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Abstract: This study presents the geological and geomorphological characterization of the Pie de
la Cuesta landslide, a large (>60 ha) slow-moving (up 4.5 m/month) landslide in Southern Peru.
The landslide has been active since 1975 and underwent a significant re-activation in 2016; the mass
movement has caused the loss of property and agricultural land and it is currently moving, causing
further damage to property and land. We use a combination of historical aerial photographs, satellite
images and field work to characterize the landslide’s geology and geomorphology. The landslide
is affecting the slope of the Vitor Valley, constituted by a coarsening upward sedimentary sequence
transitioning from layers of mudstone and gypsum at the base, to sandstone and conglomerate at the
top with a significant ignimbrite layer interbedded within conglomerates near the top of the sequence.
The landslide is triggered by an irrigation system that provides up to 10 L/s of water infiltrating
the landslide mass. This water forms two groundwater levels at lithological transitions between
conglomerates and mudstones, defining the main failure planes. The landslide is characterized
by three main structural domains defined by extension, translation and compression deformation
regimes. The extensional zone, near the top of the slope, is defined by a main horst-graben structure
that transitions into the translation zone defined by toppling and disaggregating blocks that eventually
become earth flows that characterize the compressional zone at the front of the landslides, defined by
thrusting structures covering the agricultural land at the valley floor. The deformation rates range
from 8 cm/month at the top of the slope to 4.5 m/month within the earth flows. As of May 2023,
22.7 ha of potential agricultural land has been buried.

Keywords: anthropogenic landslide; slow-moving landslide; irrigation-triggered mass movements;
earth flow

1. Introduction

This study focuses on characterizing the geomorphology and behavior of a large,
slow-moving landslide [1,2] in the Vitor Valley, Arequipa, southern Peru. We applied
field and remote sensing methods [3], including geomorphological mapping, stratigraphic
survey, analysis of satellite and aerial images [4] and data from a geophysical investigation
carried out by Huayllazo [5]. The objective of the study is to evaluate the dynamics, causes
and reactivation mechanism of the landslide over time.

Geosciences 2024, 14, 291. https:/ /doi.org/10.3390/geosciences14110291

https:/ /www.mdpi.com/journal /geosciences


https://doi.org/10.3390/geosciences14110291
https://doi.org/10.3390/geosciences14110291
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/geosciences
https://www.mdpi.com
https://orcid.org/0009-0001-8718-2630
https://orcid.org/0000-0002-3856-208X
https://orcid.org/0000-0002-3025-3688
https://orcid.org/0000-0002-0387-2205
https://doi.org/10.3390/geosciences14110291
https://www.mdpi.com/journal/geosciences
https://www.mdpi.com/article/10.3390/geosciences14110291?type=check_update&version=1

Geosciences 2024, 14, 291

2 0f 23

O Study area

The article is structured as follows. The initial section describes the geological, geo-
morphological, structural and hydrogeological characteristics of the landslide (Section 3).
The subsequent section provides a temporal analysis of satellite imagery (Section 4). The
last sections present the discussions and results of the study (Sections 5 and 6).

1.1. The Vitor Valley

The Pie de la Cuesta landslide is located on the hydrological left flank of the Vitor
River Valley in the Arequipa region, Southern Peru (Figure 1a), approximately 34 km to
the west-southwest (WSW) of the city of Arequipa (Figure 1b). The Vitor River Valley
has a northeast—-southwest orientation, and resulted from the confluence of the Yura River
and the Chili River valleys. Both valleys originate in the western foothills of the Peruvian
Andes (Figure 1b) and flow towards the Pacific Ocean, incising up to 600 m canyons at
the location of the landslide, in the Coastal cordillera (Figure 1b). The coastal cordillera
is formed by the uplifting sedimentary fill of the Moquegua basin of the Cenozoic age [6]
(Figure 1c). The Vitor River has a flow rate of 4 cubic meters per second during the dry
season and increases to 50 to 100 cubic meters per second during the rainy season (from
January to March).
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Figure 1. (a) Outline of the location of the study area (in red square). (b) Google Earth image showing
the landslide location. (c) Regional geological units (modified from [7]).

1.2. Geology of the Vitor Valley

The Moquegua basin is an intramountain basin situated between the Coastal Cordillera
to the west [7] (at approximately 1500 m above sea level) and the foothills of the Western
Cordillera, ranging from 2000 to 5000 m above sea level. The Coastal Cordillera primarily
consists of Precambrian metamorphic rocks intruded by Paleozoic and Mesozoic-age
plutons. The Western Cordillera of the Peruvian Andes to the east is composed of Mesozoic
sedimentary rocks with volcanic rock cover and continental sedimentary deposits. It is
important to note that a batholith is in the western foothills of this cordillera, forming the
western edge of the Moquegua Basin, as depicted in Figure 1c.
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The sedimentary fill of the Moquegua Basin is primarily composed of materials eroded
from the Western Cordillera. This fill is generally undisturbed but can sometimes be affected
by reverse faults with steeply dipping strata and tectonic vergence toward the west, which
are presented in Figure 1c. Moquegua Group deposits (~50 to 4 Ma) comprise mostly
siliciclastic mudstones, sandstones and conglomerates as well as volcanic intercalations [8].

