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s u m m a r y

The Tapado catchment is located in the upper Elqui river basin (4000–5550 m) in northern Chile. It com-
prises the Tapado glacial complex, which is an assemblage of the Tapado glacier and the glacial foreland
(debris-covered glacier, rock glacier, and moraines). Although the hydrological functioning of this catch-
ment is poorly known, it is assumed to actively supply water to the lower semi-arid areas of the Elqui river
basin. To improve our knowledge of the interactions and water transfers between the cryospheric com-
partment (glacier, debris-covered glacier, and rock glacier) and the hydrological compartment (aquifers,
streams), the results of monitoring of meteorological conditions, as well as discharge, conductivity and
temperature of streams and springs located in the Tapado catchment were analyzed. The hydrological
results are compared to results inferred from a ground penetrating radar (GPR) survey of the underground
structure of the glacial foreland. Water production from the Tapado glacier was shown to be highly corre-
lated with daily andmonthly weather conditions, particularly solar radiation and temperature. The result-
ing daily and monthly streamflow cycles were buffered by the glacial foreland, where underground
transfers took place through complex flow paths. However, the development of a thermokarst drainage
network in a portion of the glacial foreland enabled rapid concentrated water transfers that reduced the
buffer effect. The glacial foreland was shown to act as a reservoir, storing water during high melt periods
and supplying water to downstream compartments during low melt periods. GPR observations revealed
the heterogeneity of the internal structure of the glacial foreland, which is composed of a mixture of ice
and rock debris mixture, with variable spatial ice content, including massive ice lenses. This heterogeneity
may explain the abovementioned hydrological behaviors. Finally, calculation of a partial hydrological bud-
get confirmed the importance of the Tapado catchment in supplying water to lower areas of the Elqui river
basin. Water production from, and transfer through, cryospheric compartments, and its subsequent inter-
actions with hydrological compartments are key processes driving the summer water supply from the
Tapado catchment.

Ó 2014 Elsevier B.V. All rights reserved.

1. Introduction

In mountainous arid and semi-arid regions, the cryosphere may
play a fundamental role in the hydrological cycle, especially when

such regions are exposed to strong natural variability in their rain-
fall regimes and are faced with growing economic demand for
water. Typical features of mountain cryosphere include glaciers,
seasonal snow, and permafrost (especially rock glaciers). The term
glacier refers to perennial masses of ice, and possibly firn and snow
that form on the land surface by the recrystallization of snow or
other forms of solid precipitation (Cogley et al., 2011); the term
rock glacier refers to tongues of rock debris exhibiting typical vis-
cous flow morphology with ice–rock mixtures in their inner part,
that move downslope in permafrost conditions, (Berthling, 2011).

In semi-arid Chile, between 30° and 34°S, where catchments
generally have their headwaters in the high Andes, El Niño/La

http://dx.doi.org/10.1016/j.jhydrol.2014.08.023
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Niña oscillations have a strong influence on the water cycle
(Garreaud, 2009; Montecinos et al., 2000). Agriculture and mining
are the two main economic sectors in the region representing con-
stant and competing needs for water (Oyarzún and Oyarzún,
2011). The prospect of increased drought due to climate change
makes this area especially vulnerable to climate variability
(Falvey and Garreaud, 2009). In this climatic and socio-economic
context, a better understanding of the influence of the cryosphere
on the production and transfer of freshwater in catchments is a sci-
entific priority. Seasonal snow is known to be the main source of
streamflow (Favier et al., 2009) and aquifers (Jourde et al., 2012),
but glaciers and permafrost may also contribute to streamflow
and aquifer recharge, especially in dry years (Favier et al., 2009;
Gascoin et al., 2011; Milana and Güell, 2008; Rabatel et al., 2011;
Schrott, 1998). However, the exact hydrological contribution of
glaciers and permafrost, as well as the hydrological interactions
between the different components of the cryosphere, the aquifers,
and the surface streams, are still poorly understood (Perucca and
Esper Angillieri, 2011).

A degree of complexity is added in this region since ice-rich per-
mafrost features, whosemajor representatives are rock glaciers, are
the most important components of the cryosphere in terms of spa-
tial extent, excluding the seasonal snowpack (Azócar and Brenning,
2010; Brenning, 2005a,b; Schröder, 2001; Trombotto et al., 1999).
Between latitudes 29° and 32° S in Chile, rock glaciers cover a four
times larger surface area than that occupied by glaciers, and,
depending on their ice content, may consequently represent a big-
ger reserve of frozen water than glaciers, (Azócar and Brenning,
2010). Whereas glacier–permafrost interactions have been inten-
sely studied from a geomorphological point of view (Bodin et al.,
2010; Haeberli, 2005; Kneisel and Kääb, 2007; Monnier et al.,
2011; Ribolini et al., 2007; Trombotto and Borzotta, 2009), the issue
of their hydrology and to an even greater extent, their hydrological
contribution to watershed streamflow is comparatively unexplored
and poorly understood. The conceptual view is that rock glaciers are
capable of both long term storage of frozenwater and seasonal stor-
age of meltwater. Their seasonal storage and release capacity is
governed by the infiltration and circulation of water inside the rock
glacier (Burger et al., 1999; Giardino et al., 1992; Williams et al.,
2006). Their internal structure is one of the most widely studied
but paradoxically misunderstood aspect of rock glaciers, which
has been at the origin of several debates (Barsch, 1996; Berthling,
2011; Whalley and Martin, 1992). The typical structure of rock gla-
ciers comprises: (i) a superficial active layer composed of coarse-
grained debris with voids full of air or water and with a typical
thickness of 0–5 m containing (ii) a mixture of ice and rock, in per-
mafrost conditions, whose ice content generally ranges from 50% to
90% (Haeberli et al., 2006), (iii) often a sediment layer at the base of
the permafrost, composed of coarse grained ice-free debris, which
is frequently saturated by water (Barsch, 1996; Croce and Milana,
2002; Haeberli, 1985; Haeberli et al., 1992). Rock glaciers differ
from debris-covered glaciers, the latter being covered with a thin
and generally discontinuous debris mantle. Debris-covered glaciers
do not have the viscous flowmorphology that is typical of rock gla-
ciers, and do not require permafrost for their development
(Takeuchi et al., 2000).

At a comparable spatial scale, the amount of water produced
seasonally by the melting of underground ice in a rock glacier is
significantly lower than water originating from glacier melting
(Krainer and Mostler, 2002). Theoretically, as is true of any perma-
frost body, an active rock glacier in equilibrium with the current
climate does not contribute meltwater to the catchment other than
the seasonal melting of its active layer, which is commonly dry and
block filled. Previous studies have shown that the seasonal outflow
of water from rock glaciers mainly results from the infiltration of
water originating from the melting of surrounding snow and/or

glaciers, with only a minor contribution from the melting of inter-
nal ice (Croce and Milana, 2002; Krainer and Mostler, 2002; Krainer
et al., 2007). In semi-arid and sparsely glacierized areas, active rock
glaciers almost never have a spring at or near their front, which
tends to corroborate their limited contribution. However at deca-
dal and longer time scales, due to climate warming, rock glaciers
are no longer in equilibrium with the climate, melting of the inner
cores of rock glaciers may represent an increasing hydrological
contribution to downstream areas (Thies et al., 2013). Due to the
presence of boulder material, surface runoff from rock glaciers is
almost non-existent, as the water drains underground within the
landform (Corte, 1976), and especially at the permafrost table (a
few meters below the surface). Tenthorey (1992, 1994) summa-
rized the functioning of the internal drainage system of rock gla-
ciers under three types of transfers. The first is rapid and
superficial, and occurs above the permafrost layer when the daily
mean air temperature is above zero. In spring and fall, the drop
in air temperature may decrease melting of glaciers or of the sea-
sonal snow cover that supplies these superficial transfers. The
restricted quantity of meltwater is assumed to mainly refreeze,
thereby supporting the development of the rock glacier. The sec-
ond type of transfer is slow and interstitial and occurs in rock gla-
ciers with low ice content, with water transiting through the debris
between the surface and the bedrock. This sub-formation flow is
the slowest and the most constant. The meltwater reaches the base
of the rock glacier and circulates slowly at the interface between
the bedrock and the rock glacier. The flow paths have been shown
to be very similar, that is superficial, internal and basal, in the case
of debris-covered glaciers and glaciers. The difference lies in the
composition of the internal layer which, in glaciers, is massive
ice rather than a heterogeneous mixture of ice and rock debris.
The hydrology of debris-covered glaciers is assumed to be similar
to that of glaciers, with the rapid transfer of meltwater via
supra-glacial or en-glacial drainage networks, and delayed transfer
by sub-glacial drainage networks (Benn and Evans, 2010). Frac-
tures are the only way for superficial flow to percolate through
the ice and reach the glacier bed, where it becomes sub-glacial flow
(Bhatt et al., 2000). Concentrated flows inside a debris-covered gla-
cier may lead to the development of a thermokarst drainage net-
work that allows the rapid concentrated transfer of water
downstream (Benn et al., 2012).

