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ABSTRACT. On February 2009 intense rainfall triggered landslides in the Tartagal River basin that evolved into a debris
flow that caused severe flooding in the town of Tartagal, Salta, Argentina. Based on these events, this paper presents a
first attempt to map the landslides susceptibility in the Tartagal River basin. First, we elaborated an inventory map by
using a 10 m pixel SPOT image acquired just after the disaster. Second, we evaluated a set of conditioning factors, which
included lithology, slope and curvature; we derived the topographical variables from a 12.5 m pixel digital elevation
model (DEM) based on a stereo-pair of satellite images ALOS-PRISM. Finally, we used these conditioning factors and
the 2009 landslides inventory map as input for a heuristic model to elaborate the susceptibility map. The results indicated
that landslides affected an area of 8 km? and that at least 2.2x10° m® of material were removed. The susceptibility map
identified zones of low, moderate, high and very high susceptibility that occupied 18, 22, 25 and 17 km?, respectively.
Accuracy assessment using data covering landslides occurred in 2006 showed that 95% of them fell within the high and
very high susceptibility areas. The results presented herein provide vital baseline information for future studies and may
contribute for the development of landslide hazard mitigation strategies.

Keywords: Landslides, Satelliteimage classification, Conditioning factors, Heuristic modelling, Susceptibility zonation, Sierras Subandinas.

RESUMEN. Zonacidn de susceptibilidad a procesos de remocidn en masa en la cuenca del rio Tartagal, Sierras
Subandinas, Salta, Argentina. En febrero de 2009, procesos de remocién en masa desencadenados por precipitaciones
intensas tuvieron lugar en la cuenca del rio Tartagal, Salta, Argentina, que evolucionaron hacia un flujo de detritos que
dio lugar a una inundacion severa en la ciudad homonima. En base a estos eventos, se desarrollé una primera zonacion de
susceptibilidad a procesos de remocién en masa para dicha cuenca. En primera instancia se elaboré un mapa inventario
de movimientos de remocién en masa utilizando una imagen satelital SPOT de 10 m de resolucion espacial adquirida
poco tiempo después del desastre. Luego, se analizaron factores condicionantes, tales como la litologia, la pendiente y
la curvatura; las variables topograficas fueron derivadas de un modelo digital de elevacién de 12,5 m de pixel obtenido a
partir de un par estéreo de imégenes satelitales ALOS-PRISM. Finalmente, los factores condicionantes junto con el mapa
inventario de los eventos de 2009 sirvieron como datos de entrada para un modelo heuristico, con el que se elaboré el
mapa de susceptibilidad. El inventario de remociones en masa obtenido muestra que los procesos afectaron una superficie
de 8 km? y que al menos 2,2x10° m® de material habrian sido removidos. La cartografia de susceptibilidad obtenida
identific zonas de baja, moderada, alta y muy alta susceptibilidad que ocuparon 18, 22, 25y 17 km?, respectivamente.
En base a datos sobre eventos ocurridos en 2006, se observo que el 95% de los mismos tuvieron lugar dentro de las
zonas de alta y muy alta susceptibilidad. Estos resultados constituyen informacion de base de vital importancia para
estudios futuros y podran contribuir al desarrollo de estrategias de mitigacion.

Palabras clave: Movimientos en masa, Clasificacion de imagenes satelitales, Factores condicionantes, Modelado heuristico, Zonacion
de susceptibilidad, Sierras Subandinas.
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1. Introduction

Argentina shows a complex scenario as regards
natural hazards, given by its extension and by the
diversity and heterogeneity of its environments
(Fernandez Bussy et al., 2010). Landslides are
common in the Sierras Subandinas (NW of Argentina);
several events have occurred during the past 50 years
resulting in significant damage to people and
property. The geographic and geologic context of
this region together with anthropic activity have
favored the occurrence of mass wasting processes
and subsequently placed additional strains on the
most vulnerable sectors of society.

On 9 February 2009, intense rains triggered
landslides in the Tartagal River basin that coalesced
and evolved into a debris flow that travelled along
the Tartagal River (Fig. 1) and resulted in the
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destruction of the main bridge of the city of Tartagal
and severe flooding. Officially, two people killed,
1,000 evacuated and severe material damages were
reported (Baumann et al., 2009, 2011; Brea et al.,
2013). Events of this type occurred in the past but
none of the magnitude of the February 2009 disaster
(Adler, 2009). For instance, destructive flooding
occurred in Tartagal town in March-April 2006,
following a very rainy summer season. Several
landslides and debris flows had taken place within
the upper and middle Tartagal River sub-basins that
evolved into hyperconcentrated flows that reached
the city. High discharge levels resulted in the removal
of the channel coating and subsequent deep, lateral
and backward erosion that eventually produced the
collapse of residential buildings that were lying in
the margins. Approximately 130 people had to be
evacuated (Adler, 2009; Brea et al., 2013). Within
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FIG. 1. The Tartagal River basin and sub-basins over a color composite that combines the bands centered at 1.63, 0.83 and 0.55 um
in the red, green and blue channels, respectively, of a SPOT-4 image of 15-February-2009. Violet pixels in the upper and
middle basin represent the areas affected by landslides and other land cover types that were masked in the classification (see
section 3.2.). Yellow pixels represent a sample of the events occurred in 2006, which we used for partial validation of the
susceptibility zonation (see Section 3.4.). The inset shows the location of Tartagal River basin within Argentina.



Cardozo et al. / Andean Geology 48 (1): 75-93, 2021

that period in 2006, floods resulting from landslides
upstream affected the city of Tartagal more than
once and rainfall-triggered landslides took place
also in other basins, such as in “Quebrada Yacuy”
(Baumann et al., 2009, 2011).

