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Abstract: This study focuses on the geometric and geophysical characterization of sedi-
mentary landslides in the Laguna del Amor area, located in Chota-Cajamarca (Peru). The
main objective was to identify key static factors related to landslide susceptibility, including
slope angle, soil composition, and groundwater flow, prioritizing the areas affected by
landslides. Electrical Resistivity Tomography (ERT) was the geophysical method selected
because of its effectiveness in delineating subsurface geometries, detecting water content,
and assessing mass movements. The methodology combined geophysical analysis (ERT),
field geology, and photogrammetry to develop a detailed subsurface model. The results
indicate a rotational landslide mainly composed of weathered shales and limestones, with
highly saturated zones that increase the area’s hazard level. The investigation also iden-
tified significant variability in landslide depth throughout the study area, highlighting
the importance of these factors in geotechnical risk assessment. This interdisciplinary
approach not only contributes to geological knowledge of the area but also provides critical
information for mitigation and risk management strategies in landslide-prone areas.

Keywords: electrical resistivity tomography; geoelectrical characterization and subsurface
modeling; landslides; shale rocks and calcareous rocks

1. Introduction

Landslides are complex and destructive geological phenomena, common in the moun-
tainous areas of Peru [1,2]. They represent one of the most significant mass movements
due to the serious material and human damage they cause, including thousands of deaths
and economic losses [3,4]. In response to this problem, several studies have explored
the effectiveness of Electrical Resistivity Tomography (ERT) as a non-invasive tool for
the investigation and characterization of these geological events; it also detects saturated
areas [5-7].

Research in various geographical contexts, such as Italy, Poland, Jordan, Turkey and
the Czech Republic, has demonstrated the usefulness of ERT for identifying discontinuities,
characterizing landslide geometry, and assessing potential risks [8,9]. In these cases, ERT
has been combined with techniques such as digital aerial photogrammetry, providing a
deeper understanding of the surface and subsurface structures of the affected areas.

The stratigraphy and materials involved in landslides range from loose sediments
to bedrock formations [2]. In this context, ERT, in 2D and pseudo 3D configurations,
has proven to be a valuable tool for detecting changes in the subsurface by measuring
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resistivities, thus making it possible to delineate the geometry of mass movements, de-
tect water content, and evaluate ground motion, fundamental objectives in geotechnical
studies [10,11].

The research carried out by [12] sought to analyze the soft rock of the Bengkulu-
Lebong North Mountain Road landslide; for them, the data collected from the ERT were
processed with Res2Dinv software, thus highlighting it as an effective method for landslide
analysis in humid areas (water infiltration). Hence, they conclude that areas potentially
subject to subsidence are clayey rocks. Likewise, the aquifer layer makes them susceptible
to landslides, in addition to the slopes of 35-55°.

Geophysical methods are presented as a great advantage in the exploration of the
subsoil since they allow the collection of data at great depths, with a very high reliability,
and they are applicable to a multitude of geological phenomena or terrain characterizations;
their application is widely diverse, from engineering to archaeology, always hand in hand
with other studies, destructive or non-destructive.

Such is the case of the analysis of slopes treated to cycles of freezing and thawing and
earthquakes, these affect the stability of slopes presenting greater structural degradation
with respect to the case without freezing and thawing; reducing the affection of the natural
frequency environment and increasing the seismic amplification in the slope; and facilitating
progressive landslides [13]. These causes highlight the importance of geophysical studies
in the evaluation of slope instability.

The enhanced discontinuous deformation analysis (3D DDA) simulation of the slope
in Tibet reveals that secondary discontinuities influence the fragmentation and trajectories
of blocks, affecting nearby infrastructures [14].

Similarly, the kinematic evolution of rockfalls can be evaluated, with the slope angle
having a major impact on block kinematics, followed by the block mass, height of fall,
block shape, and angle of fall [15]. This quantitative approach helps to understand the
mechanisms of instability and mitigate risks.

In the Shuping landslide, the particle swarm optimization algorithm optimizes land-
slide prediction by considering the temporal evolution of the slope [16], which in turn
would enrich any study as a complementary evaluation of geophysical studies.

The ERT proves to be a relevant geophysical method for predicting ground properties
evaluated in the field as the previous geophysical methods, as long as it is accompanied by
correlative studies, either destructive or non-destructive.

Anisotropy is particularly relevant for understanding subsurface geology and structure
since resistivities vary in value depending on the layers and types of rocks present, such as
igneous, sedimentary, and metamorphic [17]. In recent studies, the application of ERT has
allowed the identification of important geological faults, as in the Baza fault in Spain, where
deep characterizations of up to 1000 m were achieved using the Pole-Dipole array [18].
Similarly, in the Zhangdian-Renhe active fault zone, four fault zones with inclinations
between 60° and 75° were identified using ERT [19]. In addition, research on karst cavities
has shown that detection is most effective in resistive source rocks, as evidenced in the
“Forstststraben Einbruch” cavity [20].

In Peru, TRE has been used mainly for road maintenance and groundwater exploration
projects [21,22] to characterize the subsoil where these projects were developed, although its
application in landslide characterization has been limited. A relevant case is the landslide
that occurred on 15 March 2021 in the “Laguna del Amor” area, in Chota, Cajamarca.
This event affected 500 m of roadway, houses, local crops, and a riverbank, impacting
an area of 16.10 hectares characterized by geomorphologic instability and great tourist
importance [23]. The physical-mechanical properties of the slopes of the study area are
soils with 22% to 27% moisture and with a granulometry of inorganic clay of high plasticity
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(CH). In addition, plastic limits were of 19% and 31% and liquid limits were of 53% and
64% [24].

