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ABSTRACT. The deadliest outburst flood from an englacial cavity occurred on Glacier de Tête Rousse
in the Mont Blanc area, French Alps, in 1892. A subglacial reservoir was discovered in the same glacier
in 2010 and drained artificially in 2010, 2011 and 2012 to protect the 3000 inhabitants downstream.
The mechanism leading to the spontaneous refilling of the cavity following these pumping operations
has been analyzed. For this purpose, the subglacial water volume changes between 2010 and 2013 were
reconstructed. The size of the cavity following the pumping was found to have decreased from
53 500 m3 in 2010 to 12 750 m3 in 2013. Creep and the partial collapse of the cavity roof explain a large
part of the volume loss. Analysis of cavity filling showed a strong relationship between measured
surface melting and the filling rate, with a time delay of 4–6 hours. A permanent input of 15 m3 d–1, not
depending on surface melt, was also found. The meltwater and rain from the surface is conveyed to
bedrock through crevasses and probably through a permeable layer of rock debris at the glacier bed.
The drainage pathway permeability was estimated at 0.054 m s–1 from water discharge measurements
and dye-tracing experiments.

KEYWORDS: glacier hazards, glaciological natural hazards, jökulhlaups (GLOFs), subglacial lakes,
subglacial processes

1. INTRODUCTION
Glacial outburst floods released from proglacial, supragla-
cial, englacial or subglacial lakes can produce very high
discharges, often with catastrophic consequences down-
stream (e.g. Haeberli and others, 1989; Fountain and
Walder, 1998; Richardson and Reynolds, 2000; Roberts,
2005; Bajracharya and Mool, 2009; Dobhal and others,
2013). Unlike proglacial and supraglacial lakes, englacial
and subglacial water cavities cannot be detected easily
(Legchenko and others, 2011, 2014; Vincent and others,
2012). For this reason, they can represent a major invisible
threat in densely populated mountainous areas. In Iceland,
such reservoirs are filled by meltwater produced by sub-
glacial volcanic warming (Björnsson, 1992, 2003, 2010;
Fountain and Walder, 1998; Roberts, 2005). Elsewhere, the
processes leading to the formation and evolution of these
intraglacial lakes remain unclear (Haeberli, 1983; Walder
and Driedger, 1995).

Measurements from boreholes and dye injection experi-
ments have helped us to better understand the subglacial
water system (Nienow and others, 1998; Kavanaugh and
Clarke, 2001; Bingham and others, 2005; Sugiyama and
others, 2008). In addition, advanced models have been
developed recently to simulate runoff changes in the
subglacial water system of mountain glaciers (e.g. Flowers
and Clarke, 2002a,b; Werder and others, 2013). However,
very few measurements are available on the evolution of
intraglacial reservoirs. The main reasons for this are: (1) the

rarity of such phenomena, (2) instrumentation problems
encountered in subglacial environments (e.g. Clarke, 2005)
and (3) the fact that subglacial cavities are usually
discovered only after they have triggered an outburst flood.

The deadliest outburst flood from an intraglacial cavity
occurred on Glacier de Tête Rousse in the Mont Blanc area,
French Alps, in 1892 and caused 175 fatalities (Vincent and
others, 2010). Gilbert and others (2012) showed that the
thermal regime, mainly controlled by the snow cover
thickness, and the geometry of the bedrock, are responsible
for water storage inside this glacier, which is a polythermal
glacier with negative temperatures in its lowest part (Vincent
and others, 2010; Gilbert and others, 2012). Periods with
negative mass balances, associated with higher air tempera-
ture, tend to cool the glacier, whereas years with lower
temperatures, associated with positive mass balances, tend
to increase the glacier temperature by increasing the firn-
pack depth and extent (Gilbert and others, 2012). In this
way, the subglacial water is trapped by the cold lowest part
of the glacier.

Between 2007 and 2010, new investigations were
performed to check the potential existence of a subglacial
water cavity in Glacier de Tête Rousse. Against all
expectations, these studies revealed a subglacial lake
(Vincent and others, 2012; Legchenko and others, 2014).
The volume of water contained in the glacier was assessed
at 53 500m3, and data obtained from the boreholes and
from surface nuclear magnetic resonance (SNMR) and
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ground-penetrating radar (GPR) measurements indicated
that this water was contained in a single subglacial cavity.
Gilbert and others (2012) showed from the measured and
simulated temperature distribution in the glacier that this
water had been enclosed for at least 30 years. In addition,
the hydrostatic water pressure exceeded the ice pressure at
the top of the cavity (Vincent and others, 2012). Based on
these geophysical and glaciological findings, public author-
ities were warned in July 2010 of the risk facing the 3000
inhabitants downstream of the glacier, and the subglacial
reservoir was drained artificially by pumping in August
2010. Following this operation, the cavity refilled spontan-
eously during summer 2011 and was pumped again in
September 2011. The same scenario occurred during
summer 2012. Numerous measurements were performed
to study the refilling of the cavity between 2011 and 2013.

The aim of this paper is to understand the behavior of
the subglacial reservoir and the mechanisms that lead to the
filling of the cavity. For these purposes, we analyze: (1) the
water volume change almost continuously between 2010
and 2013 to infer the filling rate of the cavity following the
pumping operations, (2) the changes of the cavity geometry
during the periods of drainage and filling to study the
mechanisms controlling these changes, (3) the origin of the
water that fills the cavity, (4) the rate of the cavity refilling
and (5) the velocity of surface melt transfer to the cavity. It is
beyond the scope of this paper to model the hydromech-
anical processes that drive the water in the glacier. The main
goal is to provide insight into the filling rates of the
subglacial cavity, the water sources and the cavity response.
We also discuss the possible drainage pathways leading to
the subglacial cavity. The numerous observations conducted
between 2010 and 2013 provide a great opportunity to
analyze some of these mechanisms.

2. DATA

2.1. Subglacial water reservoir measurements
Geophysical measurements were performed using surface
nuclear magnetic resonance (SNMR; Legchenko and others,
2014). This method has been widely used in the exploration
of groundwater (Legchenko and Valla, 2002) and two-
dimensional water-saturated formations (Boucher and
others, 2006; Girard and others, 2007; Legchenko and
others, 2008; Hertrich and others, 2009). In 2009, it was used
successfully to quantitatively investigate the subglacial water
reservoir in Glacier de Tête Rousse (Legchenko and others,
2011). The SNMR instrument is designed to measure
magnetic resonance signals generated by liquid water in
porous media. Such signals have a relaxation time longer
than 40ms. The SNMR field set-up consists of a wire loop
laid out on the ground. The depth of investigation depends on
the loop size, electrical conductivity of the subsurface, mag-
nitude of the geomagnetic field and signal-to-noise ratio and
varies between 40 and 120m (Legchenko and Valla, 2002).

The water distribution inside the glacier was derived from
a three-dimensional (3-D) inversion of experimental data
(Legchenko and others, 2011), specifically developed for
this purpose. Details of the method can be found in previous
studies (Legchenko and others, 2011, 2014; Vincent and
others, 2012). SNMR measurements were performed in the
lower part of the glacier. In 2014, these measurements
covered almost the entire surface area of the glacier. The

volume of water into the cavity was estimated with an
uncertainty of �20% (Legchenko and others, 2011).

