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Abstract. Central Chile is an economically important region 1 Introduction

for which water supply is dependent on snow- and ice melt.

Nevertheless, the relative contribution of water supplied byl.1 Hydrology in the extratropical Andes region —
each of those two sources remains largely unknown. This unknown inputs

study represents the first attempt to estimate the region’s o . .
water balance using stable isotopes of water in streamflowknowledge of the processes determining discharge in catch-

and its sources. Isotopic ratios of both H and O were moni-ments dominated by glacier melt and snowmelt becomes in-
tored during one year in a high-altitude basin with a moderateceasingly important as population and industrial activity in-
glacier cover (11.5%). We found that the steep altitude gra-Créase in regions dependent on these water sources. Approx-
dient of the studied catchment caused a corresponding grdtately one sixth of the global population derives much of
dient in snowpack isotopic composition and that this spatialits water from such melt-dominated watersheds (Barnett et
variation had a profound effect on the temporal evolution of&l-» 2005; Lemke et al., 2007). A region where meltwater
streamflow isotopic composition during snowmelt. Glacier @vailability is especially importantis the central part of Chile,
melt and snowmelt contributions to streamflow in the stud-Which houses much of the country’s growing economic pro-
ied basin were determined using a quantitative analysis of theluction (Cai et al., 2003). Meteorological and hydrological
isotopic composition of streamflow and its sources, resultingconditions are similar to many semi-arid, mountainous re-
in a glacier melt contribution of 50-90 % for the unusually 9ions of the world; extremely low precipitation during the
dry melt year of 2011/2012. This suggests that in (Ladyi Summer months results in snowmelt and glacier melt from
years with little precipitation, glacier melt is an important high altitudes being the main sources of streamflow (€ort
water source for central Chile. Predicted decreases in glacie?t &, 2011; Garreaud et al., 2009; Pellicciotti et al., 2005).
melt due to global warming may therefore have a negative Globally, climate change has been projected to cause ma-
long-term impact on water availability in the Central Andes. Jof changes in glacier (Huss et al., 2008; Huss, 2011; Pel-
The pronounced seasonal pattern in streamflow isotope condicciotti et al., 2010; Viviroli et al., 2011) and snow- (Gra-
position and its close relation to the variability in snow cover ham, 2004; Jeelani et al., 2012; McCarthy et al., 2001) melt
and discharge presents a potentially powerful tool to relatecontributions to streamflow. So far, the processes governing
discharge variability in mountainous, melt-dominated catch-2ccumulation and melt of snow and ice at high elevations

ments with related factors such as contributions of sources t§ the extratropical Andes remain difficult to quantify and
streamflow and snowmelt transit times. model. Although it is probably true that melt from the sea-

sonal snowpack accounts for the bulk of runoff in the region
(Masiokas et al., 2006; Ifa and Nazarala, 1987), the contri-

bution of glacier melt to the hydrologic regime remains a key
component of the hydrologic cycle considering that (1) many
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high altitude catchments in the region have a relatively largesnowmelt, often within a depletion rate of 4-88480, has
percentage of glacier cover and (2) total annual precipitatiorbeen observed in a few different studies (Taylor et al., 2001;
shows high inter-annual variability, meaning that in dry yearsUnnikrishna et al., 2002; Cooper et al., 1993).
("La Nifia” periods with a low air surface pressure in the None of the above mentioned studies considered that the
western Pacific; Garreaud et al., 2009), snowmelt could basotopic signal of streamflow is also affected by the spa-
reduced by as much as 50% compared to an average yedial distribution of the snowpack and by snowmelt flowpaths
Another factor that makes it hard to analyse discharge patfvariation in transit time and flow route). In larger basins with
terns in extra-tropical, Andean catchments is that the lag bemuch altitude variation, it should be assumed that for any
tween melt and discharge of snowmelt water is relativelygiven time, meltwater leaving the snowpack at different ele-
long. Typically, snowmelt peaks during October or Novem- vations is the result of different stages of snowmelt. For ex-
ber in high altitude basins, whereas discharge peaks in Deample, at a given time during snowmelt, an isotopically de-
cember or January (Cés et al., 2011). This might partly pleted signal from early-stage meltwater at high altitudes in
be due to a much later peak in the other main water sourcestreamflow might be compensated by isotopically enriched
glacier melt, which normally peaks in mid- to late summer meltwater from low altitudes where snowmelt is in a later
(February—March for the Southern Hemisphere, Jost et al.stage. Further, in large basins with a high elevation range,
2012; Ragettli and Pellicciotti, 2012). the average isotopic composition of the snowpack changes
Isotopic studies of runoff and its sources have a large powith altitude. The progressive isotopic depletion of precipita-
tential to shed light on these unknowns as stable isotopes dfon with elevation is exacerbated by increased fractionation
water are natural tracers with potentially different compo- between liquid and vapour at low temperatures (Ingraham,
sitions of snow- and glacier melt (Cable et al., 2011). The1998).
combined measurement of isotopic ratios of oxygen and hy- Rozanski and Aragas (1995) presented stable water iso-
drogen is especially powerful since the co-variation betweertope data for precipitation in large parts of South America.
the two in meteoric water sources can be affected by evapora-or the Andean region at 3% (where our study catchment
tion, sublimation, remelting and exchange with atmosphericis located), they showed that the snow pack was depleted

vapour (Ingraham, 1998). in heavy isotopes with increasing altitude. The slope was
steepest at around 1500 m (0.65%30/100 m) and substan-
1.2 Isotopic variability in snowmelt and glacier melt tially flatter at 2000-4000 m (0.2 %0/100 m). As a compari-

son, Siegenthaler and Oeschger (1980) reported a 0.32 de-

The stable isotope composition of river water is determinedcrease irs180 per 100 m increase in elevation for the Swiss
firstly by the conditions causing rain- and snowfall (mainly Alps.
air temperature at the time of precipitation; Ingraham, 1998; Few studies have recognised the effect of such an altitude
Rozanski and Aragas, 1995) and secondly by evaporation gradient on the isotopic variation in streamflow. As a work-
and mixing during (subsurface) transport through catchmentsng hypothesis for this research, we assumed that in catch-
(Barnes and Turner, 1998). ments with large altitude ranges, spatial variation in the iso-

