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Although moraine dams are inherently prone to failure because of their often weak structure, loose inter-
nal composition and lack of an engineered spillway, the understanding of dam breaching processes
remains largely incomplete and appropriate modeling approaches are scarce. This paper analyzes a recent
glacier lake outburst, caused by the failure of the terminal moraine of Ventisquero Negro (Patagonian
Andes, Argentina) in May 2009. The dam breach trigger, breaching and lake emptying processes, plus
the dynamics of the outburst flood were reconstructed based on field evidence and the application of a
dynamic dam break model. Results indicate that the moraine failure was caused most probably by a ris-
ing lake level due to heavy precipitation, resulting in high lake outflow which led to dam erosion and
finally to dam failure. The lake volume of ca. 10 � 106 m3 was released in ca. 3 h, producing high-dis-
charge (ca. 4100 m3 s�1) debris flows and hyperconcentrated flows as the escaping water entrained large
volumes of clastic material. The methodology presented in this paper provides valuable insights into
complex dam breach and GLOF processes, and closes a critical gap in dynamic dam break modeling aimed
at providing the lake outburst hydrograph. An accurate determination of outburst hydrographs consti-
tutes one of the most crucial aspects for hazard assessment of unstable lakes and will gain further impor-
tance with ongoing glacier retreat and glacier lake formation.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Glaciated high-mountain regions are particularly susceptible to
climate change (IPCC, 2007) and associated changes in hazard sit-
uations (Stoffel and Huggel, 2012). Recent glacier melt has given
rise to the formation of moraine-dammed glacier lakes (Clague
and Evans, 2000), which typically form between the glacier snout
and end moraines during periods of glacier retreat (Costa and
Schuster, 1988). Moraine dams are inherently prone to failure be-
cause of their often weak structure, loose internal composition and
lack of an engineered spillway. Sporadic glacier lake outbursts may
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drain as powerful floods (Mergili et al., 2011) and are considered
the most important glacier-related hazard in terms of direct dam-
age potential (Osti and Egashira, 2009). Glacier lake outburst floods
(GLOFs) have killed thousands of people in many parts of the world
(Clarke, 1982; Hewitt, 1982; Clague and Evans, 1994, 2000;
Watanabe and Rothacher, 1996; Richardson and Reynolds,
2000a; Huggel et al., 2004; Carey, 2005) and with ongoing glacier
retreat new, often unstable glacier lakes are likely to develop in
the future (Frey et al., 2010). As a result GLOF risks are receiving
increased attention as a key climate change hazard (Malone, 2010).

The stability of a moraine dam has been shown to depend pri-
marily on its geometry, internal structure, material properties and
particle-size distribution (Costa and Schuster, 1988; Richardson
and Reynolds, 2000b; Korup and Tweed, 2007). Melting of stagnant
ice within ice-cored moraine dams has been reported to create
conduits for lake water to percolate into moraines, contributing
to a weakening of overall dam structure (Clague and Evans, 2000;
Richardson and Reynolds, 2000b). However, most moraine-dammed
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lakes do not burst catastrophically. At the same time, dams that are
considered stable do not necessarily prevent disasters either, as
was the case at Laguna 513, a glacier lake in the Cordillera Blanca
of Peru, where a displacement wave (induced by an ice avalanche)
caused water to overtop a bedrock dam and caused an outburst
flood in 2010 (Carey et al., 2011). Moraine dams fail when the
material strength of the dam is exceeded by driving forces that
comprise, among others, the weight of the impounded water mass,
seepage forces and shear stresses from overtopping flow or
displacement waves (Korup and Tweed, 2007; Massey et al.,
2010). Overtopping flows can be caused by heavy rainfall or a
sudden influx of water from upstream sources; displacement
waves are, in contrast, triggered by mass movements e.g. snow
and ice avalanches, rockfalls, debris flows or landslides, entering
the lake (Costa and Schuster, 1988; Clague and Evans, 2000;
Huggel et al., 2004). Once the lake overflows water will typically
induce dam erosion, forming an initial breach, that leads to greater
outflow and increasing hydrodynamic forces that cause progres-
sive breach enlargement (Singh, 1996). Critical shear forces on
the dam material are exerted by the flow and the eroded sediments
are transported downstream as bedload. This process is irrevers-
ible and will ultimately lead to a partial or complete emptying of
the glacier lake.

Before structural, land-use planning or emergency-oriented
prevention measures can be undertaken to reduce the risks from
GLOFs, the dimensions of an expected outburst flood must be eval-
uated. Hydraulic flood models are valuable tools for quantitative
assessment of large-scale floods and a key instrument for the
assessment of GLOF hazards and the planning of prevention mea-
sures (Valiani et al., 2002; Jorgenson et al., 2004; Worni et al.,
2011).