2.2. Ground-penetrating radar (GPR) measurements
GPR was first used in 2007 to detect the subglacial cavity
and then to determine the bedrock topography of the glacier
and to monitor the topography of the top of the subglacial
reservoir. GPR measurements were carried out using a
250MHz shielded antenna in October 2007 and a 100MHz
Rough Terrain Antenna in May 2010, May 2011 and June
2013. Vertical resolution is �37 cm. Details of the first
measurements are provided by Vincent and others (2012).

2.3. Water-level measurements
In July 2010, 20 boreholes were drilled using hot water to
determine the exact location of the cavity and monitor the
ice temperature using thermistors (Vincent and others,
2012). Four additional boreholes were drilled in July 2011
to reach the subglacial reservoir and survey its water level.
The water levels were monitored in these boreholes using
OTT Orpheus groundwater pressure sensors. Sensors No.
60, 61, 62, 63 and 64 were installed at depths of 74.6, 68.1,
52.8, 55.2 and 44.0m below the surface respectively. The
water level was recorded every 6 hours, starting with sensor
No. 60 on 26 August 2010. This sensor broke down in
February 2011. New sensors (Nos. 61–64) were set up in
July 2011. After December 2011, sensor No. 61 broke
down. A new borehole was drilled on 20 July 2012 to install
a new sensor (No. 65) at 50.8m depth. The water level was
recorded every hour by this sensor. Sensor No. 64 stopped
operating in October 2012. The sensor locations, altitudes
and measurement periods are summarized in Table 1.
Comparison between sensors reveals an accuracy better
than 2 cm around the water level.

2.4. Sonar measurements
Sonar measurements were carried out from a central
borehole in September 2010 and September 2011 to
determine the geometry of the water-filled part of the cavity.
These measurements were performed using a sonar instru-
ment designed by the Flodim company. Thanks to a rotating
and tilting head bearing acoustic transducers, the instrument
records the position of acoustic reflections in any direction
in the filled part of the cavity.

2.5. Meteorological measurements
At 3130ma.s.l. and 90m from the glacier (Fig. 1), a
permanent automatic weather station (AWS) has been
operating continuously since June 2010 (Table 2). The
longwave radiation L terms were measured and corrected
for sensor temperature. Therefore, the additional corrections
recommended by Obleitner and De Wolde (1999) were not
used. Over the 2011 and 2012 ablation seasons, rainfall was
measured using a heated tipping-bucket rain gauge at
almost the same location (Fig. 1). To provide some help in
detecting snowfall events, a time lapse camera produced six
to seven frames per day of the main part of the glacier
surface. A temporary weather station dedicated to surface
energy-balance flux measurements stood freely on the
glacier (Fig. 1) from the end of May to the end of October
in 2011 and 2012 (Table 2). The sensors were mounted on a
2m high tripod. Tilt due to snow- and ice melt was limited
by regularly readjusting the mast to vertical on the occasion
of visits carried out every 10 days. At the same location, an
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acoustic ranger, mounted on steel stakes anchored in the
ice, was used to measure the distance to the surface for
snow depth and ice melt calculations.

2.6. Mass-balance measurements
The annual mass balances were measured between 2007
and 2013 using a network of five stakes set up on
20 September 2007 and 17 stakes set up on 29 June 2010,
distributed between 3135 and 3260ma.s.l. The winter mass
balances were measured using drillings or pits at the
location of each stake at the beginning of May. The summer
mass balances were inferred from the difference between
annual and winter mass balances. The uncertainty on the
stake readings is estimated at �0.05m, mainly due to the
roughness of the ice surface.

2.7. Topographic measurements
Topographic measurements were conducted between 2007
and 2011 using carrier-phase GPS to calculate the ice-flow
velocities from the ablation stakes. In addition, 30 metal
stakes, 4m long, were set up in the vicinity of the subglacial
reservoir to survey the uplift of the glacier surface during
cavity filling and subsidence during pumping operations.
These stakes were surveyed using a total station every
2 weeks between 26 May and 17 November 2011 and
between 13 July and 3 October 2012. Stake positions were
measured to within �0.005m. Furthermore, accurate digital
elevation models (DEMs) were obtained on 20 September
2007 and 10 August 2011 from differential GPS and laser-
scan measurements carried out over the entire surface area
of the glacier. These measurements were used to determine
the thickness variations of the glacier.

2.8. Dye-tracing measurements
Finally, a dye-tracing technique was used on 28 September
2012 to investigate the englacial/subglacial drainage. For
this purpose, 400 g of Rhodamine and 35 kg of salt (NaCl)
were injected in the rimaye (or bergschrund) (Fig. 1) with
280 L of water. Dye emergence was detected by continuous
flow fluorometry set up at the outlet of the pumping pipes
used for artificial drainage of the subglacial reservoir. The
equipment used was the GGUN-FL30 (Albilia) flow-through
field fluorometer for surface water (dye detection limit
2�10–11 gmL–1). Regular visits in the vicinity of the glacier
snout showed that no visible subglacial water had escaped
from the glacier since 2010, indicating that the water
trapped in the subglacial cavity cannot find a way to escape
through a subglacial conduit.

Table 1. Coordinates and measurement periods of water-level sensors

Sensor No. Glacier thickness Sensor depth x y Surface altitude Measurement period

m m m m m

60 76.0 74.6 948 009.8 2 105 058.3 3174.0 Aug 2010–Feb 2011
61 69.8 68.1 947 996.7 2 105 059.3 3170.3 Jul 2011–Nov 2011
62 70.8 52.8 948 003.4 2 105 055.7 3172.2 Jul 2011–Dec 2013
63 55.2 947 996.5 2 105 053.7 3170.1 Jul 2011–Dec 2013
64 65.0 43.9 948 017.6 2 105 040.3 3174.8 Jul 2011–Sept 2012
65 50.8 948 010.2 2 105 037.1 3173.9 Aug 2012–Dec 2013

Fig. 1. Map of the glacier surface. The cavity mapped in 2010
(black dotted line) is shown along with the locations of the
boreholes in which sensors No. 60 to No. 65 were set up (blue
dots). The meteorological stations are indicated by the two red
triangles outside the glacier and the black triangle on the glacier.
The hydraulic pathway calculated using the dye-tracer technique is
shown by the blue dashed line. The surface mass balance was
determined from measurements on the stakes shown in black.
Horizontal and vertical ice flow was measured in the vicinity of the
cavity using metal stakes shown in red. The red lines show the GPR
measurements performed on two cross sections reported in Figure 4.
The green line shows the sonar measurements carried out on a
transverse cross section reported in Figure 5.
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3. SUBGLACIAL RESERVOIR EVOLUTION
The objective of this section is to analyze the filling of the
cavity after the pumping operations of 2010, 2011 and 2012
in order to assess the filling rate of the cavity.