During the last few decades, isotopic signatures of streantopic composition of the snowpack (causing streamflow to
water have successfully been analysed to determine thbecome isotopically lighter through time due to snowmelt
source of stream water. Such studies have mostly focused ooriginating from higher elevations) will affect the isotopic
determining the proportions of “pre-event” and “event” wa- composition of stream water, and that this effect is at least
ter (e.g. Bottomley et al., 1984; Dincer et al., 1970). A large as large as the often observed isotopic elution phenomenon
number of studies have also estimated snowmelt contribu{causing streamflow to be isotopically heavier through time
tion to discharge (e.g. Laudon and Slaymaker, 1997; Laudonas snowmelt isotopic elution progresses).
2004; Mast et al., 1995). However, few studies have fully
recognised the large spatial and temporal variation in the iso1.3  Study objectives
topic signal of snowmelt. Taylor et al. (2001) presented the i i )
isotopic composition of meltwater in four different climates, 1N€ overarching goal of this study was to analyse the iso-
and showed that snowmelt became isotopically heavier as thfPPIC composition of streamflow in a high altitude basin and

melt season progressed. This was due to preferential mef® €Stimate the contribution of the main sources comprising
of lighter water molecules, i.6:60 andH are preferen- discharge during major periods throughout a hydrologic year.

tially released into the higher phase (meltwater is initially Furthermore, we aimed to explore how episodic changes

more isotopically depleted than to the remaining snowpack)in iSotope composition, along with meteorological and dis-

a process that is analogue to fractionation during evaporath@rge data, can be combined to understand the hydrological

tion (Cooper et al., 1993; Rodhe, 1998). This process, fromPTOCESSes occurring in semi-arid mountainous catchments,
here on referred to asotopic elutioncauses enrichment (in-  SUCh as groundwater storage and precipitation events.

crease ib180 ands?H) through time in snowmelt and deple-
tion in the remaining snowpack. Isotopic enrichment during
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Fig. 1. (a—b) Study area with locations of sampling points. Junduncal River sampling site and discharge gauge.
Glac/Mono/Nava= sampling site for tributaries (the Glac headwater represents glacier melt). Sggamgpled spring. Snow Altitude
gradient of snow samples. HettHornitos meteorological station.

2 Study area, data and methodology 6000 -

Junc Basin Nava Basin

5000 - ———Mono Basin = Glac Basin

2.1 Study site description

4000 -

itude {m a.s.l.)

The Juncal River basin (Junc), comprises 256 kof
alpine, largely unvegetated terrain with an altitude range ofZ 2000
2200-5900ma.s.l. (Fig. 1b). A sparse cover of predomi-
nantly low shrubs and meadows only occurs in the valley 200 ‘ . ‘ ‘ :
bottoms. The catchment is located in the Aconcagua basin il 0 20 a0 60 80 100

the region of Valparaiso, central Chile (Fig. 1a). The Juncal 7% of catchment area above altitude

River is fed by three major tributaries, the glacial river to the Fig. 2. Hypsometric curves for Junl Basin and the three main sub-
south, originating in the Juncal Norte glacier, the Monos decatchments (Nava Basin, Mono Basin and Glac Basin).

Agua River to the southeast and the Navarro River to the east.

The sub-catchments defined by these river nodes/sampling

points are referred to as Glac Basin, Mono Basin and Navgercentage of the area located at altitudes between 3500 and
Basin, respectively (Fig. 1). The southern and eastern parts 500 m a.s.l., whereas Glac Basin has the highest percent-
Junc Basin are located at higher altitudes, and contain mostge of very high £ 4500 m a.s.l.) altitudes. The Juncal Norte

of the watershed’s 11.5 % glacier cover. Figure 2 shows hypglacier covers 10k#) and because of its dominant impor-
sometric curves for the Junc Basin and its sub-basins. It catance in terms of ice volume it was chosen for measurements
be seen that for the Mono Basin and the Glac Basin muctlof glacier melt. Figure 1b shows that the Juncal Norte glacier
more of the area is located at high altitudes compared to theepresents the largest continuous ice cover in the catchment.
total catchment (Junc Basin), whereas Nava Basin has an in- The studied catchment experiences a Mediterranean,
termediate altitude distribution. Mono Basin has the highestnear semi-arid climate with an extreme concentration of
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glamers 2.2 Streamflow monitoring and meteorological data
Standard hydrometeorological data was available from a
high alt, network of stations operated by the DiremtiGeneral de
Aguas (the Chilean water agency; DGA). These data in-
clude daily streamflow at Junc, plus daily precipitation mea-
sured at theRiecillos meteorological station (385 22 S,
streamflow / 70°2219W, 1290ma.s.l.) and daily air temperature plus
catchment outlet snow accumulation measured with a snow pillow at the Por-
tillo station (325043 S, 700638W, 3000 ma.s.l.). Addi-
tionally, meteorological data (air temperature, relative hu-
midity, and solar radiation) were obtained from tHerni-
tos weather station (Hort), operated by the Mountain Hy-
drology Group at the Department of Civil Engineering, Uni-
versidad de Chile (Fig. 1b). All data was collected and veri-

fied for a study period comprising an entire water year, from
30 April 2011 to 24 April 2012.

low alt.™.)
snow

grjndwitery ]

Fig. 3. Hypothesised flowpaths in the studied catchment. Thicker
arrows indicates more important flowpaths. altltitude

2.3 MODIS SCA data

precipitation during the winter months (Pellicciotti et al.,
2005). Seasons are defined here as winter (June—Augustpaily snow covered area (SCA) data was obtained from
spring  (September—November), summer (December-Satellite data supplied by the Moderate Resultion Imaging
February) and autumn (March-May).The warmest sixSpectroradiometer (MODIS) instrument aboard the TERRA
months (October—March) are dominated by clear weathegatellite (LP DAAC, 2012.). The data is downloadable from
and high incoming radiation. Most precipitation (especially the NASA Reverlwebsite and supplies information of snow
> 2000 m.a.s.l.) is in solid form, because precipitation occursand cloud cover on a 500 m grid. Days with a high cloud-
almost exclusively during the cold season. At high altitudes,cover, as well as sporadic snowfall events3 days of snow
liquid precipitation occurs only during occasional convec- cover) were removed from the data set with the gaps being
tive storms (Garreaud et al., 2009). Low relative humidity filled by linear interpolation.
throughout the year results in large differences between daily
minimum and maximum temperatures (typicaiyl0°C). 2.4 Isotopic sampling and analysis
At Junc, average temperatures in summer-arel5°C and
in winter ~ 42°C. Precipitation shows a very strong inter- An overview of the sampling protocol is provided in Ta-
annual variability, influenced by the quasi-decadal ENSOble 1. Samples from the Juncal River were collected at
sea surface temperature patterns (Pellicciotti et al., 2005Hort, ca. 200 m downstream from the DGA discharge gauge
RubioAlvarez and McPhee, 2010; Waylen and Poveda,at Junc (Fig. 1). During the period of high discharge
1990). Maximum show accumulation is determined on the(5 October 2011 to 25 March 2012), samples were col-
one hand by orographic lift causing increased precipitationlected at either 24- or 48-h intervals, at 17:00LT, using a
on the windward slope of the Andes and on the other handlELEDYNE ISCO 6712 automatic water sampler. Addition-
by steeper slopes and stronger winds near the crest causirdly, on 3—4 April 2012, samples were collected at 3-h inter-
less accumulation. This trade-off results in a precipitationvals in order to determine diurnal isotopic variation. A thin
maximum at around 3000 ma.s.l. on the windward slope oflayer of mineral oil was added to all collection bottles in or-
the Andes, below the crest, as is usually observed over higlder to prevent evaporation from affecting the isotopic com-
mountain ranges around the world. At higher altitudes andposition of the sampled water (Gazis and Feng, 2004). Man-
on leeside snow depth decreases sharply (Viale arfiexlu  ual stream samples were collected at least every three weeks,
2011). during the low flow season (September—April 2011) as well
Figure 3 summarises the hypothesised flowpaths in théts to complement the automatic sampling during the high
catchment. The glacial headwaters probably transports modtow season (Table 1).
glacier melt directly to streamflow as the rapid meltwa- Manual samples were filtered in the field using a 0.45 pm
ter meet densely packed headwater riverbeds. Low-altitudéaper filter and stored in 15mL plastic bottles without
snow that melts in spring, often travels as overland flowheadspace. Upon returning to the University of Chile, sam-
and via melt channels in the snowpack, probably reachingdles were stored overnight &6 °C. The following day, min-