One of the most crucial model input parameter for such assess-
ments is the flood hydrograph, which reflects discharge per unit
time. The hydrograph of a lake outburst flood can be approximated
with empirical relationships (Evans, 1986; Huggel et al., 2004;
Kershaw et al., 2005) or calculated using empirical and physical
dam break models. Empirical dam break models use analytically-
solved equations derived from past dam breach events with known
breach dimensions and expansion rates (Singh, 1996). Physical
models apply geotechnical considerations, erosion rates and
hydraulic principles to take account of breach development. How-
ever, many physical dam break models (e.g. BREACH, Fread (1991)
or BEED, Singh and Scarlatos (1985)) still require critical input
parameters regarding the shape of the breach and its enlargement
over time, which are often based on assumptions rather than on
physical evidence, rendering these programs less site-specific
(Hahn et al., 2000; Volz et al., 2010; Pickert et al., 2011). Recently,
new erosion-based dynamic models (Faeh, 2007; Balmforth et al.,
2008; Faeh et al., 2011) have been developed, which represent a
promising approach to capture breaching processes with good
accuracy. These models solve balancing equations for water and
sediment flow in combination with empirical transport formulas
to simulate embankment failures, thereby using clear physical in-
put parameters.

No matter which approach is applied to calculate future out-
burst scenarios of unstable glacier lakes or other dam breaches,
model calibration and validation based on past events remain cru-
cial (Clarke, 1982; Meon and Schwarz, 1993; Walder and Costa,
1996; Tingsanchali and Chinnarasri, 2001). This is challenging as
little is known about outburst mechanics and the hydrodynamic
characteristics of GLOFs, because many past moraine breaches
and subsequent lake outburst floods often went unrecorded and
in remote areas (Carrivick et al., 2009; Osti and Egashira, 2009).
Therefore the moraine failure and lake drainage event at Ventis-
quero Negro (Mount Tronador, Patagonian Andes, Argentina) is
an important contribution to the analysis of dam failures and GLOF
processes, and an ideal case to calibrate and test dam break
models.

The purpose of this study is to (i) reconstruct the moraine
breaching, lake emptying and flood propagation processes of
the Ventisquero Negro GLOF based on field evidence; and to (ii)
apply and test the dynamic, erosion-based dam break model
BASEMENT (Faeh et al., 2011). This reveals valuable quantitative
insights into dam breaching and lake emptying processes that are
rarely available from other GLOF events, and closes a critical gap
in dynamic moraine breach modeling for which few detailed
studies exist (e.g. Hancox et al., 2005; Balmforth et al., 2008;
Xin et al., 2008).
2. Study area

Mount Tronador (41�100S, 71�520W; 3480 m asl) is the highest
mountain in Nahuel Huapi National Park and straddles the border
between Chile and Argentina in northern Patagonia. The upper part
of the mountain is covered by a continuous ice cap, with eleven
outlet glaciers. The total glacier area is about 64 km2 and the larg-
est glaciers reach down to 950 m asl, well below the local tree line
of �1700 m asl (Villalba et al., 1997).

The Rio Manso valley glacier in Argentina flows down the
south-eastern flanks of Mount Tronador and is separated by a steep
cliff several hundred meters high from the main ice cap. The glacier
is fed by snow, ice and debris avalanches from the steep slopes
above. Due to a thick debris layer covering large portions of its
ice, the Rio Manso valley glacier is locally known as Ventisquero
Negro, meaning black glacier. Ventisquero Negro is constrained
by a massive terminal moraine with a fork-like shape, forming
the Rio Manso outlet at its lowermost point (Fig. 1). During the Lit-
tle Ice Age, the glacier partly overtopped the older (>2000 year old)
end moraine and subsequent glacier recession resulted in a debris-
covered ice body abutting the inner slope of the end moraine
(Masiokas et al., 2010).

Documentary evidence, satellite imagery and aerial photo-
graphs indicate that the glacier margin varied relatively little be-
tween 1937 and 1991. However, rapid thinning and recession of
the glacier tongue was observed between the early 1990s and
the present (Masiokas et al., 2010). The 1981 aerial photograph
and a SPOT5 image from December 2008 (Fig. 1) illustrate the
mass and length losses at Ventisquero Negro. The recession of
Ventisquero Negro resulted in the formation of a proglacial lake
between the end moraine and the glacier fronts. The lake grew
rapidly after the 1990s and the SPOT5 image from 2008 shows
the maximum lake extent with an area of ca. 47 ha before the
moraine breach in May 2009. The damaged moraine and emptied
lake can be seen on the GeoEye satellite image taken in Novem-
ber 2010 (Fig. 1). On its way to Mascardi Lake, located 22 km
downstream of the glacier lake, the Rio Manso crosses the small
settlement and tourist resort of Pampa Linda (ca. 7 km below
the glacier lake).
3. Geomorphic, ground observation, and meteorological data

In February 2010, field work was carried out to analyze the
residual Ventisquero Negro glacier lake, the breached moraine
and the flooded Manso valley. The goal was to gather data on the
dam, breach, and (former) lake geometry, the structure and mate-
rial composition of the end moraine, and wetted cross-sections in
the Manso valley.

