16). This difference, -reflecting the very high variability in EC of all ice melt samples
(glacier melt and debris-covered ice melt, Fig. 2, panel b), was not unexpected considering the contact
that the latter had with rocks and fine debris that could release salts thereby increasing the EC of
meltwater.

4.4 Isotopic composition of stream water and groundwater

The isotopic composition of stream water showed a narrower range compared to rainfall, snowmelt
and ice melt (Fig. 2, panel a) indicating that waters originating from upstream sources mixed to give
composite stream water (Dalai et al., 2002; Maurya et al., 2011). The slope of 7.9 of the 5'80-5%H
relationship of stream water in the Saldur River-(Fable-4) was similar to that of rainfall (Fig. 3) and
especially to that of snowmelt (Table 34), indicating that these water sources underwent similar

fractionation processesreflecting—well-the-isotopic—signal-of-this—water—seurce. On the contrary,

groundwater and stream water in the tributaries showed lower slopes of the 8180-8%H relationship

compared to the Saldur River waters and to rainfall samples (and therefore a departure from the
LMWL, not shown) suggesting post-precipitation evaporation during the groundwater recharge

process (Maurya et al., 2011), as discussed in section 4.98.

4.5 Identification of end-members

The average values of 82H plotted versus d-excess for all stream water and groundwater samples fell
within a triangular domain defined by the average 8?H and d-excess (Machavaram et al., 2006) of
rainfall, snowmelt and glacier melt (Fig. 5). Unfortunately, since we were able to measure rainfall
intensity but not snowmelt and glacier melt intensity, only the 82H and d-excess values of rainwater

samples were volume-weighted whereas snowmelt and glacier melt were not. This could affect mass
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balance computations but it is reasonable to assume that this would not change the general evidence
provided by Fig. 5. Indeed, despite the large variability of measurements in all waters (evidenced by

the long horizontal and vertical error bars), the mixing plot clearly reveals the importance of snowmelt

and glacier melt as end-members in the study catchment, playing therefore a major role on the runoff
regimes of the Saldur River and of its tributaries, as also observed in other glacierized catchments
(Zhang et al., 2009; Dahlke et. al., 2013; Olhanders et al., 2013). However, it must be mentioned that
we normally collected samples during no-rain periods, and therefore the contribution of rain water to
the isotopic and EC composition of stream water and groundwater was likely underestimated.
Although the error bars of samples within the triangular space largely overlapped, it is interesting to
note that samples taken in the main stream were closer to the glacier melt end-member than the
samples collected in the tributaries, and thatthe-samples collected from the springs fell closer to the
snowmelt end-member than stream water samples. This indicates, as expected, that glacier melt was
a more important contributor to runoff in the main stream;-distincthy-glacier-fed; compared to the
tributaries, and suggests an important role of snowmelt on groundwater recharge (Section 4.89).
Snowpack samples were not included in the mixing plot-simphy because winter snowpack cannot be

considered as a direct hydrological input.

4.6 Temporal hydrological dynamics

The three observational periods considered in this study showed different hydro-meteorological
characteristics (Fig. 6). The average temperature over the April 1-October 31 period was similar for
the three years (6.7, 6.5 and 6.3°C for 2011, 2012 and 2013, respectively) but the temporal variability
slightly differed. Most of all, cumulative precipitation was noticeably different, with 536, 467 and
only 380 mm over the same period in 2011, 2012 and 2013, respectively. However, although 2013
was the driest year, streamflow and water stage at the gauging stations, especially at S5-USG, showed
marked responses, suggesting important contributions of meltwater. At the end of April-beginning of
May, when the melting season started, streamflow in the main stream (Fig. 6, panels g-I) and water
stage in the tributary T2-SG (Fig. 6, panels m-o) were typically low with values close to the winter
baseflow (below 0.5 m3/s* at S5-USG, 1 m¥s*at S3-LSG and 5 cm at T2-SG). Then, streamflow
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noticeably increased during the warmer months (June-August) up to 3-4 m3/s* at S5-USG, 6-7 m¥s-
*+at S3-LSG and 25-30 cm at T2-SG, and started to recede in September, reflecting the combination
of limited snow cover and incoming radiation too small to produce important melt. Additionally,
streamflow showed a marked diurnal variability (Josth et al., 2012; Uhlmann et al., 2013), particularly

in the main stream and slightly less evident in the tributary, with clear fluctuations dependent on daily
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temperature oscillations that triggered the release of meltwater to the stream network (Fig. 6, panels
d-o).

