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Abstract: Detailed geomorphological mapping employs imagery acquired by Remotely Piloted Aircraft (RPA) to investigate
gullies, generating morphometric data. This study aimed to develop a detailed geomorphological map, defining
geomorphological compartments and recording discrete landform features both within and around the gully, using traditional
and adapted symbology. The study area corresponds to the Mombuca Gully in the Brazilian Cerrado, at Monte Carmelo
(Minas Gerais, Brazil). The methodology was divided into pre-field, field, and post-field stages, encompassing flight planning;
image acquisition with the DJI (Da-Jiang Innovations) Mavic Pro RPA in three scenarios; image treatment, processing, and
photo-interpretation to generate morphometric and geomorphological maps. The study identified five geomorphological
compartments and documented denudational features, aggradational features, anthropogenic landforms, technogenic
deposits, alterations of original channel courses, and the installation of impoundments. Integrated analysis of these data
enabled an understanding of natural erosive dynamics and anthropogenic influences. The results support methodological
discussions on geomorphological mapping of gullies using high-resolution imagery.

Keywords: geomorphological cartography; linear erosion; unmanned aerial vehicle.

Resumo: A cartografia geomorfolégica de detalhe utiliza imagens obtidas por Aeronaves Remotamente Pilotadas (RPA) na
investigacdo de vogorocas, gerando dados morfométricos. Este trabalho teve como objetivo elaborar um mapeamento
geomorfolégico de detalhe, com defini¢do de compartimentos e registro de fei¢des individualizadas no interior e no entorno
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da vogoroca, empregando simbologias tradicionais e adaptadas. A area de estudo corresponde a vogoroca do Mombuca, no
cerrado brasileiro, em Monte Carmelo (Minas Gerais — MG). A metodologia dividiu-se em pré-campo, campo e pos-campo,
contemplando planejamento de voo, aquisi¢ao de imagens pela Aeronave Remotamente Pilotada (RPA) da DJI (Da-Jiang
Innovations), modelo Mavic Pro, em trés cenarios, tratamento das imagens, processamento e fotointerpretagao para geracao
de mapeamentos morfométricos e geomorfoldgico. O estudo identificou cinco compartimentos geomorfologicos e registrou
feigdes denudativas, feigdes agradacionais, modelados antrépicos, depdsitos tecnogénicos, alteragdes de cursos fluviais
originais e instalagao de represamento. A analise integrada dos dados permitiu compreender a dindmica erosiva natural e as
influéncias antrépicas. Os resultados apoiam discussdes metodoldgicas sobre mapeamentos geomorfoldgicos de vogorocas a
partir de imagens de alta resolugao.

Palavras-chave: cartografia geomorfoldgica; erosao linear; drone.

1. Introduction

Erosion is an intrinsic theme of geomorphology, as it derives from natural processes that sculpt the relief
forms of the Earth's surface on a geological time scale. The phenomenon can be affected and driven by
anthropogenic activities, which positions man as an important geomorphological agent (Nir, 1983). Thus, erosion
constitutes a natural process that occurs in any system, even in balanced ones, and human intervention can
accelerate it (Hernani et al., 2002).

According to Goudie (2004), the main factors that control erosion include lithology, tectonics, climate,
vegetation and human actions. Castro and Hernani (2015) emphasize the role of “fragile soils”, a term often used
for soils with a sandy surface texture, which are more susceptible to water and/or wind erosion than clayey soils
(Albuquerque et al., 2015). Guerra (2011) defines erosion as the process of removal of material by rainwater, which
is highly frequent in tropical countries such as Brazil.

Linear erosion features are classified as rills, ravines, and gullies (Stabile; Vieira, 2010). Rills are formed by the
removal of materials resulting from the action of pluvial water, creating small channels on the surface (Fournier,
1960). Over time, they can evolve into ravines, which represent a higher erosional stage (Aratjo, 2011). Upon
reaching the water table, the evolution of ravines can give rise to gullies (Almeida Filho; Teixeira Filho, 2014).
Pereira and Rodrigues (2022), in a recent literature review, note that the distinction between ravines and gullies, in
national and international scenarios, is often established by dimensional criteria. The authors, however, consider
the need to consider the behavior of the water table and the infiltration dynamics. Gullies are linear water erosions
that demonstrate the intensity of pluvial processes, resulting in large, deep and wide structures (Guerra, 2010).