3.1. Water-level fluctuations in the subglacial cavity
between 2010 and 2013
Water levels were continuously monitored in the boreholes
between 1 July 2011 and October 2013 except when they
were below the sensors. In addition, some measurements
were available before and during the first pumping oper-
ation in 2010. The measurements are reported in Figure 2a.
The large decreases observed after 2 July 2010, 28 Septem-
ber 2011 and 23 September 2012 are due to the artificial
drainage operations using downhole pumps. The vertical
positions of the sensors have an uncertainty of �25 cm.
However, the water-level changes measured by the different
sensors are very consistent for water levels above 3155m,
with an uncertainty of 2 cm. The identical and simultaneous
changes in water levels show that the connections between
the boreholes have a very high hydraulic conductivity. Only
sensor No. 63 shows a different evolution when the water
level is <3155m. Another discrepancy can be seen between
sensors No. 62 and No. 65 for the period of 2013 during
which the cavity refilled naturally. These discrepancies can
be explained by the complex geometry of the lower part of
the cavity, where the bedrock topography is likely rugged
and includes several depressions (Vincent and others, 2012).
The filling rates and water levels in these depressions are
independent until they are full and joined together. These
boreholes are therefore temporarily unconnected or isolated
from the glacier drainage system. Note that the slope of the
refilling curve during summer 2011 is considerably less
steep than that observed during the 2012 and 2013
summers. This indicates that the cavity geometry changes
with time, very likely due to ice deformation and/or the fact
that the refilling rate was not the same for both periods and
depended on the available meltwater.

The subglacial cavity became full on 1 July 2012 and the
water overflowed onto the ice surface. Between 1 July and
23 September 2012 (beginning of the pumping), we
observed a slight decrease in the water level. During this
period, a high ablation rate was observed, which lowered the
surface altitude of the glacier. Consequently the slight
decrease in the water level is explained by the altitude
decrease of the boreholes through which the water over-
flowed. Moreover, due to the collapse of a snow/ice bridge in

the cavity roof on 14 August 2012, a large crevasse full of
water opened near the right side of the glacier (Fig. 1). The
measured water-level changes show that this hole was an
extension of the subglacial cavity, as also shown by GPR
images. After this crevasse opened, the water in the cavity
overflowed through this crevasse once the cavity was full.

A different pattern was observed during summer 2013
because winter accumulation was greater and ice remained

Fig. 2. (a) Water levels measured in the boreholes between 2010
and 2013. (b) Evolution of the volume of water within the cavity
between 2009 and 2013 as determined by the volume of pumped
water and modeled surface meltwater. The blue circles indicate
volumes measured by the 3-D SNMR method (Legchenko and
others, 2014). The vertical dashed lines correspond to the
beginning of successive pumping operations.

Table 2. Meteorological measurements

Measurements Instruments Dates

Outside the glacier
(3130ma.s.l.)

Air temperature and relative humidity Vaisala HMP45C probe Half-hourly mean values since June 2010

Wind speed Young 05103 anemometer Half-hourly mean values since June 2010
Global radiation and incoming longwave radiation Hukseflux RA01 radiometer Half-hourly mean values since June 2010

Rainfall Rain gauge Young 52202 Ablation season in 2011 and 2012
On the glacier
(3165ma.s.l.)

Air temperature and relative humidity Vaisala HMP155C probe May–October (2011 and 2012)

Wind speed Vector A100LK anemometer May–October (2011 and 2012)
Incoming and reflected solar radiation;

incoming and emitted longwave radiation
Hukseflux NR01 radiometer May–October (2011 and 2012)

Snow/ice ablation Campbell Scientific SR50AT May–October (2011 and 2012)
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under the snow cover (positive mass balance; Section 5.1
and Table 3). Consequently, surface ablation was lower. The
large crevasse full of water in 2012 was not visible from the
surface. As shown in Figure 2a, the water level was almost
constant throughout this summer (Section 5.3).

3.2. Water-volume changes using SNMR and
pumping data
The link between the altitude of the water, which is well
known from the pressure sensor measurements, and the total
volume of water within the cavity is not straightforward.
Moreover, due to the collapse of ice blocks from the cavity
roof (detected by sonar and GPR measurements) and ice
creep, the shape and total volume of the cavity is
continuously evolving, altering the level-to-volume relation-
ship. During the three artificial drainage operations, the
extracted volumes of water, dv, were regularly measured
together with the associated water-level variation dh. From
these observations, we calculated the water volumes
contained within the elevation ranges [h, h + dh] at which
the measurements were performed. The refilling water
coming from surface water supply was subtracted from dv.
We also accounted for the permanent runoff that fills the
cavity all year long (Section 5.2). Dividing the water volume
by the elevation difference, we calculated the horizontal
area of the cavity as a function of elevation A(h) = dv/dh
(Fig. 3). In this way, we reconstructed the volume of the
cavity as a function of elevation at these dates from

vðhÞ ¼ vo þ
Z h

ho
AðzÞ dz, ð1Þ

where the reference volume vo at the level ho is determined
from the SNMR measurements, the total extracted volumes
and the water-level measurements. For pumping in 2011
and 2012, the surface meltwater refilling the cavity during
pumping was estimated from the surface energy model
(Section 5.2) and used to correct the extracted volumes. For
pumping in 2010, the refilling volumes are unknown due to
the absence of the data required to estimate daily melting at
the surface.

Figure 3 shows that over the 3 years, the cavity presents a
complex geometry and the horizontal sections vary greatly
over the cavity depth. Clearly, the associated water-level–
volume relationship (Eqn (1)) is highly nonlinear. Figure 3
also clearly reveals that the total volume of the cavity
decreased over these 3 years of pumping. This is especially
visible in the bottom part of the cavity, below 3130m.

Artificial drainage could not extract all the water from the
cavity, so the pumped volume of water underestimates the
total volume of the cavity. Nevertheless, using the 3-D
SNMR measurements before pumping (Legchenko and
others, 2014), the total volume is estimated and a residual
volume after pumping is deduced. In this way and assuming
a linear change of the cavity volume with time, the
evolution of the volume of water within the cavity can be
inferred from water-level changes. Figure 2b shows the
evolution of the volume of water within the cavity from
August 2010 up to the beginning of 2013. All the 3D-SNMR
measurements performed over these 3 years are reported in
Figure 2b. The cavity became full of water in each of the
three summers and, since 2011, surface overflow has been
observed from the holes drilled the previous years. This
indicates that the total volume of the cavity strongly
decreased from year to year, mainly as a result of the

pumping and the creep of ice induced by an empty cavity as
shown in Section 4.

4. CAVITY GEOMETRY CHANGES
The objective of this section is to study the cavity geometry
changes in response to the drainage/filling of the cavity
following the pumping carried out in 2010, 2011 and 2012
and to analyze the causes of these changes. The SNMR
measurements clearly reveal a strong decrease of water
volume between 2010 and 2012 (Fig. 2b). The cavity volume
available for the water decreased over this period. The
changes of the cavity geometry were thoroughly analyzed
from GPR measurements, sonar, DEMs using GPS measure-
ments performed on 20 September 2007 and laser-scan
measurements performed on 10 August 2011, and surface
horizontal and vertical ice flow velocities determined from
theodolite measurements.

The radar measurements carried out in May 2010 and
May 2011 on the same cross sections in the vicinity of the
cavity, before and after the first pumping of August/Septem-
ber 2010, show strong changes within the internal structure
of the glacier. An example is shown in Figure 4, where GPR
transverse data, the locations of which are shown in Figure 1,
were migrated using a velocity of 0.168mns–1 and corrected
for topography (Vincent and others, 2012).