At the seasonal scale, the melting dynamics seemed to override the role of rainfall on streamflow
variability. Typical rainfall events were characterized by daily cumulative amounts of less than 10
mm that produced small streamflow response and limited sediment transport (Mao et al., 2014).
However, the highest streamflow peaks were associated te-with relatively intense rainfall events. For
example, 19.6 mm of rain fell in four hours on September 4, 2011 and produced hourly streamflow
heurly-peaks of 5.3 m3/s* at S5-USG, 8.0 m3/s* at S3-LSG and a water stage peak of 37 cm at T2-
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SG, observed almost simultaneously at all three gauging locations.

4.7 Spatio-temporal dynamics of tracer concentration in stream water and groundwater
4.7.1 Temporal variability of stream water and groundwater EC and &H
The isotopic composition of stream water (Fig. 6, panels g-o) did not reflect the seasonal variation of

isetepes-in-rainfall_isotopic composition, with the less negative values occurring during the warmest

periods (Section 4.2) but tended to mirror it (Jeelani et al., 2013). Indeed, the samples collected in the
Saldur River and its selected tributaries revealed that during the late spring and the beginning of the
summer (June-July) 82H in stream water was relatively depleted in heavy isotopes (ranging
approximately between -115 and -110%o), then increased during mid-late summer up-to values close
to the baseflow backgreund-isotopic composition (Fig. 6). Similarly, EC was relatively high before

the beginning of the melting period (up to approximately 250 uS/cm~*at S3-LSG), then decreased
below 100 uS/cm* during the melting season and increased to background values in mid-late October
(Fig. 6). Fhi i } } }

However—gGiven the very low EC and the significantly more negative values of snowmelt and ice
melt compared to rainfall (Fig. 2), the general pattern suggests a remarkable {even-though-not-easty
guantifiable)-contribution of meltwater to runoff in the Saldur catchment, confirming the results of
the end-member mixing analysis (see Fig. 5 and Section 4.7.3).

This trend was also revealed by the 62H and EC of four locations along the Saldur River,for-which
we-collected-samples-approximatehmonthly-during-all-three-monitoring-years—of three tributaries
for-which-we-have-the-most-rumerous-data-and of-the four selected springs (Fig. 7). We show here

data from the Saldur locations where we collected samples approximately monthly during all three
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monitoring years, and from the three tributaries for which we have the most numerous measurements.

There was an overall pattern of more negative isotopes and relatively low EC at the beginning and at
the peak of the melting season-was-evident. Analogously, less negative isotopes and higher EC were
observed at the end of the season. Overall, this pattern was temporally consistent for stream water,
both in the main stream and in the tributaries, and for groundwater. The increasing trend in isotopic
composition and EC of the springs and the tributaries (generally with a negligible glacierized area

compared to that of the main stream sub-catchments, see Table 1) likely reflects the decreasing

contribution of snowmelt over the season. Mereover—the—relatively—fast—dynamics—oftracer

Isotopes in the Saldur River in August 2013 (Fig. 7, panel a) were noticeably less negative compared
to the previous sampling time and disagreed with patterns showed by the isotopic composition of the
springs (Fig. 7, panel ¢)-thateontinuecthepegative trepd-belereneraesinganthe-lnsteamaingdata,
One reason for this difference could be related to the lagged arrival of the snowmelt contribution to
the springs but this should be verified by means of additional data and possibly modelling application.