the main river quicker than high altitude snow that melts in eral oil and sediments were removed from the automatic
summer. samples, also using 0.45um paper filters. Samples were

then poured into in 15mL plastic vials and stored without
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Table 1.Overview of all samples collected in the study.

Autumn | Winter \ Spring \ Summer | Autumn

Sample Type Apr  May| Jun Jul Aug | Sep Oct Nov| Dec Jan Feb| Mar  Apr
2011 2011| 2011 2011 2011} 2011 2011 2011} 2011 2012 2012 2012 2012

Glac 1 1 - - - - 1 1 - 2 - 1 2
Mono 1 1 - - - - 1 1 - 1 - - 1
Nava 1 - 1 1 — 1 1 2
Spring - - - - - - - - - 1 - 1 1
Rain - - - - - 2 2 2 - 2 - 1 1
Snow cores - - - - 10 - - - - - - - -
(altitude gradient)
Snow cores - - - - 10 - - - - - - - -
(2200ma.s.l.)
Snowmelt - - - - - 2 - - - - - - -
Junc manual 1 1 1 2 3 2 3 2 1 2 - - 2
Junc (auto) (continuously at 24- or 48 h intervals)

headspace at6°C until they were shipped to the Ehleringer  In order to test our assumption regarding the altitu-
lab in Utah, USA for isotopic analysis. We tested the effectdinal variation in the snowpack and melt isotopic com-
of the added mineral oil layer by adding this fluid to samplesposition, two snowmelt samples were collected at each
of known isotopic composition and then immediately filter- 200m elevation increment between 2200 and 3000 ma.s.l.
ing and analysing those samples. Differences in 5480 on 10 August 2011, following the road to the Argentinean
ands?H before and after mineral oil addition were insignif- border from the Portillo snow pillow (3000 ma.s.l.) to Jun-
icant (p <0.05). The same conclusion was made by Gaziscal River (2200 ma.s.l.). The range of elevations at which
and Feng (2004). snow could be sampled was limited by the goal of obtaining
A limited number of samples, evenly distributed through- all samples within the same day. A more complete represen-
out the year, were collected at the basin headwaters (Table Xation of the catchments’ snowpack is the subject of future
because of limited accessibility and safety concerns (whichwork. On 4 August 2011, 10 samples were collected along a
prevented the installation of an automatic sampler). A totalmicro-scale gradient (ca. 20 m apart) at Junc (2200 ma.s.l.).
of nine samples of glacier melt were collected at the snout=inally on 13 and 21 September 2011, direct samples of melt-
of the Juncal Norte glacier (Glac), while the outlets of the ing snow were collected at Junc by placing & 3 m plastic
Monos de Agua (Mono) and Navarro (Nava) tributaries weresheet underneath the snowpack, from which snowmelt was
sampled on six and seven occasions, respectively. funnelled into a collecting bottle. These samples represented
Water seeping out of the ground at a single locationthe isotopic composition of snowmelt at a late stage of melt,
(“Spring”, 2750 ma.s.l., Fig. 1) was sampled three times.because at the catchment outlet little snow (dep8® cm)
This spring delivered a stable flow of water with a high elec- remained on this date.
tric conductivity throughout the year(800 uS cm! which Rain samples were collected near the stream gauge (at
was in the high range of measurements at Junc) and therefoi2200 m a.s.l., see Fig. 1) in a plastic bottle with a funnel with
probably represents relatively long-term aquifer storage.  coarse filter paper. A thin layer of mineral oil was added be-
Snow was sampled using a 2 m-length, 4.5cm-diametefore each collection, to prevent evaporation affecting the iso-
PVC tube in order to get a core representative of the totakopic ratios of the collected rain water.
snowpack depth. The tube was gently pushed down through All water samples were analysed for oxygen and hy-
the snowpack until it reached the ground. The snow aroundirogen stable isotopes using laser spectroscopy (Los Gatos
the sampling tube was removed, and the sample was removadodel 908-0008 OA-ICOS analyser), at the isotope facil-
whilst covering the bottom of the tube with a gloved hand ity at Ehleringer lab, Department of Biology, University of
and then placed in triple plastic bags. When transported backltah, USA. This is a relatively new technique, with excel-
to the field station, the samples were packed tightly togethetent results both in term of robustness and accuracy (Lis et
with cold water samples and were not allowed to melt. At theal., 2008; Penna et al., 2010, 2012). The standard deviation of
research station, the samples were melted overnight@t 7 10 lab replicates was 1.1 %o f6fH and 0.1 %o fors180. The
upon which filtration was carried out as with stream water accuracy was 0.69 %o fat?H and 0.11 %o fors180. Analy-
samples. sis of 6 field replicates (Nava samples collected immediately
after each other) showed a standard deviation similar to that
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of the lab replicates, 1.22 %o fa¥*H and 0.14 %o fors180 T
suggesting that the sampling routine introduced little error to
our data set.