This paper uses 2D ERT, the most widely used geophysical approximation method,
to investigate and represent the electrical properties of the subsurface based on resistivity
contrasts, to characterize the distribution of this property in the subsurface [18-26], and
to characterize the landslide in Laguna del Amor, with the objective of determining key
parameters such as soil composition, saturated strata or water flows, and landslide stratig-
raphy. This information is crucial for risk management and future urban planning in a
region historically affected by recurrent ground movements since 1970.

The research aims to provide detailed knowledge of the sedimentary formations of
the area, characterized by high water saturation at significant depths. The landslide in the
Lagunas sector was caused by the excessive rainfall in the area and the type of materials
characteristic of the geological formations present in the area, and soil originated from the
weathering of shale rock (main component of the Chota and Celendin formations); which,
together with high saturation, are the triggers of the landslide. The results obtained should
be validated by means of geological drilling logs, improving the accuracy and usefulness
of the conclusions for further research.

The main challenges encountered in the development of this research are the lack
of information on the study area, not presenting information from previous geophysical
studies, limiting the comparative analysis, in addition to the difficulties regarding the
accessibility of the area, and preventing the constant monitoring of the landslide. The
difficulty of the work area, its touristic importance, the methodology (combination of
geology, photogrammetry, ERT dipole pole with RES2DINV v. 3.5.3), and the lack of
information and resources of the place are part of the challenge present in this research and,
therefore, the novelty.

The possible damages generate the need to implement mitigation actions, such as
deep drainage to reduce saturation and improve natural drainage, in order to stabilize the
water table and partially restore soil cohesion in the most compromised areas.

2. Study Area

The study was conducted at a site located in the Laguna del Amor area, southeast of
the city of Chota (Cajamarca, Peru), at an altitude between 2423 and 2622 m.a.s.l. (Figure 1).
This area includes a road reconstructed after the landslide occurred in 2021, as well as a set
of cracks filled by material dragged due to weathering and erosion processes caused by
runoff. These cracks delimit the main fracture of the landslide, in addition to the presence
of houses within the danger zone associated with the event, along with several stationary
lagoons, including the Laguna del Amor, which gives its name to the area.

For the geophysical evaluation, Electrical Resistivity Tomography (ERT) measurements
were used in 2D and pseudo 3D configurations, applied due to the difficulty of the terrain
not allowing parallel ERT profiles. Four profiles were designed and analyzed: the first one
was plotted along the longitudinal axis of the landslide in the SE-NW direction, following
the identified direction of the avalanche movement (Figure 2), while the remaining three
were plotted in NE-SW transverse directions to obtain a detailed model of the affected
area. For the selection of the field profiles, a photogrammetric survey was carried out in
addition to a field reconnaissance in order to identify the areas that would provide the most
information for the ERT profiles. The predominant slope in the area varies between 0% and
15% (Figure 2).

In the study area, stationary lagoons, a creek at the foot of the landslide, cracks, inclined
trees, geological formations, and geomorphological units of the site can be observed.
The landslide in the Laguna del Amor area has an SE-NW direction (Figure 3), whose
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761,400

morphology and orientation suggest an active process due to the presence of tension cracks
in the upper crown and at the foot of the landslide slope. In addition, the creek that erodes
the foot of the slope Figure 4b,f,h, with jump heights in the escarpment or main landslide
crown of between 10 to 15 m, describes a well-defined fault zone. These conditions, together
with the topography of the site, helped to define the positioning of the electrodes of the
ERT equipment (Figure 3).
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Figure 1. Location map of the study area. (a) Digital height map obtained by DEM photogrammetry of
the Laguna del Amor area. Visualizing light blue water bodies, red lines as escarpments or landslide
crowns, purple lines as access roads, yellow lines as stress cracks, and yellow polygons as houses
built in the study area. (b) Location map of Cajamarca in Peru. (c) Location map of Chota district in
Chota province/(d) City of Chota located in the district of Chota, (e) Study area located near the city
of Chota.

The cracks located in the crown and foot of the landslide present considerable openings,
indicating the instability of the terrain, being the consequence of accumulated tensional
forces, generating differential displacements in the material (Figure 5) and allowing the
infiltration of water, in turn increasing the weight and the hydrostatic pressure in the
interior of the sliding mass. The stationary lagoons found near the intersection of ERT 3
and ERT 1 of the lagoon can only occur if there is a clay formation that impedes the flow of
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water into the terrain, a process that should occur naturally, considering the irregularities
of the terrain; the presence of the Laguna del Amor is explained by the existence of a
horizontal water table that supplies the lagoon throughout the year, implying that there
is a continuous flow of water near the lagoon; the formations present (d and e) located
(300 m) northwest and southwest of the Laguna del Amor explain the presence of these
materials and the slide, since these are made up of clayey-loamy materials and limestone
rocks, which are soluble in water. The presence of these morphological elements suggests
that the landslide has advancing kinematics and could undergo acceleration under adverse
precipitation or seismic conditions. The gully is at the foot of the landslide and serves to
undermine the accumulated material.
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Figure 2. Slope map of the Laguna del Amor landslide.
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Figure 3. Distribution of escarpments in the Lagunas sector. (a) Study area. (b) Escarpment 1.
(c) Escarpment 2. (d) Escarpment 3. (e) Escarpment 4. (f) Escarpment 5.
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Figure 4. Components of the Lagunas sector. (a) Tree inclined by the loss of anchorage in bofedal soil.
(b) Dry brook. (c) Electrical Resistivity Tomography line. (d) Structural hill sub-unit in sedimentary
rock. (e) Limestone rock. (f) Landslide crown. (g) Laguna del Amor (touristic resource). (h) cracks.
(i) Stationary lagoons during rainfall periods.
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Figure 5. Study area is classified in heights next to arrows with the avalanche line in the Laguna del
Amor area.
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The landslide event has caused the fall of large trees, such as Salix humboldtiana
(Figure 4g), whose loss of anchorage in the soil indicates a considerable alteration of the
apparent cohesion and stability of slopes [27,28]. In addition, significant cracking and
the collapse of buildings in the affected area have been observed due to the movement
of masses at a depth that has displaced the structures and compromised their structural
integrity. This phenomenon has also had a negative impact on cultivated areas, where the
displacement of the terrain has modified the soil profile, affecting both fertility and the
availability of arable land.