The mapping of the lake, moraine and breach was carried out
using a Tech-Geo GTR differential GPS and a Nikon LASER 550A S
high-specification laser distance measurement tool with an inte-
grated angle measurement function. Ground measurements were



Fig. 1. Mount Tronador and Ventisquero Negro, its proglacial lake and the Rio Manso valley in Northern Patagonia, Argentina. A SPOT5 satellite image from December 2008, a
GeoEye satellite image from November 2010 (extracted from GoogleEarth) and an aerial photograph from 1981 (IANIGLA) illustrate the recession and thinning of Ventisquero
Negro and the formation and failure of its proglacial lake.
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complemented by data from satellite imagery and aerial photo-
graphs. A pre-GLOF SPOT5 satellite image of 2.5 m resolution and
a post-GLOF GeoEye satellite Image with a 1.65-m resolution were
extracted from GoogleEarth and georeferenced. Additionally,
LANDSAT ETM+ imagery from April 2009 and an ALOS scene from
March 2010 were used to document and map breach geometry and
geomorphic changes before and after the GLOF. Aerial photographs
from 1970 and 1981 were used to reconstruct recent glacier
dynamics at Ventisquero Negro and lake formation, and to gener-
ate a digital elevation model (DEM) with a 7-m resolution of Ven-
tisquero Negro and the Rio Manso area. Absolute and relative
vertical accuracies of the DEM are ±24 m and ±4 m, respectively,
based on a comparison of elevations using the DEM and GPS
measurements.

Six hour-interval precipitation data from May 2009 and
monthly precipitation data from 1985 to 1997, measured at the
rain gauge at Lake Mascardi (22 km downstream of Ventisquero
Negro), were analyzed to document the role of rainfall in the trig-
gering of the dam breach. In addition, monthly precipitation data
from 1905 to 2006 were available for Bariloche (45 km from Ven-
tisquero Negro), as well as daily precipitation data from 1971 to
2005 from Lake Gutierrez (35 km from Ventisquero Negro). A
strong W to E precipitation gradient exists between Ventisquero
Negro and Bariloche/Lake Gutierrez (Villalba et al., 1997), but these
longer records are useful to put the shorter, proximal records into a
regional climatic context and extend the rainfall record into 21st
century.
4. Modeling approach

4.1. Dam break model

The two-dimensional numerical model BASEMENT (Faeh et al.,
2011) was used to investigate the breaching process of the Ventis-
quero Negro end moraine and the related lake drainage. The pro-
gram is initially based on the existing 2dMB model, which has
been applied successfully to breaching processes of earth embank-
ments (Faeh, 2007). BASEMENT has been designed as a tool for the
analysis of breaching processes of non-cohesive earthen dam
structures and water-sediment flows (Volz et al., 2010). The 2D
shallow water equations (1) and (2) are general constitutive flow
equations, and are solved with an explicit Finite-Volume method
on unstructured meshes. The primary variables are water depth h
and specific discharges (q = uh, r = vh) in the coordinate directions.
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where u is the velocity in x direction, v is velocity in y direction, g is
the gravitational acceleration, q is the fluid density, zB is the bottom
elevation. The bed shear stresses (sBx, sBy) act in the direction of
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depth-averaged velocities and are determined using the quadratic
resistance law with cf being the dimensionless friction factor as

sBx ¼ q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2

p
u=c2

f ; sBy ¼ q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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p
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f ð3Þ

The hydraulic fluxes are calculated using an exact Riemann sol-
ver (Toro, 2001), which leads to an accurate and stable simulation
scheme even for very unsteady flow conditions and changing flow
regimes, which have to be expected during dam breaching. The
model’s capacity to handle moving boundaries and drying–wetting
fronts appropriately is of special importance for dam break
simulations.

Erosion and transport of dam material due to overtopping flow
is calculated with empirical sediment transport equations. The
program evaluates surface erosion based on the bottom shear
stress exerted by the flow on the dam material. Thus, sediment
transport laws are used to determine vertical incision in earthen
dam structures. Thereby a layer-approach is applied, i.e. grain sort-
ing takes place in the uppermost (mixing) layer and additional sed-
iment layers can be defined over depth with different
compositions. In case of fractional transport the sorting equation
(4) needs to be solved for each grain class g,
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and the total sediment mass balance (5) is obtained by summing all
sediment fluxes,
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where bg is the fraction of grain class g, hm is the thickness of the
control volume,1 p is the porosity of sediment, and where qBg,x and
qBg,y are components of transport rate. The bed level zB and the grain
fractions bg are the primary variables of sediment transport. The
source term sfg describes the exchange of sediment particles be-
tween the control volume and the underlying soil layer (Faeh
et al., 2011). For erosion, material from the underlying soil layer of
composition bsub enters the control volume. For deposition, material
leaves the control volume and enters the soil layer. With zF as the
bottom elevation of the control volume and zsub as the bottom eleva-
tion of the underlying layer, the source term sfg becomes

sfg ¼ �ð1� pÞ @
@t
½ðzF � zsubÞb� with

b ¼ bg for depostion

b ¼ bsub
g for erosion

(
ð6Þ

Within this study, the transport rate was determined using a
modified Meyer-Peter and Müller (Meyer-Peter and Müller,
1948) formula (7) for fractional transport with the hiding function2

n after Ashida and Michiue (1971) and the critical bottom shear
stress of incipient motion sBcr from the shields-diagram (Shields,
1936).

qBg ¼ bg
sB � ngsBcr;g

0:25q

� �3=2 1
ðqs=q� 1Þg

� �
ð7Þ

The complex geotechnical processes of lateral breach widening
due to slope collapses of the side walls are considered with a geo-
metrical 3D bank failure operator, which is based on three different
critical failure angles: (i) a failure angle for dry or partially satu-
rated material at the breach side walls above the water surface
which can exceed the angle of repose due to the stabilizing effects
of negative pore pressures; (ii) a failure angle for bank material be-
1 Also known as mixing layer, which is the uppermost layer where bed load
transport occurs (Faeh et al., 2011).