From the migrated radar images, we detected the cavity
roof (Fig. 4). Depth 0 corresponds to an altitude of 3189m
for images on the left and to an altitude of 3192m for those
on the right. A generalization of the cavity roof depth
picking to all available transverse and longitudinal GPR
profiles surrounding the cavity was used to obtain the
topography of the roof in May 2010, May 2011 and August
2011. Changes in this topography show that the thickness of
the cavity roof strongly decreased. This decrease is obvious
between May 2010 and May 2011, after the first pumping,
and amounted to >20m at some locations during this
period. Given that the surface ablation was 0.86mw.e.
between 1 July 2010 and 1 May 2011, these observations
reveal that the roof partially collapsed after the cavity was
pumped. In addition, the sonar measurements performed in
2010 and 2011 show strong changes in the geometry.
Although it was not possible to survey the entire cavity from
the sonar instrument due to hidden faces and even though
the measurements were performed from one borehole only,

Fig. 3. The horizontal surface area of the cavity, A(h), as a function
of the elevation as determined by the 2010 (black), 2011 (blue) and
2012 (red) pumping data.
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they show clearly that the bottom of the cavity was filled
with ice. This very likely came from the collapse of the roof
when the cavity was empty, with the ice blocks freezing to

the bottom. Indeed, after the pumping performed at the end
of the summer and during the winter, the cavity was almost
free of water. Water can freeze easily in this area where the
bedrock is near or below the freezing point (Gilbert and
others, 2012). An example of sonar measurements is given
in Figure 5. These reveal that the bottom of the cavity rose
by 13–30m. This is also confirmed by the change in the
horizontal area of the cavity as a function of the elevation
between 2011 and 2012 (Fig. 3), obtained from extracted
water volumes during pumping operations. These obser-
vations provide evidence that the bottom of the cavity rose
by �30m. However, from radar and sonar measurements, it
is very difficult to assess the shrinking of the cavity because
radar measurements can only detect the roof, and sonar
measurements concern a part of the cavity only.

The volume change of the cavity can also be estimated
using (1) SNMR measurements and (2) surface displacement
measurements. Ice being incompressible and the horizontal
flow negligible on this glacier (<0.8ma–1), the volume loss
by glacier surface subsidence is equal to the volume lost by
the cavity through creep, corrected for the mean ablation/
accumulation over the study period. Consequently, if no
other process occurs, it should be similar to the volume loss
obtained from SNMR measurements over the same period
for a water-filled cavity.

First, the volume change calculated using the SNMR
method was assessed at 30 000m3 between August 2010
and September 2011. For these two dates, the cavity was full

Fig. 4. Evolution of the two transverse profiles shown in Figure 1 between May 2010 and August 2011. Cross sections (a), (c) and (e) are
located downstream of cross sections (b), (d) and (f).

Fig. 5.Cross section of the glacier with the surface (blue) and bedrock
(gray). The geometry of the cavity obtained from sonar measure-
ments carried out on 1 September 2010 and 23 September 2011 is
plotted in black and red solid lines respectively. The dashed lines
correspond to the roof of the cavity obtained from GPR measure-
ments inMay 2010. The vertical blue line is the borehole fromwhich
the sonar measurements were performed.
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of water, although it was pumped in September and October
2010 and refilled during spring and summer 2011. No
SNMR measurements were carried out in August 2010, but
we can assume that the volume in August 2010 was similar
to that in September 2009, given that the cavity was
continuously full of water during this period.

Second, the surface subsidence from August 2010 to
August 2011was estimated from two digital elevationmodels
(DEMs) obtained on 20 September 2007 and 10 August 2011
(Fig. 6). Given that the cavity was full of water between
September 2007 and August 2010, we assume a negligible
vertical flow during this period. The September 2007 DEM
was corrected by –3.20�0.30m to account for the ice
ablation between 20 September 2007 and 10 August 2011,
determined by numerous ablation measurements using the
ablation stakes. Finally, the difference between this corrected
DEM and the 10 August 2011 DEM provides the vertical
displacements between August 2010 and August 2011.

From this method, the volume lost by the cavity by
creep is evaluated to be 14300�5000m3, with a maximal
vertical surface displacement of 2.80� 0.30m in 1 year. The

loss by creep can therefore explain 48�17% of the volume
change measured by the SNMR method. The remaining
volume loss could be explained by the porosity of the
collapsed ice at the bottom of the cavity. Indeed, this ice
coming from the roof of the cavity is made of blocks. The
collapse occurred when the cavity was empty. Given that
this ice remains at the bottom of the cavity following the
filling, one can assume that these ice blocks were frozen to
the bedrock. The initial high porosity of the ice-blocks layer
offered a much larger interface for thermal exchange,
certainly allowing refreezing of a large quantity of water
during the winter filling. Another part of the volume loss
might be explained by a partial closure of the cavity
following the pumping and the strong creep deep below the
surface. In this way, part of the cavity was possibly isolated
and would therefore not fill with water.

These observations show that the changes in cavity
geometry following the pumping operations were due both
to ice creep and the internal collapse of the cavity roof. In
particular, the collapse of the roof led to the opening of a
crevasse in August 2012 on the right side of the glacier
where the roof was thin.

To assess the ice creep before and after pumping, we
measured the vertical displacements from a surface network
of 30 stakes located in the vicinity of the cavity (Fig. 1)
during summer 2011. The displacements were measured
using a total station between 25 May and 17 November
2011 with a time interval of a few days to 4 weeks (Fig. 7).
The objective was to assess the rate of expansion and closure
during the filling and pumping phases. These observations
clearly reveal a subsidence when the cavity was partially
empty, with vertical displacements of up to –4mmd–1 in the
vicinity of the cavity center. Conversely, when the cavity is
almost full and the water level reaches 3150m, 20m below
the surface, we observed an uplift with velocities of up to
+4mmd–1. In Figure 7, we report the average vertical
displacement obtained from the whole stake network. We
compared the vertical displacement with the water level and
concluded that the buoyancy level was 3150m. Figure 7
shows the comparison with the vertical displacements
measured in 2010 (Gagliardini and others, 2011). It reveals

Fig. 6. Vertical displacements from August 2010 to August 2011
derived from DEMs obtained in 2007 and 2011. The DEM
difference was corrected for the ice ablation measured over this
period. The black solid line shows the location of the cavern
obtained from sonar measurements.

Fig. 7. Mean vertical ice flow velocities measured in the vicinity of the cavity after pumping and during the refilling. In 2011 the bottom of
the cavity was filled with ice coming from the roof collapse, which explains the different behavior below 3130m and a similar behavior
above. Date format is dd/mm/yy.
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large differences in subsidence displacement rates when the
cavity is empty. These differences can be explained by
the size of the cavity which wasmuch smaller in 2011.When
the water level exceeded 3132m, the behavior was very
similar. From these observations, we conclude that the
vertical velocity is a very good indicator of filling as soon as
the water level reaches the cavity roof.

5. FEEDING OF THE SUBGLACIAL RESERVOIR
Two crucial questions concern the origin of the water that
fills the cavity and the cavity-filling rate. To address these
questions, we studied the relationship between surface
melting and filling.