2.1. Precipitation Analysis

The maximum precipitation between 2020 and 2024 of the Chota meteorological station
(Table 1) was analyzed in millimeters (mm). It is a key factor for the occurrence of landslides,
being notable in the phenomenon of 15 March 2021. In addition, the Figure 6 identifies
the maximum extent of precipitation in the months of March and April, which is the main
factor for landslides in the province of Chota and also in the study area. The months of less
precipitation are July, August, and September.

Table 1. Chota weather station data.

Station: Chota

Department:
Latitude:

Type:

Cajamarca Province: Chota District: Chota
6°32/49.66" Longitude: 78°38'55.07" Altitude: 2468 masl.
CO-Meteorological Code: 106034

2.2. Local Geology and Geomorphology

According to the map extracted from the Geological and Mining Cadastral Information
System (GEOCADMIN), the geology present in the Laguna del Amor area is within the
lower Chota formation (Figure 7). In addition, the province of Chota, located in the 175
Universal Transverse Mercator World Geodetic System (UTM WGS 84), in southern Peru,
and in the center of the Cajamarca region, presents a complex geology due to its location
near the convergent margin between the South American and Nazca plates [29].

The geomorphological development of the 14f quadrangle of Chota is the result of
degradational processes, presenting great unevenness; the structural geology is composed
of very diverse phases, sectioning in the tectonic province of Cutervo, tectonic province
of Chimd, tectonic province of Pacasmayo, and tectonic province of Santa Cruz. These,
in their internal movement, modify the younger formations, folding them, rotating them,
and faulting them. The lithostratigraphy of the 14f quadrangle is composed of units origi-
nated in the Mesozoic: Pulluicana group (Ks-pu), Quilquifian group (ks-qui), Cajamarca
formation (Ks-ca), and Celendin formation (Ks-ce); in the Cenozoic, there is only the
Chota formation, with its three representative members: lower member (Pe-cho/i), middle
member (Pe-cho/m), and upper member (Pe-cho/s) [30]. Among all these formations,
the Celendin formation and the lower Chota formation stand out since they outcrop in
greater proportion in the landslide study area of the Laguna del Amor zone (Figure 8).
The geodynamic processes responsible for this high geological complexity are generally
external geodynamic processes, including high fluvial precipitation, strong earthquakes,
weathering, and the accumulation of large soil masses. On the other hand, anthropic pro-
cesses can be summarized as follows: the destruction of the vegetation cover (Figure 4a,f,g),
evidenced by the inclination of the trees, and the disturbance of the natural slope of the
terrain (Figure 4d), which clearly exposes the Chota Formation.
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(mm), source: Chota meteorological station, [31].

2.2.1. Chota Formation

In the lithological environment, conglomerates of rounded clasts are observed, mainly
of quartzite, sandstone, and a few volcanic rocks, with an average size of 10 cm in a
sandy-silty matrix [23-31]. It is characterized by its red hue that changes vertically toward
purple. Two clearly delimited parts can be identified: the basal part, formed by clayey
sediments such as mudstones, siltstones, and red and yellowish layers, with intercalations
of fine-grained gray-greenish sandstones. The shales and mudstones are located in very
thick strata with some types of quartz material that rise toward the top in some of the
layers. In addition, they symbolize the Cenozoic-Paleozoic system [32].
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Figure 7. Geology of quadrangle 14f extracted from the database of the Instituto Geolégico Minero y
Metaldrgico (INGEMMET), stored in the Sistema de Informacién Geoldgico y Catastral Minero (GEO-
CADMIN).

2.2.2. Celendin Formation

The Celendin formation is mainly composed of marl and shale of bluish-gray and
reddish-yellow hues that are interspersed with marly limestone and some sandy limestone
in its upper part. Additionally, it is possible to identify thin layers of sheets of secondary
gypsum dispersed in the clayey material, creating crusts in the calcareous strata. The
Celendin formation overlies the Cajamarca formation located below it, which indicates that
sedimentation was constant during the period in which both formations were deposited.
However, the underlying contract with the Chota formation cannot be determined due to
the existence of recent material covering this region. The Celendin formation is considered
to symbolize the end of Cretaceous marine sedimentation and the beginning of Cretaceous
marine sedimentation [23-32].

The sandy-silty matrix is permeable and facilitates the infiltration of runoff water,
which constitutes primary conditions and factors in susceptibility to mass movements
(landslides). These rocks are not competent and are easily eroded. Toward the south and
east of the evaluated sector, we find an intercalation of shales, marls, and thin limestones
of a light yellowish or cream color, which is very fractured, moderately weathered, and
quite fossiliferous [23-31]. The intercalation of these materials is susceptible to collapse
since the intercalations of shale, due to their behavior when saturated with water, are
easily displaced.
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2.2.3. Colluvial-Deluvial Slope

Composed of the intercalated accumulation of materials of colluvial and deluvial
origin (Figure 9), which are materials of minimal transportation, these deposits are inter-
stratified, without a clear distinction between them [1]. The material in situ is made up of
clasts of fossiliferous limestone and yellowish-brown marl, with shapes varying between
rounded, sub-rounded, and angular, arranged in different sizes; on the other hand, there is
a presence of silt and sand [23-32].
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Figure 9. Geomorphological map 1:4500 of the study area extracted from the database of the Geologi-
cal, Mining, and Metallurgical Institute INGEMMET), stored in the geological and mining cadastral
system (GEOCATMIN).