Mountain cryosphere is highly sensitivity to climate change
(Gascoin et al., 2011). Climate change may profoundly affect the
structure, and hence the hydrological property of the cryospheric
features. In addition, although difficult to assess, previous studies
suggest that water flowing through a rock glacier affects their
structural evolution in many ways (Giardino, 1983; Haeberli,
1985; Harris and Corte, 1992). Any changes in the structure of
the cryospheric compartments will affect water transfers and have
direct consequences for the sustainability of the water supply from
high altitude catchments including complex glacial systems (gla-
cier and glacial foreland).

In this paper, we focus on a small, high-elevation, glacierized
catchment located in the upper part of the Elqui river basin in
the semi-arid Andes of Chile (9 km2, 30°S, 4080–5550 m a.s.l.). This
catchment comprises a mountain glacier (Glaciar Tapado,
1.26 km2), a debris-covered glacier, connected rock glacier tongues,
and moraines. This assemblage of landforms is common in the dry
Andes, but has rarely been the subject of hydrological studies.
Using hydro-meteorological records collected over a three-month
period in summer 2010–2011 as well as ground penetrating radar
(GPR) surveys, we characterized the key hydrological processes at
play in the melt season. To the authors’ knowledge, this study is
the first attempt to characterize the production, underground
storage, and transfer of water in the high-elevation areas of the
semi-arid Andes.
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The rest of the paper is organized as follows. The first section
(Study area), presents the context of the study from the Elqui river
basin scale to the Tapado catchment scale. The Material and meth-
ods section describes the different measurements used with their
particularities and limitations. In the Results and Discussion sec-
tion, we describe the relation between meteorological conditions
and glacier melt processes. Water flows through the glacial fore-
land are analyzed and compared with the internal structure of
the glacial foreland revealed by the ground-penetrating radar
(Daniels, 2004; Jol, 2008; Kneisel et al., 2008) surveys conducted
byMonnier et al. (2014). A conceptual model of the main hydrolog-
ical processes within the Tapado catchment is presented. We cal-
culate a partial hydrological budget to quantify the contribution
of the Tapado catchment to the Colorado catchment.

2. Study area

The Elqui river basin (9700 km2, Fig. 1a, a0), is one of the three
main watersheds in the Coquimbo region (Chile). It lies between
latitudes 29°27S and 30°34S and longitudes 71°22W and
69°52W, and runs between the Pacific coast and the summit ridge
of the Andes, which exceeds 6000 m a.s.l. in some places. It is char-
acterized by a semi-arid climate (Kalthoff et al., 2006) with marked
seasonal and interannual variability in precipitation (Bourgin et al.,
2012; Chaffaut et al., 1998; Gascoin et al., 2011). Most precipitation
(80%) is concentrated in the three austral winter months (June–
August) (Bourgin et al., 2012). Recent studies have shown that
the dry Andes are currently warming (Falvey and Garreaud,
2009) and that precipitation may decrease or remain stable in
the future (Fiebig-Wittmaack et al., 2011).

The upper Elqui river basin plays an important role in supplying
water to the lower catchment and lowland cultivated areas. In par-
ticular, the cryosphere supports superficial streams during the dry
seasons and drought periods (Brown, 2002; Casassa et al., 2009;
Strauch et al., 2006), although this support may also come from
groundwater (Jourde et al., 2012; Strauch et al., 2006). As an illus-
tration of the contribution of cryosphere water in the Elqui river
basin, this paper focuses on the Tapado catchment, located in the

Colorado catchment at the head of the Elqui river basin (Figs. 1b
and 2). The main stream of the Colorado catchment (512 km2),
the Río Colorado, supplies the artificial La Laguna reservoir at the
outlet of the Colorado catchment (3150 m a.s.l., Fig. 1b). Discharge
is measured continuously at the reservoir outlet by the Chilean
Water Directorate (Dirección General de Agua, DGA), but only a
few intermittent discharge data are available upstream from the
La Laguna dam, so that the hydrological characteristics of the Río
Colorado are poorly known.

The Tapado catchment, which lies between 4080 and
5536 m a.s.l. includes the Cerro Tapadowhich is capped by the larg-
est (1.26 km2) glacier of the Elqui river basin, while the highest
summits of the region (Cerro Olivares, 6252 m a.s.l., and Cerro Las
Tortólas, 6160 m a.s.l.) are free of glaciers. Kull et al. (2002) and
Ginot et al. (2006) suggested that the Tapado glacier exists due to
local conditions such as excess precipitation, snow redistribution
by wind and topo-climate. The south facing glacier hangs on the
slopes of a large, glacially-shaped amphitheatre that constitutes
the geomorphological context (Fig. 2). The upper part of the Tapado
glacier extends beyond the catchment limits, and a small portion of
the glacier-derived meltwater may thus flow out of the catchment,
but eventually reaches the Río Colorado through another valley
(Figs. 1b and 2). However ablation on the summit dome is domi-
nated by sublimation so that meltwater runoff is assumed to be
very limited there (Ginot et al., 2006).

The local geology mainly comprises dacitic and rhyolitic mate-
rials originating from both Upper Paleozoic-Lower Trias (so-called
Pastos Blancos formation) and Upper Oligocene-Lower Miocene (so-
called Doña Ana formation) periods. A north to south-oriented
fault, named the Río Colorado fault, crosses the study area
(Fig. 2). Very few studies have been conducted on the local geology
so that the hydrological properties of the bedrock are not known
(Mpodozis and Cornejo, 1988; Strauch et al., 2006). The main aqui-
fers of the Tapado catchment appear to be associated with the gla-
cial foreland (see below) and with fluvio-glacial deposits.

The climate of the Tapado catchment area is cold and semi-arid,
with high incoming solar radiation (Kull et al., 2002). Precipitation
from westerly circulation, concentrated in austral winter, occur
almost exclusively as snow. Episodic easterly rainfall events may

Fig. 1. a, a0: Location of the Elqui river basin and the Colorado catchment, with topography, hydrographic network and the position of Cerro Tapado, b: Details of the Colorado
catchment with topography and hydrographic network. r Tapado glacier in the Tapado catchment (Blue dashes); s La Laguna dam where the station AWS-Lag is located.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

1070 J. Pourrier et al. / Journal of Hydrology 519 (2014) 1068–1083



occur in summer, during the so-called Altiplanic winter. The mean
annual precipitation for the period 1960–2011 was 163 mm of
water equivalent (w.e.) at La Laguna weather station (3200 m
a.s.l.) with a range of variation between 21 mm and 485 mm con-
centrated in winter. At the summit of the Tapado glacier, Ginot
et al. (2006) estimated a mean annual snow accumulation of
539 mm.w.e. between 1962 and 1999. The last El Niño episode
(with an increase in temperature, humidity and precipitations)
occurred in 2009–2010 and was followed by a strong La Niña epi-
sode (with a decrease in temperature, humidity and precipitation)
between June 2010 and April 2011. The data presented in this
paper were recorded towards the end of this La Niña episode.

In the study catchment, water flows through the Tapado glacier,
and then through the glacial foreland (Fig. 2). The Tapado glacier
extends between 5536 and 4650 m a.s.l. Its upper part is domed
(�5536–5300 m a.s.l.), a median and steep part with seracs
(�5300–5000 m a.s.l.), and a lower part with an overall decreasing
slope and penitentes during the ablation season (�5000–
4700 m a.s.l.). Two glacial streams flow out of the Tapado glacier,
one from the west side and the other from the east side of the gla-
cier snout (Fig. 2). These glacial streams are referred to as West
Glacier Stream (WGS) and East Glacier Stream (EGS), respectively
in the remainder of this paper.

In addition to the supra-glacial flow of meltwater supplying EGS
and WGS, an artesian spring located on the eastern part of the gla-
cial snout also supplies EGS.

Between February and April, both WGS and EGS flow a dozen
meters along the surface of the morainic and debris-covered gla-
cier materials before infiltrating below the surface. Thereafter,
the water flows underground through the glacial foreland.