2 The hiding function considers effects of hiding and exposure of the grain particles
with different sizes at fractional transport.
low the water surface, which is fully saturated. This failure angle is
expected to be in the range of the angle of repose; (iii) a failure an-
gle for deposited material resulting from slope collapses. It approx-
imates the sliding of the collapsed material into the breach channel
after failure and determines the soil’s redistribution in the breach
channel. The deposition angle is not a pure material property,
and therefore needs calibration.

If one of the failure angles is exceeded due to vertical erosion,
gravitational bank failure is expected to occur and the slope is flat-
tened until the critical angles are reached. The material moves in
downward direction of the cell’s slope and is added to transport
rates.

4.2. Computational domain

The model domain for the dam break simulation (i.e. lake, mor-
aine, and flood plain) was discretized with a 2D unstructured
mesh. To ensure mass conservation, BASEMENT uses a separate
mesh for sediment calculations, which is constructed automati-
cally from the given mesh. The Surface Water Modeling System
(SMS) software (SMS, 2012) was used to create the computational
mesh consisting of ca. 29,000 triangular cells. For a flexible adapta-
tion to local geometry variable cell sizes and local mesh refine-
ments were applied. Based on satellite imagery the mesh was
drawn in planar view and then height information from the DEM
was interpolated on the mesh nodes. Although the DEM represents
the terrain in 1981, dam geometry has not changed significantly
over the past 30 years, but glacier and glacier lake geometry had
to be corrected significantly with field data and satellite imagery
due to glacier retreat.
5. Field-based reconstruction of the moraine failure and lake
outburst flood

The breach of the Ventisquero Negro end moraine on 21 May
2009 produced a lake outburst flood that devastated the Rio Manso
Valley. According to eyewitness reports, the resulting sediment-
laden turbulent flow hit Pampa Linda (7 km downstream of the
lake) at around 10.30 pm and lasted 7 ± 2 h. Data from field
reconnaissance show that the lake water level dropped by ca.
27 m during the moraine failure and that <5 m of water height
remained in the basin. Together with the reconstructed lake
bathymetry from satellite imagery before and after the GLOF and
field survey, the volume of released water was calculated as ca.
10 � 106 m3. The moraine breach revealed buried glacier ice lying
against the inner flank of the terminal moraine on the orographic
left side of the breach.

5.1. Properties of the moraine breach and outburst flood

The end moraine of Ventisquero Negro contains non-cohesive,
unconsolidated and poorly sorted granular materials consisting
largely of coarse, blocky and bouldery material with a matrix of
sand and gravel. Grain size distribution of moraine material was
performed for sediments of the sidewalls inside the breach and de-
fined by classical dry-sieving (0.125–2 mm) for the finer and pho-
togrammetric analysis (2–1000 mm) for the coarser fractions
(Fig. 2). The slope angle of the moraine wetted by the lake before
the GLOF was 40–45�, which corresponds to the natural repose an-
gle of the moraine; this value also served as a guideline for the fail-
ure angle below the water surface. The walls inside the breach after
the GLOF had slope angles of up to 80–90� and indicate a possible
value for the failure angle above the water surface.

The 350-m long breach (Fig. 3A) has minimum and maximum
cross-sectional areas of 1100 and 2500 m2, respectively. The



Fig. 2. Grain size distribution of moraine material as measured at the sidewalls
inside the breach.
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narrowest section of the breach is located at its upper end where
an ice core (Fig. 3C) limits the width of passage to 12 m at the river
bottom and to ca. 60 m at the top of the ice core, ca. 25 m above the
present river bed. Downstream of the ice core the breach widens to
an average cross-sectional width of 70 m, with a maximum of
120 m at the lowermost end of the moraine body. In the upper,
central and lower segments the breach is about 50, 30 and
10–20 m deep, respectively (Fig. 3 overview). Breach volume (i.e.
the amount of material eroded from the moraine dam) is ca.
230,000 m3.

The flood deposits of the Ventisquero Negro GLOF provided
information about flow behavior and flow type. Debris flow levees
with overlying rocks of up to 6 m in diameter (A axis) indicate that
Fig. 3. In the overview, flow type of the GLOF, inundated area, the moraine breach, the ice
(A–F) are indicated. In addition, a longitudinal profile of the study reach and three cross-
the GLOF from a helicopter and show (A) the moraine breach, (B) the emptied lake and (
other pictures were taken during the field campaign and illustrate (C) the buried ice cor
flow path.
the outflowing lake water entrained moraine material to form a
debris flow in the uppermost reaches of Rio Manso (Fig. 3D). Depo-
sition en masse and terminal lobes some 350 m downstream of the
breach mark the point where this first debris flow surge stopped.
Below this point, the GLOF flowed for 150 m as a sediment-laden
flow, which was indicated by the absence of significant deposition
or erosion traces and the presence of pre-flood vegetation. Accord-
ing to field deposits, at 500 m downstream of the breach, the surge
evolved again into a debris flow, transporting and depositing mate-
rial downstream on relatively flat terrain (ca. 2� decline). Maxi-
mum grain sizes and levee heights decreased with increasing
flow distance and terminal lobes at ca. 1000 m below the breach
clearly indicate the runout zone of the second debris flow surge
(Fig. 3 overview). The total approximate volume of the debris flows
was assessed at ca. 250,000 m3, which corresponds to the amount
of eroded moraine material. Below the deposition area of the sec-
ond debris flow, flow traces indicate that the GLOF propagated
downstream as a hyperconcentrated flow to become a stream flow
before entering Mascardi Lake.