The aim of this study was to map the 2009 events
in the upper and middle Tartagal River basin and to
elaborate a landslide susceptibility map for the area
(Fig. 1). For the landslide inventory map we used the
best satellite dataset available acquired just after the
disaster and for the elaboration of the susceptibility
map, we implemented a heuristic model by using
as input a set of conditioning factors that included
slope, curvature, lithology and the inventory map
of the February 2009 events. We did not consider
precipitation as a conditioning factor by using
parameters such as accumulated rainfall because
data at the appropriate spatial scale was unavailable
and the spatial resolution of meteorological models
would not have been suitable given the size of the
basin (see section 2). As for the choice of the type of
susceptibility model selected, different approaches
to address this problem are available. These can be
broadly grouped in (i) landslide inventory analysis,
(iii) statistically based models, (iii) geo-technical or
physically-based models and (iv) heuristic modelling
(e.g., Guzzetti et al., 1999; Barredo et al., 2000; Rossi
and Reichenbach, 2016; Zieher et al., 2017; Lara et
al., 2018). Given the limited previous work in the
area and in the region (cf. Hermanns et al., 2012), the
data, and the resources available, a heuristic approach
was the best option for this study. This is not about
an improved methodology for landslide susceptibility
zonation but an application example, where we have
prioritized the generation of preliminary intermediate
and final products in order to provide a baseline for
future studies and hazard mitigation work.

2. Site description
2.1. The study area

The Tartagal River basin is located in San Martin
Department, Salta province, NW of Argentina. The
river length is 19 km up to the bridge in the town of
Tartagal. The basin covers almost 90 km? and extends
along an altitudinal range between 400 and 1,200
meters above sea level (m a.s.l.). The mean elevation
is 730 m a.s.l. and the slope ranges between 0 and
84° around a mean of 12°. The upper and middle
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sub-basins occupy 62 and 21 km?, respectively, and
altogether they represent more than 90% of total
basin’s surface. The town of Tartagal is within the
lower river basin at 500 m a.s.l. at the foot of the
Sierras Subandinas (Fig. 1) and it had a population
in 2010 of almost 80,000 inhabitants (http://www.
indec.gob.ar) (Last visit 18/12/2020).

2.2. Climate, vegetation and geology

Rainfall occurring during the summer, i.e.,
December-March, constitutes the main trigger of
landslides in the area. Winds arriving from the East
almost dry gain altitude -due to the presence of the
Sub Andean hills- and discharge as precipitation all
the remaining moisture brought from the Atlantic
Ocean. As a result, a sub-tropical mountain forest
called "Yungas" covers these hills. This forest extends
between 22° S and 28° S latitude, and between 400
and 3,000 m a.s.l. The annual rainfall range is between
900 and 2,000 mm (Grau, 2005) and it exhibits a
monsoon regime. The wet season concentrates about
80% of the annual precipitation namely between
December and March (Volante et al., 2005).

An asymmetric anticline that heads along a sub-
meridian and southwards characterizes the hills, where
the Tartagal River basin is located (Mingramm et al.,
1979) (Fig. 2). At the transition between the upper
and middle sub-basins the nucleus is exposed and
shows Upper-Paleozoic sedimentites (Las Pefias and
San Telmo formations (Padula and Reyes, 1958)). In
the eastern and western flanks, the outcrops belong to
Tranquitas Formation, which is from the lower/middle
Miocene age. This formation includes sandstones,
calcareous sandstones and gray-greenish partially
competent pelites. The upper river sub-basin is at the
western flank of the anticline, where Tertiary deposits
outcrop; they consist of sandstones and highly erodible
and reddish pelites (Hernandez et al., 1996). On the
other hand, conglomeratic and median sandstones
compose the Tertiary outcrops towards the east
(Gebhard et al., 1974). The areas with low slopes are
conformed by Paleozoic rocks within deep valleys
characterized by straight sections. Conversely, Tertiary
sedimentary rocks form asymmetric homoclinal ridges
and hogbacks with secondary rivers flowing parallel
to the rock bedding. The ridges and hogbacks slopes,
formed by highly erodible sandstones and pelites are
prone to shallow landslides (i.e., the 2009 events).
However, most of the slope-failures in February
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FIG. 2. Geology of the study area; original scale: 1:250,000 (after Bonorino et al., 2001). Silty sandstones and subordinated pelites are
associated to the Sub Andean Tertiary unit, brittle sandstones to Tranquitas Formation, pelites and subordinated sandstones to
San Telmo Formation and competent sandstones to Las Pefias Formation (see Fig. 5).

2009 took place on soils and colluvial deposits,
with some of them also affecting the underlying
sedimentary rocks. Bed scour in rivers located at
the foot of slopes has also an important role in the
induction of slope failure. In the upper basin, where
soft rocks (Tertiary) are present, the Tartagal River
valley is broad and winding, whereas in the middle
basin where rocks are hard (Paleozoic), the valley
is straight and narrow. Finally, the town of Tartagal
is located at the apex of the alluvial fan of the river
of the same name (Fig. 2).

The two main types of soils in the Tartagal River
basin are from the orders mollisols and entisols
(Nadir and Chafatinos, 1994). Entisols develop from
fluvial or sandy parent material and distribute along
riverbeds and steep slopes. They lack manifestation of
soil forming processes and distinct genetic horizons
are absent. Mollisols include clays in their profile, a
dark colored and well-structured horizon with high
base saturation, i.e., a mollic horizon, and a horizon
with moderate to high organic matter content (Soil
Survey Staff, 1996). Mollisols develop along gentle
slopes and from clayey parent material, i.e., Tertiary
sandstones and pelites.

