
Abstract
Mass movements naturally occurring along slopes, especially a�er heavy rains, cause heavy losses of materials and life and a�ect highways, 
pipelines, and bridges, among other structures. Among the most common mass movements, landslides and subsequent mass �ows especially 
stand out. Remote sensing and geoprocessing techniques are useful tools for geological and geotechnical analysis, here applied to characteriza-
tion of mass movements from the analysis of the in�uence of slopes, lineaments or fractures, and geological-geotechnical at the junction of the 
Curral homocline and the Moeda syncline, Quadrilátero Ferrífero, Southeast Brazil. �e area consists of Archean granitic-gneissic basement 
and the greenstone belt sequence of the Rio das Velhas Supergroup with Proterozoic metasedimentary rocks of the Minas Supergroup cover-
ing these two older successions. Based on satellite images, a preliminary map of lineaments was created, and fractures were grouped according 
to their direction before being rasterized. Each lineament group was associated with a previously known geological and/or structural feature. 
Geological units mapped in the area were numerically classi�ed according to their mass movement susceptibility and related geotechnical 
units. Using a Shu�le Radar Topography Mission (SRTM) image, a terrain slope raster was generated. �e objective was to obtain a raster 
indicating low and high probabilities of mass movements. Four sets of lineaments were identi�ed: the �rst set associated with the northeast 
strike strati�cation of the rocks of the Moeda Formation; the second set related to eastward-trending warp axis lineations; the third set related 
to the southeast trend of stretch lineaments or ma�c dykes directions; and the fourth set evidently associated with the watershed pa�ern of 
the Curral Range crest, perpendicular to the strike of the rocks in the area. Simulations with di�erent combinations of parameters produced 
eight scenarios were generated were constructed to classify the area as to its susceptibility to rupture through changes in slope, lithotype, and 
lineament density; the �rst four (1 to 4) were classi�ed by using the slope percentage raster without interval reclassi�cation, so its values in the 
cartographic algebra were not grouped. �e last for (5 to 8), consider the slope percentage classi�ed. �is methodology successfully combines 
mathematical models for predicting mass movements and determining areas in the urban landscape most susceptible to these phenomena. 
As such, it comprises a useful tool for government planning of preventative actions for areas of high risk.
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ARTICLE

INTRODUCTION

Brazil, due to its climatic conditions and large mountain 
ranges, is very susceptible to the occurrence of mass move-
ments. In addition to the high frequency of accidents caused 
by natural conditions, there are also a large number of accidents 
associated with human activities on the slopes. Among the 
human actions that are most concerned in Brazil, the irregu-
lar occupation of the slopes by suburbs and se�lements stands 
out, which ends up making cuts in the slopes and causing 

deforestation, providing a greater susceptibility to the occur-
rence of mass movements. 

�us, it becomes essential not only for the prediction 
of landslides, which are closely linked to their occurrence 
on the slopes, but also for the prediction of the reach and 
deposit of mass movements, and with that, to guide, help, 
and anticipate the responsible organs in the areas suscepti-
ble to these events. A variety of methodologies have been 
developed in the prediction analysis, such as those based 
on the analysis of geological lineaments, regional and local 
geological structures, and transported material deposits to 
delineate the areas critical to the occurrence of mass move-
ments. Its distribution in the �eld suggests future pa�erns 
of instability in the relief, the methodologies that make risk 
maps from the combination of di�erent types of informa-
tion plans (e.g., geology; presence, or not, of vegetation; land 
use; slope; and geological structures) in which, “weights” 
and/or “grades” are given for each a�ribute (information 
plane), identifying its degree of importance for the mass 
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movement (e.g., Seeley and West 1990, Xavier da Silva et al. 
1996, Moreira 1999). 

�e use of models is linked to the very use of the scien-
ti�c method as a process that employs previous experiences 
as a basis for predicting the future state of any physical system 
(Christofole�i 1999). �e models try to simulate or represent 
in a simpli�ed way the process or phenomenon of a certain 
environment and, from that, try to predict it. �rough mod-
eling, we can test ideas and hypotheses and carry out predic-
tion studies. Models are used to describe, explore, and analyze 
how a system works. �ese models are based on the inherent 
laws of nature in that they try to represent natural mechanisms 
through mathematical equations. In this context, the general 
objective of this work is to develop a methodology that com-
bines mathematical models of landslide prediction and mass 
movement to determine in the landscape the test area chosen 
for being more susceptible to the occurrence of these phenom-
ena. In this way, it is also intended to suggest areas susceptible 
to mass movement through a mathematical forecast model.

Landslide occurrence can vary depending on di�erent causes 
such as geology, topography, tectonic history, weathering, and 
land use. Moreover, the triggering of mass movements can be 
due to a variety of factors both natural, such as rainfall, earth-
quakes, and water level changes, and anthropogenic (Rosi et al. 
2013). Good knowledge of mass movement behavior is required 
to reduce the risk posed by such phenomena. �e understand-
ing of regional-scale geological structures can indicate regions 
of weakness susceptible to mass movements. Recent studies 
have a�empted to constrain the unknown parameters of fold-
ing at various �eld sites, making use of mechanical models for 
which the present-day fold shape and fracture distributions 
serve as calibration (e.g., Shamir and Eyal 1995, Zhang et al. 
2000, Johnson and Johnson 2002, Savage and Cooke 2004, 
Bellahsen et al. 2006; and references therein). In the widely 
published bibliography, knowledge of the fracture pa�erns 
in fold structures is limited. �e systematic (planar, parallel, 
repetitious) fracture sets were decreased as ‘of compressional 
deformational origin’ and ‘related to shear stresses’ (Bellahsen 
et al. 2006), and this diagnostic evidence was apparently based 
purely on the geometry of the fracture sets. 

Some studies (e.g., Sanderson 1982, Hedlund et al. 1994, 
Storti and Salvini 1996, Salvini and Storti 2001, Tavani et al. 
2008, Nabavi and Fossen 2021) suggested that structural 
(i.e., geometrical and kinematical) variables control the �nal 
deformation pa�ern in the fold. �e study area is located in 
the connection between two large regional structures, whose 
plane-axial foliation planes directly interfere with the devel-
opment of slopes and scarps, which have di�erent suscepti-
bilities to mass movements.

Google Earth Pro (GEP) and QGIS proved to be highly 
e�ective tools for the identi�cation and mapping of lineament 
pa�erns on the crests and limbs of these geological structures, 
as well as for other fold-related structural applications. �e plat-
forms used do not allow for the analysis of 3D information on 
the fracture sets; these data must be collected from the out-
crop. �erefore, GEP is not a replacement for boots-on-the-
ground �eldwork (Lageson et al. 2012). 