The glacial foreland is a complex landform combining a morai-
nic, debris-covered glacier, and rock glacier features (Fig. 2). There
is a morainic complex at the front of the glacier to the north-east
(�4650–4550 m a.s.l.), and a debris-covered glacier to the south-
west. The features of the latter (�4750–4460 m a.s.l.) are typical
of debris-covered glaciers including thermokarst depressions and
ponds, massive ice exposures, and closed cracks. Field observations
showed that these thermokarst depressions are associated with
the presence of a supra-glacial or en-glacial drainage network
(Benn et al., 2012). The debris-covered glacier ends with a marked,
10–20-meter high front overriding a rock glacier. The rock glacier
(�4460–4330 m a.s.l.) is characterized by a rather organized por-
ridge-like ridge network and by the prominence of the steep fron-
tal and lateral margins (up to 80–90 m in height) that override an
older morainic complex. This last component of the glacial foreland
ends at 4250 m a.s.l., it has prominent outer narrow-edge crests
and inner smaller crests that recall terminal moraine construc-
tions. Downslope from the glacial foreland, the geomorphology is
composed of decayed, eroded glacial, fluvioglacial, and periglacial
deposits (Maksaev et al., 1984; Mpodozis and Cornejo, 1988).
Monnier et al. (2014) explored the structure and genesis of the gla-
cial foreland. One of their main conclusions was that the foreland

Fig. 2. The Tapado catchment with identification and delimitation of the cryospheric and hydrological compartments, and the location of the experiments. Based on a 2010
GeoEye orthorectified image.
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should be considered as a landform assemblage in which the dif-
ferent units (from top to bottom: debris-covered glacier, rock gla-
cier, older moraine) lean against or overlap one another, as the
result of a construction in several stages separated by temporal
and geomorphological hiatus. They tentatively attributed the lower
moraine to the late Holocene, the rock glaciers to a dry period at
A.D. 800-1250, and the lower end of the debris-covered glaciers
to the Little Ice Age (LIA).

At the lowermost limit of the frontal, older moraine – referred
to as the glacial foreland outlet (GFO, 4260 m a.s.l.) – water flows
over the surface for a distance of �100 m before again sinking
belowground. The superficial flow re-emerges permanently further
downstream (4170 m a.s.l.), supplied by two springs that run par-
allel to one another three meters apart, hereafter referred to as
double spring (DS), which drain to the outlet of the catchment at
4,080 m a.s.l. to the east (Fig. 2).

3. Materials and methods

3.1. Meteorological data

Meteorological data were recorded at three locations: (i) on the
lower Tapado glacier tongue (AWS 1), (ii) on the lower, old mor-
aine (AWS 2) and (iii) at the La Laguna dam (AWS-Lag, Figs. 1b
and 2). Table 1 lists the recorded data and the sensor used, with
their respective accuracy and measurement locations.

3.2. Hydrological measurements

Hydrological measurements are notoriously difficult to conduct
in high altitude mountainous environments, in a glacial context
where meltwater streams are energetic, highly variable and shift-
ing. Consequently, the rating curves based on variations in stream
level and intermittent discharge measurements may be subject to
significant uncertainty. As this study aims to understand the water
transfers between the different compartments of the catchment,
we relied primarily on water level records rather than on discharge
values. The discharge data were used to provide a preliminary
evaluation of the hydrological budget of the Tapado catchment,
and the accompanying uncertainties are explained in detail below.

Hydrological measurements were performed at four locations
in the Tapado catchment and at the inlet of La Laguna dam
(Table 2). Electrical conductivity, temperature and water level
were recorded every 10 min from February to April, using a con-
ductivity temperature depth (CTD) probe. CTD probes have an
accuracy of ±0.05% for water level, ±0.2 °C for temperature, and
±1% for electrical conductivity. Salt dilution and current meter dis-
charge gauging were performed during the first week of February.
The monitoring of water levels at the WGS and EGS was compli-
cated due to the glacial and high altitude context. The turbulent
character of the torrential regime affected the accuracy of water
level measurements. The intensity of the glacial streams and the
creep of the debris on the foreland may shift the stream away from

the measurement point. The high porosity of the stream bed
sediments combined with occasional freezing of the shallow water
near the sensor affected the accuracy of water level measurements.
Indeed, the high porosity of the sediment can favor subsurface
flows that are not recorded by the probe, while freezing of the
water may isolate the probe from the streamflow or generate arti-
ficial increases in pressure when ice forms around the membrane
of the pressure sensor. To reduce these effects, data collected con-
tinuously by the CTD probes were processed in four steps: (i) water
levels were corrected for barometric variations; (ii) concurrent
water temperature <0 °C and conductivity <10 lS/cm were consid-
ered to reflect sensor freezing, and in this case the water level was
set to zero; (iii) values below or above the mean ± 3r, were defined
as water level and conductivity outliers and removed (<0.8% of
each data set) and then interpolated linearly from neighboring val-
ues; (iv) the water level was corrected to a reference level (0 cm
H2O) corresponding to the no-flow conditions recorded during
field visits, and all remaining negative values were set to zero. Salt
dilution gauging was performed using a CTD probe which recorded
variations in the electrical specific conductivity, caused by the
instantaneous injection of a known mass of salt (0.1 kg of NaCl)
solution into the stream, at a one-second time step. The break-
through curves were checked at the beginning of the field experi-
ments to make sure the maximum flow velocities were not too
high for the instantaneous injection method used with a one-sec-
ond measurement time step. Errors in the measured discharge
linked with the chemical dilution method are hard to evaluate,
as it would require several simultaneous complementary measure-
ments to characterize the geometry of the tracer plume. We thus
relied on previous error estimates using this method, which
reached ±10% (Butterworth et al., 2000; Day, 1977, 1976; Moore,
2005). Flow velocity gauging was performed with a Valeport model
801 electromagnetic current meter equipped with a flat type sen-
sor. Errors in the flow velocity measurement is the sum of the rel-
ative error of ±0.5% of the measured speed and of an absolute error
of +5 mm/s. Additional uncertainties related, for example, to the
position of the sensor in the stream or to misgauging flow in coarse
hyporheic sediments, are hard to evaluate. Based on the method
proposed by Herschy (2002), we determined that the uncertainty
on the current meter gauging was about ±5%. It is generally
accepted that a good current meter gauging has uncertainty rang-
ing from 3% to 6% and that a bad current meter gauging has a max-
imum uncertainty of 20% (Sauer and Meyer, 1992). In order to
include all the sources of uncertainty described above, we consid-
ered a total error on discharge measurement of ±10%.

Fig. 3 shows the relations between water level and discharge
measured at WGS, EGS and GFO. The data were fitted with a linear
function for EGS and GFO, and with a power function for WGS
using the least square method. The linear functions were forced
through the origin (0, 0) since a zero water level corresponds to
zero discharge. Due to the abovementioned measurement prob-
lems, the quality of the calculated relation depends on the config-
uration of the measurement site. The best fit was found at WGS,

Table 1

Sensors used at the three meteorological stations located in the Tapado or the Colorado catchment.

Location Altitude m a.s.l. Data Sensor Precision

La Lagunaa (AWS-Lag) 3130 Rain & snow precipitation Manual measurements (snow height) Unknown (estimated at 10%)
Daily manual weighting of precipitation
bucket (total precipitation)

Old moraineb (AWS-2) 4300 Snow height Campbell Sci.SR50A ±0.4%
Tapado glacierb (AWS-1) 4770 Net radiation CS-300 ±5% daily totals

Air temperature Vaisala HMP 45 ±0.2 °C at 20 °C (±0.5 °C at ÿ40 °C)
Relative humidity Vaisala HMP 45 ±2% (0–90%) ±3% (90–100%)

a Junta de Vigilencia del Río Elqui station.
b CEAZA station.
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because the streambed was well defined and remained stable over
time, and the stream presented a wide range of variations in dis-
charge and water level. Fits were less good at EGS and GFO. At
the EGS gauging site, the distance between the injection and the
measurement point was close to the minimum distance that
ensures adequate mixing of the solution with the stream. As a con-
sequence, some measurements presented higher uncertainty due
to incomplete mixing of the solution. This increase in uncertainty
explains the dispersion of the measured discharge around the fit
presented in Fig. 3. At GFO, the range of measured discharge and
water level variations was limited, which increased the uncertainty
on extrapolated values. It was complicated to calculate robust
uncertainties on discharge values from the rating curves because
of the various unknowns on the gauging methods and the varying
quality of the fit between water levels and measured discharges.
The precision of discharge determined using the prediction interval
of each fit indicated that the error reaches ±30% over the study per-
iod. The error on determined discharge increased from February to
April as glacial streams water level decrease, and move away from
the range of gauged water levels. These errors are relatively high,
and so in most of the paper, we chose to use water level data to
understand water transfers in the catchment. However, we did
use the calculated discharge data to compute a partial hydrological
budget for the glacial foreland and for the catchment, as even with
high uncertainty, this kind of information is seriously lacking in
this region and even rough estimates, with corresponding error
bounds, are pertinent. In order to consider results with the mini-
mum uncertainties: (i) the partial hydrological budget for the gla-
cial foreland was determined at the weekly time scale from
January 29 to March 12, while the daily peak of streams water level
remains within the range of gauged discharges, making the maxi-
mum error on discharge remaining under ±15%, (ii) The partial
hydrological budget for the catchment was determined at the daily
scale, based on both, measurements realized in February 2 with an
error of ±10% on discharge and calculation of discharge based on

rating curves. Bearing in mind the difficulty involved in conducting
good hydrological measurements in a high-mountain, glacial
context, the hydrological budget should be interpreted with
caution.