2.3. The February 2009 disaster

On 9 February 2009, intense rainfall triggered
landslides that evolved into a debris flow, which
resulted in severe flooding, two people killed and
severe damage to people and property in the town
of Tartagal, Salta, Argentina (Fig. 1). The violet
pixels in figure 1, represent the 2009 landslides,
while yellow pixels correspond to a sample of the
landslides that contributed towards the 2006 floods
in Tartagal and served for the preliminary validation
of the landslide susceptibility zonation map presented
by this study (see section 3.4.). Field surveys by the
National Geologic and Mining Service of Argentina
(SEGEMAR) followed the February 2009 disaster
at Tartagal and focused on two areas covered by
rocks of the Sub Andean Tertiary unit and Tranquitas
Formation (Fig. 2). Most of the landslides that were
associated with the former were shallow, whereas in
the latter, the majority were larger events that probably
resulted from the reactivation of previous historical
processes. The two photos at the top of figure 3
correspond to a landslide and a debris flow associated
with the Sub Andean Tertiary rocks, while the other
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FIG. 3. Photos at top left and top right are a landslide and a debris flow in two sites called Agu. 1 and Agu.2, respectively, in the sector
Quebrada del Aguay located towards the W-SW of the basin (S, in Fig. 4) in the Sub Andean Tertiary (see Fig. 2). The two
photos at the bottom are both landslides in two sites called Yar. 1 and Yar. 3 in a zone called Yariguarenda, which lies towards
the E-NE (S, in Fig. 4) within Tranquitas Formation (see Fig. 2).

two at the bottom were landslides surveyed in a zone
associated with rocks of the Tranquitas Formation
(Fig. 2).

On February 9, the rainfall gauge located in the
village measured 21 mm but local eyewitnesses
mentioned that in the higher Tartagal River basin the
precipitation might have been higher (Baumann et
al., 2009). Debris flows broke the principal railway
bridge of the city, the water pipes, sewers and lifelines.
Eventually, the deposits of debris flows occupied a
significant portion of the urban area. As a result, a
large number of persons were deprived of fundamental
services for an extended period. The flow reached
heights of about 2 m above the ground in the city
and its measured discharge rate and velocity were
of 1,250 m®stand 7,5 m s, respectively (Baumann
etal., 2009, 2011).

The rise and development of the town of Tartagal
occurred during the 20™ century and there are no reports

of landslide related disasters of the magnitude of the
one occurred in February 2009 (Adler, 2009). The
main cause was initially attributed to the removal of
sub-tropical rainforest. However, although selective
logging and petroleum extraction has taken place in
the upper and middle sub-basins since the foundation
of the town of Tartagal in 1924, there is no proof of
massive deforestation in the Tartagal River basin.
Nevertheless, a substantial increase in agricultural
activities (i.e., soybean) has taken place since the
90’s, which led to deforestation and required the
channelization and artificial enlargement of the
Tartagal River for more than 30 km into the Chaco
plain (Sanchez, 2008). The latter may have produced
a change in the river base level, which resulted in
erosion and channel deepening upstream and in turn
in the increased susceptibility to landslides. Thus,
the February 2009 disaster could be considered as
the result of the combination of a set of unfavorable
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natural conditions and anthropic actions (Baumann
et al., 2009, 2011). Finally, the historical record of
El Nifio events of the Ministry of Environment of
Pert (http://www.minam.gob.pe/fenomenodelnino/
el-nino-en-el-peru-y-sus-caracteristicas/registro-
historico-de-el-nino/) (Last visit 18/12/2020) indicates
two low and two high intensity events occurred
during the first decade of the 21% century. The low
intensity were in the summer of the years 2004/2005
and 2006/2007, whereas the high intensity ones, were
in the years 2002/2003 and 2009/2010. Thus, there
is no apparent relationship of the disaster at Tartagal
with an EI Nifio event. In this study, we intended to
retrieve and analyze the most important conditioning
factors in order to obtain a preliminary appraisal of
the susceptibility to landslides of the river basin.

3. Data sources and methods
3.1. Datasets

We relied on an image acquired on 15 February
2009 by the instrument High Resolution Visible and
Infrared (HRVIR) on board the satellite SPOT-4 for
the elaboration of the landslide inventory map. These
are multi-spectral data of 10 m spatial resolution with
four bands centered at the green (0.50 to 0.59 pum),
red (0.61 to 0.68 pm), near infrared (0.78 to 0.89 um)
and short wave infrared (1.58 to 1.75 pm) portions
of the electromagnetic spectrum. It was the best
dataset available acquired just after the event; higher
spatial resolution data was unavailable. We applied
geometric, radiometric and atmospheric corrections in
order to obtain reflectance at the ground surface. We
also developed a DEM of 12.5 m spatial resolution
by using digital photogrammetry with a stereo-pair
of satellite images captured by the sensor ALOS-
PRISM on 27 April 2008. This digital topography
served for the derivation of topographical variables
used in the analysis of conditioning factors. Finally,
we used also vector data of the Tartagal River basin’s
borders and rivers at a scale 1:50,000 and of the
geology at scale 1:250,000 (Fig. 2).

3.2. Landslide inventory map of the 2009 event

The identification of the landslides events of
2009, which led to the elaboration of the inventory
map, relied on the classification of the SPOT data
by using a standard approach, i.e., the maximum

likelihood classifier. In order to train the algorithm,
we defined regions of interest (ROIs) based on visual
interpretation of color composites. We aimed to
detect shallow landslide source areas and debris-flow
channels and levees; nevertheless, different types
of processes (e.g., landslides, debris flows, etc.)
could not be discriminated. We were also unable to
differentiate source, transport or deposition areas. The
near infrared band was critical in the identification of
landslides, since vegetation covers most of the area.
The separability of the ROIs was good; both Jeffries-
Matusita and Transformed Divergence measures were
higher than 1.9. We masked out from the classification
water bodies, roads, urban areas, riverbeds and the
lower Tartagal River basin. We excluded the lower
basin because it included completely modified forest
because of anthropic activity and mass movements
within it were the result of fluvial erosion and not
of slope instability. The output classification map
resulted from the implementation of a probability
threshold; we worked with a range of thresholds in
order to optimize the results.