3 Results and discussion
3.1 Meteorological characterization of the study period

For simplicity, in this paper we refer to years in which max-
imum snow water equivalent (SWE) at the Portillo snow pil-
low was<0.5m and> 1.0m as “dry” and “wet” years, re-
spectively. Rainfall and discharge data show that the year of
study was unusually dry. Based on precipitation records from
the Riecillos station, the probability of exceedence of precip-

Juncal specific runoff {méyr)

itation during the winter of 2011 was 85 % (only 12 of 79 yr 0 075_ 1 _ 15 2
of record had less precipitation than 2011) and in 11 of 44 Portillo Snow Water Equivalent (mfyr)

melt years” (October—September) discharge from Junc W""‘I':”—ig. 4. Juncal River total annual specific runoff (October yedo

smaller than in 2011/2012 (i.e. a probability of exceedenceSelotembelr year-+1) plotted against maximum winter Snow Water

of 75 % for streamflow). Equivalent at the Portillo meteorological station in each correspond-

. ) . ing year (). Data for 28 yr between 1970 and 2009 is presented.
3.2 Water balance estimates from historic runoff and

meteorological data

. i o Figure 5 shows Juncal River discharge for four years
In order to visualise the approxmgte contribution of \ith different snow accumulation. The inserted table shows
snowmelt to runoff compared to glacier melt, we plotted (gpying and summer) runoff and precipitation data for the
maximum winter SWE measured at the snow pillow at Por-game years. It is evident from Fig. 5 that streamflow in wet
tillo, against area-specific runoff from the Juncal River mea-y o415 has a different seasonal pattern, where discharge is high

sured at Junc (Fig. 4). For each point the x-axis representy, o,ghout the summer. The increase starts in early summer,
the maximum SWE of a specific year and the y-axis shows;ggumingly at a point where soils are near-saturated with

runoff in the following “melt year” (October-September). gnowmelt waters, causing large volumes of stored meltwa-
Figure 4 shows that there is a good correlation between maxiges g |eave the catchment. In the two dry years, discharge in
mum SWE and Juncal river runof(< 0.001), indicating (8 gymmer stayed at a moderate level. Taking into account the
expected) that annual sn.ow mput determlnes_total runoff VO"concIusions from Fig. 4 above, we assume that in dry years,
ume. However, the relationship has a large intercept on theyacier melt and, possibly, sporadic rainfall events or deep
x-axis; ca. 0.5m of specific runoff. If we assume that SUm- g ndwater comprise the main controls of discharge vari-

mer rain contributes only a small percentage of streamflowgpjity throughout the summer season. It could be noted here
it seems likely that glacier melt and deep groundwater with &4t since most precipitation occurs in winter and intense

long residence time comprises nearly all runoff (ca. 0.5m) inp5instorms mostly occur in mid-to-late summer (January—
dry years. In years of higher precipitation, glacier melt may popryary), the rain-on-snow effect is less likely to be an im-

be reduced due to a longer period of snow cover. Howevery,iant factor forcing snowmelt, compared to basins in more
Huss et al. (2008) showed, for long-term data sets, that stans;miq regions.

dard deviations of runoff from basins dominated by glacier

melt were< 15%. Assuming that total glacier melt volume 3.3 Stable isotope composition of river sources

does not change drastically between years, Fig. 4 further

suggests that in average years (i.e. at average spec. runoffable 2 shows the average isotopic composition of all sam-
0.84m), glacier melt still is the dominant source, whereas inple types. Snow samples at low?H=—120.6%.) and

wet years, snowmelt contributes approximately half of runoff mid- (§°H = —133.6 %0) elevation show that snow can be
(rain and deep groundwater contributions were excluded irmore enriched as well as more depleted than Junc stream-
this estimation). Water mass balance results produced by thilow (§2H = —127.3%0). Glacier melt $2H = —130.8 %o)
distributed hydrological model TOPKAPI (Ragletti and Pel- was more depleted than streamflow but more enriched than
licciotti, 2012) for the same catchment, suggested as muclmid-latitude snow.

as 80 % of snowmelt contribution to runoff for 2005/2006, Figure 6a—b shows the isotopic composition of the snow
which was a wet year. These contrasting estimates illustrateores as a function of altitude. Elevation significantly con-
the uncertainties in the water balance of glacierised catchtrols snowpack isotope composition. A relationship is espe-
ments in the region. cially evident for elevations between 2600-3000 m, although
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a0 - Precipitation (full year before runoff season)  Specific Runoff Sep-Feb
et Riecillos (m) Portillo (max SWE, m) Juncal River (m)
=== 2002 /2003 0.88 124 0.66 WET YEARS
30 - — 2004 /2005 0.42 047 0.37
— 2005/2006 1.03 123 .

-—= 2011/2012 027 030

DRY YEARS

20 -

Q(m/fs)

10 -

0 - ;
® ® > & & & &
& o‘? 0"? Q"P e g 1\

Fig. 5. Juncal discharge in two wet and two dry years. The inserted table shows precipitation data and cumulative discharge for the same
example years.

Table 2. Averages?H ands180 in all sample types with standard deviations.

Junc Glac Rain  Snow 10 Aug average Snow 10 Aug average  Snow 4 Aug Spring Mono Nava
for 2200-2600 m for 2600-3000 m (2200 m)

nsamples 127 9 10 6 6 10 2 6 7
Averages2H (%o) —-127.3 -130.8 -74.4 —120.6 —133.6 —110.2 -133.8 -136.0 -126.8
St. Dev.52H (%o) (1.6) (2.6) (52.0) (7.4) (12.0) (4.4) (0.0) (1.8) 1.2)
Averages180 (%) —17.26 —17.92 —10.91 —16.24 —-17.94 —-15.23 -18.06 -18.32 -17.11
St. Dev.5180 (%o) (0.29) (0.38) (6.6) (0.87) (1.45) (0.66) (0.12) (0.35) (0.23)
Ratio 180 §2H 0.136 0.137 0.147 0.135 0.134 0.138 0.135 0.135 0.135