In the first 10 km the outburst flood changed flood plain mor-
phology significantly by removing entire forest stands (Fig. 3E
and F) and rocks. After 4 km, the flood diverged from the main river
channel and flooded an area of approximately 1 km2. Part of the
water flowed along the road to Pampa Linda where a bridge and
parts of the road were destroyed, while a camp ground and houses
were partly flooded. Downstream of Pampa Linda the channel of
Rio Manso was able to accommodate most of the released lake
water.
core and actual and former lake outline are illustrated, and the positions of pictures
sections of the breach are provided. Pictures (A), (B) and (E) were taken shortly after
E) the flooded area, respectively (Club Andino Bariloche, used with permission). The
e, (D) debris flow deposits close to the moraine and (F) trees transported along the
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5.2. Dam breach trigger and dam failure processes

Meteorological records from Lake Mascardi report unusually
heavy rainfall (total 170 mm) with high temperatures (mean daily
temperature = 7 �C) during the six days prior to the outburst. Both
the length and the intensity (50 mm in 48 h preceding the GLOF) of
the rainfall event were among the highest reported for the station
and also for Bariloche (Fig. 4). As the glacier lake is located 16 km
away from the meteorological station, precipitation totals and pat-
terns might have been different at Ventisquero Negro. However,
park rangers reported that heavy rainfalls occurred at Ventisquero
Negro as well; and that these rainfalls would have increased the le-
vel and outflow of the glacier lake. As a further consequence, ice
blocks originating from glacier calving were uplifted and subse-
quently floated towards the outlet.

The increasing lake level and lake outflow most likely induced
the moraine failure, as other possible trigger mechanisms could
be excluded due to the absence of traces of mass-wasting events
impacting the lake. The influence of an ice core >25 m in diameter
against the inner slope of the moraine is of particular interest
regarding both initiation of dam failure and breach formation. In
principle, three different failure scenarios (or a combination of sev-
eral of these scenarios) are possible:

Scenario 1: Intense rainfall resulted in increased lake overflow
discharge. In this case, an unusual high lake outflow was sufficient
to break the armor layer of the outlet river bed and to initiate ver-
tical dam erosion. After initial incision, more lake water was able to
flow out with a subsequent increase in sediment transport rates
and a progressive expansion of the breach.

Scenario 2: High lake level and outwards current caused
stranded ice blocks in the lake to uplift and drift toward the outlet.
The ice plugged the outlet, ponding the lake to an even higher le-
vel. Due to the resulting increase in water pressure the ice blocks
were abruptly washed away and the critical shear stress to initiate
erosive processes was exceeded by the released water. Once the
erosion started, breach expansion continued until the force of out-
flowing lake water decreased such that bedload was no longer
transported.

Scenario 3: The rising water level of the lake resulted in in-
creased hydrostatic pressure on the dam, which ultimately led to
instability of the ice core abutting the moraine (by uplift caused
by the hydrostatic gradient, by partially breaking apart, or by grad-
ual melting as a result of water infiltration). The ice body acted as a
barrier between the lake and the moraine and consequently, a
Fig. 4. Cumulative precipitation measured at 6 h intervals at the rain gauge station at M
precipitation data are available from 1985 to 1997 (gray bars). Total monthly precipitatio
each year the wettest month was plotted; numbers above the bars indicate months from
destabilization of the ice core led to a destabilization of the mor-
aine. The water pressure caused partial collapses of the moraine
body leading to more sudden lake emptying than in scenarios 1
and 2 (Fig. 5).
6. Modeling the moraine failure and lake emptying

6.1. Model setup

Moraine breach modeling started with a semi-quantitative sen-
sitivity analysis of several hydraulic and morphologic model
parameters. The sensitivity of model parameters on simulation
output was tested by varying their value within a reasonable range
(Table 1) while maintaining all other parameters at default values.
Then the change of modeled discharge and breach erosion before
and after parameter variation was analyzed. Parameter sensitivity
was considered small when the influence on modeled discharge
and erosion was <10%, moderate if 10–25% and high if >25%.

Most of these parameters given in Table 1 were directly mea-
sured in the field, others are typical material constants. The bed-
load factor, control volume thickness and deposition failure angle
were difficult to derive but were required for the simulation and
serve to some extent as calibration factors.