We used a set of six sites that served as ground
truth taken from the field survey that followed the
February 2009 events by SEGEMAR. Two of them
(Agu. 1 and Agu. 2) were within a sector called
Quebrada del Aguay (Q. Aguay) located towards
the W-SW of the basin (S,) (Figs. 3, 4), whereas the
other four sites (i.e., Yar. 1 to Yar. 4) were in a zone
called Yariguarenda, which lies towards the E-NE
of the basin (S,)(Fig. 4). They were all landslides
except for Agu. 2, which was a debris flow. We used
these sites to carry out a preliminary and qualitative
evaluation of the accuracy of the inventory map of
the 2009 landslides events.

Finally, the volume of removed material is an
important parameter for modelling purposes and in
turn for hazard assessment and the development of
hazard mitigation measured. Thus, we used the area
covered by the 2009 events based on the classification
of the satellite data and an average scarp thickness of
0.75 m to estimate the volume of material removed,;
field observations and geologic and geomorphological
analysis indicate that the scarps in the landslide source
areas were roughly between 0.5 and 1.0 m thick. Thus,
we estimated a volume range and we compared the
result with the volume of the debris flow deposit based
on observations in the deposition/inundation area in the
town. It is important to bear in mind that the volume
of the material removed is important but at an order
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FIG. 4. Output classification maps obtained with probability thresholds of 0.97 (top left) and 0.87 (top right). The black rectangles
indicate the validation zones: S,. Quebrada del Aguay with two sites, i.e., Agu.1 and Agu.2, and S,. Yariguarenda, with four

sites (Yar.1 to Yar.4)(Fig. 3).

of magnitude scale. In these respects, we required to
assume that the landslides events that eventually turned
into a debris flow were contemporaneous. Besides,
the volume estimate represents the maximum amount
of material that collapsed within the perimeters of
the upper and middle Tartagal River basins (Fig. 1).
While this assumption may lead to an overestimate,
we justify this, in part, by considering this estimate
as the worst-case scenario for the debris flow that
affected the town of Tartagal.

3.3. Analysis of conditioning factors

We used a set of input conditioning factors for
the heuristic model that included lithology, slope,
curvature and the presence/absence of landslides
obtained from the satellite image classification. Many
other factors may have conditioned the occurrence
of the landslides at Tartagal River basin but it would
have been impossible to incorporate them all (cf.
Moreiras, 2005).

We evaluated the influence of each factor on the
susceptibility separately by defining categories for

each one and by ranking them into three discrete
levels of relative susceptibility: (i) low, (ii) moderate
and (iii) high. To determine whether a low, moderate
or high susceptibility would correspond to each
category, we used the surface and proportion of
landslides mapped within each factor category, out
of the total area identified by the classification, and
we relied on our knowledge of the study area and
the literature (e.g., Ellen et al., 1997; Corominas et
al., 2003).

In the case of lithology, the map was a vector
layer based on the Geological Sheet 2363-1 from
SEGEMAR originally at a scale 1:250,000 (Bonorino
etal., 2001). For slope and curvature, we used the
12.5m ALOS-PRISM DEM developed for this study.
The relationship between slope and the occurrence
of landslides is widely documented; the higher the
slope angle, the larger the tensile stresses of the soils
and unconsolidated materials (e.g., Guzzetti et al.,
2006; Moreiras, 2005, 2009; Martha et al., 2010).
As regards curvature, we derived and evaluated
the planform curvature, which is normal to the
maximum slope’s direction; it is tangential to a
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contour line. Positive and negative values represent
convex and concave surfaces, respectively. Concave
plan surfaces favor the convergence of flows and in
turn erosion. Thus, the more negative the curvature,
the more prone to failure is the surface (Vasantha
Kumar et al., 2007; Lee and Evangelista, 2008).
Finally, the output classification map itself, i.e., the
2009 landslides inventory map, constituted also an
input factor for the heuristic model. To justify this,
we relied on the fact that future events are more
likely to occur in locations where events took place
in the past (e.g., Carrara et al., 1995; Moreiras,
2005, 2009; Ruff and Czurda, 2008; Mufiiz and
Hernandez, 2012). We bear in mind, however, that
not all landslides are recurrent in the same area and
that the recurrence depends on the types of slope
failure. We must also consider the bias imposed by
the incorporation of the 2009 landslides inventory
map as a conditioning factor into the heuristic model
on the resulting susceptibility map. This is however,
the best dataset available; a more comprehensive
analysis during a larger period at the Tartagal River
basin’s scale was not possible.

3.4. Heuristic modelling

First, we carried out a quick evaluation of the
independent contribution of each conditioning factor
to the landslide susceptibility. This required us to
assign a numerical value of one, two and three to low,
moderate and high susceptibility levels, respectively
and we mapped the susceptibility according to each
conditioning factor.

The heuristic model requires on the one hand,
a weight for each conditioning factor and the sum
of all is one while on the other; each factor has a
susceptibility score, which in the case of this study
can assume values of one, two or three, as explained
above. The final implementation of the model consists

of a weighted sum of the susceptibility scores of the
conditioning factors as follows:

*_1 [S (CF) x w(CFy)]

where S is the susceptibility score or value
assigned to each conditioning factor (CF,) group or
category and w is the weight of each conditioning
factor. Thus, given the values, that S can assume and
that the sum of all weights is one (see above and
Table 1), the value of the final susceptibility index
(SI) varies between one and three. It must be born in
mind that despite the index is a continuous variable
it can take a finite number of values.