4.7.2 Spatial variability of stream water and groundwater EC and #H

The consistency of temporal patterns ever—space—amengacross the different locations; was
particularly remarkable for the Saldur River locations and for springs SPR1-3 (Fig. 7, panels a and c,
respectively). Overall, location S8, higher in elevation and closer to the glacier snout (Table 2),
showed the most extreme &°H and the lowest EC likely because it was more directly influenced by
meltwater inputs. S3-LSG and S1, the locations more downstream, showed the highest EC, due to the
comparatively higher contribution of groundwater. However, S3-LSG was characterised by relatively
more negative 82H compared to S1 due to the inflow of the highly isotopically depleted tributary at
location T4 (data not shown). SPR4 showed a clearly different isotopic composition and EC
concentration and different patterns compared to the other three springs. So far, we do not have
experimental data to explain these differences but a more detailed analysis of groundwater
geochemical and microbiological composition at different locations in the Saldur catchment is in

progress.

4.7.3 Seasonal change in snowmelt and ice melt contribution to runoff
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water isotopic composition of four selected sampling locations along the Saldur River (S1, S3-LSG,
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S5 and S8) for the months June to October. Stream water was relatively depleted in heavy isotopes

in June, isotopically heavier and characterized by a large variability in July and slowly increasingly
enriched in heavy isotopes in August, September and October (Fig. 8, panel a). Interestingly, EC
showed a different pattern, with low values and similar variability in June, July (slightly lower) and
August and markedly higher distributions in September and October (Fig. 8, panel a). Although this
plot masks the inter-annual variability of tracer concentration and the number of samples is limited,
the observation of the different dynamics of the two tracers gives some hints on the seasonal switch
of the most important contributors to runoff of the Saldur River. Indeed, the negative &?H and low
EC values found in June might reflect a major contribution of snowmelt, depleted in heavy isotopes
and with low EC (Fig. 2). The even lower EC but less negative and more variable isotopes in July
might reflect a mixed contribution of snowmelt and glacier melt that had extremely low EC but less
negative isotopic composition (Fig. 2). The still low EC but the relatively heavier isotopes in August
likelyraight reflect a major contribution of glacier melt. Finally, the more enriched 52H and the higher
EC in September and October suggest a Httle-or-neghgiblediminishing contribution of meltwater to
the Saldur River, especially in October when the variability in the isotopic composition of stream

water was very small.

The same conclusions can be drawn when looking at the spatio-temporal variability of tracer
concentration at the same four selected locations along the main stream for different sampling days
in 2013, i.e., the year where-for which we have more data collected at approximately the same time
of the day oin different dates (Fig. 9). The low EC and the relatively heavier isotopes in stream water

in August reflected particularly well the tracer composition of glacier melt_(average $2H=102.3%o,

standard deviation=7.8%.:; average EC=2.1 uScm-!, standard deviation=0.7 uScm-1) suggesting its

dominant contribution to streamflow later in the melting season, when most of the catchment is
typically snow-free. Moreover, the spatial pattern of tracer concentration along the stream was
consistent among the different dates for EC (except for the decreasing value at S1 in October, Fig. 9,
panel b) and more gentle but still fairly similar for §2H. This general temporal persistence of spatial
patterns of tracer concentration indicates that the contribution of different water sources and of
tributaries to the stream was continuous over time,<i.e., all water sources and all tributaries, although
carrying a possibly different isotopic and EC signature, gave continuous contributions over timey,

also revealing a good water mixing in the stream.

4.8 Role of snowmelt on groundwater recharge
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The application of the isotope-based two component separation model to spring water data (Eq. 7)
allowed us to quantify the relative contribution of snowmelt to groundwater recharge, qualitatively
assessed by the visual inspection of the temporal variability of tracer concentration in the selected

springs (Section 4.7). Despite some inter-annual variability, snowmelt contributions to spring

recharge were relatively low in June (Fig. 10), when the stream showed a snowmelt tracer signature

(Fig. 8), and highest in July and August (Fig. 10), when most of the catchment area was snow-free.