if the regression line is drawn along those points, two of theprecipitation which fell at near-zero temperatures, therefore
low-altitude samples would be outliers. It is indeed possi-clustering with the snow samples. The two upper-right cor-
ble that the two more depleted low-altitude samples shoulcher snow samples correspond to snowmelt collected in a late
be removed from the data set because partial snowmelstage of melt. These were the two most enriched samples,
occurs regularly on warm, sunny winter days at altitudesdemonstrating the often-observed effect that the later part
<2500ma.s.l. These lower values may therefore have beenf melt from a snowpack is isotopically heavier than early
caused by meltwater entering the sample sites from surroundmelt. This shows that temporal isotopic change of snowmelt,
ing hill slopes. Overall, the relation between altitude andi.e. isotopic elution, did occur. However, the large variation
isotope composition of precipitation was similar to that pre-in 2200 m snow core samples, taken at various locations be-
sented by Rozanski and Araagi(1995) who sampled precip- fore the initiation of snowmelt, and the large difference be-
itation and small rivers in Chile and Argentina. In our study, tween the two 2400 m samples (which were located less than
the average depletion with altitude was 0.44%0/100m, 50 m apart) shows that micro-scale spatial variation in snow-
or 0.56 %08180/100 m if the two most depleted low-altitude pack composition might be as large as isotopic elution during
samples are treated as outliers and removed. Because thesaowmelt. In our data set therefore, the altitudinal gradient
is still some uncertainty about the relationship betweenwas the dominant and most definable source of variation in
altitude and the isotope composition of snow, we preferthe snowpack (see correlations between altitude and isotope
to use two categories: low (2200-2600 ma.s.l.) and mid-composition in Fig. 6).
(2600-3000 m a.s.l.) altitude samples when discussing the in- The isotopic composition of glacier melt (white triangles
fluence of snowmelt on streamflow composition. The termsin the upper, magnified diagram of Fig. 7) shows relatively
low- and mid-altitude refer to the catchment’s altitude range;little variation, considering that samples were collected at
high altitudes & 3000 m) were not sampled due to logistical regular intervals throughout the year. All glacier samples
limitations (see Sect. 2.4). had an isotopic composition similar to the two snow sam-
The lower diagram in Fig. 7 shows the isotopic composi- ples from 2800 m a.s.l., which is the elevation of the glacier
tion of the collected snow and rain samples. Rain (white cir-tongue. The glaciers’ accumulation zone is presently located
cles) had an extremely wide range of isotopic compositions,> 3000 m a.s.l. For a given altitude therefore, glacier melt ap-
from highly enriched precipitation that fell at high tempera- pears to have a more enriched isotopic signal than snowmelt.
tures during summer and late spring, to isotopically depletedThe more depleted signal compared to snow at the same
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Fig. 6. (a—b) Relationship betweers?H (a) and §180 (b) and altitude of snow-cores collected along an elevation gradient
(2200-3000 ma.s.l.), along the road to the Chile—Argentina border, just northeast of the studied catdtinet(342 elevation— 39.48

r2=0.665180=0.0044 elevation— 5.87652 = 0.70). In an alternative correlation (dashed line), black points were treated as outliers and
removed §2H = 0.0475 elevation— 1.28r2 = 0.905180 = 0.0060 elevation— 1.23r2 = 0.92)
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soil water was little affected by isotopic fractionation, due to
evaporation.

The isotopic composition of glacier samples, compared
to the altitude gradient found in snow isotope composition
has important implications for the interpretation of stream-
flow sources. When air temperature rises in early spring,
snowmelt is expected to start in the lower part of the
catchment, resulting in meltwater with a relatively enriched
isotopic signal that is clearly different from glacier melt
(mean glacies?H = —130.8 %o, mean 2200—2600m snow
82H = —120.6 %0). However, when snowmelt water is dom-
inated by snow from higher altitudes, the snowmelt signal
(mean 2600—-3000 m sna¥¢H = —133.6 %) may be almost

S50 *

identical to, or even more depleted than, glacier melt.

The Chilean Meteoric Water Line (CMWL, Fig. 7) was

oM ) determined from isotope data of precipitation at different
latitudes (Coyhaique, 42100 S, Puerto Mont, £2812 S,

Fig. 7. Isotopic composition in samples of glacier melt, rain, snow pynta Arenas, 3®000S and Santiago, 33700 S; Span-
and a spring in the study area. The upper diagram magnifies thganperg et al., 2007). Most samples had a similar deviation
data which had valugs within the range of snow samples_and iNtrom the relationship betwees?H and $180 described by
cludes the nine glamer melt (Glac) samples (blue, open tnangle_s he CMWL. Therefores180/s2H ratios do not seem to be a
and the three spring samples (black squares). The altitudes at whic . luable inaicator for attempting source separation (see ra-

snow samples (black stars) were collected are also shown. Th¥a!Ue e .
samples for which no altitude is shown were collected near thell0S in Table 2). The most notable deviations were found in

stream gauge (at 2200 ma.s.l.). CMWL is a line representing thethe_ late melt show samples.ar21d summer (Jan)ls"ain samples
§180/52H relationship defined as the Chilean Meteoric Water Line Which were relatively lower id“H compared ta*°O. The
(8%2H = 8.3- 5180+ 9.8; Spangenberg et al., 2007) study site’s location on the northern edge of the region de-

scribed by the CMWL probably explains the difference be-
tween this line and a best-fit line for our samples.

altitude suggested that measurements at Glac were represep# Juncal River isotopic variation

tative for glacier melt (at least from the Juncal Norte glacier)

and little affected by snowmelt. Further, depleted isotopic3.4.1 Seasonal pattern

values were not observed during periods of intense snowmelt

at high altitudes (the lowest valu##H = —135.1 %o, was ob-  Figure 8 shows all Junc samples, sorted by season, as well

served in autumn on 30 April). as all samples from the glacier (Glac) and Monos de Agua
Soil water (“Spring”) samples had an isotopic composition (Mono) tributary. Nava samples are not shown in the graph

similar to that of Glac and mid-altitude snow, suggesting thatbut had an average isotopic composition similar to that of
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a0l isotopic signals, plotted along with with discharge. It should
be noted that precipitation data is from the lowest part of the

* catchment (Junc) where rainfall occurs less frequently than
25+ . i (,%%&)o in the upper parts of the catchment.

With the exception of episodic peakssifH (more isotopi-
cally enriched water), the main patterns in Juiel vari-
ation were accompanied by changes in discharge. The iso-
tope data in fact mirrors discharge data on a seasonal scale:
8°H decreased whe@ increased (October—December), then

130} v e .

52H(%a)
<
<

A3/ E v - . . L . . .
o o + Junc Autumn + Winter slowly increased (with the exception of episodic high values)
= ° jﬁ:z gﬂmer towards a winter “baseline” as streamflow dropped towards
440k w0 EGlHD winter baseflow (January—April). The decreasing trend in
O Mono 82H from —122.3 %0 on 15 October te-132.1 %o on 15 De-
, , ChIWL , cember was accompanied by a decrease of the snowpack
-185 -18 -17.5 -7 -165 as shown by the SCA data, which changes from 80 to 0%
5"%0(%o) within the same time period. The similar timing of (1) de-

: . - crease in SCA, (2) increase in discharge from low winter lev-
Fig. 8. Isotopic composition of water samples from the Jun- . .
cal River (Junc) and from the glacier (Glac) and Monos els to th,e ;'rSt of two % :!.On‘?’sl) peaks and (3) distinct de-
de Agua (Mono) tributaries. Junc samples are groupedCr€ase irf“H from the highest to the lowest observed value,
by season; autumaMarch-May, wintere=June—-August, Suggests that thé’H decrease was a result of streamflow
spring= September—-November, summebecember—February. being dominated first by melt of snow from lower altitudes
CMWL is a line representing thg80/s2H relationship defined and then progressively by higher-altitude snowmelt and/or
as the Chilean Meteoric Water Lines?H=8.3-5180+9.8; glacier melt. Such an evolution of stream sources was ex-
Spangenberg et al., 2007) pected but its signature in the isotope tracer was more pro-
nounced than anticipated. The day-to-day variatios?H at
Junc was sometimes very large, with some peaks being espe-