In order to determine the weights (Table 1) we
relied on our expert knowledge (e.g., Castellanos and
van Westen, 2008). The landslide areas detected by
the classification (i.e., the inventory map of the 2009
events), contributed towards the final susceptibility
with the highest weight, topographical factors with
an intermediate weight of 0.36 (i.e., slope with 0.23
and curvature with 0.13) and lithology with the
lowest contribution (Table 1). The landslide events
that led to the disaster at Tartagal started with the
infiltration of rainwater in soils, fact that decreased
the slope stability leading to the occurrence of shallow
landslides and subsequent transformation into debris
flows, hence the increased relative importance of the
lithology/geology. From the 36% contribution of
topography, 63% corresponds to slope; this contrast
to the weight of 0.7 decided by Castellanos and van
Westen (2008).

In order to obtain the final susceptibility map, we
added the four input susceptibility layers weighted by
the values in Table 1 within a geographic information
system (GIS). The pixel size of this map was 12.5 m,
i.e., the same as the spatial resolution of the DEM
and topographic variables. Thus, the vector layer
with the lithology was converted to a raster with a
pixel size of 12.5 m and the inventory map of the

TABLE 1. CONDITIONING FACTOR WEIGHTS IMPLEMENTED
IN THE HEURISTIC MODEL.

Conditioning factors Weight
Landslides 0.41
Slope 0.23
Curvature 0.13
Lithology 0.23
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2009 landslides resulted from the classification of
SPOT data with a spatial resolution of 10 m was
resampled to a pixel size of 12.5 m.

Finally, for verification purposes, we used a dataset
that resulted from the interpretation of a true color
composite of an image Quickbird-02 from 9-Sep-2006
available in Google Earth. This is a small sample of
the events that occurred in early 2006, that covered
0.12 km? and is located in the middle basin of the
Tartagal River (Fig. 1); an inventory map of the
landslides occurred in early 2006 was unavailable.
Therefore, this constitutes a preliminary and partial
verification of the landslide susceptibility zonation.

4. Results
4.1. Satellite image classification

The classification of the SPOT data resulted
in the February 2009 landslide inventory map.
A probability threshold of 0.97 on the maximum
likelihood classifier was the maximum possible in
order to obtain an output classification map with a
coherent pattern of the areas detected as landslides
(post-classification clean-up processing included
the application of a 3x3-window majority filter).
This first output map resulted in an area covered
by landslides of 2.9 km?; forested and unclassified
pixels covered 68.3 and 7.4 km?, respectively (Fig. 4,
top left). A threshold 10% lower, i.e., 0.87, did not
result in a map with increased noise and included
areas of 8.0, 69.5 and 1.2 km? for landslides, forests
and unclassified pixels, respectively (Fig. 4, top
right). Thus, the introduction of a 10% uncertainty
in the probability threshold almost did not change
the area covered by forest but it did increase the
surface of the detected landsides at the expense of
the unclassified pixels. The lower threshold provided
an output map that was aesthetically better. In terms
of the affected area, the results were within the same
order of magnitude.

In Quebrada del Aguay (Fig. 4) both sites surveyed
matched locations of pixels classified as landslides
at the border with pixels that were unclassified or
identified as vegetation with either of the two probability
thresholds. In Yariguarenda, Yar. 1 and Yar. 4 matched
landslides detected pixels, Yar. 3 matched always
unclassified pixels and Yar 2. coincided with landslides
when we used the lower probability threshold; with
a probability of 0.97 the site matched unclassified
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pixels. The classifier did not identify any of the six
locations as vegetation (Figs. 3, 4).

Finally, based on the assumed scarp thickness of
0.5-1.0 m and the areas obtained with both probability
thresholds, we obtained an average volume that ranged
between 2.2x10° and 6.0x10® m®. By combining the
range of probability thresholds and the range of scarp
thickness, the volume varied between 1.5x10° m?
and 8.0x10°% m®. Thus, the amount of material
removed in February 2009 was within the order of
the millions of cubic meters.

4.2. Analysis of conditioning factors

For the evaluation of the conditioning factors,
we used the 2009 landslides inventory map based on
the 0.87 probability threshold on the satellite image
classification algorithm, since this classification left
less pixels unclassified and did not result in increased
noise (see Section 4.1).

4.2.1. Lithology

The Tartagal River basin features six lithological
units that match the formations presented in Section 2
(Figs. 2, 5; Table 2). The largest unit consists of silty
sandstones and subordinated pelites (55 km?); it
represents about 60% of the whole basin and belongs
to the Sub Andean Tertiary. This lithological group
lies in the west and it covers most of the upper and
about 10% of the middle basin. The classification
identified 5.6 km? affected by landslides within this
group. This surface represents almost 71% of the
8.0 km? detected by the classification. Thus, we
assigned to this group a high susceptibility (Table 2).

Brittle sandstones belongs to Tranquitas Formation
and cover 23 km?; it represents about 25% of the
whole basin, almost 75% of the middle and 12%
of the upper basin. The landslides detected covered
2.2 km? of this unit and represent close to 30% of
the classification (Table 2). Thus, we assigned also
to this unit a high susceptibility. The quaternary
alluvial fan deposits are in the lower basin (they
cover 90% of it) and were therefore excluded from
the susceptibility zonation (we masked out the
lower basin from the classification of SPOT data).
The surface occupied by the fourth group (pelites
and subordinated sandstones) is close to 3 km? and
represents 3% of the basin; half of it is in the upper
and half in the middle basin (both areas represent less
than 10% of each sub-basin). From the remaining
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FIG. 5. Lithology map and landslides detected by the maximum likelihood classifier with a probability threshold of 0.87 (modified
from Bonorino et al., 2001 and Baumann et al., 2014).