In this article, aerial and radar data from the area of connec-
tion between the Curral homocline and Moeda syncline are 
presented. �is site consists of a fracture model and geometry 
at the macro- and mesoscale that describe the structural and 
stratigraphic in�uences on the deformation pa�ern. �e objec-
tive of this study was to apply the knowledge to the GEP map-
ping and interpretation of lineament pa�erns on regional geo-
logical structures in the Quadrilátero Ferrífero region and their 
relationship with mass movement events. Another intention 
was to become familiar with the mapping tools of GEP and 
compatible so�ware applications for descriptive structural 
analysis, such as landslide occurrence, explore the possibili-
ties of GEP for other applications in structural geology, and 
apply the aforementioned techniques based on the study of 
Lageson et al. (2012).

To increase this knowledge, a complete analysis of the geo-
logical se�ing, geotechnical properties, and triggering factors 
of mass movements are necessary, even as a controlled descrip-
tion and interpretation of lineament pa�erns on the connec-
tion between two important ridges of Quadrilátero Ferrífero 
region (Figs. 1 and 2). 

REGIONAL GEOLOGICAL SETTING

Geological context
�e Quadrilátero Ferrífero region (Figs. 1 e 2) is situ-

ated in the southern portion of the São Francisco craton 
(Almeida et al. 1976) and is composed of the Archean Rio 
das Velhas greenstone belt (Schorscher et al. 1982), the 
Paleoproterozoic Minas Supergroup, and the Itacolomi Group. 
�ese supracrustal units are surrounded by granite-gneiss 
domes (Dorr 1969, Lana et al. 2013), which consist of the 
poly-deformed unit. �e regional basement metamorphic 
complexes outcrop in distinct domes, with metamorphic 
grades ranging from greenschist to granulite metamorphic 
facies (Herz 1970).

�e investigated area is located in the northern portion of 
Moeda Ridge, the central portion of the Quadrilátero Ferrífero 
Region, locally known as Rola-Moça State Park. �is region 
(Fig. 1) was chosen for the investigation because it contains 
the connection between the Curral homocline and Moeda 
syncline, a poorly studied area. Even though the Quadrilátero 
Ferrífero is a widely known and studied region, that speci�c 
site exhibits a complex structural pa�ern.

�e Quadrilátero Ferrífero region can be subdivided into 
four Archean and Paleoproterozoic lithostratigraphic units: 
(i) Archean metamorphic complexes composed of gneisses, 

migmatites, and granitoids; 
(ii) the Archean Rio das Velhas Supergroup, formed by low-

to-medium grade metavolcanic and metasedimentary 
rocks; (iii) 

(iii) the Neoarchean and Paleoproterozoic Minas Supergroup, 
consisting of low-to-medium grade metasedimentary rocks; 

(iv) the Paleoproterozoic Itacolomi Group composed of 
metasandstones and conglomerates (e.g., Dorr II et al. 
1957, Dorr 1969, Cordani et al. 1980, Schorscher et al. 
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1982, Romano 1989, Noce 1995, Machado et al. 1996, 
Endo and Machado 1997, Lana et al. 2013, Farina et al. 
2016, Dutra 2017, Roncato et al. 2020). 

The Rio das Velhas greenstone belt corresponds to a 
meta-volcano sedimentary sequence composed from the base 
to the top by the Nova Lima and Maquiné groups, respec-
tively (Dorr et al. 1957, Schorscher 1982). �e Nova Lima 
Group comprises a basal unit formed by tholeiitic-komatiitic 
volcanic rocks, associated with chemical sedimentary rocks; 
a volcaniclastic intermediate unit, associated with felsic vol-
canism; and an upper unit with clastic sedimentary rocks 
(Ladeira 1991, Zucche�i and Baltazar 2000, Baltazar and 
Zucche�i 2007). Schorscher (1982) described komatiites 
at the base of the sequence, naming them the Quebra Osso 
Group. �e Maquiné Group, shown in Fig. 2, is composed 
of sequences of graywacke and conglomerates (Gair 1962, 
Moreira et al. 2016).

�e stratigraphic subdivision of the Rio das Velhas green-
stone belt based on lithofacies associations by Zucche�i and 
Baltazar (2000) and Baltazar and Zucche�i (2007) is used in 
this contribution. From the base to the top, these are: 
(i) ma�c-ultrama�c volcanic; 
(ii) volcano-chemical sedimentary; 
(iii) clastic-chemical sedimentary; 
(iv) volcaniclastic; 
(v) resedimented (herea�er renamed clastic sedimentary asso-

ciation), widely distributed in the QF, comprising mainly 
graywackes, quartz graywackes, and siltstones, with the 

indication that it was deposited by turbidity currents of 
high and low densities; 

(vi) coastal and non-marine associations.

As summarized by Roncato et al. (2015) and Roncato et al. 
(2020), about Minas Supergroup, this 2.60–2.10 Ga (Machado 
et al. 1996, Hartmann et al. 2000) unit is subdivided into the 
Caraça, Itabira, Piracicaba, and Sabará Groups (Dorr 1969), 
all metamorphosed at low greenschist facies. �e basal Caraça 
Group has metaconglomerate, quartzite, and phyllite (Renger 
et al. 1994). �e Itabira Group includes the Cauê Formation 
that hosts a great volume of Superior-lake BIF and iron ore-
bodies in the region (Rosière et al. 2008). �e Piracicaba 
Group is formed by phyllites and quartzites. �e Sabará Group 
unconformably overlies the Piracicaba Group, and its deposi-
tion is considered about 2.12 Ga (Machado et al. 1996); it is a 
�ysch sequence with metagraywacke, carbonaceous phyllite, 
metadiamictites, metaconglomerates, and felsic to interme-
diate metavolcanic rocks (Dorr 1969). �e Itacolomi Group 
(Dorr 1969) is the youngest unit in QF, resting unconform-
ably on the Minas Supergroup, and contains quartzite, metar-
kose, and metaconglomerate. 

According to the review of Dorr’s (1969) lithostratigraphic 
column proposed by Endo et al. (2020), the Estrada Real 
Supergroup comprises the Sabará and Itacolomi groups, repre-
senting the youngest units and the top of the stratigraphic section 
of the Quadrilátero Ferrífero region. �e repositioning proposed 
is consistent with the fact that the depositional environment and 
source areas of the Sabará Group’s rocks are di�erent from those 

Figure 1. Location of the study area.
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of the Minas Supergroup (Almeida et al. 2005). �e contact 
between the Minas Supergroup and the Estrada Real Supergroup 
is marked by an erosive disagreement (Dorr 1969).

�e structural evolution of the QF region took place in 
three main periods during the Rio das Velhas Orogeny (Baltazar 
and Zucche�i 2007): between 2.8 and 2.67 Ga, which relates 
to the evolution of the Rio das Velhas greenstone belt; from 
2.10 to 1.90 Ga, the Transamazonian event; and the Brasiliano 
orogeny (Roncato 2016, Sepulveda et al. 2021). 