1.3. Landslides in the Vitor Valley

Gravitational landslides on valley walls are a relatively common geological process,
contributing to the widening of valleys as rivers erode deeper into them. Landslides
occurring on valley slopes due to the interplay of anthropogenic and geological factors
represent an underlying issue in highly productive agricultural regions [9,10], leading to
adverse social, economic and environmental consequences [11-15], particularly in areas
with lithologies with poor geomechanics properties. Such is the case with the Pie de la
Cuesta landslide in the Vitor Valley, Arequipa [5,16].

The controlling factors for landslides can be categorized as internal, which result in
a decrease in the shear strength of slope components, and external, which result in an
increase in the shearing stress [17]. In the context of the Pie de Cuesta landslide, internal
factors [18] encompass poorly consolidated and cemented sediments (conglomerates),
topography [19,20] and structural discontinuities. External factors [18] include heightened
pore water pressure, fluctuations in groundwater levels, seismic events and disturbances
resulting from human activities [20].

La Joya agricultural irrigation, covering over 3500 hectares, was initiated in 1938 [20].
About 12 years after the beginning of the irrigation systems, wet zones were documented
on the Vitor Valley wall [20,21]. Currently, the irrigation system has a main concrete
infrastructure; however, field irrigation still relies on earthen channels and flood irrigation.

The Pie de la Cuesta landslide was detected for the first time in 1974, and a significant
collapse occurred on 9 January 1975 [20,22]. Since then, the landslide has had alternating
periods of activity followed by periods of dormancy until sudden reactivation in 2016 [23].
Since the 2016 activation, the landslide has been consistently moving [20,23], affecting
agricultural land in the valley plain [24].

Several other landslides can be observed in the Vitor Valley, including Punillo, La
Cano, Huachipa and Boyadero (Table 1). These landslides are all related to irrigation
systems on the plain at the top of the fluvial incision (Figure 2) [10,16,20]. These landslides
cause damage to agricultural and civil infrastructure (roads, canals and agricultural land
on the valley floor). Figure 2 shows the spatial distribution of the landslides that have
significant horizontal displacements, all located on the slopes adjacent to La Joya Antigua,
La Cano and San Isidro irrigation pampas. In 2019, these agricultural plots covered an
approximate area of 105 km? [16]. All the triggering dates of the landslides have been
around 20 years after the onset of the irrigation system [16] (Table 1).

Table 1. Geographical and historical data of the main landslides in the Vitor Valley.

Location Latitude Onsets of the

Landslide Longitude Irrigation Irrigation Triggering Date Reference
Pie de la Cuesta 7116 ; 5227,?;112 g,/,/g La Joya Antigua 1953 1975 Ponce [22] 2008
Punillo 7116 j gg,/452511 79;,/8 La Cano 1974 19902000 INGEMMET [25]
La Cano ;16 z 5372'/365953’1’18 La Cano 1974 1988-1995 Lacroix [16]
Huachipa 7116 ; E?g’/sg 26;,/,/3 La Cano 1974 1988-1995 Lacroix [16]
Boyadero 16°34'40.09"5 La Cano 1974 1988-1995 Lacroix [16]
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Figure 2. Google Earth images showing landslides in the Vitor Valley; black lines indicate landslides.
(a) Geographical location of landslides in the valley and irrigation related to the landslides (b) Pie
de la Cuesta Landslide, (c) Punillo Landslide, (d) La Cano Landslide, (e) Huachipa Landslide,
(f) Boyadero Landslide.
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2. Methods

Prior to field studies, a review of historical aerial photos and satellite imagery of the
study area was conducted. Important landslide data such as measurements of landslide-
related features, geomorphological observations prior to 1974 and before the 2016 reactiva-
tion, and hydrological information from other studies were extracted to assess the influence
of water infiltration from irrigation on the landslide [26]. Field studies were also conducted
to measure landslide-related characteristics [2] and gather geomorphological and geological
information within the landslide and on stable slopes. Additionally, mapping of water
seepages emerging at various levels was carried out. As a result, geomorphological and
geological maps, as well as cross-sectional profiles, were obtained.