TABLE 2. LANDSLIDE SURFACE (LS) AND PROPORTION OF THE LANDSLIDE AREA WITHIN EACH
LITHOLOGICALUNIT (LU) OUT OF THE TOTAL LANDSLIDE SURFACEWITHIN THE STUDY AREA.

Litholo LU Area LS LS Susceptibility assigned
9y (km?) (km?) (%) to each group
l. Slltysandstones and subordinated pelites (Subandean 55 56 70 High
Tertiary)

11. Brittle sandstones (Tranquitas Formation) 23 2.2 28 High

111. Quaternary alluvial fan deposits 6.7 - - -

V. Pelltes. and subordinated sandstones (San Telmo 28 012 15 Moderate

formation)
1V. Competent sandstones (Las Pefias Formation) 1.7 0.020 0.25 Low
VI. Conglomerates and conglomeratic sandstones 037 0.0047 0.0059 Low

(Upper Subandean Tertiary)

* LS detected areas and proportions correspond to the results obtained from the classification with a probability threshold of 0.87;
we excluded quaternary alluvial fan deposits from the zonation (for more details see text).
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2% of landslides (see above), 1.5% were detected
within this lithology (Table 2). We therefore assigned
to this lithology a moderate susceptibility. Finally,
competent sandstones are present in the middle basin
only, while the 0.4 km? covered by conglomerates
and conglomeratic sandstones are mostly in the
lower basin (Fig. 5, Table 2). The areas covered by
landslides within these latter two lithologies were
extremely low. We assigned to both groups a low
susceptibility.

4.2.2. Slope

The mean slope of the whole basin is 12° (90% of
the pixels have slopes that are lower than 23°). At the
upper basin, the mean slope is also about 12° whereas
the middle basin shows a mean slope that is higher,
i.e., 15.5°. Finally, the lower basin has a mean slope
of 4°. We reclassified the slopes into four categories.
The first group Very Low Slopes includes values
of 0° to 7°; these correspond to terraces and alluvial
plains. Low slopes are within the range 7°-15° and
involve secondary rivers and transverse and lateral
valleys. Moderate slopes are between 15° and 30°
and correspond to structures-aligned and cutting-hills
or tilting valleys. Finally, the category called high
slopes includes slopes steeper than 30°. These are
related with erosion scarps, which are common in
the middle river basin, where the oldest rocks are
present (Table 3 and see Sections 2.2 and 4.2.1.).

Low (7.0°-15°) and very low (0.0°-7.0°) slopes
represented about 40% and 30% of the whole basin,
respectively. The remaining 30% consists of moderate
slopes except for 3% occupied by steep slopes. Very
low slopes cover about 80% of the lower basin,
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while slopes within the range of 7°-15° represent
15% of it. Within the middle basin, moderate slopes
represent about 40% of its surface and low slopes
followed with 33%, both with a surface of 7-8 km?.
Two thirds of high slopes are within this middle
basin. The remaining are within the upper basin,
where moderate slopes occupy 16 km? but low slopes
26 km?, i.e., slopes are generally lower at the upper
than at the middle basin (Table 3).

Landslides on slopes lower than 7° occupy 1.8 km?,
i.e., 20% from the 8 km? identified by the classification
(Table 2). If we base the assignation of the susceptibility
solely on the incidence of the events within the
group, this slope category should have a moderate
susceptibility. We decided, however, to assign a low
susceptibility to this group because the classification
overestimates the areas affected by landslides, since we
were unable to discriminate among source, transport
and deposition zones nor among different processes
(i.e., landslides, debris flows, etc.)(see Section 3.2).
Low slopes (the second group) register the highest
area of landslides, i.e., they cover a surface of 3.1 km?
and represent 40% of the total. For the same reason
as in the case of very low slopes, we decided to
assign a moderate instead of a high susceptibility to
this group (Table 3). Between 15° and 30° slopes,
the surface covered by landslides was similar as in
the case of low slopes. Moderate and low slopes
together gathered 75% of the landslides detected.
We assigned a high susceptibility to this group.
Finally, landslides on high slopes occupied 0.2 km?
and a 3% of the detected areas (Table 3). We assigned
a high susceptibility to this category, since it is
reasonable to expect at such slopes landslides are

TABLE 3. LANDSLIDE SUSCEPTIBILITY IN THE TARTAGAL RIVER BASIN ACCORDING TO SLOPE ANGLE

RANGES.

Slope (°) SG SG (km?) LS.SG (km?) LS (%) Susceptibility
0.0-7.0 Very low 28 1.8 22 Low
7.0-15 Low 34 3.2 40 Moderate
15-30 Moderate 24 2.8 35 High

>30 High 3 0.2 3 High

SG: slope category; SG (km?): surface covered by each slope group; LS.SG (km?): landslide area within each slope category;
LS(%): proportion represented by LS.SG (km?) out of the total landslide area detected by the classification.
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more likely to occur. Figure 6 illustrates the slope
reclassification together with the landslides pixels
mapped by the maximum likelihood classifier with
a threshold of 0.87.

4.2.3. Curvature

We grouped the pixels according to three categories
of curvature. Concave and convex areas occupy 31 and
34 km?, respectively, while flat surfaces encompassed
24 km? (Table 4). In turn, the former two, represent
35% and 38% of the whole basin, respectively, while
flat zones the remaining 27%. Within the upper and
middle basins (not shown in Table 4), we were able
to observe that convex and concave zones occupy
22-24 and 8-9 km?, respectively, while flat zones
cover 15 and 4 km2, respectively. The proportions
of concave and convex areas are both around 40%
out from the surface occupied by both sub-basins.
Finally, at the lower basin, flat zones predominate;
they represent 73% of its surface.