Lake bathymetry (represented by the mesh created in SMS) and
water surface elevation prior to the lake outburst defined BASE-
MENT’s initial condition (Fig. 6). The sudden release of water from
the lake and an associated high outflow right from the start of the
model run were possible through the definition of a water surface
elevation above the lake outlet. Such initial conditions might have
existed at the study site due to an abrupt removal of ice blocks that
temporarily dammed the lake (scenario 2). Once water is flowing,
the hydrostatic force of the lake is the main driver for continuous
outflow and dam erosion. In the present case, the initial water sur-
face elevation had to be >2 m above the outlet to provoke sufficient
initial bedload transport and to maintain breach expansion and
lake emptying. An external water source of 25 m3 s�1 was defined
as an additional upper boundary condition, representing water in-
flow from ice melt and precipitation. However, this estimated lake
inflow hydrograph had minimal influence on the dam breach
process.

The moraine dam was defined to consist of erodible sediments
with material properties, material failure angles and grain size dis-
tribution as defined in Table 1. The ice core lying against the inner
flank of the moraine was replaced by erodible dam sediment,
ascardi Lake during May 2009 (black curve). From the same station total monthly
n data from 1985 to 2006 from Bariloche are included in the graph (black bars). For

April (4) to October (10).



Fig. 5. Illustration of different scenarios for the moraine breach at Ventisquero Negro. Depending on the outburst scenario the GLOF occurred as a result of progressive breach
enlargement or through partial dam collapses with rapid breach enlargement.

Table 1
Model parameters, values as used for the dam break simulation with BASEMENT, parameter sensitivity and data sources (F = field measurement, M = material constant,
C = calibration factor). Values in parenthesis indicate the range of parameter values for the sensitivity analysis.

Parameter Description Sensitivity Values for modeling Source

Rho Fluid Fluid density Low 1000 kg/m3 (1100 kg/m3) M
Manning’s roughness n Resistance factor including bed and macroform roughness and internal

energy dissipation
High 0.05 s/m1/3 (0.07 s/m1/3) F/M

Sediment transport
formula

Empirical equation to calculate sediment transport Moderate Modified MPM

Grain Class Diameters of all grains of the bed/dam material Low 1, 8, 22, 64, 128, 180 mm (0.5, 4, 11,
32, 64, 90 mm)

Fb

Mixture (moraine) Fraction of each grain class Low 11%, 17%, 24%, 24%, 14%, 10% Fb

Porosity General bed material porosity High 15% (25%) M a

Density General density of the bedload Low 2650 kg/m3 (2400 kg/m3) M
Bedload factor Linear multiplication of transport capacity High 1 (1.5) C
Control volume

thickness
Thickness of the uppermost layer where the bedload transport occurs Moderate 0.05 m (0.1 m) C

Failure angle below
water surface

Angle at which a slope failure occurs when below water (similar to the
angle of repose)

High 45� (40�) Fc

Failure angle above
water surface

Angle at which a slope failure occurs when above water (often much larger
than the angle of repose)

Moderate 82� (77�) Fc

Failure angle of
deposition

Slope failure angle for deposited material after transport High 15� (20�) C

a Parriaux and Nicoud (1990).
b Based on Fig. 2.
c Explained in detail in Section 5.1.
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whereas all other zones in the model domain were defined as non-
erodible.

6.2. Model results

The model domain, initial conditions and input parameters (see
Table 1) were used to model the breach of the Ventisquero Negro
end moraine and subsequent lake drainage with BASEMENT. The
modeled breach evolution shows that the steepest section of the
moraine, some 150 m below the outlet, experienced most initial
erosion, which caused the downstream face of the dam to steepen
at this point (Fig. 7B; 30 min). The resulting rapid flow in the steep
section entrained more bedload and the breach evolved backward
towards the outlet. This knickpoint retreat resulted in a lowering of
the lake outlet and in increased discharge, thus leading to progres-
sive vertical and horizontal breach enlargement (Fig. 7B; 60 and
120 min). Model results also indicate that higher flow velocities oc-
curred as a result of increasing outflow and that the maximum va-
lue of 17 m s�1 was reached at 70 min after the simulation was
started. With increasing flow velocities bottom shear stress in-
creased simultaneously to a maximum of 5100 N m�2, which in
turn enhanced erosion rates and vertical breach growth. Breach
deepening resulted in steepening of the side walls, which collapsed
as soon as critical failure angles were exceeded, leading to breach
widening. The simulation of the growing breach cross-section al-
lowed more outflow and progressive dam erosion. The model also
suggests that deposition rates in the flood plain below the breach
are directly correlated with breach expansion. The model run
ended after 180 min when the lake level and outflow decreased be-
low the threshold for bedload transport and breach expansion
ceased.

The positive feedback loop as described above resulted in an
exponential increase in discharge. During the first 45 min of the
simulation discharge increased constantly up to 700 m3 s�1, before
it steeply rose to a maximum of 4100 m3 s�1 after 80 min. The out-
flow hydrograph showed a steep falling limb which became flatter
after 120 min and eventually returned to nearly normal outflow.
The model runs also indicate that the complete water volume of
10 � 106 m3 was released within 180 min (Fig. 7A).

6.3. Model output validation

Model outputs were validated through comparison between
modeled and measured breach and deposition geometry as well
as lake level drop; it was assumed that a good match implies a rea-
sonable reproduction of breach expansion rates.