4. Results and discussion

4.1. Water production from the Tapado glacier

4.1.1. Dynamics of the glacier meltwater production
The main meteorological variables recorded in the Tapado

catchment and at La Laguna Dam between February and April
2011 are shown in Fig. 4. Net radiation, air temperature and rela-
tive humidity decreased over this period as it was the end of the
austral summer (Fig. 4). In addition, both the incoming and net
radiation daily mean showed seven episodes of marked decreases
(three in February, two in March and two in April), concomitant
with decreases in daily mean temperature and increases in relative
humidity. These sudden variations reflect meteorological perturba-
tions, three associated with a snowfall event and one with rainfall
(recorded by the La Laguna station rain gauge).

Air temperature and net solar radiation are usually correlated
with snow and ice melt, because both variables include a large
fraction of the surface energy balance (Hock, 2005). Fig. 5 shows
the relationship between the daily mean air temperature (T), net
radiation (SW*) and water level at the glacial streams EGS and
WGS. For each glacial stream, the correlation of T and SW* with
water levels was calculated for different time lags to identify pos-
sible delays between glacier melt and streamflow response. In Feb-
ruary, the water level at WGS was mainly closely correlated with
air temperature (R2 = 0.78) and net radiation (R2 = 0.68), with no
time lag. At EGS, the correlation between water level, air tempera-
ture (R2 = 0.50) and net radiation (R2 = 0.58) decreased and peaked
after a delay of two days (i.e. the water level rose two days after the

Fig. 3. Relation between measured discharge and water level at the three continuous water level measurements points: WGS, EGS and GFO. White dots represent discrete
measurements of salt dilution, the black line shows the relation between the water level and discharge, red dashed lines represent the prediction interval of the fitting. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2

Details of the experiments performed at the five measurement sites in the Tapado catchment in 2011.

Location Altitude m a.s.l. Electrical
conductivity

Temperature Water level Salt dilution gauging Current meter gauging

West Glacier Stream (WGS) 4630 January 28–April 19 January 28–April 19 January 28–April 19 January 27 to 29
East Glacier Stream (EGS) 4700 January 28–April 19 January 28–April 19 January 28–April 19 January 26 to 29
Glacial Foreland Outlet (GFO) 4260 January 28–April 19 January 28–April 19 January 28–Apr 19 January 30
Double Spring (DS) 4170 January 31 January 31
Laguna Dam inlet 3170 February 02
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increase in T and SW*). The time lag at EGS disappeared in March
and April, suggesting that EGS water production responds faster
to meteorological variations than in February.

The water level time series at WGS and EGS (Fig. 6) show vari-
ability at daily to monthly time scales consistent with meteorolog-
ical conditions. Fig. 7 shows that (i) maximum discharge occurred
between 2 pm and 3 pm at EGS and WGS and (ii) minimum dis-
charge was measured between midnight and 1 am. This flow
dynamics is characteristic of glacier surface melting, which is
mainly driven by the daily cycle of solar radiation and air temper-
ature. This daily cycle was not as pronounced at EGS: flow
decreased at night but did not stop, as observed at WGS. As men-
tioned in the site description (Section 2), EGS differs from WGS by
the presence of the artesian spring supplying EGS with en-glacial
or sub-glacial flows, in addition to supra-glacial flows. This second
source of water supplying EGS may explain why it did not stop at
night during February. In March, the water level at EGS was zero
most nights, indicating a particular behavior of EGS in February.

At the monthly scale, the decrease in water levels at both WGS
and EGS (Fig. 6) is consistent with the decrease in net radiation and
air temperature (Fig. 4) throughout the summer. While daily and
seasonal variability at WGS and EGS were similar, these streams
otherwise behaved quite independently, with flow interruptions
sometimes affecting one stream and not the other (Fig. 6). The
interruption in flow at WGS on February 11–13 reflected the pas-
sage of a meteorological front that caused a 5 cm snowfall and a
sharp drop in daily mean air temperature and net radiation
(Fig. 4); this in turn caused a decrease in surface melting and
supra-glacial meltwater outflow. The fact that the flow at WGS
stopped as soon as the perturbation occurred supports the inter-
pretation of the fast response of WGS, which is fed directly (i.e.
with no time lag) by the rapid drainage of supra-glacial meltwater.
At EGS, flow started decreasing on February 11 and reached a min-
imum on February 13, two days after the passage of the meteoro-
logical front. This behavior of EGS is consistent with the lag

previously observed between meteorological variables and water
levels in February. The extended interruption of flow that occurred
at EGS from February 17 to 21 but not at WGS cannot be linked to a
noticeable change in weather conditions (Fig. 4). Available data
were not sufficient to explain the cause of this interruption in flow
at EGS.

The dynamic of meltwater production by the Tapado glacier is
mainly driven by daily to monthly variability in meteorological
conditions as observed in March and April in both glacial streams.
However, particular behavior was observed at EGS in February, as
it did not stop flowing during night, certainly thanks to the inflow
of water from the artesian spring in addition to glacier surface
melting. Over the study period, the temperature and net radiation
were highest in February. The artesian spring may have been acti-
vated by these particularly melt-favorable meteorological condi-
tions, which caused melting of the upper Tapado glacier and
consequently meltwater drainage downslope.

Using the temperature lapse rate of ÿ0.95 °C per 100 m calcu-
lated by Kinnard et al. (2010) for the Tapado glacier, we are able
to evaluate the maximum altitude of melting in February based
on the altitude of the 0 °C isotherm. The maximum daily air tem-
perature ranged between 2 °C and 5 °C at AWS-1, located at
4770 m a.s.l. (Fig. 4). According to the maximum daily temperature
lapse rate, the maximum melting altitude may be located between
210 and 530 m above AWS-1, corresponding to a maximum

Fig. 4. Meteorological conditions recorded during the study period: (a) daily means
of incoming (gray line) and net (black line) solar radiation at AWS-1; (b) daily mean
(black) and minimum and maximum (gray) air temperature at AWS-1; (c) daily
mean relative humidity at AWS-1; (d) Snow height on the rock glacier (AWS-2,
black, left axis) and total daily precipitation at La Laguna dam (gray, right axis).

Fig. 5. Correlation between water levels and air temperature and net radiation
(SW*). (a) Net radiation at west glacier stream; (b) net radiation at east glacier
stream; (c) air temperature at west glacier stream; (d) air temperature at east
glacier stream. The correlations are presented for each month (red dots: February;
green crosses: March; blue asterisks: April) for the lag with the strongest
correlation between water level and air temperature/net radiation. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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melting altitude of ca. 5300 m a.s.l. at the base of the upper dome
(Fig. 2). During a field trip in 1998–1999, Ginot et al. (2006) eval-
uated the Tapado equilibrium line altitude (ELA) to be at the same
altitude (5300 m a.s.l.) while Kull et al. (2002) evaluated it to be at
5280 m in the same period, using a numerical model. Over the per-
iod 1920–1999, the modeled ELA was located at 5180 ± 20 m a.s.l.
(Ginot et al., 2006). In March, the maximum air temperature rarely
rose above 0 °C at AWS-1. Therefore the particular behavior of EGS
in February can be attributed to the melting of the upper Tapado
glacier (>5300 m) and ensuing water drainage downslope. Ginot
et al. (2001), concluded that melting was negligible at the top of
the Tapado glacier in 1998–1999, and, based on modeling, Kull
et al. (2002) concluded that melting could not exceed 60 mm at
5280 m a.s.l. at the same period. An ice core study by Ginot et al.
(2006) revealed that melting at the top of the Tapado glacier did
not exceed 26 ± 16 mm over the period 1920–1999. At this alti-
tude, ablation was mainly by sublimation. Hence from our study,
it appears that the highest parts of the glacier are more affected
by melting today than they were 12 years ago. During one field
visit in February, we observed a large amount of water suddenly
released from the eastern margin of the glacial summit dome (ca.
5200 m a.s.l.), into the small amphitheater of the Tres piernas rock
glacier (Fig. 2). This observation is a further indication that the
highest part of the glacier may be increasingly affected by melting,
with the meltwater being stored under the glacier and released
sporadically. The particular dynamics of EGS in February, which
partly drains the upper reaches of the glacier, may reflect this
recent change in the melting dynamics of the glacier.