At concave locations, the classification detected
more landslides, i.e., a surface that represents almost
50% of the whole area obtained from the algorithm. At
flat surfaces, the number of landslide-detected pixels

63°55'W 63°50'W
1 1

was somewhat lower than at convex areas. In turn, the
former represents 21%, while the latter the remaining
33% of the landslide detected surfaces (Table 4).
Again, we should consider that the classification
lead to an overestimation of the areas covered by
landslides, especially at convex locations. Thus, we
have assigned low, moderate and high susceptibilities
to convex, flat and concave areas, respectively. Figure 7
shows how the different curvature classes distribute
spatially together with the landslides detected by the
satellite image classification.

4.2.4. The 2009 landslides inventory map

Finally, pixels identified as landslides in the
inventory map were assigned a high susceptibility,
whereas pixels, where landslides were undetected,
were assigned a low susceptibility. From the 8.0 km?
of the landslides detected, 87% of this surface took
place in the upper and the remaining 13% in the
middle basin.

4.2.5. Susceptibility analysis

Lithological units of high susceptibility occupy
95% of the upper and middle basins together. These
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FIG. 6. Slope ranges and the landslides detected by the image classification (pb=0.87).
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TABLE 4. SUSCEPTIBILITY TO LANDSLIDES IN THE TARTAGAL RIVER BASINACCORDING TO CURVATURE.

Curvature CG (km?) LS.CG (km?) LS (%) Susceptibility
Positive — Convex 34 2.6 33 Low
Nil — Flat 24 17 21 Moderate
Negative — Concave 31 3.7 47 High

CG (km?): area covered by each curvature category; LS.CG (km?): landslide area of each category; LS(%0): percentage of landslide
area of each curvature group out of the total landslide area within the river basin.
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FIG. 7. Curvature ranges and the landslides detected by the image classification (pb=0.87).

are the first two lithological groups in Table 1, i.e.,
"Silty Sandstones and Subordinated Pelites" and
"Brittle Sandstones"” from the Sub Andean Tertiary
and Tranquitas Formation, respectively (Table 2).
In the case of slope, moderate susceptibility (7-15°)
predominates with 33 km? and a fraction of 40%,
while high susceptibility slopes cover about the same
surface as the group of slopes of low susceptibility
(Table 3). It is important to recall that slopes of
the middle basin are higher and coexist with one
of the high susceptibility lithological unit “Brittle

Sandstones” from Tranquitas Formation (Bonorino
etal., 2001). As regards curvature, concave surfaces
of high susceptibility cover nearly 40% of the upper
and middle basins, while convex areas (i.e., low
susceptibility) represent also about 40% and together
with moderate (flat) zones occupy the remaining 60%
(Table 4). Finally, the 8-km? surface of landslides
detected by the classification resulted in 10% and 90%
of areas of low and high susceptibility, respectively.
Figure 8 summarize the susceptibility given by each
of the fours conditioning factors.
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4.3. Landslide susceptibility zonation

The weighted sum of the input layers resulted
in a raster of the susceptibility, where the mean
susceptibility index was 1.8 and its standard deviation
0.3. We used quantile classification (cf. Bathrellos
et al., 2009) in order to split up the susceptibility
index into four ranges, i.e., (i) Low: 1.00-1.68,
(ii) Moderate: 1.68-1.92, (iii) High: 1.92-2.18 and
(iv) Very High: 2.18-3.00 (Fig. 9).

The distribution of the susceptibility zones in the
final map is quite even. While the two high susceptibility
classes occupy 50% of the basins together, both moderate
and high susceptibilities represent about 30% of the
total area under study. The same is observed with the
remaining 40%, where half are low and very high
susceptibilities, respectively (Table 5).

As regards the preliminary validation carried out,
the 2006 landslides identified were located within
the middle basin (yellow pixels in figure 1 and black
pixels in figure 9). About 98% of these are located
within the high or the very high susceptibility areas;
53% overlaid the zones of very high susceptibility
(Table 5).

5. Discussion

The identification of landslides by means of
the application of a traditional image classification
approach has proved to be rapid and practical given
the resources available. The spatial resolution of
the SPOT dataset constituted the main limitation,
which prevents the identification of events smaller
than 100 m2, the differentiation of processes (e.g.,
landslides, debris flows, rock falls, etc.) and the
identification of source, transport and deposition
areas. The resulting 2009 landslides inventory map,
however, shows good correspondence with the field
sites, especially when we used a probability threshold
of 0.87; none of the six sites were identified as
vegetation (Fig. 4). We were also able to observe that
the sensitivity of the output map to the probability
threshold imposed to the maximum likelihood
classifier was not significant; the landslides detected
areas and volumes remained within the same order of
magnitude. The average amount of material removed
from the upper and middle basins was within the
order of the millions of cubic meters. This value
matched well the estimate obtained for the volume



Cardozo et al. / Andean Geology 48 (1): 75-93, 2021

89

63°45'W
1

22°28'SH

22°32'S+

Susceptibility Index (Sl):
0 Low: 1.0-1.7
Moderate: 1.7-1.9
High: 1.9-2.2
[ Very High: 2.2-3.0
Il Landslides 2006

[_] Tartagal river basin
— Tartagal river

F22°28'S

020

Tartagal town

F22°32'S

T
63°55'W

T
63°50'W

T
63°45'W

FIG. 9. Landslide susceptibility zonation map.

TABLES5. SURFACEAND RELATIVE PERCENTAGE OF THE LANDSLIDE SUSCEPTIBILITY ZONES DETERMINED
FOR THE MIDDLE AND UPPER PART OF THE BASIN. LANDSLIDES 2006 REFER TO THE DATASET

USED FOR VERIFICATION.