5.1. Daily surface melting from energy balance
Surface meltwater was estimated in 2011 and 2012 from a
surface energy-balance (SEB) calculation. Calculations were
coupled with the ultrasonic ranger measurements to
optimize some parameters of the SEB. A simple tempera-
ture-index method was also used for comparison in 2011
and 2012, and used on its own in 2013 to provide surface
melt without recourse to SEB. The melt factors were
determined from ablation stake measurements to preserve

the independence of both approaches and provide an
independent control.

The energy balance at the glacier surface dictates that
radiative and sensible heat balance latent heat fluxes
associated with mass exchanges due to change of state.
The SEB that represents the heat content in a unit mass
available for melt is written as (Oke, 1987)

S#� S"þL#� L"þHþ LEþ Rþ FþQw ¼ Qf ¼ SEB, ð2Þ

where S# is the global radiation (shortwave irradiance), S" is
the reflected shortwave radiation, L# and L" are the
longwave irradiance and emittance, H is the turbulent flux
of sensible heat and LE the turbulent latent heat due to
sublimation. R is the sensible heat associated with rainfall
(liquid precipitation). F is the energy provided by meltwater
flowing at the glacier surface from conversion of gravita-
tional potential energy into heat. This term was neglected in
the balance. Qw is the energy sink required to balance the
sensible heat stored by the winter thermal cold wave near
the glacier surface. Given that it is found on the right-hand
side of Eqn (2), the latent energy term related to fusion Qf is
conventionally defined as positive.

Under clear-sky conditions, the systematic error in
shortwave radiation measurements due to the slope of snow
and ice surfaces (15° towards the east) was applied using the
formulation of Grenfell and others (1994) as soon as the
global radiation exceeded 70% of the extraterrestrial
irradiance corrected for shading. From the end of May to
the end of October, this reduced the shortwave irradiance
by 12% on average over 2011 and 2012.

The Qw flux was fixed at –1Wm–2 from the temperature
gradient of –0.25°Cm–1 measured between the glacier
surface and 12m depth (Gilbert and others, 2012). The
sensible heat flux R was calculated with precipitation rates
provided by the rain gauge assuming the rain to be at air
temperature. Turbulent fluxes were calculated using the
bulk aerodynamic approach. We included stability correc-
tions (Price and Dunne, 1976) as the surface layer was found
to be predominantly under damped forced (stable) condi-
tions as inferred from calculations of the Richardson
number. For the choice of the roughness length, we found
the best match between ablation calculated from the SEB
and ablation measured with the ultrasonic ranger using
z0 = 0.1 cm. Ablation measured at stake 4 in the vicinity of
the weather station located on the glacier was used as an
independent check on the ablation provided by the SEB. We
found a reasonable agreement, the discrepancy being
<0.1mw.e. over the ablation duration periods of 10–20 days
over which stakes were routinely measured. Air tempera-
ture, solid and liquid precipitation, daily energy fluxes,
albedo and the resultant SEB are plotted in Figure 8 for the
2011 ablation season. Mean recorded values for the 3 years
of the study are given in Table 3.

5.2. Surface meltwater and filling of the subglacial
cavity
Using the energy-balance calculations, the cumulative
surface melt was reconstructed for the years 2011–13. The
cumulative melt and rainfall were compared in detail to the
water volume changes obtained from water levels, pumping
and SNMR data during summer 2011 (Fig. 9). The cumu-
lative melt and rainfall cannot be converted to water volume
given that the drainage surface area is unknown. However,
from these data, it is possible to infer: (1) the delay between

Fig. 8. Daily energy fluxes from 25 May to 20 October 2011.
(a) Potential extraterrestrial (top-of-atmosphere) shortwave irradi-
ance (dashed line) and the same variable corrected for shading by
surrounding mountains (dotted line); measured global radiation (S#)
and air temperature (T). (b) Incoming longwave radiation (L#), net
shortwave radiation (S), turbulent fluxes of sensible (H) and latent
(LE) heat and surface energy balance (SEB). (c) Liquid and solid
precipitation and albedo.
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surface melting/rain and the observed filling water in the
cavity and (2) the surface area of the drainage basin needed
to fill the cavity.

For this purpose, we first calculated the cross-correlation
between surface melting/rain and the filling water using
different time lags (Fig. 10a). The analysis was done with a
time interval of 1 day given that the water level was
recorded every 6 hours between July 2011 and July 2012.
The water levels recorded every hour at sensor No. 65,
available after July 2012 only, are analyzed in Section 5.3.
The obtained cross-correlation curve is rather flat. This is
due to the intrinsic autocorrelation of the daily meteoro-
logical signal that governs melting. The significance thresh-
old of correlation is given by the dashed line in Figure 10a.
From this analysis, the best correlation (0.64) is obtained

with a delay of 1 day. The analysis performed in Section 5.3
provides more accurate results from hourly records.

Although these results provide only a rough approxima-
tion of the time lag between melting and filling, they do

Table 3. Mean and standard deviations of weather conditions, SEB terms and mass-balance terms from 25 May to 19 October 2011, 30 May
to 23 October 2012 and 1 July to 31 October 2013

2011 2012 2013

Weather data
Temperature (°C) 2.33�3.81 3.28�3.82 3.01�4.30
Relative humidity (%) 62.1�22.1 65.0�21.8 67.5�23.8
Wind speed (m s–1) 2.56�1.62 3.87�2.25 3.49�2.59
Rainfall (mmd–1) (days with rainfall/total) 4.3 (27/148) 6.9 (38/147) 7.9 (33/120)
Snowfall (mmd–1) (days with snowfall) 5.2 (51/148) 5.5 (30/147) 15 (24/120)

Surface energy-balance terms not measured
Albedo 0.58 0.62
Global radiation S# (Wm–2) 207�75 198�83
Net shortwave radiation S (Wm–2) 86�57 78�58
Incoming longwave radiation L# (Wm–2) 270�33 279�26
Turbulent sensible heat H (Wm–2) 17�29 29�41
Turbulent latent heat LE (Wm–2) –22�23 –30� 49
Surface energy balance (Wm–2) 35�89 38�120

Mass-balance terms
Daily melt (cmw.e. d–1 ) 1.35* 1.81* 1.10†

Winter balance (cmw.e.) 60 140 178
Summer solid precipitation (cmw.e.) 26.7 16.6 36.2
Rainfall (cmw.e.) 11.5 26.1 26.1
Melt (cmw.e.) 200 265 132
Sublimation (cmw.e.) –10.1* –13.3*
Mass balance (cmw.e.) –123.4 –108.4 +82

*From the SEB. †From stake measurements.

Fig. 9. Water volume in 2011 as reconstructed from water level,
pumping and SNMR data (blue line), and cumulative melt given by
the SEB (dashed line), including rainfall (red line). Bars are daily
melt on a mm scale. The slope of 14m3 d–1 reveals the daily filling
runoff observed between 18 and 31 July without surface melting.