2.1. Historical Aerial Photos

For a better understanding of the landslide’s development, an aerial photograph
from 1945 and a satellite image obtained from Google Earth in 2015 were used. The
digitized version of the 1945 aerial map, sourced from the National Aerial Photographic
Service, was georeferenced to the WGS84 coordinate system used for photogrammetry-
generated products (Figure 3). To perform this adjustment, four control points were
used, obtained from old buildings and geomorphological characteristics, with a margin
of error of approximately 14 m. (Table 2). From this photo, it is possible to see that the
hillside, before being affected by the landslide, was divided by three main ravines and the
agricultural activity in the pampas of Joya Antigua. Likewise, a correlation was made with
a georeferenced orthomosaic from May 2019 and two satellite images from October 2015
and May 2023.
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Figure 3. Aerial photograph from 1945 with the control points used for georeferencing. Numbers
indicate control points.
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Table 2. Detail of the control points used for georeferencing the aerial photograph. The total root
mean square (RMS) error is 14 m [20].

Number X Coordinates Y Coordinates Description
1 192459.34 8177590.25 Affected constructions
2 192643.02 8178075.04 Affected constructions
3 193326.35 8177769.20 Head of the ravine
4 193448.07 8177996.81 Head of the ravine

2.2. Satellite Imagery

For the analysis of the geomorphological context in which the landslide developed,
current and historical satellite images extracted from Google Earth were utilized. These
images enabled the assessment of how the terrain morphology has evolved over time, the
identification of active displacement areas, regions with significant slopes, mapping of
damaged or at-risk infrastructure due to landslides and the recognition of the types of mass
movements occurring.

2.3. Field Mapping

The field study included the following. (1) Observations of the most relevant landslides
in the Vitor Valley presented in Figure 2, to study the context in which the studied landslide
develops. (2) Geomorphological observations and some measurements of morphometric
characteristics of the landslide, such as spatial orientations and elevations, including
main and secondary scarps, counter-scarps, horst-graben structures, cracks, side levee
structures, etc. Water seepages were also mapped. This information was summarized in a
geomorphological map. (3) Field mapping on the flanks of the landslide and stable slopes
of the valley [27]. We identified and measured stratum thicknesses at rock outcrops and
visually described hand samples to evaluate permeability, consolidation degree, grain size
and texture, all aimed at assessing the influence of geological conditions of the strata on
the landslide. Within the block, we particularly searched for fault planes with striations
and any evidence of displacement to deduce the kinematics of the structures. Faults were
mapped based on field measurements and analysis of satellite imagery and DEMs. As a
result, a stratigraphic column and a structural geological map were obtained, and geological
sections were generated by interpreting all collected data. USGS symbology was used for
graphical representation.

2.4. Geophysical Survey Information

A 2D Electrical Resistivity Tomography (ERT) and 2D Seismic Vp Velocity (SVP) study
of this landslide are presented by [5]. We use the electrical profile (ERT-01), the seismic
profile (SVP-02) and a subsurface of the top of the Lower Moquegua formation by [5] to
support our geological and geomorphological interpretations of the landslide.

3. Results
3.1. Stratigraphy

The stratigraphic units exposed in the study area range in age from the Eocene to
the Quaternary period. These units correspond to the formations of Lower Moquegua,
Upper Moquegua, Millo, Pleistocene alluvial deposits, Holocene terrace alluvial deposits
and recent fluvial deposits [28,29]. Additionally, there are colluvial-deluvial deposits
originating from landslides.

There is also an ignimbrite deposit, and Cenozoic volcanism occurred simultane-
ously with the sedimentation of the Millo Group [8]. The synthetized stratigraphic log is
illustrated in Figure 4, which was logged on the right flank of the landslide.
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Figure 4. Synthetized stratigraphic log of different units cropping out in the study area. (a) Vertical
cracks in the Millo Formation. (b) Ignimbrite with volcanic tuff clasts. (¢) Conglomerates in a sandy
matrix with 5 to 10 cm cobbles of intrusive and volcanic origin. (d) Level of carbonate precipitate
indicating a paleo groundwater level (e) C Conglomerates of the Upper Moquegua Formation,
overlying an Ss Sandstone layer. (f) Intercalation of sandstone and mudstone. (g) Fractured sandstone.
(h) Medium-grained sandstone. (i) Polymictic conglomerates of the Upper Moquegua Formation.
(j) Laminar sandstones. (k) Gypsum fragments within mudstone layers. (1) Centimeter-thick layers of
massive gypsum. (m) Centimeter-thick layers of gypsum and red mudstones. (n) Gypsum in layers
and as fracture fillings.
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3.1.1. Lower Moquegua Information (Sotillo)

The upper part includes red mudstones [30], and a noteworthy feature is a 4.5 m thick
layer of coarse tuffaceous sandstones with centimeter-scale planar laminations as internal
sedimentary structures (Figure 4j). The top of this unit comprises a 12 m thick layer of red
mudstones, and within this layer, centimeter-sized gypsum spheres are present (Figure 4k).
The upper boundary of this layer constitutes the detachment level of the landslide.