Satellite imagery and field evidence clearly show a longitudi-
nally curved breach whereas the modeled breach is straight but



Fig. 6. The lake bathymetry, the topography of the moraine and the surrounding terrain is the model domain, represented by a mesh of triangular cells. The water surface
elevation and external water source are the model’s initial conditions.
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of similar extent. At the upper and lower end of the breach (points
1 and 7 in Fig. 8), the actual breach was ca. 5–7 m deeper than
modeled (see inset in Fig. 8); otherwise, measured and modeled
breach depths coincide well, with a mean deviation of 2.5 m. The
model calculated a drop in lake level of 30 m with 1 m water depth
remaining in the basin; field measurements indicate a lake level
drop by ca. 27 m and ca. 5 m water depth remaining in the basin.
Fieldwork revealed that the eroded dam material was transported
by debris flows and deposited in two different zones (see dotted
yellow3 lines in Fig. 8) with maximum thicknesses of 15 m some
120 m below the moraine. In BASEMENT all deposition of material
occurs in the upper runout zone and the model suggests maximum
deposition heights of 18 m ca. 280 m downstream of the moraine
(Fig. 8). However, as the flow physics modeled in BASEMENT do
not account for sediment motion as debris flow, differences in depo-
sition between model and reality are not unexpected in this study.

Eyewitness reports indicate that the inundation at Pampa Linda
lasted for 7 ± 2 h. The duration of the dam breach and lake outflow
processes cannot, however, easily be compared with the time re-
ported for the inundation because (i) flood attenuation effects
might have increased the flood duration, and (ii) water presumably
drained slowly on the large and flat valley plain at Pampa Linda.
Hence, as there are no data on lake outflow duration and lake dis-
charge the outflow hydrograph (as suggested by BASEMENT) can
only be validated indirectly.

7. Discussion

The application of erosion-based, dynamic dam break models
to real case events is still in the early stages of development.
3 For interpretation of color in Fig. 8, the reader is referred to the web version o
this article.
f

Advances in this field of study are essential, as a proper modeling
technique for moraine breaching is crucial to assess the hazard
potential of existing glacier lakes, which to date is often limited
to qualitative studies. Studies on past GLOFs and on outburst prone
lakes exist for many mountain regions in the world, but few glacier
lakes and GLOF events have been systematically analyzed in the
Patagonian Andes (e.g. Dussaillant et al., 2010). More particularly,
studies on lake outbursts, caused by moraine failure, are rare for
this region (Harrison et al., 2006). The Ventisquero Negro case
study provides original information from a poorly studied area
and sheds light on a natural hazard that might become increasingly
relevant in Patagonia, especially with respect to possible hydro-
power projects (Vince, 2010).

GLOF disasters are characterized by complex and interacting
processes, typically resulting from cascades of processes rather
than single phenomena (Haeberli et al., 2010). This was observed
at Ventisquero Negro, where, in addition to heavy rainfall, two
long-term processes may have contributed to trigger the failure
of the moraine: (i) accelerated lake growth observed in the years
preceding the outburst resulted in a steadily increasing hydrostatic
pressure on the dam; and (ii) a gradual reduction of stability of the
end moraine occurred as the ice core abutting the moraine pro-
gressively melted following loss of glacier contact. Hence, the sta-
bility of the moraine-lake system at Ventisquero Negro
progressively decreased and the high lake outflow in May 2009
eventually triggered dam incision.

Based on field evidence and model results, the following dam
breaching process seems plausible: Dam incision due to heavy lake
outflow started at the lake outlet (or even below), which was
downstream of the ice core (Fig. 9A). The outflowing water eroded
the steepest part of the moraine initially and progressively incised
back towards the ice core. The curved plan of the breach geometry
around the ice block and the absence of ice on the orographic right
side of the breach (Fig. 9B) indicate that water followed the path of



Fig. 7. Model results. (A) Temporal evolution of discharge, breach expansion, lake level drop, deposition, flow velocity and bottom shear stress as developed in the dam break
model BASEMENT. All output parameters increase to maximum values 60–90 min after the run was started. (B) Visualization of breach expansion and deposition with three
stationary shots at 30, 60, and 120 min.
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minimal resistance to erosion (which is not the ice) and incised the
sediment around the ice block, which then failed due to stress
changes. Fragments of the ice core and floating ice blocks partly
blocked the uppermost passage of the breach (Fig. 9B). Although
this ice barrier was still water-permeable it reduced vertical and
horizontal erosion rates. This resulted in forcing of the thalweg to-
wards the ice-free part of the dam where incision and lateral bank
collapse dominated. Similar developments of moraine breaches are
described in the literature (Clague and Evans, 2000; Richardson
and Reynolds, 2000b; Coleman et al., 2002; Hancox et al., 2005;
Osti et al., 2011).

As there was evidence for a progressive breach formation driven
by the water’s sediment transport capacity, we decided to test the
dynamic, erosion-based dam break model BASEMENT for the first
time under case-study conditions. Model calibration and validation
were challenging as a result of the limited data availability and was
therefore done primarily via the geometry of the final breach; nev-
ertheless model results were consistent with field observations. As
a result of limited data, an uncertainty analysis of four critical
model inputs was particularly important in view of the difficulties
prevailing for modeling real-case dam breaches in general:
(i) The quality of model results strongly depends on the accu-
racy of reconstructed dam and lake geometry, which are
based on the DEM and field mapping. DEM data for Ven-
tisquero Negro were of unusually high resolution (7 m)
for such a remote location, however, some irregularities
and inaccuracies along the flow path and at the moraine
still persisted in the DEM and directly affected model
results (e.g. breach position, breach evolution, or lake
discharge).