This indicates a relative longer time for the snowmelt signal to appear in groundwater than in stream

water, suggesting complex subsurface flow paths and long recharge times. The seasonal pattern was

similar for the fours springs, revealing a spatial consistency in the seasonal trend of groundwater

recharge, at least at the small spatial scale of the fours springs we investigated (Fig. 10). Our Rresults

also revealed that, everalover the three study years, snowmelt played a relevant role on groundwater

composition in the Saldur stream compared to rainfall, with overall contributions ranging from 58%
(+2415%) for SPR4 to 72% (+195%) for SPR2 (Table 5). In this case, the average snowmelt used as

an input for the separation model included all measurements taken over the three years in different

months, and therefore showing a broad range of isotopic values. As a consequence, the standard

deviation was large. This explains the general higher uncertainties in the estimates of the overall

snowmelt contribution to groundwater (Table 5) compared to the estimates of snowmelt contribution

to groundwater calculated for different sampling times over the season (small vertical error bars in

Fig. 10), for which the snowmelt input values of each sampling day derived from one individual

sample or from the average of few samples isotopically similar, and therefore characterized by small

standard deviations. Including ice melt data (both glacier and debris-covered ice melt) in the model

gave inconsistent results, likely indicating the negligible contribution of ice melt to groundwater
recharge. The very similar fractions among SPR1-3 and the different fractions compared to SPR4
agree, as expected, with the observed differences in the isotopic composition of the four springs (Fig.
7, panel ¢ and f). The comparatively minor role of summer precipitation in recharging groundwater
is also confirmed by considering that the average isotopic composition of the springs was not
consistent with the much more positive average isotopic composition of rainfall (Fig. 2, panel a).
When spring 82H was plotted on a rainfall 32H vs. elevation plot (not shown) to estimate the elevation
of groundwater recharge (e.g., Jeelani et al., 2010) we obtained inconsistent results, i.e., the elevatien
of-recharge elevation was found to be much higher than the highest peak in the study area. This
demonstrates the noticeably greater contribution of snow precipitation compared to liquid
precipitation. This is probably not surprisingly considering the low precipitation amounts that
characterize the study area during the summer. However, these results are important for the

development of a perceptual model of the hydrological functioning of the Saldur catchment.
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Moreover, these results are in agreement with the upper limit of the isotopic-based estimates of the
role of snowmelt on groundwater recharge in the South-Western United States (Earman et al., 2006)
and confirm previous observations from other high-elevation catchments (Earman et al., 2006; Jeelani
et al, 2010; 2013).

5. Limitations of the research and concluding remarks

Spatially-distributed samples of rainfall, snowmelt, ice melt, groundwater and stream water were
collected over three years in the glacierized Saldur catchment in the Eastern Italian Alps and analysed
for stable isotopes of water and EC, allowing us to identify the main end-members and to explore the
spatio-temporal variability of water sources. Data collection in such a high-elevation and complex
terrain proved to be particularly challenging, and some issues arose. For instance, sampling at higher
temporal frequency might have allowed us to explore some short-time responses in tracer
concentration and detect some finer dynamics (e.g., Neal et al., 2013). Moreover, samplings were not
always taken at the same time of the day ameng-over the three years, preventing us to make
comparisons on a more extended subset of data. More importantly, we were not able to sample
permafrost {for—instance,—from—rock—glaciers)—and winter precipitation beside snowpack (we
experienced snowfall collectors failures for two consecutive winters), likely yielding an incomplete
overview of all potential end-members in the study catchment. Analogously, as mentioned above, the
lack of sampling during rain periods probably provided an underestimation of the role played by rain
water on the isotopic and EC composition of stream water.