2.2.4. Structural Hill Subunit in Sedimentary Rock

It is made up of calcareous rocks interbedded with lutites; the geoform is linked to the
outcrops of the Celendin Formation [23].
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The geology of the Laguna del Amor (Figure 8) landslide is predominantly sedimen-
tary and clayey, consisting of mudstone, siltstone, and marl; in turn, there are also clasts
of quartz material marly limestone that is somewhat nodular in thin layers, some with a
lamellar texture; with regard to yellowish-gray sandy limestone and nodular limestone
with brown and yellowish marl, there are also banks of light limestone with intercalations
of sandy shale and thin marl, characteristic of the geological formations of the area. Ac-
cording to [35,36], the presence of sandstone alternating with shale generates a greater
probability of mass movements. The presence of shale, mudstone, and weathered marl
rocks, ranging in color from gray to reddish-yellow, is interspersed with the presence of
clasts and limestone rocks, which in turn are present in multiple landslides [37-39].

3. Electrical Resistivity Tomography for Landslide Assessment

The Electrical Resistivity Tomography (ERT) method is based on measuring the dif-
ferences in electrical potential along a connected electrode array. By injecting current into
the ground using two electrodes (metal stakes), the voltage difference in the subsurface
is measured based on Ohm’s Law, which provides us with indirect information on water
saturation, fluid conductivity, porosity, and surface conductivity. The conductivity of the
fluid, the porosity, and the surface conductivity, the latter depending on the organic matter
and the clays [18—41], as well as the resistance of the soil strata, can be calculated as follows:

R=1U/I, 1)

where U is the measured voltage and I is the injected current. To obtain accurate ERT
results, multiple electrodes are used to minimize measurement errors through proper data
inversion [42,43]. Based on the injected current, measured voltage, and electrode configura-
tion (Table 2), a resistivity image or pseudo-section of the subsurface is generated [44].

Table 2. Input data for processing.

Electrodes 24
Interdistence (m) 15-20-30 *
Delay from rising edge (s) 0.02
Acquisition period (s) 0.3
Signal Inversion Delay (s) 0.02
V (mVolts) 5000
I (mA) 1500
Array Polo-Dipolo
Data Noise Tolerance (%) 2
Number repeat 1
Sample frequency 32,000 Hz
Méximum n 22

* Inter-electrode distances used in ERT, 30 m for ERT-1, 15 m for ERT-2, and 120 m for ERT-3 and ERT-4.

The pole-dipole (Figure 10) array will be used due to its great utility for its good
vertical and horizontal resolution, deep penetration, and sensitivity to both vertical and
horizontal structures, according to studies by [45,46]. This method is perfect for detecting
discontinuities between layers of rock and sediment in geological cross-sections of unstable
terrain and also allows for the precise definition of the surface along which the breakage
and displacement of the sliding mass occurred. The use of two-dimensional inversion
methods is very common in landslide analysis [47], thanks to their resolution, precision,
and accuracy, which make it possible to avoid erroneous data [7-37].
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Figure 10. Number, order, activity, and use of electrodes in the arrangement used.

To classify the materials according to their resistivities (Figure 11), the resistivity values

of rocks and minerals developed by Orellana [48] will be considered.

Applying 3D ERT monitoring would increase the robustness of the study, as the results
show that this method has the lowest false negative rate (2.412%) and the highest detection
accuracy (up to 100%), surpassing traditional methods [49]. Similarly, the application of

seismic methods, such as seismic refraction, multichannel analysis of surface waves (MASW-
MASW-2D), multichannel analysis of microtremors (MAM or REMI), and time domain
electromagnetic methods (TDEM), would expand the research to determine compatibility

in the different strata and the conductivity of the materials in the study area; however,

these methods would lack depth (seismic methods) and electromagnetic methods would

be difficult to access.
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Figure 11. Resistivity values of rocks and minerals.

3.1. Pole-Dipole

The pole-dipole configuration is a technique widely used in electrical tomography to

investigate landslides, using one current electrode and two potential electrodes to measure

the resistivity of the subsoil. This technique stands out for its good vertical and horizontal

resolution, deep penetration, and sensitivity to both vertical and horizontal structures,

according to studies by [45-51].
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In the field of landslides, the pole-dipole method has proven effective in identifying
the sliding surface, detecting areas with water saturation, and distinguishing between
stable and unstable materials, as evidenced by the research of [3-53], yet it has not been
diversified in this field.

Two-dimensional electrical tomography has great advantages, allowing for high hori-
zontal and vertical resolution, especially with the pole—dipole arrangement, great depth,
and flexibility in the field.

ERT was chosen due to the pole-dipole configuration, which provides high sensitivity
both horizontally and vertically, enabling the identification of anomalies. This configuration
was selected for the following advantages:

O  High resolution in depth and length;

It allows the identification and/or contrasting of different geological contacts;
It allows the correlation of resistivity values with highly saturated materials;

O O O

It allows the obtainment of profiles with the topography of the terrain.

