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Around 11.5+10% m> of rock detached from the eastern slope of the Santa Cruz valley (San Juan province,
Argentina) in the first fortnight of January 2005. The rockslide-debris avalanche blocked the course, resulting
in the development of a lake with maximum length of around 3.5 km. The increase in the inflow rate from
47,000-74,000 m>/d between April and October to 304,000 m>/d between late October and the first fortnight
of November, accelerated the growing rate of the lake. On 12 November 2005 the dam failed, releasing
24.6+10° m> of water. The resulting outburst flood caused damages mainly on infrastructure, and affected

f:ﬁﬁirg: the facilities of a hydropower dam which was under construction 250 km downstream from the source
DAN3D area. In this work we describe causes and consequences of the natural dam formation and failure, and we
Landslide dam failure dynamically model the 2005 rockslide-debris avalanche with DAN3D. Additionally, as a volume ~24+10° m3of
Andes rocks still remain unstable in the slope, we use the results of the back analysis to forecast the formation of a future
Argentina natural dam. We analyzed two potential scenarios: a partial slope failure of 6.5« 10° m® and a worst case where all

the unstable volume remaining in the slope fails. The spreading of those potential events shows that a new block-
age of the Santa Cruz River is likely to occur. According to their modeled morphometry and the contributing
watershed upstream the blockage area, as the one of 2005, the dams would also be unstable. This study shows
the importance of back and forward analysis that can be carried out to obtain critical information for land use
planning, hazards mitigation, and emergency management.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Landslides constitute a major direct hazard in most mountainous
regions. Also, catastrophic failure of landslide-dammed lakes causes
large magnitude outburst floods that can affect population and critical
infrastructure (lifelines, hydropower dams, etc.), even in areas locat-
ed a thousand kilometers far from the dam (Hewitt, 1982, 1985; Costa
and Schuster, 1988; Clague and Evans, 1994; Hewitt, 1998; Gonzalez
Diaz et al., 2001; Dai et al., 2005; Evans et al., 2011). In Argentina,
because of its demographic distribution, the direct impact of landslide
is lower than in other countries of the Andean Cordillera. However, his-
torical events have shown that many populations in the foreland area
are exposed to sudden floods triggered by natural dams breaching in
the mountain area. Recently, Hermanns et al. (2011a), based on an
inventory of 61 cases of landslide dams, showed that in the eastern
side of the central Andes around 11% of the dams failed catastrophically,
though the amount could be greater because ~50% of causes of breach
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are not known. The largest disaster caused by a dam failure occurred
in the northern part of the Neuquén province, where a landslide-
dammed lake 22 km long collapsed during the summer of 1914. The
sudden release of around 1.55 km? of water caused 155 fatalities and
affected infrastructures along ~1000 km from the Main Cordillera to
the Atlantic Ocean (Gonzalez Diaz et al., 2001; Evans et al,, 2011). The
degree of primary and secondary hazard posed by this kind of events
derives from a combination of geomorphologic and environmental con-
ditions. The complete damming of a river depends mainly on the rela-
tionship between the morphometry of the valley floor and the volume
and dynamics of the rockslide (Costa and Schuster, 1988; Hermanns
etal.,, 2011b). The time that a dam can last until its collapse will depend
on water inflow (related to catchment area upstream of the dam and
climatic conditions), its morphometry (shape, thickness, and width),
and rate of seepage through the dam (Costa and Schuster, 1988;
Ermini and Casagli, 2003; Korup, 2004; Hermanns et al., 2011b). A cat-
astrophic dam failure can also be triggered by a rock mass falling into a
lake (Hermanns et al., 2004). As all those factors determine the maxi-
mum capacity of the water reservoir, they also relate to the magnitude
of the outburst flood in case of catastrophic dam breach. Therefore, fore-
casting the direction of propagation of the landslide and its depositional
geometry is essential in assessing hazards related to dam formation and
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failure, mitigation, and emergency management. In the last years, back
analyses of past events carried out with DAN3D (McDougall and Hungr,
2005) allowed to calibrate the dynamic behavior of landslides, showing
their utility to rapidly forecast and with few input data primary hazards
(Sosio et al., 2008; Hungr and McDougall, 2009; Hungr, 2011).