4.1.2. Water transfers between Tapado glacier and the glacial foreland
In a cryospheric context, the electrical conductivity of meltwa-

ter is a good indicator of flowpaths and transfer time. Water orig-
inating from freshly melted ice has very low electrical
conductivity. Based on five field measurements made in supra-gla-
cial streams on the Tapado glacier, the electrical conductivity of
fresh meltwater was lower than 10 lS/cm. While flowing to the
glacier snout, the meltwater acquires an electric charge, which var-
ies depending on the transfer mode. The electrical conductivity of
the water at the glacier outlet provides indirect information on
meltwater flow paths and travel time. Water transfers through
supra-glacial and en-glacial flow paths are rapid and water is gen-
erally in contact with ice. Although water transits within ice, it
may acquire some ionic charge from supra- and en-glacial debris
during its journey, which slowly increases its electrical conductiv-
ity. As a result, the electrical conductivity of water transiting in this
way increases with transit time, and therefore with the melting

altitude, from very low (<10 lS/cm) to low (<50 lS/cm). Con-
versely, transfers through sub-glacial flow paths are slower and
the water is in contact with rock sediments, which increases the
concentration of ions (Fountain and Walder, 1998; Stone and
Clarke, 1996) and hence electrical conductivity.

Fig. 7a and b present monthly means of water level and electri-
cal conductivity daily cycles at WGS and EGS. In February, WGS
underwent a progressive increase in electrical conductivity during
the day, whereas in March and April, the water level was in phase
with the electrical conductivity. In February, the mean electrical
conductivity daily cycle at EGS showed very distinct behavior, it
remained particularly high (150 lS/cm) and evolved in anti-phase
with the water level. In March and April, the mean diurnal varia-
tion in electrical conductivity at EGS was the same as that mea-
sured at WGS. As highlighted previously by the two-day lag
between meteorological variation and its effect on the water level
at EGS, monthly mean diurnal electrical conductivity and water
level cycles confirmed that the way the glacier produced water
in February was particular compared to March and April, and
affected both glacial streams.

As mentioned above, EGS was fed by both supra-glacial flows
and an artesian spring near the glacier snout (Section 2). Field mea-
surements showed that the electrical conductivity of the artesian
spring water (700 lS/cm) was much higher than that of supra-gla-
cial flows (10–50 lS/cm). This implies that the artesian spring was
fed by water with a long residence time, which may be attributed
to a combination of sub-glacial flow and groundwater flow as
many hydrothermal sources exist in this part of the high Andes
(Guevara et al., 2006; Oyarzún et al., 2013; Strauch et al., 2006).

The artesian spring explains the high conductivity recorded at
EGS between 10 pm and 9 am, while the decrease in conductivity
concomitant with increasing water level is explained by the dilu-
tion effect by low conductivity supra-glacial meltwater during
the day. As shown in Figs. 6a and 7b, the artesian spring continued
to supply EGS at night, showing that, in February, the upstream
drainage area had a large storage capacity and continued to drain
during the night. Fig. 7b shows that the influence of the artesian
spring stopped after February.

In addition to the progressive increase in electrical conductivity
during the day, water level at WGS during February is higher than
during March and April, and water flows until 1 am (Fig. 7a). This
particular behavior may be explained by the drainage of a larger
contributing area. Particularly warm meteorological context dur-
ing February leads to the melting of the highest parts of the Tapado
glacier and consequently to the increase of the contributing area.
Water coming from these highest parts presents higher electrical

Fig. 6. Water level at WGS, EGS and GFO recorded at a 10 min time step (black dots) in February (a), March (b) and April (c). Green dotted line: daily mean water level; red
line: moving average of water level at GFO measured at an hourly time step in February (a). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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conductivity and reaches the glacier snout later due to longer tran-
sit time. This delayed water flow explains the daily increase of
electrical conductivity and the water flow observed at WGS during
February’s nights.

The in-phase relationship between the electrical conductivity
and the water level in March and April for both glacial streams is
explained by the relationship between the transit time and the
electrical conductivity. The maximum altitude of melting increases
from the sunset to the beginning of the afternoon when the sun is
vertical (apogee). In consequence, the transit time from the maxi-
mum altitude of melting to the glacier snout increase, explaining
the increase of the meltwater electrical conductivity. Then, the

maximum altitude of melting decreases until the next sunset,
reducing the transit time and the electrical conductivity of
meltwater.

In March and April, the reduced contribution of the upper gla-
cier, and concurrently of the artesian spring, to WGS and EGS
respectively, may explain the disappearance of the time lag
(Figs. 5b, d and 7a) and the return of both glacial streams water
level to being in phase with melt-favorable meteorological condi-
tions (Fig. 7a and b). Indeed, the decrease in daily mean air temper-
ature (Fig. 4) may have led to preventing melt of highest part of the
glacier, and to refreezing of the water stored in the highest parts of
the glacier that fed the artesian spring.

In summary, prevailing melting dynamics of the glacier were
observed in March and April: the glacier hydrological contribution
increased with an increase in the altitude of the part of the glacier
contributing meltwater throughout the day, in relation with
increasing air temperature and net radiation, and with less than
1 day travel time between meltwater production areas and glacial
streams via supra-glacial or en-glacial flow paths. In February par-
ticular melting dynamic is observed, air temperature and net radi-
ation were at their maximum, allowing the melting of the highest
part of the glacier resulting in: (i) a delayed supply of meltwater
coming from the upper glacier to WGS, until 2 am, (ii) activation
of the high electrical conductivity artesian spring that drained a
sub-glacial meltwater network. Travel time through this sub-gla-
cial network appeared to be about two days (Fig. 5). The electrical
conductivity of the artesian spring (700 lS/cm) was particularly
high for this travel time. For this reason, we hypothesized a second
more mineralized hydrogeological contribution that mixed with
the sub-glacial meltwater before it reached the glacier snout.

The hydrological functioning of the Tapado glacier is similar to
that of other glaciers described in the literature (Benn and Evans,
2010; Brown, 2002; Collins, 1978; Fountain and Walder, 1998;
Wagnon et al., 1998). Most of the water comes from the melting
of snow or ice at the surface and is subject to marked daily to sea-
sonal variability. The meltwater drained mainly through supra-
and en-glacial pathways. Despite the fact that sub-glacial flow can-
not be measured directly, water was seen to drain from the bottom
of the summit ice dome. Water that melted on the upper glacier
can percolate to the base via many transverse crevasses, and via
a large ice-free patch below the summit dome (Fig. 2). The temper-
ature of the base of the summit ice dome was cold, i.e. ca. ÿ11 °C at
a depth of 35 m (Ginot et al., 2006), which should prevent water
accumulating beneath the glacier. Hence water seepage from
beneath the dome was either due to temporary storage, i.e. pulses
of en- and sub-glacial meltwater seepage at a timescale of days, or
longer term storage in pockets of temperate ice. The resulting
hydrological contribution of the glacier to the glacial foreland is a
combination of two dynamics: (i) a rapid, concentrated, highly var-
iable flow dynamic (supra-glacial and en-glacial), and (ii) a
delayed, diffuse, less variable flow dynamic (sub-glacial transfers).
The regularity of the glacier contribution to the downstream com-
partments depends on the equilibrium between these two types of
flow dynamics. The first dynamic leads to a rapid response to
weather variations while the second dynamic ensures a more con-
stant supply of water to the foreland.

4.2. Water transfers through the glacial foreland

4.2.1. Characterization of flow paths and water transfer dynamics
The surface runoff at WGS and EGS infiltrated the glacial fore-

land through a debris-layer, and was drained downstream by the
glacial foreland outlet (GFO – Fig. 2).

The daily variability of water level at GFO was much lower than
that at WGS and EGS (Figs. 6 and 7). The water level at GFO varied
according to daily cycles that are in anti phase with those observed

Fig. 7. Monthly averaged daily water level and electrical conductivity cycles at
WGS (a), EGS (b) and GFO (c), from February to April.
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in the glacial streams: maximum flow occurred around 5 am, while
the minimum flow occurred around 3 pm (Fig. 7). Hence the glacial
foreland buffered and delayed the runoff observed at the glacier
snout, and thus increased the travel time of meltwater from the
Tapado glacier to the catchment outlet.