The middle part of this unit consists of meter-scale beds of silty mudstones with
centimeter-thick gypsum layers. Fractures filled with gypsum, resulting from the dissolu-
tion of layers and subsequent precipitation as fracture infill, are also observed (Figure 4n).
It also contains packages of impure white gypsum centimeter-thick layers that form scarps
in the terrain. Some levels of mudstones with gypsum fragments produced during sedi-
mentation are also present (Figure 41).

The base of the Lower Moquegua Formation does not outcrop in the study area. It
consists of lacustrine deposits composed of red mudstones and gypsum. At the base,
there are fine alternations of red mudstones and centimeter-thick gypsum layers, creating
irregular undulations developed during compaction due to lithostatic loading (Figure 4m).

The outcrop of this formation on the valley wall is part of the separation surface on
which the landslide deposits rest (Figure 4b). The assigned age for this unit is Eocene.

3.1.2. Upper Moquegua Formation

This formation, with a thickness of 101 m, is underlain by an erosional discontinuity
over the Sotillo Formation. It primarily consists of cream-colored polymictic conglomerates
(Figure 4i). The clasts are rounded to subrounded, with a larger diameter ranging from 5 to
10 cm, although there are occasional clasts up to 20 cm. Clast lithology includes intrusive
igneous rocks, sandstones and andesites, along with some limestones. The matrix is sandy;,
and sedimentary structures including channel structures are commonly observed. To a
lesser extent, medium-to-coarse-grained cream-colored arkosic sandstones intercalate with
inclined bedding structures, and there are metric layers of reddish-brown mudstones. This
entire unit exhibits good cementation and morphologically forms multi-meter protruding
prismatic features in the conglomerates (Figure 4g).

The sedimentary rocks of the Moquegua Group result from the erosion of the rocks
that comprise the current Western Cordillera and the Altiplano [31].

The assigned age for this unit is Upper Oligocene to Miocene.

3.1.3. Millo Formation

The Millo Formation extensively outcrops in the study area, forming the upper part
of the valley walls (Figure 4d). It is characterized by a dark gray color and overlies the
Upper Moquegua formation with an erosional discontinuity. Lithologically, it is composed
of rounded polymictic conglomerates with clasts varying in diameter from 5 to 10 and
occasionally up to 20 cm. The clast lithology includes intrusive igneous rocks, sandstones
and volcanic andesites, with a minor presence of limestones. The matrix is composed of
coarse sand (Figure 4c), and the materials are weakly cemented, causing the clasts to detach
easily and roll down the slope.

In the lower to middle part of the formation, there is an intercalated 5 m thick white
ignimbrite deposit (Figures 4a and 5d). This is a tuff composed of volcanic ash, plagioclase
crystals, biotite and scattered pumice clasts throughout the deposit. While the base of the
deposit is relatively uniform, the upper part exhibits an erosional surface. The age of this
deposit is 4.89 &+ 0.02 Ma [32], the same age assigned to the Millo Formation.
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Figure 5. Field photographs showing (a) a panoramic view of Pie de la Cuesta landslide and
locations of detail pictures (b,d,e); the stratigraphic sequence shown in Figure 4 is indicated by
the white dashed line. (b) Southern limit of the landslide in contact with the sedimentary unit
in the valley wall. (c) Erosional features in the conglomerates of the Upper Moquegua formation.
(d) Outcrop on the main scarp of the landslide showing the top and base of the Millo formation, C
conglomerate interbedded with Ignimbrite layer. (e) Outcrop of the Upper Moquegua Formation,
showing interbedding of SS Sandstone, C Conglomerate and Ms Mudstone.

3.1.4. Quaternary Deposits/Eolian Deposits/Farming and Irrigation

In the study area, the Millo Formation is covered by eolian deposits (Figure 6d)
and soils (Figure 6¢) that have been utilized for a farming area covering approximately
4500 hectares (Figure 6a,b). The irrigation system currently includes cement distribution
canals, but the fields are irrigated primarily by flooding with earth channels. The water
flow for irrigation ranges from 5 to 8 cubic meters per second [26].

3.2. Geomorphology/Structures

The Pie de la Cuesta landslide is 1.07 km long and 0.78 km wide. At its head, the
landslide exhibits a pseudo-graben structure, while at the bottom, there are blocks that
have slid from the main wall. The most significant block preserves signs of cultivation
and irrigation infrastructure. This pseudo-graben rests on an ancient ravine, at the bottom
of which the materials cover the fault trace that initiates the landslide. In this study, four
geomorphological subunits have been delimited (Figure 7).