According to Alkmim and Marshak (1998), the Proterozoic 
tectonic evolution (Minas accretionary orogeny of Teixeira et al. 
2015, from 2.35 to 2.00 Ga) took place in three main deforma-
tional phases. Fold and thrust belt shortly a�er 2.125 Ga; oro-
genic collapse with the upli� of Archean granite-gneiss domes 
and formation of regional synclines at 2.09 Ga (Marshak and 
Alkmim 1989); and the Brasiliano orogeny (0.7–0.45 Ga), with 
fold and thrust belts verging to the west. Published U-Pb ages 
data from the basement of the QF allowed for the identi�ca-
tion of four main magmatic events (Lana et al. 2013, Romano 
et al. 2013, Farina et al. 2016). Periods of magmatic activity, 
which register the tectonomagmatic Archean history of the 
QF, were described as the Santa Bárbara, Rio das Velhas I, Rio 
das Velhas II, and Mamona. 

�e QF region has a geometry delineated by synform and 
antiform mega folds that, in its eastern portion, are truncated 
by north-south thrust faults (Baltazar and Zucche�i 2007). 
Alkmim and Marshak (1998) described a dome-and-keel 
structure, in which the basement occurs as domes (e.g., Bação, 
Bon�m, and Santa Bárbara) that are circled by keels contain-
ing rocks of the Archean Rio das Velhas greenstone belt and 
the Minas Supergroup.

Geology of the connection between Curral 
homocline and Moeda syncline area

�e Serra do Rola-Moça State Park is located at the con-
�uence of two great lineaments (Curral and Moeda) and the 
most typical rocks of Quadrilátero Ferrífero region stratigraphy 
(Fig. 2) sustain the geomorphology of this area (Pereira et al. 

2013). �e Curral Ridge is a homocline and is located in the 
northern region striking east-west, while the Moeda Ridge is 
a syncline located in the western region striking north-south.

�e set of reliefs is mostly mountainous and strongly ori-
ented, marked by an approximately square system of ridges 
formed by quartzites and itabirites, products of di�erential ero-
sion, in addition to depressions consisting of granites, gneisses, 
and shales (Medina et al. 2005; Fig. 3). Are noticeable, detri-
tal-lateritic coverings on the tops of planed surfaces. �eir great 
resistance to physical and chemical weathering makes them 
persistent and di�erent from di�erent slope levels. �ese la�er 
are related to the laterization of colluviums and talus, result-
ing from the mechanical breakdown of the summit surfaces 
or the itabirite ridges (Tricart 1961). 

�e Curral homocline is characterized by three distinct fea-
tures: Itabirites covered by armor and with parallel ridges and 
ravines in the upper portion; dolomitic rocks with �a�ened 
plateaus in the intermediate portion; and phyllites associated 
with quartzites with low declivity hills in the lower portion 
(Minas Gerais 2007, Madeira 2018).

Bonfim Complex
�e Bon�m Complex occurs in the southern portion along 

the tectonic contact with Moeda Formation (Madeira 2018). 
�e main lithologies observed in this unity are granitic and 
trondhjemitic gneiss, basaltic amphibolite, tonalite, granite, 
and basaltic to andesitic diabase/metadiabase metamorphosed 
in amphibolite facies; sometimes they have a retrometarmor-
phic paragenesis, expressing a physicochemical re-equilibrium 
(Carneiro 1992).

�e rocks generally show an N-S milonitic foliation and 
gneissosity, with some retaining igneous original texture. 
�e contacts with overlying unities occasionally show kinematic 
indicators, which imply a tectonic inversion (Carneiro 1992).

Undivided Nova Lima Group
�e Nova Lima Group occurs in a small area in the southeast-

ern portion in contact with Moeda Formation (Madeira 2018). 

Source: a�er Costa (2022). 
Figure 2. Simpli�ed geological and structural map of the Quadrilátero Ferrífero region. 
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According to Baltazar and Zucche�i (2007), the Group con-
sists of basic to ultrabasic volcanic rocks, metapelites, metach-
erts, BIF, metagreywackes, carbonaceous metapelites, acid to 
intermediate metavolcaniclastic rocks, and turbidites. Its con-
tact with �G basement is tectonic.

Caraça Group

Moeda Formation

�e Moeda Formation is surrounded by Bon�m Complex, 
Nova Lima Group and Batatal Formation rocks. It is formed 
by quartzites with intercalations of phyllite and alluvial 
conglomeratic lenses randomly distributed, whose source 
is associated with the Rio das Velhas Supergroup (Dorr 
1969, Noce 1995). �e Moeda Formation is marked by the 
quartz composition in both lithologies and the presence of 
iron oxides between shear and bedding planes (Dorr 1969, 
Madeira 2018).

Batatal Formation

�e Batatal Formation consists predominantly of phyllites, 
in addition to banded iron formations, metacherts, graphite 
phyllites, and dolomitic marbles (Dorr 1969, Madeira 2018, 
Endo et al. 2020). �e rocks of this formation are easily weath-
ered and have low resistance, so that, despite representing a 
thick package in the regional stratigraphy, they do not outcrop 
in the same way (Dorr 1969).

Itabira Group

Cauê Formation

In gradational contact with the Batatal Formation, the 
rocks of the Cauê Formation are superimposed (Dorr 1969, 
Noce 1995, Madeira 2018). �is unit is characterized by the 
occurrence of itabirites, dolomitic itabirites, amphibolitic 
itabirites, and subordinately, small phyllite, quartzite, and 
marble lenses. �e itabirites of the Cauê Formation are the 
main rocks that form the ridges in the relief of the study area, 
since their alteration products, the cangas, are very resistant 
to weathering (Dorr 1969).

Gandarela Formation

�e Gandarela Formation has a gradational contact with 
the Cauê Formation (Madeira 2018). It is composed of large 
strata of calcitic and dolomite dolomites, such as dolomitic 
phyllites and ferruginous dolomites, in addition to thin layers 
of itabirite and intraformational metaconglomerates, which are 
constituted by tabular fragments of metachert and dolomites 
in a dolomitic matrix (Dorr 1969).

METHODS

�is area was selected for this study because of its struc-
tural position, which is well displayed in Google Earth Pro 
(GEP), lack of any vegetation cover, and readily mappable 

Source: modi�ed from Endo et al. (2019). 
Figure 3. Geologic map of the connection between Curral homocline and Moeda syncline area.
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linear features. Google Earth Pro, via Add Path, Show historical 
imagery, and Vertical exaggeration functions, was considered 
for this project because of the ability to save excellent quality 
images for subsequent use.

Linear features and other geological features were identi-
�ed by topographic maps and digital elevation models derived 
from NASA (2013), and satellite images (Google Earth and 
ESRI images). Even as Lageson et al. (2012), the lineaments 
measured are expressed as lines on bedrock dip-slopes and do 
not represent topographic features like ridgelines or stream 
channel terraces, although some joints are certainly exploited 
and widened by geomorphic processes. �e authors performed 
all techniques and model applications. Except for the parame-
ters used in Table 1, modi�ed from the aforementioned study.