When flow stopped at WGS, from February 10 to 14, the daily
variability of flow at GFO, formerly in anti-phase with the daily var-
iability of flow at WGS, disappeared in 12 h. During this period, the
amplitude of the daily variability of flow at EGS decreased slightly,
but had no effect on flow at GFO (Fig. 6). These distinct flow dynam-
ics at GFO highlight two types of transfer from the upstream to
downstream parts of the glacial foreland, depending on where
meltwater infiltrated the superficial debris layer (Fig. 2). The rather
low buffering effect of the glacial foreland on flow dynamics
between WGS and GFO suggests concentrated water transfer
within a transmissive medium which maintained daily flow vari-
ability at GFO. On the contrary, the glacial foreland had a pretty high
buffering effect on flowdynamics between EGS and GFO as the daily
flow variability at EGS was no longer observed at GFO after the flow
stopped at WGS; this suggests diffuse water transfer through a low
transmissive medium between EGS and GFO.

If we analyze the monthly variability of flow between the gla-
cial streams (WGS and EGS) and GFO, we can see that the flow
recession that began on February 6 in both streams had an impact
on flow at GFO four days later, when the water level began to fall
(Fig. 6). Hence the water storage in the glacial foreland had an iner-
tia effect on the flow at GFO.

These observations made it possible to distinguish three types
of water production dynamics at GFO:

– Short term dynamics (12 h) in response to rapid concen-
trated water transfers, probably through a supra or en-gla-
cial drainage network in the south-western part of the
glacial foreland.

– Medium term dynamics (a few days) in response to slow dif-
fuse water transfers through a presumably composite med-
iummade of mixed ice and rock debris in the north-eastern
part of the glacial foreland (morainic complex, rock glacier).

– Longer dynamics (at least 4 days) due to water being stored
in the glacial foreland that buffered the multi-day variabil-
ity of the glacial streams.

Ratios of GFO water production on glacial streams water pro-
duction at weekly time scale are presented in Fig. 8. These ratios
were calculated at the weekly time scale, in order to integrate all
the dynamics previously presented. We only considered the period
between January 29 and March 12 while the daily peak of water
levels are in the range of gauged water levels. Ratios under 1 mean
that GFO is not draining all the water supplied by the glacial
streams to the glacial foreland. This situation may be explained
by: (i) the temporary storage of water by the glacial foreland, (ii)
the transit of water from the glacier to the catchment outlet by
underground flowpaths, not recorded at GFO. Ratios above 1 mean
that GFO is draining more water than the contribution from the
glacial streams to the glacial foreland. This situation may be
explained by: (i) the drainage of water stored within the glacial
foreland, (ii) the supply of GFO by an unidentified supplementary
source of water.

From January 29 to February 11, the water production at GFO is
lower than the glacial streams contribution to the glacial foreland
(ratio <1). Then, the water production at GFO become higher than
the glacial streams contribution to the glacial foreland (ratio >1)
until March 12. The simplest hypothesis to explain these two situ-
ations is that the glacial foreland acts as a natural reservoir, storing
water during the meltwater production period and releasing water

that feeds the outflow at GFO during colder periods when the pro-
duction of meltwater decreases.

In contrast to the daily electrical conductivity cycles observed in
the glacial streams, only monthly variations in electrical conduc-
tivity were measured at GFO (Fig. 7). In addition, electrical conduc-
tivity at GFO was systematically higher than in the glacial streams,
indicating that the residence time of the water that infiltrated the
glacial foreland upstream was sufficiently long to increase the sol-
ute load of water released at GFO. The buffer of the glacial streams
electrical conductivity daily variability and the large residence
time confirms that water was stored by the glacial foreland and
that it acts as a natural reservoir. At a monthly time scale, electrical
conductivity at GFO increased from 175 to 190 lS/cm between
February and April. If only days with active flow were taken into
consideration, the mean electrical conductivity values in March
and April were similar. The increase in mean monthly electrical
conductivity measured at GFO between February and April can
be explained by the two following hypotheses:

The first is a reduction in meltwater flow from WGS towards
GFO through the concentrated drainage network, with no change
in meltwater flow from EGS towards GFO through the diffuse
drainage network. If we consider (i) a concentrated drainage net-
work rapidly draining water with low electrical conductivity
towards GFO, and (ii) diffuse drainage network slowly draining
water with higher electrical conductivity water towards GFO, the
contribution from the diffuse medium to GFO flow should last
longer, after a decrease in the flow of the glacial streams, which
is consistent with the observed increase in electrical conductivity.

The second hypothesis is the presence of an aquifer extending
below the glacial foreland to the catchment outlet. The presence of
the double spring (DS) at the outlet of permeable fluvio-glacial
deposits supports this hypothesis. According to this hypothesis,
the electrical conductivity of the water contained in this aquifer
shouldbe relatively highdue to the longer residence timeof ground-
water. The contribution of groundwater from the aquifer to GFO in
turnexplains the increase in electrical conductivity recorded inApril
at GFO. If a hydrological connection between the aquifer and GFO
exists, a decrease in water level within the glacial foreland due to
the reduced flow in the glacial streams would increase the flow of
water with high electrical conductivity towards GFO. We hypothe-
size that this flow comes from the aquifer or from the interface
between the aquifer and the base of the glacial foreland, but chem-
ical data are necessary to confirm this hypothesis.

4.2.2. GPR survey of the glacial foreland
In addition to the description of the compartments of the glacial

foreland (Section 1, Fig. 2) and to the interpretation of the

Fig. 8. Ratio between glacial foreland outlet (GFO) and glacial streams
(GS = WGS + EGS) water production at the weekly time scale. Errors on these ratios
were determined based on the prediction interval of glacial streams rating curves.
Dates on the x-axis refer to the first day of the weeks for which the ratio is
calculated.
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hydrological behavior of the glacial foreland (Section 4.2.1), the
GPR profiles revealed significant contrasts between the different
parts of the area surveyed. The method was very efficient in the
upper part of the debris-covered glacier (Fig. 9), and enabled visu-
alization to a depth of 80–90 m. In profiles AB and CD, the internal
structure is a rather transparent medium with strong clearly
delineable GPR reflectors, even at depth (see details in Fig. 9). In
this part of the foreland, the frequent and large surface exposure
of massive ice, the depth and quality of visualization of the GPR
profiles (Fig. 9), and EM velocities (mostly between 0.16 and
0.17 m nsÿ1)) all point to a structure composed exclusively of mas-
sive, buried glacial ice below a thin layer of debris (Bælum and
Benn, 2011). A deep (40–80 m), continuous, bounding reflector
was interpreted as the floor of the debris-covered glacier. Stacked
narrow reflections were interpreted as crevasses or fractures, as is
generally the case (Moore et al., 1999). The marked drop in the EM
velocity observed along these crevasses suggests that they may
have been conduits for running water at the time of the survey.
The drops in the EM velocity sometimes observed at depth in pro-
file AB (down to 10–12 m nsÿ1), along the base of the buried ice,
also suggest an increase in water content. Assuming the internal
structure of the upper debris-covered glacier is mostly ice with
water inclusions, the Looyenga formula (Looyenga, 1965) yielded
12–20% water content. This indicates the presence of water con-
centrating or circulating near the bottom of the debris-covered gla-
cier, at least at the time of the survey.

In profile CD, an area is highlighted as being crossed by EM at a
velocity of �0.3 m nsÿ1, i.e. the electromagnetic velocity in air
(Figs. 9 and 10). This 15–20 m-thick inclusion must thus be a cavity
mostly filled with air. The size of the cavity highlighted here sug-
gests that it is a preserved en-glacial channel which can conduct
very large volumes of water. It further illustrates the transmissive
property of the debris-covered glacier, through the development of
a concentrated thermokarst drainage network in the upper (wes-
tern) part of the glacial foreland.

The results obtained in the lower part of the debris-covered gla-
cier and in the rock glacier are different (Fig. 11-GH). The main dif-
ference was the depth and quality of the visualization of the
internal structure. No reflectors were visible below of depth of
30 m, and frequently less; despite the gain applied, the decrease
in the profile was strong and visualization quite poor. No signifi-
cant difference in the reflection pattern was observed between
the lower part of the debris-covered glacier and the rock glacier.
Both exhibited deep (20–25 m), strong, bounding reflectors, and

stacked concordant reflectors between the surface and the deep
reflector. According to the overall stratigraphy revealed by the
GPR profiles and to the derived velocity profiles, it can only be
inferred that these units are characterized by more heterogeneous
structures. The presence of ice in varying volumes in the lower part
of the debris-covered glacier is evidenced by the various massive
ice exposures in thermokarst depressions, and by EM velocities
higher than 0.15 m nsÿ1 in the velocity profiles acquired. In the
rock glacier, localized high velocities (>0.15 m nsÿ1) also suggest
the presence of massive ice lenses or nuclei.