In January 2005, a slope collapse built a natural dam in the upper
part of the Santa Cruz River tributary of the San Juan River, one of largest
rivers in the San Juan province (D'Odorico et al.,, 2009; Fig. 1). The 12
November 2005 the dam failed catastrophically, producing a flood
over 250 km downstream (Perucca and Esper Angillieri, 2009). The
aim of this work is to model the dynamics of the rock mass that pro-
duced the natural dam in 2005 (back analysis), and to document the
changes in the valley morphology (erosion, sedimentation and changes
of stream path) caused by the outburst flood. The final goal is, based on
the results of the back analysis, to evaluate the likelihood and magni-
tude of future landslides occurrence as a volume of unstable rock still
remains on the slope (forward analysis). The study shows that it is pos-
sible to extract critical information about the likelihood of landslide

dam formation in almost inaccessible areas and using publically avail-
able data sets.

2. Regional setting

The Santa Cruz range (Fig. 1) is located on the eastern slope of the
central Andes, in a sector where the subduction of the Nazca plate is
subhorizontal, referred as Pampean flat slab (Baranzagi and Isacks,
1976). Tectonically, this sector of the Andes corresponds to the north-
ern segment of the La Ramada fault and thrust belt, where compres-
sive structures are the result of the Cenozoic tectonic inversion of
Triassic normal faults (Ramos et al., 1993; Cristallini, 1996; Alvarez
and Ramos, 1999). Although this sector is one of the most seismically
active of Argentina, seismicity distribution shows considerably less
shallow earthquakes (hypocenter<100 km deep) than in the trench
area (located~200 km west) or in the Precordillera (120 km east;
Pardo et al., 2002).
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(Modified from SEGEMAR, 1997).
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The Santa Cruz range mean altitude is 3,600 m asl; however peaks
such as the Cerro Mercedario (6,770 m asl) stand out in the landscape.
Pleistocene glaciation have left a strong imprint on the landscape, as
most of the valleys present typical U-shaped cross sections. At the con-
fluence between the De la Carniceria Creek and Santa Cruz River, part of
a moraine deposit remains, and near the mouth of De los Bizcochos
creek a lateral moraine is very well preserved (Figs. 1 and 2). After
glaciers retreated from the valleys, fluvial and periglacial conditions
took place. The temporal progress of the glacial retreat is not well
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constrained in the area, but in the Mendoza valley (130 km south) gla-
cial retreat is constrained to ~20-15 ka (Espizua, 1993). Glaciogenic
and cryogenic rock glaciers are observed at altitudes above 3500 m
asl, and blocks detached from slopes because of frost weathering
cover the slopes. The tectonic uplift and the surface processes that
shaped the landscape have caused the exposure of Permo-Triassic to
Jurassic rocks from the Choiyoi Group (volcanites), synrift sediments
from the Rancho de Lata Formation (conglomerates and sandstones),
marine sediments from the Los Patillos (sandstones) and La Manga
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Fig. 2. Geomorphologic map of the study area within a buffer of 2.5 km from the axis
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(limestones) formations, sag deposits from the Auquilco Formation
(evaporites), and continental sediments from the Tordillo Formation
(Alvarez and Ramos, 1999).

The climate in the area is dry, with mean temperature in summer
(December to March) of around 6 °C, and in winter (June to Septem-
ber) of around —5.7 °C. Extreme temperatures can reach —20 °C,
and annual rainfall is around 400 mm, mainly as snowfall during win-
ter (records from Pachén station located at 31°44’S-70°19’S, 3030 m
asl; Pereyra, 1996). The hydrographic network is composed by two
main courses, the Santa Cruz and Blanco Rivers. The former drains
from south to north along 21 km until its confluence with the Salinas
River, giving place to the Blanco River that drains NW-SE (Fig. 2). The
river discharges are governed by the snowmelt regime, with a pro-
nounced maximum in spring-summer and minimum values during
fall-winter (information available at http://www.hidricosargentina.gov.
ar/acceso_bd.php; Undersecretariat of Water Resources, Argentina).