3.2. Data Inversion

The data were processed with the inversion program RES2DINV v3.53 from Geotomo
Software; this inversion program presents good results in data processing [39]. The inver-
sion routine used by the RES2DINV v3.53 program to obtain the 2D electrical resistivity
images of the subsoil is based on the inversion algorithm of the smoothness-constrained
least squares method. [54,55]. The two-dimensional model used in this program divides
the subsoil into a series of rectangular blocks [56]. This method is also known as the
“Block inversion method”; it is efficient in cases of soil resistivities with large contrasts [57].
The resistivity of the blocks is adjusted iteratively to minimize the difference between the
measured and calculated apparent resistivity values. The latter are calculated using the
finite difference method [58].

The methodology of the RES2DINV ver. 3.53 program uses the following formula
based on least squares. An advantage of this method is that the damping factor and the
smoothness filters can be adjusted to adapt to different types of data [12-45].

(777 +uF)d =g @

Donde: F = fo>T( + fzf;; f; = vertical flatness filter; fxy = horizontal flatness filter;
u = damping factor; d = model perturbation vector; g = discrepancy vector; and | = matrix
of partial derivatives.

4. Data Collection and Retrieval
4.1. Electrical Resistivity Tomography

The Electrical Resistivity Tomography data began by choosing the profiles, directly cor-
related with the profiles developed in the risk assessment study by Leén and Zavaleta [23],
taking these profiles as the starting point for the selection of ERT lines, and adding one
more ERT profile, in order to cover the greatest number of height intervals (Figure 5). The
selection of profiles was changed according to the topography encountered in the field.

Four Electrical Resistivity Tomography sections (ERT-1, ERT-2, ERT-3, and ERT-4)
were obtained with measurements in a single direction using the Mangusta System MC
96E device (Figure 12), with an electrode spacing of 30 m for the first section (ERT-1) with a
length of 690 m and 15 m and for the second (ERT-2) with a length of 345 m, in addition to
20 m for the third and fourth sections (ERT-3 and ERT-4), both with a length of 460 m.

This allows for a maximum depth of 275 m, 140 m, 175 m, and 190 m, likewise with
22 levels in each line. Once the data were obtained, the RES2DINV v3.53 program was used
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to obtain the profiles. ERT-1 is the representative section of the main axis of the landslide
and is the longest compared to ERT-2, ERT-3, and ERT-4. The lines have been arranged with
the aim of covering and evaluating the main axis of the landslide and the low, medium,
and high levels of the landslide.

Power cables Laptop Resistometer

Mangusta Batteries
system MC 96E (12 volts)

Figure 12. Field image of the MANGUSTA SYSTEM MC96E. Team on the crest of the ERT 1 slope.

4.2. Photogrammetric Survey

Photogrammetric methods are used, as are vertical electrical tomography, to evaluate
landslides, which are considered relatively new [59]. The Digital Elevation Model (DEM)
method is used to highlight morphological changes in the surface and deep-seated move-
ments [60]. The topographic analysis was carried out by flying over the study area at an
altitude of 100 m (Figure 13), following the uniformity of the terrain; with a DJI Phantom 4
Pro drone, which is equipped with a camera with a 1” sensor and an effective resolution of
20 MP (megapixels), attached to a 3-axis gimbal, which guarantees stability in the shots.
Two Class 10 microSD memory cards were used for the drone, featuring transfer speeds of
up to 100 MB/s and storage capacities of 16 GB and 32 GB.

The data were processed in the Agisoft Metashape program. This connected the (2D)
images through stereoscopy to generate a 3D model of the study area. n Agisoft Metashape,
the densified point cloud to be classified, with points associated with buildings, vegetation,
and human-made objects partially, must be removed. Global Mapper software v26.0 is used
to create Digital Surface Models (DSMs), export point clouds, retrieve elevation values,
classify point clouds, and export files in various formats.

Agisoft Metashape will be used for point cloud management, primarily to remove
unwanted points. It is an essential step for transferring the densified point cloud to
Autodesk Civil 3D and ArcMap 10.8 [61].
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Figure 13. Flight plan for the photogrammetric survey.

5. Results

The line called ERT-1, with a SE-NW direction, intersects with the second ERT at
150 m, with the third ERT at 307. 5 m and the fourth ERT at 471.75 m, coinciding with
the delimitation of the beginning of the zone of maximum humidity; the old fault plane
of the landslide of the year 2021 is identified along the zone that appears to have the
greatest water flow, and this is represented by a yellow line while the black line represents
the possible extension of the landslide. The stratigraphy observed in the profile exhibits
consistent horizontality, becoming irregular from 450 m to the end of the line. In this section,
the upper stratum (Stratum 1), with resistivities ranging from 0.6 to 8.8 Ohm-m, presents
discontinuities. Stratum 2, with resistivities between 8.8 and 92.3 Ohm-m, shows an increase
in thickness, while the lower stratum (92.3 to 666 Ohm-m) reaches its lateral extension limit
(Figure 14a). Stratum 1 has a thickness ranging from 25 to 75 m and consists of calcareous
materials interspersed with shales, as well as rounded, sub-rounded, and angular clasts
with high saturation levels; stratum 2, with depths of between 35 and 55 m thick, are
attributed to a material consisting of a slightly moist sedimentary rock of the limestone type
with intercalated shale; and Stratum 3, of unknown thickness, consists of slightly moist
limestone interbedded with shale (Figure 14b). The stratigraphic predominance of low
resistivity materials, which allude to saturated clayey materials, at shallow depths increases
the susceptibility to mass landslides attributed to the high saturation of its materials.