4.2.3. Control of water transfers by the glacial foreland compartments
As deduced above, the glacial foreland acts as a heterogeneous

reservoir (Section 4.2.1), whose component parts have different
hydrological properties: Pure ice has zero hydraulic conductivity
and plays the role of aquiclude, deviating or slowing down water
flows (Langston et al., 2011; Tenthorey, 1994) except when frac-
tures or conduits affect massive ice layers, thereby increasing the
hydraulic conductivity of the medium. Rock debris generally has

Fig. 9. Migrated and topographically corrected GPR profiles (AB and CD) acquired on the upper part of the debris-covered glacier. 1: deep, bounding, continuous reflector,
roughly mirroring the surface. 2: upward-dipping reflectors. 3: mid-depth surface-mirroring reflectors. 4: chaotic, less distinct, denser reflections. 5: vertical or subvertical
events of stacked narrow reflections (columns of diffraction hyperbolae in unmigrated data).

Fig. 10. Analysis of the EM velocity in the transversal profile CD performed on the
upper part of the debris-covered glacier. Left: interval EM velocity calculated after
determination of the rms velocity along diffraction hyperbolae and application of
the Dix formula (Dix, 1955). Right: the 3-layer geometrical model derived from the
velocity analysis. 1: layer with v = 0.168 m nsÿ1. 2: layer with v = 0.30 m nsÿ1. 3:
layer with v = 0.15 m nsÿ1.
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high hydraulic conductivity and can thus create an aquifer. How-
ever, the varying ground ice content in the rock debris pores may
prevent water transfers and reduce its storage capacity (Langston
et al., 2011; Tenthorey, 1994).

As expected, GPR profiles realized on the debris-covered glacier
showed a massive ice body with crevasses and fractures, covered
by a thin debris layer. The water infiltrating from WGS through
the debris layer must flow over the massive ice body via a supra-
glacial drainage network, before reaching a deeper, en-glacial
(thermokarst) or sub-glacial drainage network. Water-filled frac-
tures and crevasses highlighted by the GPR survey are consistent
with the presence of en-glacial conduits allowing water to drain
from supra-glacial channels to en- and sub-glacial channels. In this
sense, the GPR results confirm the existence of supra- and en-
glacial pathways allowing rapid concentrated flow of WGS melt-
water downstream. In addition, the presence of water at the base
of the debris-covered glacier supports the hypothesis of active
sub-glacial drainage. Transfers through this sub-glacial network
are associated with the slow and diffuse water flow dynamic
identified in our data.

Fractures, crevasses and thermokarst drainage have large empty
spaces capable of storing water, such as the 20 meter-high cavity
identified by the GPR survey (Fig. 10 – CD), but storage is limited
by rapid drainage.

Hydrological data showed that the predominant transit
dynamic through the debris-covered glacier was rapid and concen-
trated. The debris-covered glacier had limited storage capacity but
a highly transmissive function resulting in (i) a weak buffer effect
on the daily variability of the contribution of Tapado glacier melt-
water to downstream compartments and catchments, (ii) low to
zero storage capacity, resulting in rapid restitution of part of the
Tapado glacier meltwater to downstream compartments and
catchments.

The GPR profile of the rock glacier was less clear and did not
allow us to clearly distinguish the distribution of its internal com-
ponents (free, frozen or water saturated rock debris, and massive
ice lenses). We were only able to deduce that within the rock gla-
cier, water transits through a medium with overall limited ice con-
tent, which is in agreement with the slow diffuse dynamic of water
transfer inferred from the hydrological data.

The storage capacity of the rock glacier was certainly higher
than that of the debris-covered glacier, since the latter drained
water more slowly. The morainic complex located in the eastern,

upper part of the glacial foreland is assumed to have the same
hydrodynamic properties as the rock glacier, as the rock debris
are assumed to be frozen.

The rock glacier and the morainic complex are both compart-
ments whose structure allows slow diffuse transfers through a par-
tially frozen, porous medium. These compartments have high
storage capacity and a weak transmissive function and conse-
quently have (i) a strong buffering effect on the daily to monthly
variability of the transfer of Tapado glacier meltwater downstream,
(ii) a high storage capacity which partly delays the restitution of
meltwater from the Tapado glacier to downstream areas.

In summary, water transfer dynamics through the glacial fore-
land exhibit spatial variability, reflecting the organization of com-
partments within the glacial foreland. The south-western part of
the glacial foreland, supplied by WGS, which facilitated rapid con-
centrated water transfers, is contrasted with the north-eastern part
of the foreland, supplied by EGS, which enabled slow diffuse water
transfer. This dichotomy in water transfer dynamics was corrobo-
rated by our GPR profiles, which confirmed the presence of en-gla-
cial conduits and water-filled depressions or crevasses in the upper
debris-covered glacier, and more heterogeneous structures in the
lower debris-covered and rock glaciers that promote slower, dif-
fuse flow.

4.3. Hydrological behavior of the Tapado catchment and contribution
to the Colorado stream flow

4.3.1. Conceptual model of water transfers and interactions between
compartments

On the basis of both the glacial foreland structure assessed by
GPR survey and the hydrological functioning of the Tapado catch-
ment, we propose a sketch synthesizing the main interactions and
transfer processes between the cryospheric and hydrological com-
partments (Fig. 12). In this conceptual model, the delivery of melt-
water from the Tapado glacier to downstream compartments
depends on the interactions between the cryospheric and hydro-
logical compartments. The two main nodes regulating this system
are the glacier snout (glacier/glacial foreland/aquifer) and GFO
(glacial foreland/surface stream/aquifer), because DS only acts as
a drainage point of the aquifer.

Both the storage capacity and the buffer effect of the glacial
foreland and the aquifer ensure the continuity of the water supply
to the downstream compartments and also to catchments located

Fig. 11. Migrated and topographically corrected GPR profiles acquired on the lower part of the debris-covered glacier (EF) and on the rock glacier (GH). 1: deep, bounding
reflector. 2: stacked, concordant, surface-mirroring reflectors. 3: mid-depth continuous, straight, low-dipping, bounding reflector. The vertical profiles of the EM velocity
calculated from the CMP data at the CMP survey locations are indicated.
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further downstream over the course of the year. As water storage,
which promotes the buffer effect, partly depends on the distribu-
tion of water between each compartment of the Tapado catchment,
the interaction nodes (Glacier snout, GFO, DS) also play a role in
this control.

The results of this study show that the behavior of the three
interaction nodes mainly depends on the equilibrium between (i)
water saturation of the downstream compartments, and (ii) the
amount and the dynamics of the water contributed by upstream
compartments.

Finally, we divided our conceptual model of the hydrological
functioning of the Tapado catchment into three main parts: (i)
the glacier, which was the main production compartment during
the period monitored (after the end of snowmelt), (ii) the glacial
foreland and aquifer that act as storage compartments and have
a capacitive function, (iii) the superficial streams that act as a
transfer compartment, thereby ensuring the transmissive function.
The development of a thermokarst drainage network (highly trans-
missive structure) within the glacial foreland locally reduces its
capacitive function. This conceptual model illustrates the duality
between the transmissive and capacitive compartments of glacier-
ized catchments and the importance of characterizing the behavior
of interactions nodes to better understand the modalities of water
distribution between each type of compartment.

4.3.2. Water contribution of the Tapado catchment to the Colorado
stream flow

The partial hydrological budget calculated on February 2 over
the Tapado catchment and at the Colorado catchment outlet is pre-
sented in Table 3. It should be noted that these results only concern
superficial measurements and that the uncertainties on discharge
values can be high and vary depending on the method used (see
Section 3.2, and Table 3).

On February 2, the melting of the Tapado glacier contributed to
74% ± 19% of the discharge at the catchment outlet. The remaining
fraction supplying the superficial stream at the catchment outlet
probably has two different origins (i) the sub-glacial drainage of
the Tapado glacier supplying the aquifer directly or via the glacial
foreland (Fig. 12), (ii) the rock glacier called Tres Piernas present
within the Tapado catchment north of the old moraine (Fig. 2),
which may release water to the aquifer. No superficial streams flo-
wed over or at the front of this rock glacier, and any water originat-
ing from this rock glacier, either from stored snow meltwater and/
or the melting of internal ice, must be draining underground,
which is common in rock glaciers (Section 1).

Considering only superficial flows, the specific discharge of the
Tapado catchment on February 2 was 1.3 mm/day. For the purpose
of comparison, the specific discharge of the Colorado catchment
the same day was 0.18 mm/day, i.e., seven times lower. Given that

Fig. 12. Schematic transect through the Tapado catchment with hypothesized hydrological interactions between compartments. The location of the transect is shown by the
thick green line in Fig. 3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the Tapado catchment accounts for only 1.7% of the surface of the
Colorado catchment, it certainly has the highest specific discharge
of the whole Colorado catchment. The discharge measured on Feb-
ruary 2 at the Tapado catchment outlet represented 13% ± 20% of
the discharge measured at the Colorado catchment outlet. Whereas
these values should be interpreted with caution, since water trans-
fer processes on some days were not taken into consideration, the
contribution of the Tapado catchment to the Colorado catchment
appears to be particularly important.