Despite these limitations, our study corroborated preliminary observations (Penna et al., 2013) and

provided new insights er-into the isotopic characterization of waters in high-elevation Alpine basins,
allowing us to take advantage of the enhanced tracer capability derived from the combined use of EC

and water stable isotopes for identifying end-members. Particularly, our results shed new light on the

main sources of water contributing to runoff and their spatio-temporal variability, information that

were still missing in glacierized areas of South-Tyrol and are still very limited for the entire Southern

Alps. FRartietarhy—from a methodological point of view, this research provided one of the largest
isotopic database in glacierized catchments that we are aware of, even larger than some very robust
datasets recently published (e.g., Ohlanders et al., 2013; Chiogna et al, 2014). Furthermore, our study
was the first one, as far as we know, to provide samples of EC and isotopic composition of actual
glacier melt in the Italian Alps, i.e., meltwater flowing directly on the glacier surface and not water
discharging from the glacier snout (possibly mixed with groundwater inflows). This allowed a better

characterization of the tracer concentration of this end-member. Finally, the observation periods that
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spanned three years across various seasons allowed us to identify temporally-invariant behaviours in
tracer concentrations as well as to compare the inter-annual variability of water source dynamics,

providing a broader idea of hydrological behaviours under different conditions.

In conclusions, the main results are the following:

- Rainfall samples delineated a LMWL remarkably similar to the GMWL, suggesting a
predominantly oceanic origin of air masses in the study area. In addition to the seasonal effect,
a clear altitude effect was observed for rainfall samples, with an isotopic depletion rate of -
1.6%o for 32H and -0.23%. for 5180 per 100 m rise in elevation;

- A marked variability in EC and isotopic composition of all sampled waters was evident
indicating a highly complex signature of water within the catchment. The combined signature
provided by the two tracers yielded a clear distinction between input sources to the system
allowing us to identify snowmelt and glacier melt as the main end-members for stream water

and groundwater, with a secondary role played by rainfall;

- The temporal dynamics of tracer concentrations and, particularly, the different dynamics of
EC with respect to 82H revealed a change in the main water source to the Saldur River runoff
over the season, with snowmelt being the major contributor to streamflow during the first and
central part of the melting period (June, July), whereas later in the summer, when most of the
snow disappeared from the catchment, glacier melt contributed significantly. Despite such
dynamics are well known in high-elevation catchments, their clear detection based on tracers
is-gute remarkable from a methodological perspective;
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- The contribution of snowmelt to groundwater recharge, quantified by using an isotope-based

two component separation model, generally decreased during the season, varying between

93% (+1%) in August and 21% (£3%) in September. The overall contribution of snowmelt to

groundwater recha

over the three years ranged between 58% (+2415%) and 72% (+195%), revealing the marked

importance of snowmelt for subsurface water storage in the Saldur catchment.
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1030 Tables

1031

1032  Table 1. Main morphometric properties of the sub-catchments considered in the study area.
1033  *: after the South Tyrolean Glacier Inventory (Knoll, 2010);

1034  **: after Boeckli et al. (2012).

1035
Sub- Drainage Glacierized  Areawith rock  Elevationrange  Average  Average

Catchment  area (kn?) area (%)* glacier (%)** (mas.l) slope (°) aspect
S1 35.0 11.6 3.7 1809-3725 29.9 S
S2 27.4 14.9 3.2 2001-3725 318 S
S3-LSG 18.6 16.9 4.2 2151-3725 34.8 E
S4 15.4 20.4 4.4 2231-3725 32.3 S
S5-USG 11.2 26.1 49 2333-3725 30.8 S
S6 7.6 36.8 2.2 2401-3725 29.5 S
S7 7.5 37.3 2.3 2407-3725 29.5 S
S8 5.4 51.1 0.0 2415-3725 28.7 W
T1 10.2 0.0 3.6 1775-3280 315 S
T2-SG 17.5 0.9 0.2 2028-3316 19.7 W
T3 <0.0 0.0 0.0 2159-2434 30.4 w
T4 1.22 0.0 0.0 2232-3296 35.0 w
T5 1.8 2.2 9.4 2416-3460 30.7 S
total 61.7 6.6 35 1632-3725 31.8 S
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Table 2. Number of rainfall, stream and spring samples eolected-during-this-study-and elevation of
each sampling location. RF: rainfall; S: Saldur River; T: tributaries of the Saldur River; SPR: springs.
Note-that-sSamples from-at RF1 and RF5 were not collected in 2011. Samples atfrem T1 were
collected only in 2012, and samples atfrom T3 only in 2011. In 2013 no tributaries were sampled and

samples from the main stream were collected only at four locations (S1, S3-LSG, S5-LSG, S8). Note

that S7 is the confluence just downstream S8 and T5 but after a large flood event occurred on