Google Earth Pro Methods
Google Earth Pro so�ware was a fundamental tool for iden-

tifying features under high-resolution views in the focus area. 
With a combination of satellite images from diverse sources, 
aerial images, and 3D GIS, the program can provide precise 
visual data, which is responsible for conducting the outline of 
the lineaments that guided this project. �e lines were initially 
identi�ed under vertical perspective in two dimensions with a 
scale of 1:25,000. A�er a �rst analysis, the scale was increased 
to 1:10,000 under oblique perspective and a three-dimen-
sional view. By alternating views at both scales, the lines were 
traced and numbered using the path addition tool. �e crite-
ria adopted were visual perceptions of positive and negative 
relief lines, in addition to roughness and textural recurrences. 
�e lines searched had an average length of 110 m, with a wide 
standard deviation according to persistence.

QGIS Methods
�e lines drawn in Google Earth Pro were exported to 

the QGIS so�ware in order to promote the treatment of data 
and relate them to other images collected in previous stages. 
Once imported, the lineaments were analyzed using the 
A�ribute Table tool, which relates each numbered trace to its 
linear dimension. To obtain azimuth information from each 
lineament, the following expression was used in the Open Field 
Calculator: line_interpolate_angle($geometry,0). �is function 
extracts the orientation from a linear feature, hereby expressed 

as “$geometry” and the last parameter, represented as “0”, 
indicates the cardinal point reference, once 0 is north and 180 
is south. �e expression values and the results obtained are 
given in degrees. Also, lineaments length was obtained by using 
$length expression. By using Microso� Excel, histograms were 
generated with the information listed in the A�ribute Table, 
providing statistical results of mean, median, maximum, and 
minimum length values with a sample space equal to the total-
ity of lines previously drawn. �e spatial analysis was based 
on the regional map (Endo et al. 2020), aerial and satellite 
images (ESRI and Google Satellite), and a digital elevation 
model, all added to the so�ware and observed according to 
the distribution of features within the area. �e main geomet-
ric analysis was based on a rose diagram built according to 
the trend of the traced lines. GeoRose by YongTechnologies 
so�ware was used to generate a rose diagram of lineament 
strikes. Every petal corresponds to an interval of 5°, starting 
from the north (0°) and concentrating every lineament that 
ranges from 0° to 5°, and so on. �e diagram was also divided 
into eight concentric circles, each one corresponding to an 
increase of 3% from the center. �us, the diagram’s external 
perimeter represents 24% of traced lineaments in the corre-
spondent direction. 

Preparation of a geotechnical  
map by multicriteria analysis

�e construction of the conceptual geotechnical model 
consisted of the use of multicriteria analysis methods through 
cartographic algebra and raster operations that relate param-
eters and return multiple classi�cation scenarios for the area 
according to its susceptibility to rupture.

All parameters used were obtained and analyzed remotely, 
with the help of previous studies (e.g., Vanacôr 2006, Salomão 
1999, Reis Jr. and Parizzi 2018). �e chosen parameters for 
the assessment and understanding of the terrain evolution in 
the study area were: 
(i) Slope, indicating zones of greater inclination, in which the 

requesting forces are intensi�ed by gravity; 
(ii) lineament density, representing the level of discontinuity 

of the rock mass; 
(iii) lithotype, de�ning the strength of the rock material accord-

ing to its lithological properties. 

Table 1. Geotechnical units associated with the study area*.

Geotechnical Unit Mass movement susceptibility Dominant Lithology Geological Unit

1 Low Granite-gneiss rocks Belo Horizonte and Caeté complexes

3 Moderate to strong Itabirites Itabira Group

4 Very strong Foliated metamorphic rocks Caraça and Piracicaba groups

5 Low to moderate Dolomites Itabira Group

6 Moderate Quartzites Taboões Formation

8 Very strong Laterites and sediment deposits -

*�e Geotechnical Units described by Reis Jr. and Parizzi (2018) outcrop in the eastern area of our study and the western portion has the same stratigraphic 

units and rocks. We resort to their classi�cation to de�ne a sequence, from 1 to 5, according to their susceptibility to erosional processes: 1 — low (Unit 1 from 

Reis Jr. and Parizzi 2018), 2 — low to moderate (Unit 5 from Reis Jr. and Parizzi 2018), 3 — moderate (Unit 6 from Reis Jr. and Parizzi 2018), 4 — moderate 

to strong (Unit 3 from Reis Jr. and Parizzi 2018), and 5 – very strong (Units 4 and 8 from Reis Jr. and Parizzi 2018).

Source: adapted from Reis Jr. and Parizzi (2018).
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�e characterization of each variable was made by assign-
ing weights according to their expected in�uence in each sce-
nario — all visually validated. 

Using the v.to.rast tool from the G�SS extension of QGIS, 
the maps were rasterized into 30 m × 30 m pixels, with pre-
de�ned values assigned to each classi�ed data element.

A slope raster (Fig. 4) was produced through a 30 m × 30 m 
pixels resolution SRTM USGS image. Values are presented in 
percentages, obtained from the ratio of the variation in altitude 
over the horizontal distance. �us, 100% represents a 45° slope.

To de�ne the classes in QGIS, the feature Raster Terrain 
Analysis (Slope) was used to obtain the slope in percentage and 
then the reclass function to obtain, initially, the EMB�PA ter-
rain classi�cation by intervals (EMB�PA 1979). Every class 
was suggested and corresponds to a relief class: plane (0–3%), 
smooth wavy (3–8%), wavy (8–20%), strong wavy (20–45%), 
and hilly to strong hilly (> 45%). For the EMB�PA classi�-
cation, every group aforementioned was given a number from 
1 to 5 according to its level of susceptibility to erosional pro-
cesses, a�er Salomão (1999) who de�nes those classes in the 
very low, low, moderate, strong, and very strong probability 
of erosional process occurrence. �e second form of charac-
terization was conducted according to ungrouped slope per-
centage values, a�er Salomão (1999).

�e lineaments density map classi�ed the area according 
to traced lineaments. To this stage, a raster was generated by 
using the Line Density heatmap function (QGIS), which calcu-
lates the sum of line vectors inside a circle with a determined 
area, as mentioned by Oliveira et al. (2009). For this study, 
the input parameters consisted of a search radius of 200 m 
and pixel dimensions of 30 m. During tests, it was observed 
that a higher search radius would extrapolate and so increase 
the in�uence of lineaments in the analysis, while a lower value 
would only delimitate the lineaments themselves. Oliveira et al. 
(2009) de�ned a search area arbitrarily, which corresponds 
to approximately 300 times smaller than their studied area. 
Here, we wanted an approach that would consider more of the 
rock mass compartmentation, so we adopted an area that was 

about 200 times smaller, but with a search radius correspond-
ing to less than half of the longest lineament traced. Since rock 
mass resistance depends on its compartmentation and the 
number of discontinuities, zones with higher lineament den-
sities were considered to be more susceptible to rupture when 
compared to others.

Finally, the lithotype parameter was used to characterize 
the area from the perspective of the peculiarities of geotechni-
cal units according to the criteria de�ned by Reis Jr. and Parizzi 
(2018) for the rocks of the eastern portion of the metropolitan 
region of Belo Horizonte. �e adaptation of the units de�ned 
by the aforementioned authors led to the selection of units 1, 
3, 4, 5, 6, and 8 for the study area, according to regional maps 
and aerial image interpretation (Table 1).