3. Materials and methods
3.1. Geomorphologic and structural analyses

The geomorphologic analysis was carried out based on the inter-
pretation of aerial photographs from 1962 (scale 1:50.000), ASTER
satellite images, and digital elevation models (DEMs) with pixel size
of 15 m from 2003 and 2008 (provided by the National Geologic
Survey of Argentina; SEGEMAR), free Google Earth and Landsat Im-
ages (available at http://glcf.umiacs.umd.edu), field survey, and con-
sidering previous studies (D'Odorico et al., 2009; Perucca and Esper
Angillieri, 2009). The geologic units and the structural configuration
has been derived from the analysis of satellite images and a geologic
map from SEGEMAR (1997), except for the Mercedario fault whose
location is based on the work of Alvarez and Ramos (1999). Dip direc-
tion and angle of the bedding planes in the zone of slope instability
were determined using a prototype version of the software ColtopGIS
(www.terranum.ch, Crealp), by looking at the continuity of planes on
satellite images and a DEM. The volume of rock mass that failed in
2005 was determined through an evaluation of terrain conditions
using pre- and post-event ASTER images and DEMs, and the sloping
local base level (SLBL) method (Jaboyedoff et al., 2004; Jaboyedoff
and Derron, 2005; Jaboyedoff et al., 2009). The SLBL allows us to
build a surface above which a certain volume of rock can be detached
from a slope. The SLBL requires as input data a DEM, the delimitation
of the area collapsed/to collapse, and the curvature of the sliding sur-
face (determined by a slope limit and a factor of tolerance as input
parameters). For the 2005 event, we used as input data the 2003
ASTER DEM, a factor of tolerance C= —0.1, and slope limits of 12°
and 15° in the upper and lower part of the slope, respectively.

An unstable volume of rock bounded by a well developed main
scarp has been recognized upslope the headscarp of the 2005 event.
Down slope, the limit of these unstable rocks was assumed as the
intersection between the base of the Choiyoi Group layers and the
profile of the slope. In order to evaluate the impacts of future slope
failures, we considered two scenarios: a partial failure, comprising
rocks bounded by the limit of minor scarps, and a worst case, where
all the unstable volume bounded by the major scarp collapses. To
assess the threat that can represent potential slope failures, it is impor-
tant to consider multiple scenarios, as was shown by Hermanns et al.
(2011c) in Norway. In both cases, volumes were estimated with the
SLBL method using a DEM of 2008, a tolerance factor of —0.1 and a
slope limit of 12°.

The inflow rates into the lake were calculated by measuring the
changes in volume of the Los Erizos lake, based on the DEM and the
sequences of Landsat images documented in D'Odorico et al. (2009).
The morphologic changes caused by the outburst flood were assessed
by the analysis of ASTER images pre- and post-outburst flood event.
The changes in the path of the Santa Cruz and Blanco Rivers from

pre- to post-outburst flood were calculated digitalizing the channel
at both stages and measuring their distance difference. The width of
the valley floor was computed by digitalizing both margins of the val-
ley. In order to visually assess the modifications occurred to the river
bed after the outburst flood, a change detection analysis has been
carried out on the two ASTER images. The applied technique consists
in performing a pixel-based comparison after nonlinearly matching
the statistical distributions of the two images (Volpi et al., 2012a,b).
The obtained per-pixel change likelihood has been subsequently spa-
tially segmented in order to obtain a smooth binary change map. Only
the differences that occur at the river bed are not filtered out, and the
masked change likelihood enhances the different ground cover transi-
tions. This allows a distinction of the river channels before and after
the dam failure, as well as the flooded area. We determined the Dimen-
sionless Blockage Index from Ermini and Casagli (2003) for the 2005
dam and the future scenarios based on the volume (V) and thickness
(H) of the deposits, and the area (A) of the watershed upstream the
dams (DBI=log V X A/H).

3.2. Dynamic model of landslide propagation

In order to model the dynamic of the slope collapse, we used the
DANS3D software (McDougall and Hungr, 2005) that allows, through
a back analysis, the simulation of motion of highly mobile landslide
using as input data the rupture surface (path-topography), the vol-
ume detached (source), and a rheology model chosen by the user
(Hungr, 1995; McDougall, 2006; Hungr and McDougall, 2009). To
model the 2005 event and the potential scenarios, we used the results
of the SLBL as path-topography and source, and chose the Voellmy
rheology (frictional-turbulent; Voellmy, 1955), T,x=0, f+ pgl?/E.
T, iS the basal shear stress, o, is total bed normal stress at the base
of the mass, fis the friction coefficient, p is material density, g is the
gravitational acceleration, v is the averaged-depth velocity, and § is
the turbulence parameter. A turbulence (§) of 150 m/s? and a friction
coefficient (f) of 0.4 (dimensionless) were the parameters that best
fit with the extent and depth of the 2005 event. However, the lack
of direct observations, because it took place in a remote place of the
Andes, limited the constrain of the input parameters related to the
duration and velocities of the landslide. For the potential scenarios,
landslide propagation is based on the same rheology model and
input parameters as for the 2005 event, and the path topography
and source volume were also obtained with the SLBL software.