September 41, 2011 that modified the morphology of the upper part of the Saldur River, it was moved

to S6.
Sampling Elevation Number of
location (ma.s.l.) samples
RF1 1575 12
RF2 1829 16
RF3 2154 15
RF4 2336 15
RF5 2575 8
S1 1809 66
S2 2001 32
S3-LSG 2150 89
S4 2231 20
S5-USG 2333 27
S6 2401 8
S7 2410 9
S8 2415 23
T1 1775 13
T2-SG 2027 32
T3 2159 18
T4 2242 21
T5 2415 18
SPR1 2360 15
SPR2 2348 16
SPR3 2342 16
SPR4 2334 25




1048  Table 3. Local meteoric water lines (LMWL) found reported by different authors for mountain sites

1049  in Northern Italy.
Reference Study area LMWL

Across four regions in [Formatted: English (United Kingdom)

Longinelli and Selmo (2003); 2 _ 18
Longinelli and Stenni (2008) Northern Italy, between 400 6*H (%o0) = 7.7 60+ 9.4
and 2125 m a.s.l.

Vermigliana catchment [Formatted: English (United Kingdom)

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 82H (%0) = 7.6 6180 +2.7

Chiogna et al. (2014) Northern Italy, at 1176 m a.s.l.

[Formatted: English (United Kingdom)

VermlllanacatChment ,,,,,,,,,,,,,,,,,,,,,,, S 2H{%0)=805180+78 ,,,,,,

Chiogna etal. (2014) Northern Italy, at 2731 m a.s.l.

1050



1057
1058

Table 34. Parameters of the linear relationship between 8180 and &%H for snew—snowmelt,-and-_ice

melt and snowpack samples presented in Fig. 4, and for all stream water (Saldur and tributaries) and

groundwater samples.

n slope intercept R?
Snowmelt (from spring and summer snow patches) 23 8.1 9.7 0.99
Snowmelt (from snowmelt samplers) 10 79 4.7 0.99
Ice melt (rivulets on the glacier surface) 6 77 7.8 0.98
Ice melt (melting debris-covered ice) 9 7.6 5.4 0.92
Winter snowpack 22 8.2 15.0 0.97
Stream water (Saldur River) 274 7.9 95 0.92
Stream water (tributaries) 102 6.5 -10.5 0.92
Groundwater 72 72 -19 095

- [ Formatted: Line spacing: 1.5 lines
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1063  Table 5. Average (three years) snowmelt contribution to groundwater recharge based on 62H data.

1‘064 The + uncertainty at 70% computed-according-to-Genereux-(1998)-is reported after each estimate.
1065

Snowmelt
contribution
(%)
SPR1 71+ 2116
SPR2 72 £195
SPR3 70 + 2116
SPR4 58 + 2415

1066
1067
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Figures
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Fig. 1. Map of the Saldur catchment with position of the rainfall collectors, stream gauges and weather
stations (panel a); zoom in showing the sampling locations for isotopic and EC analysis (panel b).
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Fig. 2. Box-plot for 82H (panel a) and EC (panel b) of all water samples collected in this study. The
whiskers represent the 10t and 90t percentiles, the box limits indicate the 25% and 75t percentiles
and the line within the box marks the median. Legend: RAIN: rainfall; SNPK: winter snowpack and
three samples of fresh snowfall; SNMLT: snowmelt (from patches of old snow and from snowmelt
samplers); ICEMLT: ice melt (glacier melt and debris-covered ice); STR: main stream; TRIB:
tributaries; SPR: springs.
EC data of the snowpack (SNPK) were not available.
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Fig. 3. Relationship between 580 and 82H values of rainfall samples-coHected-during-the-menitoring
period-in-the-Saldureatchment. In-the-inset: relation between elevation and average (n=8) 8°H in
precipitation data as-a-funetion-ef-elevation-offrom the bulk rainfall collectors. For the inset plot, only
data available for all five locations were averaged. Both correlations are statistically significant at
0.01 level.
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Fig. 5. Mixing diagram between 62H and d-excess including-of all average values of samples collected