In the length of the ERT-2 (Figure 15a), with the NE-SW direction, it is possible to
distinguish a first part composed of the structural hill subunit in sedimentary rock from
21.6 m to 135 m; from 135 m there is contact between the colluvio-deluvial geomorphological
subunits and the structural hill in sedimentary rock up to 165 m, and at 165 m, the landslide
begins and extends up to 292.8 m (Figure 15b). There are strata of high saturation at low
depth represented by the blue colored stratum where the rupture plane of the landslide
develops, denoted by a red line, which extends between 44 m and 13 m deep in the
profile. It intersects with ERT-1 at progressive 202.2 m and with landslide scarp 1 at
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progressive 160 m. Stratum 1, characterized by low resistivity and represented by bluish
colors, exhibits inconsistent horizontality throughout the profile. Stratum 2 maintains
consistent horizontality with a slight dip up to progressive 240 m, where it increases in
thickness. Stratum 3 is scarcely present in the profile, extending up to progressive 233 m,
where it disappears completely (Figure 15a). The lack of continuity and horizontality in the
strata shows a recent earth movement in the first layer of the landslide. The composition
of the strata present in this profile is the same as in ERT-1, belonging to the same geology
and geomorphology.
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Figure 14. ERT 1 profile. (a) Profile interpreted with respect to the resistivities obtained in the field
readings. (b) Stratigraphic profile.

The ERT-3 profile, oriented in an SE-NW direction, shows an intercalation of structural
hill subunits in sedimentary rock and Colluvial-Deluvial slope from the beginning of the
line up to 207 m. A local road intersects the profile at 43 m, while the landslide begins
at 47 m and extends to 380 m. At 111 m, the profile approaches scarp 1, and at 219 m,
it intersects with ERT-1. At 333 m, stationary ponds, typically present from February
to March, are observed (Figure 16a). This section also contains rounded quartzite and
sandstone clasts embedded in a sandy-silty matrix; in turn, it is possible to appreciate
greater saturation in stratum 1 (presence of wetlands Figure 3a,g) which, like profile ERT-
1, shows inconsistent horizontality caused by an ground movement, in addition to the
continuation of a possible slip fault plane, information difficult to confirm due to the high
saturation of stratum 1; stratum 2 also shows little horizontality in addition to an overlap
of strata between 1 and 2, which suggests that the landslide begins to accumulate its mass
from this profile; and stratum 3 has a complete presence in this stratum, in addition to
presenting good horizontality, so it is understood that this stratum is not affected by the
landslide Figure 16b). The composition of the landslide is consistent with that observed in
ERT-1 and ERT-2.
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Figure 15. ERT-2 profile. (a) Profile interpreted with respect to the resistivities obtained in the field
readings. (b) Stratigraphic profile.
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Figure 16. ERT-3 profile. (a) Interpreted profile with respect to the resistivities obtained in the field
readings. (b) Stratigraphic profile.
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In the ERT-4 profile, with an SE-NW direction, the landslide begins at 25.9 m and
extends to 390 m, at 272. Overall, 8 m is the intersection with profile ERT-1, as is the
case with profile ERT-3; at 120 m it is possible to note an intercalation of subunits: a
structural hill in sedimentary rock and a Colluvial-Deluvial slope is present, in addition
to a composition of rounded quartzite and sandstone clasts in a sandy-silty matrix from
320 m to the end of the profile, and the presence of the lagoon near the profile is explained
by the presence of a zone of maximum humidity. From the beginning of the profile to
381 m, this, in turn, generates a water table of strange dimensions parallel to the brook;
layer 1 presents an inconsistent horizontality, and furthermore, like the ERT-3 profile, it
presents a possible fault plane that cannot be predicted due to the saturation of layer 1.
Layer 2 maintains consistent horizontality up to a progressive 345 m, where it increases in
thickness (Figure 17a). Similar to the ERT-3 profile, this layer overlaps layers 1 and 2 due to
the profile’s location in the landslide’s mass accumulation area. Layer 3 is scarcely present
in the profile and disappears completely at the 360-m mark (Figure 17b).
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Figure 17. ERT-4 profile. (a) Interpreted profile with respect to the resistivities obtained in the field
readings. (b) Stratigraphic profile.

There is an initial layer of low electrical resistivity, represented by a resistivity of
between 0.6 and 8. 9 Ohm-m, made up of calcareous rocks, interspersed with shales with
rounded, sub-rounded, and angular clasts of fossiliferous limestone and brown-yellowish
marl with intercalated clays and small lithic fragments of sandstone, this being the stratum
with the highest humidity and/or saturation. The second layer consists of calcareous
sedimentary rock interbedded with shale, exhibiting low to moderately high moisture
content and an average resistivity ranging from 8.9 to 92.7 Ohm-m. The third layer, with
high resistivities ranging from 92.7 to 669 Ohm-m, consists of calcareous sedimentary rock
interbedded with shale. It is a slightly moist stratum of unknown thickness. The depths of
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the materials and the resistivities characteristic of each stratum in each profile are variable
(Table 3).

Table 3. Results of electrical tomography by stratum.

ERT Estratum Thickness (m) Rho (Ohm-m)
1* 25.0-75.0 0.6-8.8
ERT-1 2 ** 35.0-55.0 8.8-92.3
3 *** - 92.3-666
1* 25.0-130.0 0.6-8.8
ERT-2 2 #* 45.0-110.0 8.8-92.5
3 - 92.5-667
1* 10.0-90.0 0.6-8.8
ERT-3 2 ** 45.0-100.0 8.8-92.6
3 #** - 92.6-668
1* 60.0-130.0 0.6-8.8
ERT-4 2 ** 45.0-100.0 8.8-92.7
3 - 92.7-669

* Material composed of calcareous rocks interbedded with shales, containing rounded, sub-rounded, and angular
clasts of fossiliferous limestone and yellowish-brown marl with intercalated clays and small lithic fragments of
sandstone. This stratum exhibits high moisture content and/or saturation. ** Material composed of calcareous
sedimentary rock interbedded with shale, with low to slightly moist humidity. *** Material composed of calcareous
sedimentary rock interbedded with shale, with low to slightly moist humidity.