Junc. The average (positive or negative) difference for sameially prominent. These peaks were most probably the result
ples collected at Junc and Nava on the same day was onlgf episodic summer rain storms — rain during warm periods
1.24 %o fors2H and 0.25 %o fos180. The Mono Basin hasa was highly enriched i42H (Fig. 7) and even small volumes
high average altitude and a substantial glacier cover (15 %)of rainwater could therefore have caused these peaks. For ex-
but much lower than that of the Glac Basin (42 %). It can beample, the sharp increasedfH on 6 January+123 %o) co-
seen that most Mono samples were more depleted than Glaacided with a thunderstorm which caused intense rainfall on
samples, probably because of more snowmelt occurring ab January (9.4 mm in 3 h at Hort).
altitudes> 3500 ma.s.l. compared to glacier melt (see hyp- The highes82H value (most isotopically enriched stream
sometric curves in Fig. 2). Junc samples all have values bewater), on 15 October, coincided with a local peak in SCA,
tween the low- and mid-altitude snow samples. Most springjust before rapid snowmelt started, as well as rainfall (snow-
samples cluster towards the low-altitude snow samples anéall above 2700ma.s.l.), low temperatures and a flatten-
most summer samples cluster towards the mid-altitude snoving in the discharge curve, just after flow had started to
and glacier (Glac) samples (cf. Fig. 7). It can be seen thaincrease. This peak id°H (—121%.) was partly due to
Junc samples collected in summer and (especially) autumnainfall (although rain fell at temperatures near zero: daily
and winter are more depleted #480 relative tos?H com- mean=0.5°C at Hort) and partly a result of accumulated
pared to those collected in spring. This may be an effect ofsnowmelt from the first two weeks of melt in the lowest parts
a longer residence time within the catchment, because it hasf the catchment. From this point?H %o decreased along
been shown that mineral weathering reactions can cause a line towards the low value on 15 December, with excep-
shift in the180/52H relationship (Clark and Fritz, 1997). tional peaks that were probably caused by rainfall, such as

The time series of?H in the Juncal River during the entire that which occurred on 20 November (only 1.6 mm of rain
sampling period is displayed in Fig. 9a along with discharge,according to Hort data, but probably much more at high al-
catchment snow covered area, precipitation and air temperaitudes). Importantly, the dip ia%H is very close to the av-
ture (the two latter recorded at Hort, Fig. 1b). Averadel erage glacies?H signal, but does not reach the line indi-
of snow at low (2200-2600 m) and mid (2600-3000 m) al- cating mid-altitude snow and is much more enriched than
titudes are shown as lines and the two standard deviationsnow from> 3000 m. On 15 December 2011, the snow line
around the average glacier signal are shown as a hatchduad been above 3700 ma.s.l. for more than a month. Even
“pelt” in Fig. 9a. The temporal change #180 is not pre- if transit times were long, it is therefore very unlikely that
sented in this figure as this data series showed a very similasnowmelt reaching the stream at this point in time came from
pattern to that 042H. Figure 9b shows the time series of both altitudes< 3000 m. Therefore, at this and all later sampling
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Fig. 9. (a) Temporal variation is2H in the Juncal River during the study period (May 2012—April 2012), with average values for low-
(2200-2600) and mid- (2600—300) altitude snow and standard deviation of glacier melt. The figure also shows catchment SCA and discharge,
precipitation and air temperature at Hdlf) Temporal variation is2H ands180 during the study period, along with discharge in the Juncal

River.

ra

points streamflow was likely dominated by glacier melt. Af- -1

ter the dip ins?H (—132.1%. on 15 December), the data 3.
set becomes highly variable, the lowest values staying within §'

the reach of glacier melt, while the majority of points form -
episodes of periodically increasing “waves” of isotopically & -128
much more enriched water. It appears most likely that dur- * _,,
ing this summer period, glacier melt was the main source
of runoff, the signal being frequently interrupted by warm

rainfall which was probably not important in terms of water L 18 ) ) )
volume (rainy days did not affeg?), but had a pronounced Fig. 10. Variation in§“H ands~°0 during 24 h in the Juncal River. _

effect on streamflow2H due to rainfall being extremely en- Sample's were takep every three hours between 11:00 LT (3 April)
riched in?H. If the peaks caused by rainfall events are ex- and 11:00LT (4 April) 2012.

cluded, it can be seen for the January—ApfAH data that

as the hydrograph slowly recedes, the low range data pointg . o
slowly increase towards winter values, which are relatively3'4'2 Episodic variability
stable at around-126 %o.. This was interpreted as streamflow
changing from being dominated by glacier melt to groundwa-
ter. During winter, discharge was continuously low (Fig. 9)
and decreased slowly until the first days of spring snowmelt
pointing towards a winter hydrologic regime controlled by
slowly depleting groundwater, consisting of a mix of glacier
melt and snow and rain from a variation of altitudes.

126

127

-130 -

T T T T T T T T -17.6
11:00 14:00 17:00 2000 23:00 2:00 5:00 800 11:00

Numbered, vertical lines in Fig. 9a point out episodes
demonstrating how?H responded to a selection of interest-
ing precipitation, discharge and SCA data points. At line 1,
low-altitude snow and rain initiated the melt period as de-
scribed above. In the episodiéH peak at line 2, air tem-
perature dropped and new snow covered the upper part of
the catchment (see SCA data). The relatively higH was
caused by snow from lower altitudes dominating streamflow
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composition as melt halted in the upper catchment, and possi3.5 Mass balance estimate using a quantitative

bly also by rainfall. The lowest observé@H value, at line 3, analysis of water stable isotope data in streamflow
occurred just after the first(10 m®s~1) peak in discharge. and sources

This was most likely the last significant influence of mid-

and high-altitude snowmelt, before glacier melt became thel'he seasonal time series of streamflow isotopic composition
dominant source. The second discharge peak at line 4 is agvas relatively noisy (i.e. had a high short-term variability).
companied by a peak in temperature and is followed by aHowever, distinct seasonal patterns in stream#éty, com-

few 52H points near the average glacier melt signal. Possifared tos?H in its sources, along with discharge, SCA and
bly, snow cover on large parts of the glacier surface was losgir temperature data, could be used to estimate the contri-
during the first peak irQ (line 3), causing highly enhanced bution of sources to streamflow. These contributions were
glacier melt between line 3 and line 4. TéfH peak atline5 ~ compared to mass balance calculations for 15 October and
was most likely caused by the rainfall that occurred a few15 December, combined with our interpretation of seasonal
days earlier. From here on until line 7 (marking the end of thevariation in streamflow sources as described in Sect. 3.4.
main summer period) the enrichment effect of summer rains )

gradually decreased. However, during a cold snap at line 63-5-1 5 April to 14 October 2011

glacier melt was possibly temporarily diminished, increasing
the contribution of rain and/or groundwater causing an in-
crease irb2H. At line 7, discharge from the glacier dropped,
causing aquifer and rain waters to pu€h values upwards.