from-the-main-stream-the-tributaries-and-the-springsin the Saldur catchment. The error bars represent
half of the standard deviation. Please-nete-thattThe &°H and d-excess composition of rainwater

samples was volume-weighted whereas the thiswas-netpessible-for-snow, snowmelt and glacier melt

samplescomposition was not._The snowpack is excluded from the mixing space because it is not a

direct hydrological input.

[Formatted: Font: Times New Roman, 12 pt

[Formatted: Centered




1102
1103

1104
1105
1106
1107
1108
109
110
111

[ S S = S =

112

1113

0 . - | e - - — - 0 20
c T l]wr] TIFTT ][ W T R
£ | =
! 40 15 <
E s z|
: F s £ .8
g — Ml 1 | = i ] 4 T[109
D e ] e T ! m—— % o
3 | F—— Ly —— w—rainfall 120 5 8
e 5°H rain water
® s a) b) === EC rain water | c) - "
G 2
< d) e) f)
a
E 10
=
©
S o0
% it ‘— air temperature
5 -90 [ 350
o ,|ssuse a) h) i)
o | ~
E | = |} T
S ® ool © ® e g 2 K , w100 5 1250 5
] ) u &‘ . w 8 o I 2
= =
E 2 . % |n } u e @ ‘JO -.110%-1508
o 1 A ) l Ll
£ ® 'ﬁ«) s ) r wnf w TE L} 7T 8V e o, W
4 4 = T -120 - 50
| streamflow or flow depth 90 - 350
< 8{S3-LSG @ M stream water
o om - B EC stream water u —
E s e [ | 100 = | 250 7
-y ® Ooé 8 e © = 100 3 (20 E
3 ‘ "m L ) = ]
: 410 g i Oeﬁ.’ omk)h‘ i e ﬁ)w e e .110'%—1505
g 2 o B W JVUNRA o S/ N, 2
= » i M 9 K — s
0 = ) ) D] 120 50
04 s . -90 350
—_ = L ]
Eo3im e ; e ; - gl ® 8 = - 555 5
g o 8 g o 8 @ ) A .\Mm | g
£ o2 u“{ N ﬁ | o ISR £ @
] (-l J W Wi K | ] E 2
) (o4 | A N, M, 110 % 150 &
3 0.1 I~ f ~ o ~+ o
0.0 m) Iy, L - - n)| . - . o)| 120 50
14111 116111 81 11011 114112 116112 1812 11012 114113 116113 1813 11013

time (months)

Fig. 6. Top row (panels a-c): hourly time series of precipitation (average of values from M3 and M4),
and 82H and EC in bulk precipitation (average of values from RF2, RF3 and RF4). Second row (panels
d-f): daily average temperature (average of values from M3 and M4). Middle row (panels g-i): hourly
time series of streamflow at S5-USG, and 62H and EC of stream water. Fourth row (panels j-1): hourly
time series of streamflow at S3-LSG, and 82H and EC of stream water. Bottom row (panels m-o):

hourly time series of water height at T2-SG, and &H and EC of stream water. On five occasions in
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2011 multiple samples were taken within one day at S3-LSG; only samples taken in the morning, at

peak flow and before sunset are shown in graphs j-1. A+S3-LSG-on-five-occasions+n-201Lmultiple

wh- All panels refer to
the period between April 1 and October 31, when the majority of water samples was collected.
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1128  Fig. 9. Isotopic composition and EC of stream water ef-measured at selected locations along the
1129  Saldur River for different sampling days during the 2013 monitoring year. Sampling started at 15:00
1130  at S8 and ended approximately at 17:30 at S1. On October 18 it was not possible to sample location
1131 S8, sampling started at S5-USG and was carried out between 13:45 and 14:45.
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