Susceptibility Zones

Susceptibility Index

Landslides 2006

km? % km? %
Low (1.0-1.68) 18 22 0.001 0.7
Moderate (1.68-1.92) 22 27 0.002 14
High (1.92-2.18) 25 31 0.052 44.9
Very High (2.18-3.00) 17 20 0.061 53.1

of the February 2009 debris flow deposit in the town
of Tartagal (Baumann et al., 2009, 2011). Besides,
the impacts in the town are in accordance with the
consequences postulated by Jakcob (2005) for such
magnitude, i.e., destruction of towns, obliteration
of valleys, river damming. Finally, this volume
estimation is essential for modeling purposes and
subsequent hazard assessment.

Zones of high and very high susceptibility covered
half of the upper/middle Tartagal River basin. Moderate
and high susceptibilities areas occupied surfaces that
were very similar and the coverage of zones of low
and very high susceptibility were almost identical
(Table 5). Zones of high susceptibility were not
larger probably because steep slopes (>30°) were
underrepresented (Table 3) and besides, in conditioning
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factor groups where a moderate or low susceptibility
was expected, the presence of landslides had been
overestimated. The latter occurred especially in
the case of slope and curvature, namely because
different landslide processes nor source, transport
and deposition areas could be discriminated. In the
middle basin, where slopes are higher than at the
upper basin and coexist with brittle sandstones (i.e.,
Tranquitas Formation) more landslides were expected
(Bonorino et al., 2001). This did not occur, however,
because most of the precipitation fell within the
upper basin (Baumann et al., 2009, 2011). If only
lithology is considered, 95% of the total area under
study could be considered as of high susceptibility.

The decision for excluding rainfall as a conditioning
factor into the heuristic model is based on the
lack of appropriate data at a suitable spatial scale.
Meteorological modelling of rainfall was not possible
because of the coarse spatial resolution of models
given the size of the basin under study. As far as
the susceptibility analysis is concerned, we bear
in mind that results are biased by the fact that the
landslides identified by the classification of SPOT
data, included also as input conditioning factor of the
heuristic model, were triggered by a rainfall event.

Among other possible conditioning factors, we
intended to consider the aspect. The upper Tartagal
watershed is on the western flank of the anticline (see
Section 2) and the regional inclination of sedimentary
rock strata is westward. Therefore, it would have
been reasonable to expect more landslides on the
eastern erosion scarps and less on western dipping
slopes. However, we were unable to observe this
correlation between the slope orientation towards
the east and the occurrence of landslides. As already
expressed elsewhere in this paper, we did not map
individual landslides events nor differentiated among
different processes. This would be possible with a
digital elevation model and satellite data of higher
spatial resolution.

We also intended to link changes in vegetation
cover with the February 2009 events through the
analysis of a time series (1999-2011) of Normalized
Difference Vegetation Index (NDVI) based on 30 m
spatial resolution Landsat data. \We observed a normal
pattern of changes in vegetation coupled with the
monthly variation in precipitation but we did not
identify any correlation of such changes with the
occurrence of the February 2009 event at Tartagal River
basin and we were therefore unable to incorporate

changes in vegetation into the heuristic model.
At the basin scale of this study, remotely sensed data
of higher spatial resolution would have been more
suitable for this purpose. It is important to point out
that these observations do not imply that deforestation
is unrelated to the occurrence of landslides. We must
recall that the February 2009 events at Tartagal were
the result of the action of both anthropic and natural
factors combined (see Section 2.3).

Finally, there was good correspondence between
the validation dataset and the susceptibility map
(Table 5). The landslides that led to the floods in
Tartagal in 2006 were restricted to the middle basin
and were the results of precipitation that affected
and triggered landslides in more than one basin
(e.g., Quebrada Yacuy), in contrast to the February
2009 disaster that was restricted only to the Tartagal
River basin.

6. Conclusions

In this work, we mapped the landslides that led
to the debris flows that resulted in the February 2009
disaster in the town of Tartagal, Salta, Argentina,
by using 10-m spatial resolution SPOT-4 data
acquired just after the event and a standard image
classification approach. The maximum likelihood
classifier enabled the identification of an area of
8 km? affected by landslides and the output map
showed a good correspondence with a small dataset
collected in the field. The landslide surface detected
by the standard image classification in combination
with a minimum scarp thickness of 0.5 m resulted
in a total volume of material of at least 2.2x10° m?.
The sensitivity of the classifier to a 10% change
in the probability threshold was not significant;
the resulting area and volume remained within the
same order of magnitude, i.e., within the order of the
millions of cubic meters. This estimate constitutes
essential information for modelling purposes and
hazard assessment.

We evaluated a set of conditioning factors for
the occurrence of landslides including lithology,
slope and curvature and observed that while the
high susceptibility lithological units occupied 95%
of the upper and middle catchments, slope and
curvature contributed more to moderate and low
susceptibilities, respectively. The reason for this is
that steeper slopes were underrepresented within the
river basin plus the fact that the landslides incidence
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within moderate to lower susceptibility areas was
overestimated, because of our inability to identify
source areas and discriminate different slope failure
processes. Finally, the 8 km? surface affected by the
2009 events based on the classification of SPOT
data, which was also an input for the heuristic
model, constituted areas of high susceptibility that
represented 10% of the river basin.

This study resulted in the first map of landslide
susceptibility for the Tartagal upper and middle river
basins through the implementation of a heuristic
model that used as input lithology, slope, curvature
and the 2009 landslide inventory. Zones of high and
very high susceptibility occupied 25 and 17 km?,
respectively, and covered about 50% of the upper
and middle basins together. From the remaining half,
areas of low susceptibility covered an almost identical
surface as very high susceptibility areas. The map
showed good correspondence with the middle basin
validation dataset based on the sample of landslide
events of early 2006; 95% of it fell within the high
and very high susceptibility areas.

The comprehensive analysis presented constitutes a
starting point for more detailed future studies. Besides,
the outcome data such as the volume estimation of
the removed material and the digital topography are
essential for further studies and hazard assessment.
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