Fig. 10. Relation between melt and filling daily rates in 2011
(excluding rainfall days). (a) Cross-correlation between melt rate
and deferred cavity-filling rate as a function of the time lag; the
dashed line is the significance threshold. (b) Linear correlation
between filling rate and melting at day +1 for the days without
precipitation. The intercept is the filling rate expected without
melting. The sensitivity is equivalent to an effective draining surface
area of 3000m2.
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show that the time lag does not exceed 4 days. Using these
results, we calculated the regression coefficients between
daily melting and the filling rate at day +1. The correlation
was calculated for periods without precipitation. We
obtained a sensitivity of 30 m3 cm–1w.e. The surface area
of the drainage basin that feeds the cavity is therefore
3000m2. This is small compared to the glacier-covered
surface area located upstream of the cavity, which is
�30 000 m2. In addition, the regression curve of
Figure 10b shows a residual intercept identifying a
permanent filling rate of 33m3 d–1 when melting is zero.
This suggests that the cavity is fed by permanent internal
runoff, not depending on surface melting and associated
meteorological surface conditions.

This permanent runoff is confirmed by a thorough
analysis over the following periods. During summer 2011,
there was a cold, dry period between 18 and 31 July 2011.
Although the energy-balance calculations and ablation and
precipitation measurements revealed the absence of melting
and rain, the cavity-filling rate was assessed at 14m3d–1 for
14 days. Moreover, analyses of filling rates during the 2010/
11 and 2011/12 winters lead to the same conclusions. After
the end of pumping in October 2010, the cavity was refilled
during winter 2010/11 and spring 2011. From SNMR
measurements performed on 5 June 2011, we calculated
that the filling volume was 4760m3 between October 2010
and June 2011. From meteorological data, the water volume
coming from surface melting was estimated at 1030m3 over
this period. This indicates a permanent runoff of 16m3d–1

during the winter and spring that is not related to any surface
meltwater. The same analysis carried out on the period
between 9 October 2011, after pumping, and 8 June 2012,
corresponding to the SNMR measurements, led to a filling
volume of 6160m3. Taking into account the water volume
from surface melting, i.e. 2170m3, the filling rate from
permanent runoff was assessed at 15m3 d–1, which is in
good agreement with the previous estimates.

We then investigated the role of the geothermal heat flux
as a potential source for the winter runoff. Applying a
geothermal heat flux of 20mWm–2 (Gilbert and others,
2012) to the surface of the upstream watershed that is
covered by snow in winter (surface area 55800m2), we
found a runoff of 0.32m3d–1 coming from basal melting. In

any case, the runoff from the basal melting cannot exceed
1m3d–1, even when considering the total surface area of the
drainage basin covered by snow during the winter and
doubling the geothermal heat flux.

We therefore suspect that this permanent runoff is caused
by another water reservoir located upstream within the
glacier. The permanent filling rate identified in the ablation
season is slightly higher than that identified over the winter
months. This discrepancy is not necessarily contradictory
considering: (1) error due to the scattering of the regression
curve of Figure 10b and (2) a possible seasonality depend-
ence due to the available meltwater in summer.

5.3. Transfer velocity of meltwater between the
surface and the cavity
To estimate the time required for the water to be transferred
from the surface to the cavity, we used two methods.

First, dye-tracer experiments were carried out in the
bergschrund (Fig. 1) on 28 September 2012 during pump-
ing. In this way, the dye tracers were detected by a
fluorometer set up at the exit of the pipe used for pumping.
Considering the detection threshold (presence/no-presence)
of 1 ppb, the Rhodamine arrived at the fluorometer 5 hours
after the injection (Fig. 11). The dye concentration increased
between +5 and +24 hours after the injection, reaching a
maximum value of 14.5 ppb. Twenty-four hours after the
injection, the Rhodamine concentration decreased abruptly
to 0.4 ppb. Considering the pumped water volume and the
Rhodamine concentration time series, the mass restitution is
only 4 g, which represents 1% of the injected tracer. The
pumped water temperature was 1°C during the experiment.
In response to the salt injection, the conductivity shows a
slight increase from 60.1 to 74.7 µS cm–1 between the
beginning and end of the experiment.

The conductivity increase is due to the natural stratifica-
tion existing in the cavity with denser (salty) water at the
bottom. From this experiment, we can conclude that: (1) a
hydraulic connection exists between the injection point and
the cavity, separated by a straight line distance of at least
243m, (2) the liquid water velocity is at least 50mh–1

(0.014m s–1) (a lower limit considering that the hydraulic
pathway may be longer but not shorter) and (3) only a small
portion of the Rhodamine was resituated (1%) and the
increase in concentration stopped abruptly 24 hours after
the injection.

The second method used to calculate the transfer velocity
was based on a thorough analysis of the time delay between
the occurrence of surface melting and rain and the water-
level changes inside the subglacial reservoir (Fig. 12). The
time delay was calculated from the water-level measure-
ments using sensor No. 65, which provides hourly records
starting on 20 July 2012. We used half-hourly runs of the
SEB model to provide hourly averages of surface meltwater.
We calculated the cross-correlation between surface melt-
ing/rain and the water-level changes using different time
lags. To conduct this analysis, we took advantage of a period
(2–11 September 2012) of well-contrasted day/night melt-
ing/refreezing conditions providing acute midday melt
signals (Fig. 12), making it possible to detect a time lag
with acceptable accuracy. The best correlation was ob-
tained with a time delay of 4–5 hours on average and
ranging from 2 to 10 hours.

This relatively high dispersion of the time lag is reason-
able as meltwater was produced for 9–12 hours according to

Fig. 11. Dye tracing with 30 s time-step data since 28 September
2012 at 11:00 LT. The dye was injected at 12:00 LT. The dye
concentration in the pumping water at the fluorometer is expressed
in ppb and the detection threshold is 1 ppb.
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the SEB model, so water injection into the glacier cannot be
considered instantaneous.

To confirm and improve the estimated time delay between
surface melting and the filling of the cavity, we also analyzed
a period during which a huge liquid precipitation event
occurred on 29 July 2013 (Fig. 13). At the beginning of the
period, between 25 and 26 July, diurnal melting was
observed but no night melting. We observed oscillations of
both melting and water level, with a time delay of 5–7 hours.
The water level at piezometer No. 65 was stable on a daily
average basis. During the night of 26–27 July, high tempera-
tures and strong wind caused a high sensible heat flux, and
night melting began at 03:00. Melting occurred continuously
throughout the day on 27 July. It was also observed during
the night of 27–28 July. The water-level oscillations can be
clearly identified between 26 and 28 July. On a daily average
basis, the water level recorded at piezometer No. 65
increased from 27 to 28 July due to the supply of meltwater
during the night. On 29 July, from 02:00 to 22:00, a severe
thunderstorm produced 49mm of rain over 20 hours.
Between 02:00 and 06:00, the instantaneous rain intensity
reached 40mmh–1. Moreover, in addition to the rainfall, the
air temperature of 4°C caused night melting and supplied
further water. The huge liquid precipitation of 29 July
provided a depth of water three to four times higher than
the water depth usually provided by melting (1.2 cmw.e. h–1

vs 0.3–0.4 cmw.e. h–1). This event can be seen as a natural
injection of water over the whole surface area of the glacier.
The water level at piezometer No. 65 reached a maximum of
3169.67m at 10:00. From these observations, we found that
the water level increased with a time delay of �6 hours after
the rain reached its maximum intensity. This result, although
less accurate than a precisely located and instantaneous

artificial water injection, is consistent with the time delay
obtained by the dye-tracing experiments and the previous
cross-correlation calculations.