Subunit (I) encompasses the landslide’s initiation zone, featuring a main horst—graben
structure with vertical to sub-vertical scarps identifying the horst and a collapsed graben
approximately 50 m below the horst elevation. The graben walls experience rockfalls,
and outcrop springs occur near the base. Remnants of agricultural fields with irrigation
canals are visible on the graben surface (Figure 8a). This horst-graben structure was more
active in the early stages of the landslide [20]; its subsidence has decreased to a minimum
at present.
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Figure 6. La Joya Antigua irrigation over Quaternary deposits. (a) A panoramic view of the head of
the landslide showing Quaternary deposits. (b) Water channels for flood irrigation. (c¢) Quaternary
deposits. (d) Eolian deposits. Red arrows indicate Quaternary deposits.

Additionally, within the depression (graben), cracks parallel to the direction of sliding
can be observed, indicating lateral displacement of the landslide (Figure 8a). Associated
with the main faults are antithetic faults that give rise to smaller grabens.

The horst has slid with primarily horizontal displacement and slight vertical move-
ment (Figure 8a). The displacement is more pronounced on the NE side of the sliding
block while maintaining the original stratigraphic configuration. Within the horst, there are
north-south-trending cracks intersected by lesser-magnitude east-west-trending cracks.

Subunit (II): This subunit marks the initiation of earth flows, characterized by de-
cameters tall toppling columnar blocks (Figure 8b) and multimeter-tall pyramidal blocks
with vertical flanks and fault striations resulting from normal faulting (Figure 8c). This is
the zone where the degree of deformation and disaggregation of the original sedimentary
sequence increases from large blocks to the point of complete block disaggregation and
generation of the debris that feeds the earth flows downstream.

Subunit (III): This zone consists of earth flows that originate at the contact between the
Upper and Lower Moquegua formations. The flow path overlays an older ravine, valley
wall and valley floor (Figure 3). The upper part corresponds to an area of hummocky
topography composed of an agglomeration of blocks of sizes from 1 to 5 m, as well as
boulders of centimetric sizes up to 50 cm. Side levee structures can be observed bounding
the sides of the flows, while the front of the flows forms semicircular compressional ridges
that define the advancing front of the landslide. This area exhibits the most mobility (up to
4.5 m/month) [20] and is currently advancing and covering agricultural land.



Geosciences 2024, 14, 291

11 of 23

= === Landslide

Irrigation Canal
rrrrT Scarp

Flank

- Springs or seeps

=== Side levee

Ravine

== Inferred direction
of movement

Geomorphological Unit
]

Y

[

v

Figure 7. Geomorphological map of the Pie de la Cuesta landslide showing geomorphological
domains: (I) horst-graben structure, (I) normal faulting and large pyramidal blocks, (III) earth flows,
(IV) natural slope of the valley.

The landslide material slides along the natural slope developed in the Lower Mo-
quegua Formation, as inferred from outcrops (Figure 5b) of the Lower Moquegua Formation
on both sides of the landslide. The limited presence of Lower Moquegua material in the
slid mass also supports this deduction. Additionally, aerial photos from 1945 (Figure 3),
prior to the landslide, reveal the natural slope of the valley wall.

On the southern side, two water springs originating from the sliding plane (contact
of the Lower and Upper Moquegua formations) are present. These springs become more
active during periods of heavy rainfall and an increase in the irrigation water flow in the
Joya region, triggering soil flow.

At the front of the landslide, reverse faults are observed in response to compres-
sion caused by the weight of the sliding mass. Striated fault planes are distinguishable
(Figure 8c), as well as semicircular ridges that border the landslide front, resulting from
the stacking of materials constrained by typical reverse faults characteristic of a landslide
front (Figure 9). This zone covers agricultural lands with velocities ranging from 0.8 to
1.4 m/month [20], heading northwestward.
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Figure 8. (a) Morphometric features observed in the landslide of Pie de la Cuesta. (b) Columnar-
shaped blocks and scratched face. (c) Striated fault plane.

Moreover, considering the studied background and the monitoring data where the
landslide developed [20], the order of occurrence of the earth flows and the average
velocities are illustrated in Figure 10.

Subunit (IV): This refers to the stable areas around and within the landslide, where
the original stratification is preserved.

Within the study area, various types of movements [33] contributing to the landslide’s
development have been identified, including block sliding, debris falling, rockfall, tipping
and earth flows, which are illustrated in Figure 10.