According to Reis Jr. and Parizzi (2018), the granitic-gneis-
sic rocks of geotechnical unit 1, although showing an intense 
degree of turnover, they are isotropic and homogeneous, with 
high mechanical strength when unaltered. �erefore, for this 
study, its susceptibility to rupture was considered low.

Unit 3 (Reis Jr. and Parizzi 2018) is formed by resis-
tant itabirites, but which o�en develop mass movements 
with causes associated with the orientation of the slopes, 
the level of discontinuity, and the degree of alteration of the 
rock material. In this study, these rocks were classi�ed as 
having moderate to strong susceptibility to the occurrence 
of mass movement.

�e foliated metamorphic rocks from unit 4 of Reis Jr. 
and Parizzi (2018) are strongly a�ected by recurrent discon-
tinuities, which, added to the low mechanical strength of the 
material, favor the common occurrence of mass movements 
and block falls due to the displacement of the mass. For this 
reason, this study considered these rocks to be highly suscep-
tible to mass movements.

Unit 5 dolomites (Reis Jr. and Parizzi 2018) have high 
mechanical strength and are easily weathered, forming karst 
features. Rock slides are not common and therefore suscepti-
bility to rupture was here classi�ed as low to moderate.

Geotechnical unit 6 (Reis Jr. and Parizzi 2018) is char-
acterized by quartzites with high mechanical resistance and 
li�le susceptibility to weathering. However, in the eastern 
region of the study area, Reis Jr. and Parizzi (2018) indicate 
the occurrence of mass movements associated with foliation 
planes. For this unit, the susceptibility to mass movements 
was considered moderate.

Geotechnical unit 8 comprises lateritic covers and sedi-
ment deposits (alluvium and colluvium), and it is character-
ized as being highly susceptible to erosion and mass move-
ments, caused by the non-compaction of the sediments and 
the plasticity associated with clay components. �e present 
work classi�es the rocks of this unit as being strongly suscep-
tible to the occurrence of mass movements.

�e abovementioned Endo et al. (2019) geological units 
shape�le was rasterized considering the aforementioned clas-
si�cation and a resolution of a 30 m pixel grid. �e resulting 
raster of the lithotype map received grades varying qualita-
tively between units less likely to have mass movements and 
units with frequent mass movements.

Figure 4. Slope raster with 30 m pixel resolution. Values are 
indicated in percentage. Lines in black represent lineaments traced. 
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�e three maps resulting from this process present data 
indicative of zones with a greater and lesser probability of mass 
movements, according to the parameter used to generate them. 
However, to establish a correct relationship between them, it 
was necessary to have a common scale to avoid distortions in 
the �nal result. For this, the values that were assigned to the 
variables of each parameter were all normalized from 0 to 1 
by the Equation 1 (Vaz 2019): 

끫毊′ = 끫毊 − 끫殴끫殴끫殴⁡(끫毊)(끫毊) ⁡ − 끫殴끫殴끫殴⁡(끫毊)  (1)

Where:
xʹ = the normalized value;
x = the value to be normalized;
(x) = the dataset.

Finally, using the Raster Calculator tool in QGIS, weighted 
averages were calculated in order to relate the three maps math-
ematically. By varying the weights a�ributed to each param-
eter, multiple scenarios were constructed to classify the area 
as to its susceptibility to rupture through changes in slope, 
lithotype, and lineament density.

LINEAMENT INTERPRETATIONS

It is important to note that photolineaments can be strongly 
related to geological structures, such as ridges, faults, and 
regional folds, based on their repetitive geometry, spatial dis-
tribution, and association with the directions of the aforemen-
tioned structures. �e interpretation of lineaments, mapped 
from aerial photos or other imagery, can be a�ached to frac-
ture pa�erns on folds widely known and mapped by several 
previous works (e.g., Lobato et al. 2005, Endo et al. 2020). 
Folds are extremely common deformation structures in any 
regional terranes. �eir geometric features and occurrence bear 
valuable information on the strain, kinematics, and rheology 
(Nabavi and Fossen 2021). As for deformation in general, it 
can be analyzed in terms of geometry (e.g., structural orien-
tation, a�itude, size, and morphology or shape), kinematics 
(involving position, displacement, velocity, and acceleration 
of as many points as possible and thus progressive deforma-
tion), and dynamics (the relationship between forces or stress 
and kinematics; Yang et al. 2019, Nabavi and Fossen 2021). 
�e analysis of fold structures as observed from remote sens-
ing data forms the foundation for understanding and quanti-
fying fold-related deformation. 

Two great regional structures will be considered together, 
and the main function of this research is the application of the 
technique. �erefore, we will consider the Curral homocline 
and the Moeda syncline (Fig. 3) as sources of study and not 
as individual regional structures. Based on the rose diagram 
analysis (Fig. 5), it was decided to divide the lineaments into 
four sets: one, varying from 10° to 80°, the second, 80° to 120°, 
the third, 120° to 160°, and the fourth, 160° to 190°.

�e �rst lineament set (10° to 80°), represented by a green 
color (Fig. 5), occurs mainly in the northwest and southeast 
areas. �eir estimated lengths vary from 21 to 493 m with an 

average value of 136 m and a median of 106 m. �e second 
group (80° to 120°), represented by purple (Fig. 5), is well 
observed in the north and south, with a greater density in the 
la�er. Its minimum value is 38 m, and its maximum is 412 m, 
with an average of 108 m and a median of 87 m. �e third set, 
represented by a pink color (Fig. 5) (120° to 160°) is con-
centrated in the northern area, along the ridge. It varies from 
21 to 518 m, with an average value of 111 m and a median of 
101 m. �e fourth group (160° to 190°), represented in blue 
(Fig. 5), is distributed along the eastern areas from south to 
north. �eir estimated lengths vary from 20 to 390 m with an 
average value of 119 m and a median of 101 m.

�e sets resulting from the grouping of directions of the 
traced lines are distributed in all units of the Minas Supergroup 
outcropping in the study area. However, it is possible to identify 
pa�erns that relate the lithology to a preferred trend of lines. 
In this respect, the Cauê Formation encompasses the largest 
number of guidelines, especially those with a trend between 
120º and 160º (Figs. 6 and 7). �e lines in this unit are essen-
tially concentrated in the northwestern portion of the area. 
�e Batatal Formation, in turn, has lines with the main direc-
tion between 10º and 80º and the Moeda Formation between 
80º and 120º — both in the southeast region. �e Nova Lima 
Group, a li�le outcropping in the area, presented lineaments 
between 10º and 120º and between 160º and 190º. �e Bon�m 
Complex, the lower limit of the study area, did not present 
expressive guidelines.

MASS MOVEMENTS 

CHARACTERIZATION USING 

SATELLITE IMAGES GEOTECHNICAL 

INVESTIGATIONS AND MODELING

Several mass movements can be observed, at different 
scales of movement, in the studied area. �e understanding 

Figure 5. Rose diagram to the analyzed area, separated by the 
intervals previously de�ned.
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of the phenomenon in this region is imperative to de�ne the 
nature and the extent of the act, as it can be covered by the 
extension of Curral Ridge and thus in�uence the understand-
ing and planning of the surrounding cities.