6. DISCUSSION
The important question concerning the supply of the cavity,
especially during the winter when no melting occurs,
remains unsolved. In September 2013, another intraglacial
reservoir was found in the upper part of the glacier
(Legchenko and others, 2014) in the vicinity of large
crevasses located between 3220 and 3230ma.s.l. (Fig. 1).
The volume of the upper reservoir is assessed at
18 500�5500m3. The radar measurements carried out in
2014 in the upper part of the glacier show that this upper
reservoir could very likely be a water-filled crevasse. No
direct field measurements could confirm this conclusion,
given that the glacier has been covered by snow in this area
over the last 2 years. Radar images show a large crevasse
extending 50–60m deep in the glacier (Fig. 14). Given that
ice flow is low, this crevasse is very likely water-filled.
Moreover, between this upper reservoir and the main
subglacial cavity downstream, the radar images show a
15–20m thick basal ice layer with a large amount of spread
energy (scattering, reflectors), which was used to delineate
the cold–temperate transition surface (Pettersson and others,
2003). These reflections are caused by scattering from small
water voids present in the temperate ice beneath the cold
surface layer. The temperature measurements performed in
the drillholes in this region (Vincent and others, 2012)
confirm that this 15–20m thick layer is temperate, with cold
ice above. This suggests that the upper reservoir is
connected to the main subglacial cavity through this

Fig. 12. Relationship between water level of the cavity, melt and rainfall from 24 August to 10 October 2012. The cross-correlation between
melt rate and deferred cavity-filling rate as a function of the time lag is reported in the inset. The dashed line is the significance threshold.

Fig. 13. Changes in water level recorded at piezometer No. 65, melt and rainfall from 25 July to 2 August 2013. Date format is dd/mm/yy.
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temperate ice layer and/or through a permeable layer of
rock debris at the glacier bed. This could explain the
permanent runoff of 14–20m3d–1 throughout the year.
However, it does not explain how the water coming from
melting or rain, with large runoff, is conveyed from the
surface to the main subglacial cavity. From our obser-
vations, we attempted to characterize the subglacial path-
ways that carry the surface meltwater and rain to the central
subglacial reservoir. From the comparison of surface
melting/rain and filling, and from dye-tracer experiments,
we found a time lag of 4–6 hours between the water input
from the surface and the filling of the cavity. Note that the
same time lag was obtained with high and low runoff. A
major question concerns the route and the type of channels
through which the water is conveyed.

To deal with this question, we determined the route of the
water coming from the dye-tracer injection location using
the water pressure potential. For this calculation, the water
pressure is assumed equal to the pressure of the overlying
ice. In this way, the water pressure potential � can be
calculated using (Paterson, 1994)

� ¼ �wg zþ
�i

�w
ðzs � zÞ

� �

ð3Þ

where zs is the altitude of the glacier surface, z is the bedrock
altitude, �i is the density of ice, �w is the density of water and
g is the gravitational acceleration. Using the surface and
bedrock DEMs, it is possible to calculate the path of the water
from the entry point of the dye tracer. The route is
perpendicular to the hydraulic equipotentials and follows
the highest hydraulic gradient. The length of this hydraulic
pathway from the surface to the bedrock is then L=294m
(i.e. 17% longer than the rough straight line pathway used in
Section 5.3). Given that the hydraulic potential difference
expressed in m of water is ��=92.5m along this track, the
hydraulic gradient is ��/L=0.315. We consider again the
2–11 September 2012 period for which surface runoff rate of
transfer to the cavity was quantified. We estimated the
discharge for the period 2–11 September 2012, for which the
surface melting was 1.14 cmd–1 over an average time of
10.5 hours each day. Using the previously obtained drainage
surface area of 3000m2 (see Section 5.2), the volume of
water is estimated at 34.2m3 over 10.5 hours each day. This

gives an average discharge of q=9.048�10–4m3 s–1 from
the surface to the subglacial reservoir. With the time delay of
4–6 hours identified in Section 5.3 by the cross-correlation
between surface melting and water-level change, we calcu-
lated a water flow velocity of 0.017� 0.003m s–1 along the
294m of the hydraulic pathway. This is in good agreement
with the dye-tracer results (0.014m s–1) obtained 18 days
later. From the discharge and the average transfer velocity,
the average cross-sectional area of an intraglacial channel
between the surface and the subglacial reservoir is assessed
at s=0.0532m2. Assuming an equivalent circular conduit,
this corresponds to an average radius of 13 cm. Assuming the
validity of Darcy’s law and assuming a drainage effective
porosity equal to 1, the ‘Darcy’ permeability K inferred from
the water flow velocity, the average cross section and the
hydraulic gradient is given by

K ¼
q
s
L

��
ð4Þ

This leads to K=0.054m s–1, which is a typical permeability
of rather open-permeable subglacial sediments (Flowers,
2000).

From this analysis, we conclude that the water coming
from the upper part is not drained by a tunnel system or a
channelized system. Indeed, the mean flow velocities in
channelized drainage systems are of the order of 0.3–1m s–1

(Nienow and others, 1998; Cuffey and Paterson, 2010).
Here we found a value of 0.017m s–1, which is character-
istic of a rather slow drainage system. It is comparable to
flow velocities between 0.012 and 0.068m s–1 obtained by
Nienow (1993) for a distributed drainage system, or
0.03m s–1 at Midtdalsbreen, Norway (Willis and others,
1990). The flow velocities we found in our study are similar
to those obtained in a linked-cavity system, with a network
of many interconnected cavities. However, cavities are
generally reported to form under rapid sliding conditions
(Nye, 1970; Walder, 1986; Kamb, 1987; Fountain and
Walder, 1998). Here the ice surface velocities are very low,
<0.4ma–1 in this region, and sliding, if any, would not be
able to open cavities. Consequently, the drainage of Glacier
de Tête Rousse is likely not a linked-cavity system. Alter-
natively, the drainage could occur in a macro-porous
horizon of permeable layers at the top of the sediment
(porous subglacial sheet as described by Flowers and

Fig. 14. Longitudinal cross section of the glacier from GPR measurements.
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Clarke, 2002a). Glacier de Tête Rousse is likely underlain by
a continuous layer of rock debris which may act as an
aquifer. This assumption is supported by the value of
hydraulic conductivity. Hydraulic conductivity values in-
ferred from in situ measurements in glaciological studies
vary greatly. From borehole measurements carried out on
South Cascade Glacier, Washington, USA, Fountain (1994)
estimated the hydraulic conductivity range from 10–7 to
10–4m s–1. Using similar methods, Iken and others (1996)
found a hydraulic conductivity of 0.02m s–1, a value typical
of coarse gravel. The review of Fountain and Walder (1998)
shows considerable variability in the hydraulic conductivity
from in situ estimates, ranging from 10–7 to 10–2m s–1.
Sediment studies performed in the Trapridge Glacier (Can-
ada) forefield reveal hydraulic conductivities of 10–5–
10–3m s–1 (Stone, 1993). Flowers and Clarke (2002b)
adopted hydraulic conductivity values of subglacial sedi-
ment ranging between 2.5�10–2 and 5.0� 10–2m s–1. The
hydraulic conductivity calculated from flow velocities and
the hydraulic gradient at Glacier de Tête Rousse is roughly
consistent with these values. Consequently, it is likely that
the subglacial water flows through a permeable layer of rock
debris at the glacier bed.