4. Analysis of past events

In the following sections we will analyze the conditioning factors
and dynamics of the 2005 rockslide-debris avalanche, as well as the
causes and consequences of the catastrophic outburst flood that af-
fected the 12 November 2005 approximately 250 km of the San
Juan River valley in the San Juan province. The information obtained
will be used in the final step to assess potential future events.

4.1. The rockslide-debris avalanche of 2005

During the first fortnight of January 2005, a slope failure occurred
in the east slope of the Santa Cruz valley, close to the mouth of the de
la Carniceria Creek (D'Odorico et al., 2009; Fig. 3A). The detachment
of rocks at 4320 m asl produced an amphitheatre-shaped headscarp
in a sector of the slope that was already in 1962 bounded by a main
scarp (Fig. 3B). The detachment mainly involved volcanic rocks from
the Choiyoi Group that dips 12°W (strike N-S), toward the axis of the
valley. In the west slope, marine outcrops are dipping around 44°W
(strike N-S), forming the east flank of a syncline (Fig. 4). Based on the
DEM data from 2003 and the reconstruction of the sliding surface, we
estimated that around 11.5+10° m® of material was removed from
the slope during the event (Fig. 3C). Considering a volumetric change
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Fig. 3. (A) Three-dimensional views of the eastern slope of the Santa Cruz valley. (B) Aerial photograph from 1962 showing a main scarp well developed (C) Three-dimensional
contour map showing thickness and volume of the material removed during the rockslide-debris avalanche from 2005.

of 25% by expansion owing to rock fragmentation (Hungr and Evans, parameters of the deposit. The thickness of the rock detached was
2004), the volume of the deposit could reach around ~14.3+10° m>, greater in the middle part of the slope where a spur of volcanic outcrop
This volume is in the same order of magnitude as the one obtained by was removed, as can be observed comparing pre- and post-failure im-
Perucca and Esper Angillieri (2009; 12+10° m?), using morphometric ages. The rock mass displaced down to the valley bottom and ran up
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Fig. 4. (A) A 2003 Aster image with location of the cross section for (B). (B) Structural arrangement of outcrops in the segment of the valley where the rockslide-debris avalanche
occurred in 2005. The approximate location of the Mercedario fault is based on the map of Alvarez and Ramos (1999), dashed lines represent the deformation zone of the fault. The
lower eastern part of the cross section is covered by scree deposits.
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the opposite flank of the valley (up to 2980 m asl). This produced the
blockage of the Santa Cruz River, and generated the Los Erizos lake,
with a contributing watershed area of ~612 km?2.

4.2. Dynamic model of the rockslide-debris avalanche

The model carried out with DAN3D required as input data the path to-
pography along the materials displaced and the depth of the sliding sur-
face. The path topography resulted from the subtraction of the ASTER
DEM of 2003 and the sliding surface determined with the SLBL method.
The results obtained using the Voellmy rheology (§ =150 m/s%; f=04)
replicates satisfactorily the runout and spreading of the rock mass ob-
served in post-event satellite images (Fig. 5A).When the modeled rock
mass reached the valley bottom and impacted perpendicular against the
west wall (65 s in the model), the rock mass propagated downstream
and upstream, and formed a T-shaped deposit in plain view (Fig. 5A). Its
maximum thickness (in the axial part of the valley) was estimated to be
around 80 m (Fig. 5A and B), similar to the 71 m obtained by D'Odorico
et al. (2009) by field measurements. The maximum thickness is similar
to the altitude reached by the Los Erizos lake previous to the dam failure.
However, in the distal part (the west slope of the Santa Cruz valley), the
estimated thickness of the deposit is lower than the real one. The results
of the model show also a good match with the real extent of the deposit,
as observed on Landsat images from 24 January 2005. On more recent
images, we observed that downstream of the axis of displacement part

of the deposit was eroded during the breaching of the landslide dam.
Velocities between 25 and 13 m/s (maximum of 30 m/s) were obtained
with the model for the beginning of the movement (Fig. 5C). Then the
velocity of the rock mass started to decrease, and at 625 seconds the ma-
terial reached the state of rest (Fig. 5C). Considering the morphometry of
the modeled deposit and the contributing watershed upstream the dam, a
blockage index (Ermini and Casagli, 2003) of 3.6 (unstable) was calculat-
ed for this dam.