Slowly decreasing streamflow throughout the winter pe-
riod suggests that the dominant source to streamflow was
groundwater. Groundwater contained a mix of glacier melt,
snowmelt, and a small contribution of rain. Our data does not

At line 8, air temperature rose, causifigH to once again : ) .
taIIow for a percentage estimate of each source for this period,

drop to a typical glacier signal. At the end of the measurment’, ™. R
period (no precipitation and discharge data available), sumduring which river flow represented 25 % of annual stream-

mer finally ended, causing?H to increase towards values flow. However, occasional discharge measurements during
near those observ’e din winter winter confirmed that the glacial tributary (Glac), contributed

at least 25 % of winter streamflow at Junc.

3.4.3 Diurnal variabilit
y 3.5.2 15 October to 15 December 2011

On 3 April 2012, the auto-sampler was set to collect a sam-_ . o .

ple every 3 h in order to monitor isotopic variation within a During this period, in which r_unoff repr_esented 24% of an-

24-h period of stable, representative weather conditions. Fig-nual str_eamflow volume, the isotopic 3'9”‘?" at Junc changed
ure 10 demonstrates that both isotopes showed a relativelgfom being close to the average of low-altitude snow;, to be-

high degree of variation within 24 h. This variability seemed Ing close to the signals of mid-altitude snowmelt and glacier
]r_nelt, except during rain events?H dropped linearly be-

to be defined by a sinus-shaped curve, peaking during the a
y P P g g tween 15 October and 15 December. For each of these dates,

ternoon on 3 April and at 08:00 LT in the morning on 4 April. ) :
The dip in both isotope tracers at 20:00 LT on 3 April proba- mass bala_nce equations based on isotope data (_qu. 1 and
2, respectively) were used to estimate the contribution of

bly represents the largest concentration of glacier melt com :

pared to ground water. This is due to the large diurnal differ-STOWMelt and glacier melt.

ence in temperature and incoming radiation; on clear days aingstrean{15 Och = CG x 52Hg|acier+ (1—CG)
temperature peaks around 15:00 LT, causing glacier melt to 5

peak a few hours lateg? typically peaks between 18:00 LT X8 How alt) snow @)
and 21:00 LT at this time of the yea'8O data implies that

isotopic depletion started between 14:00LT and 17:00LT,52H , . (15 Deg = CG x 5?Hglacier+ (1— CG)

whereas fos?H, the switch to more depleted values occurred 2
after 17:00LT. x 8“H(mid/high alt) snow @

Variation within 24 h probably caused some of the short-\\hore co= glacier melt contribution to streamflow &
term (day-to-day) variation which can be seen in Fig. 9, al-10g o, contribution).
though this effect was minimised by collecting all automatic 4|6 3 shows glacier melt contributions resulting from the
stream samples at the same time each day (17:00LT). Fof,ove equations considering alternative definitions of low-
the 24-h intensive sampling period (3 April-4 April) the vol- 54 mid.-/high-altitude snow: Fig. 6a suggested an alternative
ume weighted measPH was—127.4 %o. The difference be- ., relation between altitude and sné%H, where two points
tween this value and that measured at 17:0026.6 %) Was  ere treated as outliers and removed. Further, as the origin of
small compared to other errors introduced to the estimate 0§\, on 15 December was unknown, 3 scenarios for the alti-
streamflow composition. tude origin of snow were considered (Table®H (—191.3)
of snow from 4000 ma.s.l. was calculated from the regres-
sion lines shown in Fig. 6a. The scenario with no outliers and
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4000 ma.s.l. for mid-/high- altitude snow has an extremely In order to assure statistical reliability, we also calculated
low 82H (—191.3) for mid-/high- altitude snow. In this case, p < 0.05 confidence intervals for all isotope concentrations
however, the large uncertainty in input isotope compositionused in Egs. (1) and (2), obtaining new minimum and max-
is of little significance for total glacier contributions as con- imum contributions for 15 October and 15 December, and
tributions on 15 December already approached 100 % whethereby for each period in Table 4 (“Method 11" column).
using thes?H of snow at 3000 m a.s.l. Consideration of even For snow, the confidence interval was calculated for the alti-
higher altitudes did not change the result significantly. tude/snow isotope composition regression line in Fig. 6a that
Depending on the chosen isotopic composition of snow,uses all data points, resulting in a margin of error of 5.7 %o
Egs. (1) and (2) resulted in glacier melt contributions of in snow §2H at any given altitude. The disadvantage with
8-45% and 62—98 % for 15 October and 15 December, rethis method is that the uncertainty associated with choosing
spectively (see alternative scenarios in Table 3). In othetthe correct altitude of the snow source cannot be calculated.
words, a minimum contribution of glacier melt estimation For 15 December, 3000 m a.s.l., was selected. Using a higher
was therefore 8 % for 15 October and 62 % for 15 Decemberaltitude would result in a higher estimate of glacier contribu-
whereas a maximum contribution was 45 % for 15 Octobertion. The minimum 15 December contribution was used as
and 98 % for 15 December. As the different scenarios couldhe minimum contribution for the 16 December—14 April pe-
be considered extreme low and high estimates, respectivelyjod (Table 4). The minimum and maximum annual glacier
35-71 % glacier melt contribution (average between the twocontribution achieved using this approach were 50 and 94 %,
dates in the low and high contribution scenario, respectively)respectively. The method, therefore, confirmed that at least
was considered a reasonable estimate for the total period. half of all streamflow during the study period was supplied
by glacier melt p < 0.05).
3.5.3 15 December 2011 to 14 April 2012
3.6 Validity and prominence of our results for water