The results indicate that via the structural behavior of the rocks in the four profiles and
modeling of the subsoil, three variable thicknesses of strata can be distinguished, which
reveal low and high resistivities (Figure 18). According to this research, the minimum is 0.6
Ohm-m and the maximum is 669 Ohm-m. According to [48], these soils are found in marl,
clay, silt, limestone sand, and sandstone, as well as in the presence of fresh water.

Figure 18. Combination of tomography lines in a pseudo 3D model.

In turn, in the study area, it is possible to identify the Hill unit, made up of the
geomorphological sub-units Colluvial-Deluvial slope (V-cd), characterized by its gravose
composition, boulders, and sandy matrices, both fine and coarse-grained, arranged in layers
that are easy to disintegrate, with low compaction and high porosity; and the structural hill
sub-unit in sedimentary rock (RC-rs), correlated with the Celendin formation, is made up
of calcareous rocks interspersed with shales.

The predominant geological units in the area are quaternary deposits, tertiary volcanic
rocks, and Paleozoic metamorphic rocks [29]. The age of most of the strata is classified as
the Mesozoic of the Upper Cretaceous system. There are two stratigraphic units: the Chota
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and Celendin formations. The geomorphological characteristics and stratigraphic units
present a large quantity of shale, limestone, and other components (Figure 7). Formations
based on alternating shale and sandstone and weathered formations are prone to instability
and are common in landslides [62]. Therefore, the influence of local formations is directly
related to the mass movements in the province of Chota.

6. Discussion

The interdisciplinary research carried out in the area of the Laguna del Amor landslide
has allowed for a comprehensive understanding of the geological, geomorphological,
and hydrological factors involved in its stability. Using photogrammetry, the slopes,
discontinuities, and the presence of scarps in the area were characterized. Likewise, the
geological analysis allowed the determination of the composition of the soil, while the
Electrical Resistivity Tomography (ERT) facilitated the identification of the underground
flow of water, saturated strata, and the morphology of the landslide. This study is one of
the first of its kind in this region, in the face of a scarcity of data, professionals, equipment,
software and hardware, in an area of tourist interest for the development of the city
of Chota [63], making research into the resistive properties of the stratigraphy of the
area essential.

The vertical electrical tomography method in the pole-dipole arrangement proved
to be effective for evaluating landslides [18], identifying, in this case, a landslide with
a SE-NW direction, with a stratum of very low resistivity, in which there is a variable
depth fault plane associated with saturated materials, predominantly belonging to the
Colluvial-Deluvial slope subunit [23]. The geological composition includes shale and
weathered limestone, which are known to increase the risk of landslides [45-50].

The soils on the slopes of the Laguna del Amor area are classified as CH, concluding
that the lithology and the presence of springs and marshy areas cause the instability [24];
likewise, the geophysical studies correlate with the strata with higher humidity and/or
saturation such that the resistivities vary from 0.6 to 8. 8§ Ohm-m. In turn, it is concluded
that a fundamental parameter for evaluating the prediction of landslides is the displacement
of slopes due to the ease of data collection; likewise, the structural degradation of a slope
has an influence on the freezing and thawing of the land [13-16].

The low resistivity of the materials indicates the existence of saturated or clayey
materials, and the geology and geomorphology of the area indicate the existence of clayey
formations and highly weathered sedimentary rocks (shale and limestone), while the
climate (Figure 6) of the area suggests high saturation of the strata. Therefore, the existence
of these two factors is what causes the landslide and the imminent risk in the sector. These
are the main conditions for the activation of the landslide at present [4-64].

The electrical resistivity profiles revealed three distinct layers. The first layer, of low
resistivity with a resistivity between 0.6 and 8.9 Ohm-m, is composed of calcareous rocks
with intercalated shales and saturated soil. The second layer has resistivity values between
8.8 and 92.6 Ohm-m and corresponds to calcareous sedimentary rocks with intercalated
shales and slight humidity. Finally, the third layer, with resistivities between 92.7 and 669
Ohm-m, is composed of calcareous materials with intercalated shales with lower moisture
content. In the Lagunas sector, the existing materials are predominantly sedimentary.
Throughout their stratigraphy, these strata are very common in landslides. Their behavior
can be summarized as absorbing water and gradually losing their stability due to the
swelling of the shales, tending to soften and disintegrate, weakening the structure of the
stratum, and causing a landslide. This would explain why the fault plane occurs in the area
of greatest saturation.
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This is the case of the landslide in the lagoon sector due to the fact that it has been
activated since the intercalations of materials present complex behaviors in the face of water
saturation. This would explain why the stratum with the highest saturation is stratum
number 1, as the shales would prevent water from infiltrating into lower strata unless they
lost their consistency and shape, activating the landslide.

In shallower areas (less than 300 m depth), resistivities up to 400 Ohm-m suggest the
presence of fault discontinuities or changes in rock composition [18]. Also, a resistivity
range of 30-50 Ohm-m was observed in the first 6 m, indicating clays, whose influence
persists down to a depth of 18 m [17]. In studies of gravity morphostructures, resistivities
up to 15,600 Ohm-m indicate rock fracturing and the presence of moisture [65]. These
findings are consistent with previous studies describing the sedimentary geology of the
region and its predisposition to instability due to groundwater flow and high runoff [23-32].