4.3. Causes and effects of the 2005 dam failure

The rockslide-debris avalanche dammed the Santa Cruz River, de-
veloping the Los Erizos lake in a sector where the valley floor is around
250 m wide. The lake grew for 11 months until the dam collapsed.
Based on the sequence of images from D'Odorico et al. (2009) we esti-
mated minimum inflow rates into the lake, since there is no information
about seepage (if there was) through the dam. The inflow between
January and February was around 276,000 m>/d, driven by high discharge
because of the precipitation season. Minimum inflow rates of 47,000-
74,000 m>/d took place between April and October (winter). The maxi-
mum inflow rates occurred between late October and the first fortnight
of November owing to snow melting and precipitation, with values
around 304,000 m3/d. Landsat images of 31 October 2005, show an al-
most continuous snow coverage in the Santa Cruz range, but in the first
fortnight of November the coverage decreased considerably, only being
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present above 3200 m asl. This rapid snowmelt produced the rise in the
water level of the lake and could have caused the overtopping on 12
November 2005. The continuity of the pre-dam collapse shoreline located
at an altitude of ~2972 m asl, allowed us to determine that the maximum
length of the lake was 3.5 km (almost up the mouth of De la Carniceria
Creek; Fig. 2), and a maximum volume of water contained in the reservoir
of around 30+10° m>. Because of the failure of the natural dam, a trape-
zoidal breach formed, 24.6 «10° m> of water propagated down the valley,
and the sudden decrease of the water level in the lake led to the develop-
ment of retrogressive slides in the clay deposits from the west slope of the
valley (Fig. 6).

The outburst flood modified considerably the geomorphology of the
Santa Cruz and Blanco valleys. The mouths of La Lira, De los Bizcochos,
and Coipa Creeks (Fig. 1) were forced to change their path toward the
north, appearing as derived creeks (Fig. 7). The outburst flood entrained
sediments from the distal parts of talus, alluvial fans, and terraces and
formed small lakes caused by the obstruction of minor creeks. Between
the dam and the El Molle mining post, around 10 km? of the valley
were flooded. Main morphologic changes occurred in sectors where
the valley floor is wider, and almost no erosion was recorded in
constricted sectors carved into bedrock or large mass wasting deposits
(30-150 m valley floor width; Fig. 7A). The paths of the Santa Cruz
and Blanco Rivers were modified by the outburst flood. Channel migra-
tion up to 198 m was recorded in the Blanco River near its headwaters
and immediately upstream of the deposit of a large slope collapse that

LM. Penna et al. / Geomorphology 186 (2013) 28-38

generated a gorge in the valley (Figs. 2 and 7B). The outburst flood
destroyed the road in several sectors that used to run along the Blanco
and Santa Cruz valleys, which provided access to most of the mining pro-
jects of the area. In the El Molle post (built over a terrace from the Blanco
River) people had to self-evacuate; the infrastructure was seriously dam-
aged and finally abandoned (Fig. 6C). During this event, the gauge sta-
tion placed in the Blanco River was completely destroyed; people from
Barreal and Calingasta localities were evacuated; and in the San Juan
River, some facilities of the Caracoles hydropower dam (at that time in
the process of construction) were damaged, delaying its inauguration
one year. Further details of the outburst flood consequences can be
consulted in D'Odorico et al. (2009).