Geotechnical analysis results
A total of eight scenarios were generated (Fig. 8); the �rst 

four (1–4) were classi�ed by using the slope percentage ras-
ter without interval reclassi�cation, so its values in the carto-
graphic algebra were not grouped. �e last four (5–8) consider 
the slope percentage classi�ed according to Salomão (1999). 
Table 2 summarizes the weights given in every scenario. 

�e map corresponding to scenario 1 was obtained from 
the a�ribution of equal weights of 1/3 to each of the three 
parameters, considering ungrouped values in the slope clas-
si�cation. In this result, the contacts that separate zones of 
the same susceptibility to mass movements are similar to 
the lithologic contacts de�ned by Endo et al. (2020; Fig. 9). 
�e greatest probabilities (moderate-to-high and high) occur 
in the northwest and southeast portions of the study area, 

with thick patches distributed continuously in these regions. 
�e probability decreases toward the edges of the area, with 
low-to-moderate or moderate classi�cations, the former being 
the most common. 

In scenario 2, built with ungrouped values in the slope 
classi�cation and weights of 0.25 for lithology and lineament 
density and 0.5 for slope, the map of susceptibility to mass 
movements presents more homogeneous zones compared to 
the map of the �rst scenario. �e probabilities in the northwest 
and southeast areas are essentially classi�ed as moderate-to-high, 
with narrow patches unexpressive in these stretches — some-
times isolated, as in the northern region. Toward the edges, 
the predominant probability is low to moderate.

Scenario 3 was generated by matching lithology weighing 
0.5, line density 0.2, and slope without EMB�PA classi�-
cation 0.3. It is observed that the moderate to highest prob-
abilities are quite hitched with geological units, which are 
reported to be more susceptible to mass movements, such 
as metamorphic foliated rocks (e.g., phyllites), itabirites and 
unconsolidated sediments, and recent sedimentary or lateritic 

Figure 6. Lineaments traced remotely and divided in sets. Set 1 (10°–80°) in green, Set 2 (80°–120°) in purple, Set 3 (120°–160°) in pink, 
and Set 4 (160°–190°) in blue. Satellite image from ESRI (2021).
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Figure 8. Scenarios of geotechnical analysis based on slope, lithology, and lineament density. Numbers 1–8 correspond to the eight scenarios 
generated. Map A: line density map where red represents the highest line density values and green the lowest, while yellow are the moderate 
density areas. Map B represents slope together with traced lineaments (in black), where red is the highest slope and green the lowest.

Source: a�er Endo et al. (2019).
Figure 7. Lineament sets vs. Regional Geological Map.
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covers, regardless regions with high slope or high line den-
sities. �is way, only dolomite, granitic-gneiss and quartz-
ite terrains are associated with low probability values in the 
central-south and northwest. It is important to mention that 
in quartzite cases, exceptions are observed where the slope 
assumes high values. 

When it comes to scenario 4, lithology received a 0.2 weight 
score, while the other two parameters had the same grade of 
0.4. In this case, the observed pa�erns are remarkably similar 
to those observed in scenario 2, with moderate-to-high val-
ues occurring in the northwest and southeast areas along ridge 
stretches while low-to-moderate occur toward edges. 

�e map corresponding to scenario 5 was obtained from 
the a�ribution of equal weights to each of the three param-
eters — as in scenario 1, but considering grouped values in 
the slope classi�cation (EMB�PA 1979). Contacts that 
separate zones with the same susceptibility to mass move-
ments are similar to the lithological contacts de�ned by Endo 
et al. (2020), with the highest probabilities concentrated 
in the northwest and southeast portions of the study area 
(moderate-to-high and high). Heterogeneously, the odds are 
reduced toward the edges, although isolated spots of mod-
erate-to-high and high probability are common throughout 
the eastern portion.

For scenario 6, the assigned weights were 0.25 for lithol-
ogy and lineament density and 0.5 for slope — as in scenario 
2 but considering grouped values in the slope classi�cation 
(EMBRAPA 1979). The greatest probabilities are in the 

Figure 9. Contacts in the maps of susceptibility to mass movement and erosion of scenarios (A) 1 and (B) 5 and lithological contacts 
according to Endo et al. (2019).

Table 2. Weights a�ributed to parameters used to di�erent 
scenarios of geotechnical analysis.

Scenario/

Weights
Lithology

Lineament 

density
Slope

1 1/3 1/3 1/3

2 0.25 0.25 0.5

3 0.5 0.2 0.3

4 0.2 0.4 0.4

5 1/3 1/3 1/3

6 0.25 0.25 0.5

7 0.5 0.2 0.3

8 0.2 0.4 0.4

northwest and east portions of the study area (moderate-to-high 
and high), with homogeneous variations and unclear contacts 
toward the northeast edge. In general, there is a predominance 
of moderate-to-high probability zones.

Scenario 7 was obtained by using the same weights 
as scenario 3, but slope values were grouped according to 
EMBRAPA (1979). It is observed that geological lithol-
ogies strongly control high and low probability domains. 
Once phyllite, itabirites and recent covers or sedimentary 
deposits receive a high probability trend while dolomite and 
gneiss are low-graded. 

It is possible to observe that in Scenario 8, with slope clas-
si�ed according to EMB�PA (1979) and the same weights as 
Scenario 4, it is possible to observe high values in the northwest 
to the southeast middle portion, following ridge trends and 
being accentuated in the high line density and slope regions. 
Out of these domains, mainly in the extreme northwest and 
southwest, moderate-to-low probabilities are observed.

DISCUSSION AND CONCLUSIONS

�e several fracture sets found at the connection between 
the Curral homocline and Moeda syncline provide qualitative 
constraints for the temporal and spatial evolution of deforma-
tion of the geological layers within the region of focus. �e fol-
lowing discussion synthesizes remote sensing observations 
and published data to make inferences about fold kinematics 
and geotechnical investigations.

Lineaments and regional structures
�e Moeda syncline is the result of Curral nappe’s nor-

mal limb refolding (Endo et al. 2020). In general terms, it 
is an asymmetric fold with a regional scale and verging for 
W-SW (Mourão 2007). �e Curral anticline materializes the 
hinge area of the Curral nappe, an allochthonous recumbent 
megafold represented by the joint of the Serra do Curral and 
the Moeda syncline. �e anticline’s axial plane is oriented 
following 120/30 (Endo et al. 2020) and its inverted �ap 
(Oliveira 2005) constitutes the Curral homocline, north-
west of the study area.

�e group of structures de�ned by set 1 (green) is distrib-
uted in the study area, especially within the Moeda syncline. 
Its occurrence in the rocks of the Moeda Formation shows 
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areas where the quartzite bedding planes may intercept the 
topography. �is suggestion is motivated by the orientation 
pa�ern of the Curral Ridge bedding planes, which dip toward 
NW (Fig. 5).