The velocities of the earth flows vary in each zone due to factors such as valley
morphology, irrigation water infiltration, material input and the composition of earth flows.
Figure 10 presents the different velocities recorded during the period from October to
November 2021 [20,23].
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3.3. Groundwater

The Pie de la Cuesta landslide is triggered by the Joya irrigation system [16,19,22,23].
The Joya irrigation system receives a flow of 5 m3/s in the dry season and up to more
than 8 m3/s in the rainy season, and on average 7 m3/s [26]. Up to 10.5 (L/s), estimated
from the discharge rate of the springs in the landslide body, infiltrates from the irrigation
system the landslide mass [26]. The water electric conductance in the landslide was around
4.30 dS/m (decisiemens per meter) in 1994 [26]; this is due to the washing and dilution
of minerals from the sedimentary units. These high-water electric conductance indices
indicate the high salinity of aquifers. The salinity water may be due to the leaching of
soils and rocks from the valley wall formations or the excessive use of fertilizers in La Joya
Antigua irrigation.

Subsurface drainage flows toward the valley (Figure 11a), following a slight topo-
graphic slope of La Joya plains. This drainage emerges on the walls of the main escarpment,
in the extensional area of the landslide and at the transition zone by the upper part of the
earth flows.

Figure 11. Water outcrops at the contact between Millo and Upper Moquegua formation, along the
left margin of the valley, 500 m downstream from the landslide. (a) Moisture zones. (b) Outcrop of
water in the upper part of the flow. (c) Origin of earth flow at the contact between Upper Moquegua
and Lower Moquegua formations.



Geosciences 2024, 14, 291

15 of 23

Water infiltrates the sedimentary sequence both by primary permeability of the
coarse sediments and by secondary permeability caused by fractures affecting the
sedimentary units.

On the margins of the Vitor Valley, many springs of water are observed gushing from
the cliffs, geographically related to the location of the irrigation fields [16], and controlled
in turn mainly by geological conditions of the formations that outcrop on the walls of the
valley [34].

In the study area, two main levels of water infiltration are observed. The first level
of infiltration occurs from the main scarp, approximately 5 m below the contact between
the upper Moquegua and Millo, although this level fluctuates downstream towards the
contact itself; this is more visible 500 m downstream of the landslide and can be observed
in the valley from Pie de la Cuesta to Boyadero along a distance of 15 km (Figure 11a).
The second level of infiltration occurs at the contact between the Upper and Lower Mo-
quegua formations, moist zones with the presence of vegetation on the north side of the
landslide (Figure 11b) and on the south side with water springs at the top of the earth flow
(Figure 11c).

4. Deformation History and Interpretation of Structures

Based on the description provided, the factors controlling the landslide can be
identified. The internal factors include the poorly consolidated conglomerates from the
Millo and Upper Moquegua formations, which are a slightly fractured, permeable layer;
the expansive nature of the mudstone interbedded with gypsum layers from the Lower
Moquegua formation, impermeable layer and landslide surface; and the topographical
conditions. The external factors comprise heightened pore water pressure, fluctuations in
groundwater levels, seismic events and disturbances resulting from human activities [20].
However, the predominant triggering factor is water infiltration from La Joya Antigua
area, supported by recorded instances of infiltration since approximately 1950 [20,21],
the geographic association of landslides with farmland [16] and the mapping of springs
or seeps (Figure 7).

La Joya Antigua flood irrigation systems span over 3500 hectares (Figure 6a,b). The
irrigation water infiltrates the sedimentary sequence and outcrops of springs gushing from
the cliffs of the Vitor Valley. Specifically, two levels of water infiltration have been detected
along the left bank wall of the Vitor Valley.

The infiltrated water contains salts and minerals leached from the Millo and Upper
Moquegua formations [5,35]. Groundwater flow directions on the subsurface of the top
of the Lower Moquegua were drawn (Figure 12). Huayllazo et al. [5] extrapolated the
point values of seven electrical profiles to obtain the subsurface of the top of the Lower
Moquegua formation.
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Figure 12. Failure surface under Digital Terrain Elevation model. The arrows indicate preferred

groundwater flow directions. Modified from Huayllazo et al. [5].

The geological cross-sections A-A’ and B-B’ (Figure 13) are constructed from the
topography obtained from the 2019 orthomosaic, geological field observations in 2019
and two geophysical profiles from Electrical Resistivity Tomography (ERT-01) and seismic
refraction (SVP-02), extracted from a previously published study [5]. Interpreting the cross-
sections B-B’ (Figure 13), the upper part comprises the graben in which part of the soil has
slid, along with its respective elevation with almost perpendicular fracturing to the sliding
and affected at its southern end by normal faults, which attests to an initial sliding with a
small rotational component. These two structural elements rest on a sub-horizontal sliding
surface that joins the main sliding surface in the failure surface. This surface coincides
with the contact between the Upper Moquegua (conglomerates) and the Lower Moquegua
(red mudstones). The sliding surface follows the natural slope of the valley developed on
the mudstones of the Lower Moquegua, as shown in Figure 13. Both sections illustrate
inner faults that intersect the failure surface, which is also evidenced on the surface by the
occurrence of normal faults. We refer to the area between inner faults such as the inflection