5. Current slope instability — forward analyses of potential runouts

Upslope of the headscarp from the 2005 event, open tension cracks
and minor scarps were recognized. These cracks are bounded by a
major scarp with a length of 1.5 km, which forms a continuous step of
about 15 m high (Fig. 8A). While the main scarp was already seen in ae-
rial photographs from 1962 (Fig. 3B), the tension cracks appeared at an
unknown date, but after 1962. Looking at the opening of the tension
cracks on a Spot Image from 2008, we measured a total displacement
of 12 m, meaning a minimum displacement rate of ~0.25 m/y. Using
the limit of minor scarps and the major scarp in the unstable area and
the SLBL method, we built two three-dimensional sliding surfaces
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Fig. 6. (A) Hydrograph of the Los Erizos lake water reconstructed from the sequences of images from D'Odorico et al. (2009). (B) View toward the natural dam of the Los Erizos lake,
showing the rockslide-debris avalanche deposits, the breach carved during the failure of the dam, and a horseshoe-shaped slope related to retrogressive slides in clay deposits gen-
erated after the dam failure. (C) Damages in the El Molle post caused by the outburst flood (75 km downstream the source area).
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Fig. 7. (A) Variation in the width of the valley floor downstream from the natural dam, and zones where the landforms where eroded. 1 and 2 show locations of pictures in panel
(C). (B) Distance between the stream paths prior (2003) and post-outburst flood (2008) of the Santa Cruz River. (C) Satellite images showing some of the morphologic variations
recorded in the Santa Cruz and Blanco valleys: (1) erosion of alluvial fan (EAF) and derived creek (DC), (2) changes in the trunk stream and extension of flooded area based on

change detection technique.

belonging to a partial slope failure and a worst case scenario (Fig. 8B)
and estimated the volumes that could collapse in 6.5+10° m® and
24+10° m? respectively (Fig. 8C).

The software DAN3D, used with the rheology and parameters cal-
ibrated in the 2005 event, allowed us to estimate the propagation of
the rocks for both scenarios. If the rock mass bounded by the minor
scarps collapses, materials would propagate in the same direction as
the 2005 event, reach the valley bottom of the Santa Cruz River and
form a dam (Fig. 8D). In case of a massive collapse (worst case scenario),
the model showed that during the propagation, the rock mass would
split into two branches: one channeled along the creek located to the

south of the unstable area, and the other one following the same trajec-

tory as the event of 2005. While the materials of the first branch are de-

posited along a small valley tributary of the Santa Cruz River, the second

branch (~9+10° m?) reaches the valley bottom damming the Santa
Cruz River with a maximum thickness of around 75 m. Materials
would cover those from the previous event, blocking the breach carved
during the failure of 2005 and could partially fell into the current lake.
Considering the dimensions of the potential dams and the catchment
area upstream, we determined blockage indexes (Ermini and Casagli,
2003) of 3.8 and 3.7 for the first and second scenario, respectively.

Both values fall into the instability domain.
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Fig. 8. (A) Spot Image showing the tension cracks present in the slope of the Santa Cruz valley, and the future scenarios considered. (B) Cross section showing the current topo-
graphic profile, the potential sliding surfaces and the unstable volumes of rock determined with the SLBL using as input data a factor of tolerance —0.1 and a slope limit of 12°.
(C) Three-dimensional contour map showing variations in the thickness and volume for the two scenarios. (D) Spreading of unstable materials for both scenarios modeled with
the DAN3D software. Black arrows indicate the direction of propagation of materials.

6. Discussion and conclusions anisotropies that act as passive conditioning for failures. Also, many
works stated the important role of relief in conditioning rockslides,

Abele (1974) noted the strong link between landslide occurrence proposing different threshold values that will depend on the rock
and faults, showing that in the Alps instabilities are related to major mass quality (Hermanns and Strecker, 1999; Korup et al.,, 2007;
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Penna et al., 2011). In the Santa Cruz valley, downcutting along the
trace of the Mercedario fault exposed in the east wall the deformation
zone of the fault and volcanic rocks dipping toward the axis of the
valley, providing suitable conditions for the 2005 slope failure. How-
ever, the major scarp that bound the area where materials detached
in 2005 already existed before 1962. The slope failure did not coincide
with the period of heavy snowmelt; and although it occurred during
the rainy season, no anomalous rainfall events were recorded at
that time. Seismic activity has been continuous in the area and sur-
roundings, where large magnitude earthquakes have taken place
such us the Ms=7.8 of 1985 (Beck et al., 1998), without triggering
any movements in the slope. This might indicate a process of rock
mass degradation driven by progressive slope failure as Eberhardt et
al. (2004) proposed for the Randa rockslide in the Swiss Alps. In
other words, although none of the individual passive conditioning
and potential triggering factors aforementioned were enough to
lead to a slope failure, progressive long-term strength degradation
might be the causal factor. In such a context, and adding the fact
that after the 2005 event the slope gradient increased, the unstable
sector of the slope not only did not reach a stable geometry but raised
its potentiality for failure, as evident in the open tension cracks. A
minimum displacement of around 0.25 m/y measured across these
tension cracks suggests a present creep movement preceding a sec-
ond phase of slope failure.