�e regional nappes materialized an intersection linea-
tion between the main schistosity and the bedding with an 
approximate orientation of 095/45 (Fig. 10), and it is par-
allel to the mineral lineation and the fold axes (Endo and 
Machado 1997, Almeida et al. 2005, Angeli 2015, Rossi and 
Endo 2015, Barbosa 2018, Endo et al. 2019). �is pa�ern of 
parallelism is con�rmed by the linear structures represented 
in set 2 (purple), focusing on the Cauê Formation itabirites 
and the Batatal Formation phyllites. Since the direction of the 
fold axis belongs to set 2, such lines may be associated with 
the foliation developed in the hinge zone, which corresponds 
to the north region of the study area. 

According to Endo et al. (2020), although there are tec-
tonic models that justify this parallelism by shear deformation, 
such as Cobbold and Quinquis (1980), Ridley (1986), and 
Sullivan (2013), there are no structures that corroborate this 
(e.g., sheath folds). �erefore, Endo et al. (2020) suggest that 
the parallelism of linear structures is associated with deforma-
tion in a constriction �ow regime. In this context, applying the 
Lin and Jiang (2001) model to lineations in transpressive shear 
zones, the constriction �ow regime may have been developed 
as a function of the kinematics of the São Vicente Shear Zone, 
whose curvature guided the lineaments from an accumulation 
of deformation (Fig. 11).

�e grouped lines in set 3 (pink) reverberate in the Cauê 
Formation, especially within the Curral homocline, and may 
indicate stretching lineation related to movements between 
Cauê beds; favorable direction for the occurrence of ma�c 
dykes that are NW-SE oriented, as mentioned by Endo et al. 
(2020); or simply related to the Curral homocline watershed 
mechanism, since it is a topographic top.

�e grouped lines in set 4 (blue) are distributed across 
all outcropping lithologies in the study area. Suggestions of 

Source: modi�ed from Endo et al. (2020).
Figure 10. Curral Nappe’s structures orientation represented in 
stereographic projections. Top-le� and top-right images represent 
bedding (S0) and schistosity (Sn), respectively. Bo�om images, from 
le� to right, intersection lineation, fold hinge, and mineral lineation. 

Source: modi�ed from Sullivan (2013).
Figure 11. Conceptual model representing the arrangement of 
linear structures in curved portions of shear zones. 

features that justify the orientation of these guidelines based 
on the observed frequency and the speci�c context of the junc-
tion of the Moeda syncline with the Curral homocline were 
not found in the geological historical data. 

Large folds can in�uence landscape evolution during ero-
sion, typically with ridges along with steep limbs and valleys 
along synforms, or with resistant cores creating positive topo-
graphic landforms. Folds and folding furthermore in�uence the 
evolution of the Earth’s surface as they form, controlling pat-
terns of erosion, sediment routing and depocenters. �ese pro-
cesses cause rapid stratigraphic thickness variations that relate 
to the growth history of the folds (Nabavi and Fossen 2021). 

As a great approximation, the lineaments analyses from the 
connection between Curral homocline and Moeda syncline pre-
sented here in suggest having azimuth direction compatibility 
with the more known, previously published studies in the area.

Landslide characterization  
using satellite images geotechnical 
investigations and modelling

As discussed by Lageson et al. (2012), the scope of this 
project was to apply Google Earth Pro and remote sense data 
for the collection and preliminary interpretation of orienta-
tion data of lineaments and their future use. As the example 
here, we propose the geotechnical investigations, based on the 
images collected in Google Earth Pro, as well as from the other 
databases aforementioned. With the present purpose, we aim 
to understand and apply techniques that combine geometric, 
geological, and geomorphological data.

A systematic and comparative analysis of the eight maps of 
susceptibility to mass movement and erosion was conducted to 
qualify the results obtained by using each weight distribution 
in the multi-criteria analysis. �e quali�cation of the scenarios 
and their respective methods was conducted by observing the 
weights a�ributed to parameters more or less relevant to sta-
bility (between slope, lineament density, and lithology), ana-
lyzed in general for rock masses and speci�cally in the context 
of the area of this study. 
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In all results, the highest probability of the occurrence of 
mass movements and erosion corresponds to the alignments 
of the ranges in the SW-NE and NW-SE directions. �e main 
associated lithotypes belong to the Batatal and Cauê forma-
tions, and it is in these areas where the highest lineament den-
sities and steepest slopes are found. �e eight maps show a 
pa�ern of probability reduction toward the edges of the area, 
where the relief is smoother and there is a lower density of 
lineaments. In these zones, the predominant lithotype corre-
sponds to the Cauê Formation.

Scenarios 1 and 5 were both the results of calculations with 
equal weights for the 3 parameters (Figs. 8 and 9); however, in 
scenario 5, the slope values were grouped into intervals, whereas 
in scenario 1, these values are continuous. In both scenarios, 
the similarity between susceptibility map contacts and litho-
logic map contacts (Fig. 9) re�ects a low contribution of slope 
and lineament density to de�nitions of susceptibility to mass 
movements. Since the standard of discontinuity of the material 
and the slope of the terrain are factors of great relevance to the 
instability of rock masses (Bigarella 2003, Pradhan et al. 2006, 
Pinto et al. 2013, Fiori 2016), it may be inconsistent that the 
limits between rocks of the same strength stand out on maps 
of susceptibility to mass movement.

�e greater reach of higher probability zones in scenario 5 
compared to scenario 1, especially near the edges (Figs. 8 and 
9), may be associated with areas of smoother relief in which 
slope was more relevant when the values were grouped, as they 
now occupy positions equivalent to steeper slopes. �is vari-
ation in data usage increased the spread of moderate-to-high 
susceptibility zones.

Scenarios 2 and 6 (Fig. 8), although both are the result of 
calculations made with weights of 0.25 for lithotype and linea-
ment density and 0.5 for slope, su�ered the greatest variations 
due to the grouping of slope values since this parameter was the 
most in�uential in the multi-criteria analysis. Several authors 
(Pradel et al. 1993, Bigarella 2003, Pradhan et al. 2006, Pinto 
et al. 2013) demonstrate the importance of slope in rock mass 
stability research.

Great di�erences are not observed when scenarios 3 and 7 
are compared (Fig. 8). Generally, the domains of high or low 
values are maintained, except for regions where quartzites refer 
to the geological unities. In these cases, when scenario 3 pres-
ents quartzite regions as low-to-moderate probability, scenario 
7 exhibits them as moderate, with high slope places demarking 
moderate-to-high probability. Both the scenarios show that 
lithology units scored 5 on the respective scale, demonstrat-
ing at least a moderate-to-high probability, even when slope 
values are very low and there is no lineament traced. 