zone, which has been delineated on the geological map (Figure 9).
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While Figure 3 shows the complex geomorphology of the terrain in the study area
before being affected by the landslide in 1945, Figure 14 shows the state of the landslide
two years after the main collapse that occurred in 1975 [19]. Source areas or contributory
zones of the landslide are labeled in this figure. Zone Z1 shows the earth flows’ source area,
and a fractured block can also be observed, which would be the material that currently
forms the earth flows covering the agricultural areas at the bottom of the valley. Addition-
ally, zone 72 is delineated, which is currently the secondary scarp of the landslide and part
of the earth flows’ source area. Consequently, zone Z3 is the main scarp of the landslide
and could potentially become the main source area in the future when an external factor
triggers a collapse of the horst structure, which is currently fractured in transverse and
parallel directions to the direction of the landslide, as shown in Figure 9.

Fractured

Z2 Ravine Dok

U
S
- rT

Figure 14. Photographs from 1977, two years after the main collapse, showing a 35 m sinking of the
graben [19].

Figure 15 shows the historical evolution of the Pie de la Cuesta landslide. Figure 15a
shows an aerial photo from 1945 showing the position of the foot of the slope in 1945 and
the landslide boundary in May 2023, also the total buried area. Figure 15b shows a Google
Earth satellite image from October 2015, showing the position of the foot of the landslide
mass before reactivation in 2016. Figure 15¢ shows an aerial photo from 2019 showing the
position of the foot of the landslide mass after reactivation.

The total buried area of the valley floor from the first activation in 1975 to October
2015 was approximately 15 hectares. From October 2015 to May 2019, after the reactivation
in 2016, the buried area increased by 4.9 hectares. Finally, from May 2019 to May 2023, the
increase in the buried area is 2.8 hectares. The total buried area on the valley floor due to
the advance of the landslide mass until May 2023 is 22.7 hectares (Figure 15e).
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Figure 15. (a) Multitemporal evolution of the landslide by comparing geomorphological charac-
teristics from aerial photos (a,c) and satellite images (b,d,e). (a) Aerial photo from 1945 showing
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the position of the foot of the slope in 1945 (red dashed line) and the landslide boundary in May
2023. The blue polygon indicates the total buried area. (b) Google Earth satellite image from October
2015 showing the position of the foot of the landslide mass before reactivation. (c) Aerial photo
from 2019 showing the position of the foot of the landslide mass after reactivation. (d) Google Earth
satellite image from May 2023. (e) Position of the foot of the landslide, represented by dashed lines
(2015-2023); the buried areas delimited at different time intervals are also shown.

5. Discussion

Taking into account the morphological, structural and hydrogeological characteristics
illustrated in the profiles of Figure 13, it can be inferred that the failure surface (initiated by
gravitational failure) is divided into two parts by an inflection zone.

The upper part comprises the graben in which part of the soil has slid, along with its
respective irrigation infrastructure and underlying units, as observed in Figure 6a. The
horst, with nearly perpendicular fracturing to the landslide and affected at its southern end
by normal faults, attests to initial sliding with a small rotational component. These two
structural elements rest on a sub-horizontal sliding surface that links to the main sliding
surface in the break zone. This surface coincides with the contact between the Upper
Moquegua (conglomerates) and the Lower Moquegua (red mudstones). It is crucial to note
that this contact is an erosion surface with paleo-relief through which a groundwater level
circulates. From the inflection zone, the sliding surface follows the natural slope of the
valley developed over the mudstones of the Lower Moquegua, as depicted in Figure 13.

The lower part of the landslide, composed of the translation zone and the landslide
front, represents most of the landslide volume. This greater mass of materials originated
from an uplifted fractured block that was affected on its northwest flank by normal gravita-
tional faults (Figure 14); the materials not only have undergone sliding but also experienced
collapses, fracturing the materials of the Upper Moquegua and Millo Formations.

The mass in the translation zone exerts the greatest gravitational pressure forward,
causing further advancement at the base of the landslide. This movement is also facilitated
by the fact that the sliding surface in this zone has a steeper slope than the upper portion.
It is worth noting that water emerging from the aquifers within the conglomerates of the
Upper Moquegua, as well as those at the contact between the Upper and Lower Moquegua,
infiltrates into the landslide materials and reaches the main sliding surface, acting as
a lubricant.