4.3.3. Implications in terms of water resources in the Colorado
catchment under high hydric stress

The measurements presented above suggest that the Tapado
catchment was a major contributor to the Colorado catchment dur-
ing the field study period and under the meteorological conditions
described here. It should be noted that this study was undertaken
during a specific hydrological period after a large three-year hydric
deficit at the end of a La Niña phase and at the peak of summer
when all seasonal snow had already melted. As such, the discharge
measured at the Colorado outlet (1.07 ± 0.11 m3 sÿ1) corresponds

to a third of the mean monthly discharge measured over the
1964–2012 period (Fig. 13). The relatively high hydrological contri-
bution of the Tapado catchment to the Colorado catchment on Feb-
ruary 2, 2011 should therefore be interpreted in this context. Note
that a previous evaluation of the contribution of glaciers and rock
glaciers of the entire Colorado catchment for the period 1964–2005
period showed that their mean annual contribution ranged
between 4% and 9% of the mean annual discharge at the La Laguna
dam inlet (Favier et al., 2009). The 13% ± 20% hydrological contri-
bution of the Tapado catchment is thus higher than the previously
estimated mean basin-wide hydrological contribution of glaciers
and rock glaciers, due to the fact that, as mentioned above, our
measurements were made during a particularly dry period. As a
consequence, the cryospheric compartments may represent a lar-
ger relative contribution, given the winter snowfall deficit and
the fact that the available water stored in the other compartments,
including the aquifer, may have already been released.

A similar hydrological contribution of the cryospheric compart-
ment to the catchment has already been demonstrated in other
Andean catchments, including the upper Huasco River catchment
located 100 km north of our study area (Gascoin et al., 2011). In
that area, glaciers contribute from 3% to 23% of river discharge in
catchments covering 15 km2 (23% of contribution) to 500 km2

(12% of contribution). Both the contribution of the glacier to the
Tapado catchment and the contribution of the Tapado catchment
to the Colorado Catchment were determined during period of high
meltwater production, while the mean annual contribution calcu-
lated by Favier et al. (2009) and Gascoin et al. (2011) include flow
processes all along the year. As a consequence, hydrological budget
results obtained in this study are only indicative of glacierized
catchment contribution to high altitude mountainous catchment
flow under high hydric stress, in a semi arid context.

5. Conclusions

This paper reports the results of a field study in the semi-arid
Andes of Chile, with an emphasis on the role of the cryosphere in
freshwater production, transfer and storage. In a context of chang-
ing climate and glacier retreat, knowledge about the relationship
between cryospheric and hydrological processes is a key to antici-
pate changes in water resources availability in this area. With the
example of the Tapado catchment, our study brings new results
about the hydrological behavior of a glacierized headwater catch-
ment including a glacier and a glacial foreland composed of a deb-
ris-covered glacier, rock glaciers, and moraines.

The presence of a complex glacial system enabled a significant
but highly variable water production, while the control of water
transfers by the cryospheric compartments ensured the efficient
distribution of water to lower areas of the catchment during the
dry summer. The usual high diurnal variability in the production
of meltwater from the surface of the Tapado glacier was observed
andmeasured. The analysis of flow dynamics at the glacial foreland
outlet together with the GPR results, show that drainage networks
allowing either rapid and concentrated transfer or slow and diffuse
transfer are associated to distinct structures of the glacial foreland,
respectively associated to the debris-covered glacier and the rock
glacier. In the debris covered glacier, composed of massive ice
under a thin debris layer, the water transits via a thermokarst
drainage network with weakly capacitive but highly transmissive
properties. Conversely, in the rock glacier the water transits
through a highly capacitive but weakly transmissive medium con-
stituted by a heterogeneous mix of ice and rock debris.

The capacitive property of the glacial foreland as a whole allows
water to be stored in the foreland at daily to monthly time scales
and to be released during dry periods. This delays and buffers
the high variability of meltwater production by the glacier and

Table 3

Partial hydrological budget of Tapado and Colorado catchments in February 2 of 2011.

February 2
Daily discharged volume (m3)

Glaciera 8.9 � 103 ± 8.1 � 102

West Glacier Streama 4.4 � 103 ± 4.1 � 102

East Glacier Streama 4.5 � 103 ± 3.9 � 102

Glacial Foreland Outlet a 9.2 � 103 ± 1 � 102

Tapado catchment outletb 1.2 � 104 ± 1.2 � 103

Colorado catchment outletb 9.2 � 104 ± 9.2 � 103

Ratio
VG/VGFO 97% ± 10%
VG/VTap. 74% ± 19%
VG/VCol. 10% ± 19%
VTap./VCol. 13% ± 20%

VG is the contribution of the glacier, VGFO is the contribution of the glacial foreland
outlet, VTap. is the contribution of the Tapado catchment, VCol. is the contribution of
the Colorado catchment.
Uncertainties depend on the method used to determine discharge, see Section 3.2.

a Discharge determined using rating curves.
b Discharge determined using discrete gauging.

Fig. 13. Monthly mean discharge at La Laguna stream inlet (black curve) and
monthly mean precipitations (gray bars – rain and snow) between 1970 and 2011.
The red dot represents the discharge measured at the La Laguna inlet on February 2,
2011. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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increases the sustainability of the hydrological contribution of the
Tapado catchment over time.

The hydrological contribution of the Tapado catchment in sum-
mer may be particularly important at the scale of the Colorado
catchment. Indeed, in the present climatic context, the specific dis-
charge of the Tapado catchment measured in early February 2011
was seven times higher than the specific discharge of the Colorado
catchment. Similar results were obtained from hydro-glaciological
observations in the upper Huasco basin (Gascoin et al., 2011). As a
result the contribution of the Tapado catchment to the Colorado
stream discharge at La Laguna is significant despite the size of
the Tapado catchment, which is only 1.7% of the total Colorado
catchment area. In the future, the structure of the cryospheric com-
partments could be affected by climate variability and climate
change. Both the production of meltwater and the modes of water
transfer through the glacial foreland may change over time,
improving or reducing the role of the Tapado catchment in supply-
ing the low areas of the Elqui river basin. Because of its structure,
the Tapado catchment is an ideal location for the study of the inter-
actions between cryospheric and hydrological compartments. Pro-
longing the study of this catchment over longer time periods will
certainly improve our knowledge of the hydrological functioning
of high altitude, semi-arid catchments.
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�������	����'��������	 �$����������������	��������	����	��	��	����	
���	�������	���	��	��	�	���	

����	 ��	� ������	 �	�������
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7���������������	 � ������� �	���	 �J-,, �	� �J-,J �� ��	�
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	���	 �	� �����	��	 ���	 ������������
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��	���#��	��������������	��	�

������	���	�����	��	��"�+���	
��	�	�����	
��	�J-,,�	��J-,J/����	��������	��	�����	��	��"

+������J-,J/ �!	��	��������������	���#��	�	"������	����������������������	�������	���	�����������	����

�����	��+�������������	�/�������������������	����	�����	�	��������	��	�����	��	��"�+�����= J/ �2��

�����	��	���	�	�������������	��
	����	��	�������	��J-,,�������������	������	�
�����	������	������	�
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� ��	�
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�	��	��	��
�������������	�����	�����	
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=�$�$+ A��3��������%��������	���		�	��!����M���� ��	����������'���������������A�����

�	��	"����	��	� �	"���������	� ��	 � ���A��	 ���������	� ��	� �
���	� ���	��" ���� � ���	����� ��	� ����	��

�����	��	�� ���� ���� � �������	� �� � ����	�� � �	 ���
��	"	 ���������	 ��� �*����� ��	� ��������	�	� ��	 � ��

�����
��	���� ���� � ���	���	����
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	������� � �	� �����	��� �U9&�	� �$9&������	�
��� �	���	
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7�	��	�����	
	����	�����	������������������	���"��	�"����	��	�������	���	��������������	�EQ �?����	

�	��������� ��	� �����
��	���� ���� ����	���	������� � �	 �������	��	������ ��	� ��	�"������	� ��	�"

	"������������	��	���#��	�������	��8 � +�/ � ��������
��	��1�������� ���	���	���$9&���� ����
	��	� �	

���	����	��������	��	���	��������
����	����������	���	��	�����	�������������	���	��	
����D���	����	��	�

�����	���������������	��	�������M��	����������������	���������	
����	����������	�������	�I�
������

�	��������
��	"	���������	
� +��/ � � ��	������������������������
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�����	
	�������	��������
��	"	���������	
���	����	������	��������	�������������������	
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