When ungrouped, the slope values considerably reduced 
the occupation of zones with some probability of developing 
mass movements — zones of moderate-to-high susceptibil-
ity — were essentially concentrated in the alignment of the 
ranges, where the greatest slopes and the greatest density of 
lineaments are found. �e grouped values resulted in large areas 
of high susceptibility in the Batatal and Cauê formations out-
cropping in the eastern portion, due to the inclusion of inter-
mediate slopes in high slope groups. �is phenomenon can 

be well observed in Scenarios 4 and 8; in the former, high val-
ues are mostly a�ached to ridges, where the slope is elevated 
and there is a higher number of lineaments, and these regions 
are surrounded by a thin area characterized by its moderate 
values. When it comes to Scenario 8 (Fig. 8), high values in 
ridge-a�ached regions assume a larger area, and thin moder-
ate regions get vaster. In a comparative analysis between the 
scenarios obtained and the aerial image of the GEP, it was 
observed that some areas of slopes classi�ed as susceptible 
in scenarios 4 and 8 have transported material in their bases, 
probably from mass movements or erosional processes that 
occurred previously (Fig. 12).

Finally, another Google Earth Pro application proved to 
be exceptionally useful in the analysis of geotechnical inves-
tigations where areas of greater and lesser probability of mass 
movements and erosion are possible to indicate. Experience 
has shown that we also had di�culty “seeing” a down-plunge 
view on a 2D map (as did the students of Lageson et al. 2012).

�e COVID-19 pandemic and the serious Brazilian insti-
tutional crisis challenged researchers and managers to �nd 
palliative measures that would prevent the collapse of scien-
ti�c research and practical work in geosciences in recent years. 
Based on the aforementioned works, this application pro-
posal sought to systematize the use of existing data produced 
by remote sensors, aiming to minimize the impacts of social 
distancing measures in the COVID-19 epidemic, which pre-
vented �eld trips from being carried out in Brazil, from 2020 
to 2021. It is also important to think about how society has 
changed and adapted in the post-pandemic period. We need 
to think about a world that combines remote work and face-
to-face work, in pandemic and non-pandemic situations.

�e use of lineament density, lithotype, and slope param-
eters to develop rupture susceptibility research was e�ective 
for this work, considering the possibility of being analyzed 
using remote sensing techniques as well as its great relevance 
in previous studies focused on this theme (e.g., Cruz 1974, 
Pradel et al. 1993, Bigarella 2003, Pradhan et al. 2006, Schaefer 
et al. 2012).

As clearly explained by Nabavi and Fossen (2021), folds 
and folding furthermore in�uence the evolution of the Earth’s 
surface as they form, controlling pa�erns of erosion, sediment 
routing, and depocenters. �ese authors also discuss how these 
points are particularly relevant to mining operations and the 
prediction of ore bodies at depth. Fold structures can also con-
trol the stability and behavior of natural and engineered rock 
slopes depending on their orientations, geometry, and struc-
tural complexity concerning a given slope face. 

In an area with well-de�ned structural pa�erns, it is possi-
ble to remotely identify lineaments and fractures and associ-
ate them with already mapped regional structures. In this case, 
the less common lineaments observed, which are trending in 
the northeast direction, are probably related to the Moeda 
Formation bedding strike. Lineaments tending east are pos-
sibly related to mineral lineation, fold axes, and dip direction, 
and they occur mainly in the Batatal and Cauê Formations. 
Southeast lineaments could be associated with both inter-
strata stretching lineaments and preferential directions of 
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Figure 12. Areas of slopes transported material in their basis, probably from mass movements, identi�ed remotely. Background is represented 
by scenario 4. 

ma�c dykes reported in the area. However, this group of lin-
eaments could simply be related to the Curral ridge watershed 
mechanism, since their direction is perpendicular to the ridge 
extension. More detailed information should be investigated 
to obtain more accurate interpretations of the southeast and 
NS lineament directions. 

�e systematic and comparative analysis of the �nal sce-
narios obtained by varying the weights a�ributed to each 
parameter highlighted the importance of observing the linea-
ments identi�ed in aerial images, as they may represent local 
discontinuities and regional structures capable of compro-
mising the stability of the mass. �e nature of these guide-
lines and their relationship with the sloping plane must be 
a�rmed in the �eld so that their degree of interference is 
fully understood. Similarly, it was observed that a coherent 
assessment of in�uences requires that the slope of the ramp 
also have representative participation, with equal or similar 
weight to the weight of the lineaments’ density. �e minor 
influence of lithology type can be inferred by evaluating 
Bieniawski (1989) RMR classi�cation. In their analysis, the 
rock type itself is parameterized according to its uniaxial 
compressive strength, which relates to internal friction angle 
and cohesion (Labuz and Zang 2012), characteristics that 
are inherent to the rock. On the contrary, discontinuities-re-
lated parameters appear in the RMR more than once (RQD 
— rock quality designation, spacing, and conditions of dis-
continuities). �is way, it is possible to deduce that density 
lineaments, which have to do with the compartmentation 
of the rock mass, in�uence rupture processes more than the 

lithotype. Since kinematic analysis depends on internal fric-
tion angle, resistance, and requesting stress (Hoek and Bray 
1989), and the �rst two are rock parameters that change in 
a strongly de�ned interval depending on rock conditions, 
slope level directly in�uences requesting forces, since this 
ramp feature can control how block weight is distributed 
between shearing and normal stress in a rupture plane. Its 
analysis is more rational when its values are ungrouped so 
that intermediate slopes are not included in very low or very 
high slope groups. Taking into account the greater relevance 
of these two parameters (concerning the lithotype) is a strat-
egy used in several relevant works on slope stability (e.g., 
Cruz 1974, Bigarella 2003, Pradhan et al. 2006, Schaefer 
et al. 2012, Pinto et al. 2013). From this perspective, the best 
scenario resulting from the processes included in this study 
was scenario 4, which assigned weights of 0.4 for lineament 
density and slope (in ungrouped values) and 0.2 for the 
lithotype. �rough comparative visual validation between 
the map of scenario 4 and the aerial image of Google Earth, 
this choice is also suggested by the observation of uncon-
solidated material on slopes classi�ed as more susceptible. 
However, if one desires to run a more conservative analysis, 
one should choose scenario 8 once its higher value domains 
are expanded since intermediate slopes (above 20%) are 
assigned to higher probabilities. 

Based on the methods adopted in this study, choosing the 
best scenario that characterizes an area in terms of suscepti-
bility to the occurrence of rupture must include speci�c con-
siderations for the context analyzed, such as regional pa�erns 
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that a�ect the relevance of the parameters. In addition, the 
study must establish the grade of conservatism to be adopted, 
especially for slope classi�cations. Using slope values grouped 
into intervals, for example, leads to less detailed results about 
intermediate slopes, contributing to a less conservative �nal 
analysis than that made with ungrouped slopes. �e level of 
conservatism suitable for each study must consider several 
factors, such as urban occupation, rainfall, and the frequency 
of mass movements in the region.

Geometrical analysis and classi�cation form the foun-
dation for the use of folds in structural/tectonic analysis. 
In general, understanding fold geometries, folding mecha-
nism, strain history, as well as relationships in fracture net-
works are critical for the prediction of the structural style 
and variations, and important in a wide range of applications, 
including fractured reservoir exploration, carbon capture, and 
storage, aquifer characterization, civil engineering, mining 

industry, and seismic hazard prediction (following Nabavi 
and Fossen 2021).
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