We therefore suspect that the drainage of the water
coming from the upper reservoir occurs through this layer or
along the interface between the ice and its substrate. As
suggested previously, it is probable that a large part of the
drainage occurs along beds of sediment. The upper reservoir
would then be responsible for the permanent runoff during
the winter when nomeltwater or rain comes from the surface.
In this way, the upper reservoir, constituted by the water-
filled crevasse, supplies water throughout the year with simi-
lar hydraulic conductivities and an almost constant hydraulic
head. During the summer, the water from melting and rain
follows other pathways from bergschrunds or crevasses to
reach the bedrock and fill the main subglacial cavity.

6. CONCLUSIONS
Our study provides insight into the filling of the subglacial
cavity of Glacier de Tête Rousse and into the drainage
pathways leading to the subglacial reservoir. This cavity was
drained artificially in 2010, 2011 and 2012. From our
observations, we reconstructed the water volume changes
and the filling rates of the subglacial reservoir continuously
between 2010 and 2013. We found a strong relationship
between the observed surface melting and the filling rate
with a time delay of 4–6 hours. The amount of available
surface meltwater upstream of the cavity is 10–15 times
greater than the quantity of water that fills the reservoir. The
surface area of the drainage basin that feeds the cavity is
�3000m2. It is small compared to the glaciated surface area
located upstream of the cavity.

Depending on the weather conditions and the size of
the cavity, the subglacial cavity can be filled with a
typical runoff of 76m3d–1, i.e. within 4–5 months for a
10 000m3 cavity. In addition, our analysis reveals a perman-
ent runoff that supplies the cavity independently of surface
melting and rain. This permanent runoff is in the range
14–20m3d–1 and appears to be relatively constant whatever
the season when no surface melting or rain occurs.

From dye-tracing experiments, we found a time delay of
4–5 hours between the bergschrund and the subglacial
cavity, consistent with the time delay obtained from the

comparison between melting or rainfall inputs and water-
level changes. The intraglacial reservoir found in the upper
part of the glacier is likely the cause of the permanent runoff
feeding the main subglacial cavity. Radar images strongly
suggest that this upper reservoir is a water-filled crevasse
extending 50–60m deep, i.e. close to bedrock.

This water-filled crevasse does not explain the large
runoff that supplies the cavity during intense melting or rain
events. The meltwater and rain from the surface is conveyed
to the bedrock through other crevasses or through the
bergschrund. Once the bedrock is reached, the water
follows a drainage pathway between the upper reservoir
and the central subglacial cavity. It seems this pathway is
located in the basal layer of the glacier given that we found a
temperate 15–20m thick layer at the base of the glacier
under the cold ice. Given the flow velocities and the
inferred hydraulic conductivity, it is probable that the
subglacial water flows through a permeable layer of rock
debris at the glacier bed. When the water reaches the
subglacial cavity, it is trapped by the cold and impermeable
lower part of the glacier (Vincent and others, 2012). Here
the subglacial water of Glacier de Tête Rousse cannot
escape through the ice/bed interface of subsurface aquifers.
The filling rate supplying the main subglacial cavity ranged
from 15m3d–1 during the winter to 130m3 d–1 on average
during summer 2011. Thus, when melting or rain occurs,
the runoff into the cavity largely exceeds the permanent
runoff of 15m3d–1.

Our study also provides insight into the geometry
changes of the main cavity with time, depending on water
filling and the water pressure inside the cavity. From SNMR
water volume measurements, we found that the cavity
volume strongly decreased after each pumping operation.
Creep explains a large part of the volume loss. The ice creep
was assessed from the subsidence of the surface after
pumping in 2010. It explains about half of the cavity volume
changes. Moreover, from radar and sonar measurements,
there is some evidence that the cavity roof partially
collapsed following pumping and the decrease of the water
pressure. Thus, the remaining volume loss could be
explained by the porosity of the collapsed ice at the bottom
of the cavity. Another part of the volume loss could come
from the partial closure of the cavity due to ice creep which
could have left part of the cavity unfilled.

The vertical displacements of the glacier surface observed
from stakes located in the vicinity of the cavity clearly reveal
ice subsidence when the cavity is empty and uplift when the
water level reaches 3150m, i.e. 20m below the surface.
From these observations, we assessed the rates of expansion
and closure during the filling and pumping phases. The
subsidence velocity can reach –12mmd–1 in the vicinity
of the cavity center. When the cavity is almost full, the uplift
reaches +4mmd–1, leading to an increase of the cavity
volume. These observations show that the vertical velocity
measurements are a very good indicator of the filling as soon
the water level reaches the cavity roof.

In July 2013, the cavity was once again full of water and it
was decided, given the estimated volume of water inside the
cavity, not to renew the artificial drainage of the cavity (still
true in autumn 2014). In comparison to the situation in 2010
with a pressurized cavity, the water level in the cavity is now
limited at maximum to the surface elevation due to the
numerous holes drilled from the surface during the three
drainage operations and also to the break-off of part of the
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cavity roof on 14 August 2012. Due to the difference in
hydrostatic pressure, the rate of decrease in the volume of an
empty cavity is approximately nine times faster than the rate
of increase in volume when the water level is equal to the
upper surface elevation.

Finally, this analysis provides insight into the thermal or
mechanical processes that could explain the formation of
the subglacial cavity. Temperature measurements carried
out in previous studies (Vincent and others, 2012) showed a
polythermal structure, explaining why subglacial water was
trapped by the cold and impermeable lowest part of the
glacier (–2°C) (Gilbert and others, 2012). Moreover, tem-
perature measurements and modeling suggest that this
subglacial water reservoir has existed for at least 30 years.
Indeed, Gilbert and others (2012) showed that the cavity
may have started to grow between 1970 and 1980. The
thermal mechanisms that could influence the geometry of
the cavity are inefficient. Heat transfers capable of melting
the cavity roof are very low given that the water temperature
is close to zero (Vincent and others, 2012). Conversely,
energy transfers through the roof and sides of the cavity are
not sufficient to refreeze the stored water (Gilbert and
others, 2012). The only efficient mechanism involves
hydraulically driven fracturing and ice deformation around
a high water pressure zone (Van der Veen, 1998, 2007).
High water pressure, exceeding the ice-overburden pressure
as measured in 2010 when the subglacial cavity was
discovered from boreholes (Vincent and others, 2012), is
sufficient to lift the glacier and form a subglacial cavity.
Although this mechanism depends on the geometry of the
cavity, our measurements show that the uplift velocity can
reach several mmd–1. The subglacial cavity was �30m high
when it was discovered in 2010. Assuming that it has existed
for 30 years (Gilbert and others, 2012), the mean uplift
velocity would be 3mmd–1 over this period, although it was
probably not constant.
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