The interbedded layers of permeable materials (Millo Formation and Upper Moquegua
Formation) and nearly impermeable materials (Lower Moquegua Formation) (Figure 13)
create concentrated flow zones at their contact, turning the contacts into failure areas. The
presence of stratified permeable layers forms a groundwater level within the permeable
stratum overlying the clayey soil, generating hydrodynamic pressures that vary with
changes in water regime due to infiltration, leading to decreases in effective stresses.
In other words, water infiltration circulates, exerting pore pressures on soil particles,
which reduces effective stresses and consequently soil resistance, thereby forming a zone
of weakness.

Local residents have installed a series of pipes and plastics to prevent water infiltration,
but this mitigation effort is only partial. It is evident that water from flood irrigation in the
Joya irrigation system infiltrates first into the Millo Formation, which is uncemented, highly
porous, and permeable. Subsequently, it develops groundwater levels in the conglomerates
and sands of the Upper Moquegua, even though this unit has moderate cementation,
primarily composed of calcium carbonate and other highly soluble sulfates, allowing
water circulation.

Displacement velocities in the translation zone vary considerably for the earth flows
listed in order of occurrence in Figures 10 and 15e. The displacement velocity on average
is 4 m/month in earth flow 3, 1.9 m/month in earth flow 1 and 15 cm/month in earth
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flow 2 [20]. This movement is lower in the front due to the stacking of masses, generating
reverse faults at the foot of the landslide. As of the date of this article, the landslide remains
active since the involved mass has not yet been discharged and has not yet reached stability.

While it is true that the landslide is initiated by the destabilization of the valley wall
due to the development of a slope through erosion [19], this movement is also facilitated by
water infiltrating from the Joya irrigation system (over 3500 hectares) where flood irrigation
is practiced. The water first infiltrates through the soil, then through the Millo Formation
and continues to the Upper Moquegua Formation. Up to two main groundwater levels
have developed, surfacing at the head of the landslide.

At the forefront of the landslide, there is a mass of landslide debris morphologically
shaped like a fan, creeping over the valley floor. A series of semicircular ridges can be seen
bordering it. Upon closer inspection in the field, these are overlapping flakes caused by
reverse faults with striations on the fault planes.

The advance of the earth flows has buried approximately 22.7 ha of the valley floor,
which implies damage to the infrastructure, such as a main access road, houses and
irrigation canals (Figure 3) and the progressive loss of agricultural fields. On the other
hand, the main road and irrigation pipes are located on the earth flows, generating economic
losses in their recurring maintenance.

6. Conclusions

The study describes the geology and the geomorphology of the Pie de la Cuesta
landslide using a combination of field and remote sensing methods and draws conclusions
on the landslide cause and dynamics. Based on the information gathered in the research,
the following conclusions can be drawn:

e  The Pie de la Cuesta landslide was first identified in 1975, following an earthquake,
and underwent a significant acceleration episode in 2016.

e  Currently, the landslide covers approximately 61.5 hectares. The advance of the earth
flows has buried approximately 22.7 ha of the valley floor, burying agricultural fields
and infrastructure.

e  The Pie de la Cuesta landslide is triggered by the presence of groundwater levels due
to infiltrated water originating from La Joya Antigua irrigation system.

e  The poor cementation of the conglomerates of the Millo and Upper Moquegua forma-
tions are key conditioning factors in the landslide failure and movement.

e  The landslide is characterized by three deformation domains: an extensional domain
defined by a horst—graben structure near the top of the valley slope; a translational
domain defined by toppling, normal faulting and earth flows; and a compressional
domain defined by lobed thrust fault ridges overtopping the valley bottom.

e Itisacomplexlandslide as it exhibits different types of movements, including falls,
topples, translational slides and earth flows.

e  From the collected hydrogeological information, two main levels of infiltration water
discharge are distinguished. The first occurs on the main scarp in the conglomerates
of the Upper Moquegua Formation, approximately near the contact between the Millo
and Moquegua Formations. The second level is at the contact between the Upper
and Lower Moquegua Formations. It is noteworthy that mapped emergence points
at different levels than those mentioned before lead to the conclusion that water also
infiltrates through the sliding plane, thereby accelerating its progression. Due to
the development of groundwater levels, the slope of the valley is 25 to 30 degrees,
influenced by geological conditions such as the poor cementation and permeability of
the formations on the upper part of the slope.

e  The main failure plain develops at the contact between the Upper Moquegua Forma-
tion (conglomerates) and the Lower Moquegua Formation where the low-permeability
mudstones of the Lower Moquegua Formation identify the main failure and slid-
ing plane.
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We advise the implementation of landslide monitoring and a strategy for improving
irrigation practices to reduce the impact of the Pie de la Cuesta landslide and the other
landslides in the Vitor Valley.
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