(ii) The model’s initial conditions (lake water surface elevation
and lake bathymetry; inflow hydrograph) have considerable
uncertainties and are based partly on field observations (e.g.
lake bathymetry), as well as on a trial-and error approach.
The latter approach aimed at the identification of an initial
water surface elevation of the lake high enough to result in
a complete dam failure.

(iii) Since the ice body could not be considered in the dam break
model, erosion rate and final cross-section geometry were
slightly overestimated in the simulation for the upstream
end of the breach. The smaller cross-sectional area observed
in the field compared to model output also controlled max-



Fig. 8. Validation of model results based on a comparison between measured and modeled breach and deposition geometries. BASEMENT calculated breach depths and
extent (green) are similar to those observed in the field. In contrast, modeled deposition of all material (brown) occurred in the first debris flow depositional zone. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. The ice core abutting the Ventisquero Negro end moraine before (A) and after (B) the dam failure (same position of cross-sections). Note that the lake outlet was
behind the ice body prior to lake drainage. The outflowing water incised predominantly on the right side of the ice and ruptured it laterally.

Fig. 10. BASEMENT input parameters, qualitatively categorized according to their sensitivity and uncertainty. Green parameters are marginally critical, yellow parameters
are moderately critical and orange parameters are critical regarding the robustness of the model output. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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imum water discharge from the lake. It seems likely there-
fore that BASEMENT slightly overestimated the largest out-
flow values.
(iv) In BASEMENT, physically-based input parameters controlled
breach formation, and the calibration parameters (i.e. bed-
load factor, failure angle of deposition, control volume thick-
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ness) allowed minor adjustments to achieve a good match
with reality. The definition of calibration parameters is chal-
lenging and must be adjusted through retrospective model-
ing of a past event. At Ventisquero Negro no multiplication
factor was required for bedload capacity, even though the
MPM equation used was defined for rather flat terrains with
uniform flow conditions (Smart, 1984). The deposition angle
has been shown to correspond to about half the repose angle
of the dam material in a simulation by laboratory experi-
ment (Volz et al., 2010). Yet, for the modeling of the moraine
breach at Ventisquero Negro, a value representing one-third
of the repose angle appeared more appropriate. Also, the
default value of 0.1 m for the control volume thickness
resulted in exaggerated erosion rates and in an unrealistic
breach shape; a value of 0.05 m resulted in a much better
agreement between model output and reality.

Parameters such as Manning’s n roughness value, porosity,
grain size distribution and slope failure angles are based on field
data and values proposed in literature (e.g. Parriaux and Nicoud,
1990; USGS, 2012) and are therefore less poorly constrained.

The influence of an input parameter on model robustness can be
assessed by comparing parameter uncertainty with its sensitivity
in the model: The higher parameter sensitivity and uncertainty,
the more critical it will be for the quality of the model output.
Fig. 10 presents the most important model input parameters, qual-
itatively categorized according to their sensitivity and uncertainty.
This information helps to identify the most relevant parameters
when calibrating dam break simulations with BASEMENT.

When considering the parameter uncertainties and limitations
of the model, BASEMENT is appropriate and valuable for hazard
assessments of existing glacier lakes, provided it was previously
carefully calibrated. The modeling approach presented in this pa-
per can be applied to quantify lake outburst scenarios and to assess
GLOF impacts at other locations. The availability of critical dam
breach parameters will facilitate the planning and dimensioning
of accurate mitigation measures and help the justification of deci-
sions aimed at preserving infrastructure and populated areas from
possible GLOF risks.
8. Conclusions

The detailed reconstruction of the Ventisquero Negro moraine
breach is one of a very few case studies on a topic that is gaining
increasing attention due to ongoing glacier retreat and lake forma-
tion. In principle, different outburst scenarios are possible in the
present case, but field evidence and model results suggest that
high lake outflow initiated significant bedload transport and dam
erosion, leading to progressive breach enlargement and lake out-
flow. The field-based reconstruction of the Ventisquero Negro mor-
aine failure provided valuable input data for the simulation of the
breaching event and allowed calibration and validation of the dy-
namic BASEMENT model. The simulation, based on sediment trans-
port laws, provided detailed insights into dam breach processes
that are difficult to observe in nature and results were largely con-
sistent with field evidence. As the model seemed to reproduce the
lake outflow hydrograph accurately, we suggest that dynamic
models such as BASEMENT could be implemented systematically
in the future to define outburst scenarios for unstable moraine-
dammed lakes. More investigations on moraine failure processes
and dam break model applications are needed to further improve
the quality of model output and other trigger mechanisms, such
as overtopping impact waves, should be included in dam break
modeling. This can provide information on the conditions under
which dam failures occur, both in the model environment and real-
ity. It is known that melting ice cores in moraines make dams more
susceptible to failure and therefore, with ongoing climate change
GLOF potential may increase. Several situations similar to Ventis-
quero Negro exist and in order to accurately assess GLOF risks, fur-
ther research should focus on dam break modeling where the
effect of ice is considered.
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