The dynamic model carried out with DAN3D for the 2005 rockslide-
debris avalanche showed how materials propagated upstream and
downstream along the axis of the Santa Cruz River forming a landslide
dam Type III (Costa and Schuster, 1988) or Type IVa (Hermanns et al.,
2011b). The results of the model matches well with the primary mor-
phology of the deposit, later obliterated by the dam failure. If the former
extent of a landslide dam is not well established, parameters obtained
from the back analysis will be inappropriate to carry out a forward anal-
ysis. This will thus impact in the evaluation of hazards related to dam
stability, as besides block arrangement and compactation, the geometry
and size of the landslide dam have a key role in the dimension of the
lake. As shown by Costa and Schuster (1988), landslides whose material
form a Type Il dam tend to develop larger lakes, implying a higher
magnitude of the outburst flood in case of a catastrophic failure. Al-
though, as it is discussed by Manville (2001), the rate of breach growth
controlling the peak of discharge will impact on the dynamics and be-
havior of the flood downstream.

Considering that in the Los Erizos area the Santa Cruz River runs
along a narrow section of the valley (even more so since the 2005
dam), and the unstable volume (twice the volume collapsed in 2005),
another damming of the valley could occur. This is confirmed by the
models carried out with DAN3D, where for both scenarios (a partial
slope failure of 6.5 *10° m® and a massive failure of 24+10° m?)
would imply the blockage of the river. From the inventory of dams in
the central Andes of Argentina carried out by Hermanns et al. (2011a),
the Los Erizos dam was apparently one of the most unstable with a
blockage index (Ermini and Casagli, 2003) of 3.6. However, if we consid-
ered the study of Costa and Schuster (1988) who showed that 80% of
natural dams failures occurred <6 months after dam formation and
only 5% lasted between 6 months and 1 year, the Los Erizos dam was
actually relatively stable. This indicates that the stability of the Los
Erizos dam was dependent on one additional parameter besides the
morphometric features of the dam and of the area of watershed up-
stream from the dam. The fact that the dam formed in January, when
the inflow into the lake was low, explains why it took almost one year
until its collapse (beginning of November). The dam collapsed when
runoff increased considerably because of snowmelt, showing that the
climatic context is a key factor determining the life of a natural dam,
as was also discussed by Evans et al. (2011) for the Barrancas dam in
the southern central Andes. The similar altitude of the paleoshoreline
and the top of the dam, and the temporal correlation between the
dam failure and a peak in the inflow rate into the lake, indicate that

water level reached a critical value where overtopping was likely to
occur. However, as the area is not populated and the lake was not mon-
itored, we can not discard piping or seepage processes aiding the dam
breach. From the forward analysis we obtained blockage indexes of
3.8 (first scenario) and 3.7 (second scenario), meaning that dams
would also be as unstable as the 2005 dam. As there is currently a
lake around 30 m deep, if a rock mass impacts into the water body,
the related wave could cause the overtopping of the dam, as occurred
in the Las Conchas valley (NW Argentine; Hermanns et al., 2004).

The outburst flood resulting from the 2005 dam failure produced
significant changes in the channels and valley floor morphologies of
the Santa Cruz and Blanco Rivers. After the outburst flood, the trunk
stream migrated in certain sectors around 198 m, higher values
than those under normal (climatic-controlled) conditions. The main
changes occurred in the wide sections of the valleys, while in narrow
sections morphological changes were minimal. Similar patterns of
erosion and accumulation were already recognized by Manville et al.
(1999) in the Lake Taupo (North Island, New Zealand), by Kershaw et
al. (2005) in Queen Bess Lake (British Columbia, Canada), and in Island
by Carrivick (2006) among others.

From all the aforementioned and from the presence of vulnerable
elements situated in the outburst flood prone area, the analysis of
these processes deserve special attention, as well as a need to carry
out analysis based on multiple scenarios, as was recently discussed
by Hermanns et al. (2011c) with an example in Norway. Monitoring
of unstable slopes and all the information that can be obtained during
this kind of analysis is critical for land use planning (specially engi-
neering of hydropower dams), hazard mitigation, and emergency
management.
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