Analysis of the geology of Laguna del Amor identified conglomerates with rounded
clasts (5-20 cm diameter) supported by a sandy matrix and sandy-loamy strata of the
Chota Formation, together with the underlying Celendin Formation. In-filtration points
(“ojos de agua”) and accumulations in slipped areas were detected, reflecting the constant
interaction between groundwater and soil materials. The presence of steep slopes (up to
35°) and persistent water infiltration reduce the angle of internal friction and soil cohesion,
exacerbating the risk of landslides.

The Laguna del Amor landslide is characterized as active, with slow movements in
the direction of the lagoon. The morphological features observed, together with the results
of the ERT, suggest a progressive movement with the potential for reactivation due to the
persistence of weak materials in the underlying layers. This confirms the hazardous nature
of the area, especially for dwellings located in vulnerable areas.

The combination of ERT, geology, and photogrammetry allowed for a detailed anal-
ysis of the triggering factors of the landslide. The lack of previous investigations in this
region underlines the need for additional studies, such as Seismic Refraction, Multichannel
Analysis of Surface Waves (MASW-MASW-2D), Multichannel Analysis of Microtremors
(MAMs or REMI), and Time Domain Electromagnetic Methods (TDEMs) analyses and
drilling, could make it interesting to corroborate and expand the findings. The results will
provide a solid basis for future mitigation and planning interventions in Laguna del Amor.

In the case of rock falls, it depends a lot on the slope in the experimental analysis of
the kinematics of rocks in the Tibet Autonomous Region. The angles of inclination are
approximately 24°, 34°, and 52°. The block is cube-shaped, with a variable mass between
40.65 and 42.45 kg, and was thrown from a height of 4.5 m with a fall angle of 40°. Under
these conditions, it reached a maximum average modified speed of 10.15 m/s. These
results were obtained at maximum gradient. Furthermore, the improved discontinuous
deformation analysis was used to simulate a rocky slope subjected to a wedge failure [14,15].
In the study area, Figure 2, it is mainly located on slopes of 0 to 15 (green), and it can be
seen that there may be landslides and collapses to the southwest and northeast because the
slopes are greater than 45 degrees (red).

7. Conclusions

The results of this research highlight the effectiveness of Electrical Resistivity Tomog-
raphy in its pole-dipole configuration to characterize the landslide in the Laguna del Amor
area, providing a detailed understanding of the geometry and structure of the affected
terrain. The results obtained validate previous geological observations and identify areas
of saturation, material disposition, and the constituent parts of the landslide, including the
plane of failure and its internal limits. This demonstrates the potential of the geophysical
method to complement and validate geological studies in high-risk areas.
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The characterization of the subsoil, as shown in the modeling of the subsoil profiles,
allowed the identification of three main layers: a saturated layer with low resistivities
(0.6-8.8 Ohm-m), a layer with moderate to light moisture (8.8-93 Ohm-m), and a layer
with low moisture (93-664 Ohm-m). These differences reflect the influence of saturation
on the stability of the terrain, confirming the heterogeneity of the subsoil and its direct
relationship with susceptibility to landslides.

When investigating landslides, photogrammetry is an essential and innovative tool for
obtaining morphological data (obtaining DEM images in areas that are difficult to access
and dangerous); in this investigation, it was possible to identify the slopes in the body of
the landslide that are in the range of 0-15° (green). Around the scarps and at the foot of the
sliding slope, there are slopes ranging from 15 to 25°. Likewise, the scarps (Figure 3) can be
seen in orange with slopes between 25 and 45° within the area of the landslide marked in
blue (Figure 2). Similarly, slopes greater than 45° are present to the southwest and northeast
(red) of the study area (Figure 2).

The analysis of the heights shows five (5) sections every 34 m, defining the slopes and
the direction of the avalanches, which go in the direction of the Potrera ravine at the foot of
the landslide (Figure 4b,h). It is also inferred that the landslide is heading in an SE-NW
direction, as evidenced by the body of the landslide (Figure 5).

In addition, the danger of slipping in the Laguna del Amor is confirmed. The current
structural conditions of the terrain are marked by highly saturated materials, with a notable
presence of sedimentary deposits (fragments of calcareous rocks and mudstones). The
geological configuration (Celendin and Chota geological formation, as well as the presence
of the geomorphological units of Colluvial-Deluvial slope and the subunit of structural hill
in sedimentary rock). Furthermore, the unfavorable geomorphology indicates a significant
risk of reactivation. This conclusion is consistent with previous studies in similar contexts,
which highlight the need for continuous monitoring and mitigation measures.

Finally, the application of the pole-dipole array proved highly effective, showing an
adequate resolution to identify discontinuities and variations in the subsoil. This positions
Electrical Resistivity Tomography as an essential tool for the evaluation of landslides in
areas of high geological complexity, such as the one studied. The findings presented
constitute a solid basis for future studies and risk management actions in the region. The
data obtained in this research, as well as the methodology and analysis of results, are
applicable to any research or project correlated with slope stabilization, as well as in the
characterization of the subsoil of any kind of project since the dipole—pole arrangement,
with data inversion using RES2DINV v.3.53, has proven to have the capacity and detail for
an analysis as complex as a landslide.

ERT 3D monitoring is recommended for its high precision in the evaluation of land-
slides and slopes [49-66] in order to determine local data on soil moisture in swampy areas
or in the presence of bofedales, which are located mainly in the central part of the landslide,
to implement mitigation actions, such as deep drainage to reduce saturation and improve
natural drainage, and in order to stabilize the water table and partially restore soil cohesion
in the most compromised areas.
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