2 i . . .
After 15 Decemberj“H at Junc was continuously much resources in semi-arid, mountanious catchments

more enriched than the signal of high altitude snow. The

lowest values during this period are located near the averag@e conclude that 50—-90 % of streamflow was supplied by

of Glac data. Rain events interrupted this "base-line”, causacier melt in the studied year (see contributions during dif-

ing peaks of highly enriched isotope ratios. Although thesesg et periods in Table 4). For a basin with a glacier cover of

enriched values represented most data points in the perioq, 5 %, this contribution is high, compared to published re-

rainfall volumes were probably small as they did not causegts from glacierised basins in other areas (Jost et al., 2012;

any significant increases in streamflow. Our data does not aIKoboItschnig et al.. 2008: Stahl and Moore. 2006: Verbunt

low for an exact calculation of glacier contribution during ot 51 2003 Zappa and Kan, 2007). It is also high compared
this period but indicates that the contribution of snowmelt;; modelled results of the Juncal basin by Ragettli and Pel-

was small; the increase #fH after 15 December suggests jiccioti (2012), although the results are difficult to compare

an average glacier melt contribution_that was substantiall_yas their model was applied during relatively wet years. How-
higher than on that date (when glacier melt already domi-ger compared to the conclusions drawn from historical me-

nated streamflow). Therefore, glacier melt was assumed 1@y r|qgical and discharge data, our water balance estimate
comprise at least 62 % of streamflow (inferred from the min-¢,, 5 dry year seem reasonable (see Figs. 4 and 5 and subse-
imum 15 December glacier contribution) in this high-flow qent discussion). Further, Gascoin et al. (2011) also found
period, which represented 51 % of annual discharge. that the glacier contribution to streamflow was substantially
larger than the percentage of glacier cover in the Huasco Val-
ley (Chile, 29 S).

The catchments of the two principal rivers in the region,
Table 4 (“Method I” column) summarises glacier melt contri- Aconcagua and Maipo, presently have a glacier cover of 6 %
bution in each of the above periods. Using a quantitative anal2"d 8 % respectively (DGA, 2011). Given our results for a
ysis for defining seasonal and episodic stable isotope patterrR2Sin with 11.5% glacier cover, the contribution of glacier
in streamflow and comparing these to meteorological andnelt in dry years is most likely substantial for the total wa-
SCA data, we were able to confirm that streamflow was dom-€" SUPPly in the region. If we assume that the contribution
inated by glacier melt during the majority of the high-flow of glac!er melt to streamflow is approximately proportionate
period & 5m33*1). The only time when snowmelt domi- to glacier cover, our rc_esults for the_JuncaI catchment would
nated streamflow was during spring (October and possimysuggest.that tote}I glgmer melt contribution for the Aconcagua
November). Using our estimations for each period as sum&nd Maipo basins in a dry year could be 30% of annual

marised in Table 4, we conclude that 50-90 % of streamflowStréamflow. Pena and Nazarala (1987) suggested glacier
was supplied by glacier melt in the studied year. melt contributions of ca. 30% for the Maipo basin during

the most intense period of glacier melt (January—February)
and 5-17 % during October—December for a year with total

3.5.4 Resulting glacier melt contribution and statistical
evaluation
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Table 3. Contribution of glacier melt to streamflow on 15 October and 15 December 2011 according to different interpretations of snow
isotope data. The first column shows which line from Fig. 6a has been used ﬁ??ﬂ-lf(enow)/altitude relationship and the second column
shows which altitude was chosen for snow in the 15 December mass balance calculation. Thereafter, the inb’ﬂﬁ sabves for each
scenario and the resulting glacier melt contributions are shown.

Altitude/snow Altitude used for 82H (snow) used | Glacier melt contribution
82 H relationship  snow signal on 15 Dec in mass balance to streamflow (%)
| 150ct 15 Dec| 15 Oct 15 Dec
with outliers 2600-3000ma.s.l. (mean) | —121,6 —135.2 8 71
3000 ma.s.l. (regression ling) —121,6 —142.1 8 88
4000 ma.s.l. (regression ling) —121,6 —17.36 8 97
without outliers 2600-3000ma.s.l. (mean) | —115,3 —-134.3 45 62
3000 ma.s.l. (regression ling) —115,3 —143.8 45 90
4000 ma.s.l. (regression ling) —115,3 —191.3 45 98

Table 4. Relative contribution of glacier melt to streamflow in three different periods and during one year. Minimum and maximum con-
tributions were determined using different scenarios, each defining a different snow isotope composition (Method I). In Method Il, a 95%
confidence interval was used for determining the isotopic composition of snowmelt and glacier melt.

Period/Date Min and max glacier melt contribution to streamflow (%) % of annual flow

Method I: Method II:
Using different scenarios (see Table B) Using a 95% confidence interval
for the interpretation 082 H (snow) | forthe interpretation 082 H (snow)

min max | min max
14 Apr-15 Oct 2011 25 100 25 100 25
16 Oct-15 Dec 2011 35 71 35 78 24
16 Dec 2011-14 Apr 2012 62 10D 69 100 51
Total 46 92| 50 94 100

precipitation similar to 2011. Their study was based on amelt volumes might still be increasing, as predicted for the
simple melt model using empirical temperature—radiation—European Alps (Huss et al., 2008; Huss, 2011).

streamflow relationships. Future research integrating various

methods, basins, and years of study may explain the dif-

ference between our estimation of glacier melt contribution4 Conclusions and directions for further research

and the results from modelling studies such as those con-

ducted by Pena and Nazarala (1987) and Ragettli and Pellid! this study of isotope variation in a high-altitude melt-
ciotti (2012). dominated Andean catchment, we draw conclusions that

Our study confirms that in the year of study, glacier melt complgment earlier studies on the ;ubjegt and add novel in-
was an extremely important water source, comprising at leasiormation about the hydrology of this environment:
a third of streamflow in a region where glacier cover is
< 10%. Glacier retreat has been observed in the Central An-
des (Rabatel et al., 2011; Rivera et al., 2002): the Juncal
Norte glacier exemplifies this well with a retreat of 0.35%m
(3.5%) between 1999 and 2006 and much more during the
last century (Bown et al., 2008). Considering that long-term
losses in glacier melt volumes have been projected (Huss
et al., 2008; Pellicciotti et al., 2009), water availability in
the studied region and other semi-arid mountainous areas of
the world may decrease substantially in future dry years. It
should be noted though, that in the next few decades, glacier

Firstly, although evidence of isotopic elution could be
seen in snow data (late-stage snowpack meltwater was
isotopically more enriched than pre-melt snowpack),
the largest source of isotopic variation in snow was un-
doubtedly the catchment’s altitude gradient, causing a
distinct pattern in streamflow isotopic composition. Fur-
ther research is needed in order to validate and refine
this effect in the Andes and other regions.

Secondly, in the studied catchment and year, glacier
melt rather than snowmelt was the dominant source
of streamflow at all times of high>50% of peak)
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discharge. For the melt season, snowmelt was unequivo2010; McGuire and McDonnell, 2006). In catchments with-
cally dominant only during spring (mid-October to mid- out a significant glacier cover, elimination of the glacier sig-
November). Long-term decreases in glacier melt vol- nal would help the analysis of transit time and progression of
umes due to global warming could therefore result in asnowmelt.

dramatic decline in water availability for central Chile,

especially in years with low precipitation.
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