Erosive processes cause environmental and socioeconomic problems in rural and urban areas (Pereira, 2020).
Such processes result in the loss of nutrients from the upper layers of the soil, reduce root penetration and water
retention, restrict areas for agricultural activities and cause the sedimentation of water bodies, among other
consequences (Guerra; Jorge, 2017). Examples of these problems were recently reported in the city of Buriticupu
(MA), where homes collapsed into the interior of the erosional features due to their expansion (Froes, 2023;
Cardoso, 2024).

Inadequate land use, associated with deforestation, lack of planning, absence of conservation practices and
incorrect management, aggravates erosion processes. Such factors increase soil exposure to rainfall and
susceptibility to the formation of gullies (Hernani et al. 2002). Frequently, gullies are filled with materials of human
origin, such as from construction, waste from borrowed materials, and solid waste, with the mistaken purpose of
infilling or containing the advance of erosion. According to Franca Junior and Peloggia (2020), human action
transforms the physiography of the landscape, creating landforms (technogenic relief) from sedimentary deposits
related to its own activity (technogenic). Moura et al. (2023) proposed guidelines for the registration and
classification of technogenic landforms, considering their areal and linear representativeness according to the
cartographic scale adopted in the investigation.

Erosional features, especially linear ones such as gullies, are subject to cartographic representation. This
contributes to their interpretation and analysis, in addition to supporting the planning of the occupation and
recovery of degraded areas. In this context, the role of geomorphological cartography is evident, especially those
dedicated to mapping on a detailed scale, as illustrated by the works of Tricart (1965) and Verstappen and Zuidan
(1975), widely used in Brazil for their range of symbologies. In a study on the construction of geomorphological
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symbols, Silva, Souza and Lupinacci (2022) report that the use of lines and points constitutes a solution for mapping
relief features on a detailed scale, a procedure adopted by classical and contemporary authors. When addressing
detailed geomorphological mapping, Simon and Lupinacci (2019) discuss the importance of cartographic detailing
for understanding spatial dynamics. Such mapping is fundamental to physical-environmental planning, by
allowing the identification and individualization of landforms, agents and related processes, with the subsequent
grouping and definition of geomorphological units.

Traditionally, gully analysis and monitoring were performed using stakes to monitor their evolving process
(Guerra, 1996). Recently, Remotely Piloted Aircraft (RPA), popularly known as drones, have been used for these
analyses and monitoring. The technical bulletin by Figueiredo and Figueiredo (2018) describes the steps for
conducting RPA flights and acquiring images in aerial surveys. The study by Moura, Santos and Alves Junior
(2021) addresses the processing of RPA aerial photographs and the production of the Digital Surface Model (DSM),
Digital Terrain Model (DTM), orthomosaics, and contour lines, focusing on the generation of morphometric data
for the study of a gully in Anapolis (GO). Rademan and Trentin (2020) used the generation of morphometric
information from RPA images to determine the areas of greatest gully advancement in Cacequi (RS). The
investigation by Julian and Nunes (2020) used RPA and geoprocessing to calculate the volume of soil eroded in a
gully in Marilia (SP).

The use of RPA images in geomorphological studies of gullies has been increasing, especially with a focus on
producing morphometric information. However, the creation of detailed geomorphological maps that present the
identification and individualization of discrete landforms, grouped into geomorphological units as indicated by
Simon and Lupinacci (2019), is not common as a final cartographic product. The cartographic individualization of
landforms in gullies occurs, for example, in the study by Stefanuto and Lupinacci (2023), who used RPA images to
superimpose individualized geomorphological symbols on erosional features in Corumbatai (SP). In this work, the
authors mapped the detailed features in the erosion structure using photointerpretation with line and point
symbols.

From this perspective, this work aimed to develop a detailed geomorphological map using RPA images. The
mapping included, through photointerpretation, the recording of individualized relief features inside and around
the Mombuca gully, including those of human origin, through specific symbologies. Additionally, the same
mapping proposed a compartmentalization of the gully, based on morphometric data and photointerpretation.
Thus, the present study sought to organize a detailed geomorphological map that would identify the
compartments of the gully and their individualized features. To this end, concepts and symbologies of detailed
geomorphological cartography were used, in addition to technical resources of remote sensing and geoprocessing
for the acquisition and treatment of RPA images.

2. Study Area

The proposed geomorphological mapping is applicable to land use and occupation planning and to the
recovery of degraded areas, since the Mombuca gully is located in an area under intense influence of urban
anthropogenic actions, particularly due to its filling with technogenic deposits. The feature is located in the vicinity
of the city of Monte Carmelo, in the Triangulo Mineiro/Alto Paranaiba Mesoregion, and is approximately 2.5 km
from the urban area, with a total area of 0.6 km? (Figure 1).

The anthropogenic context, combined with the presence of fragile soils and saprolites derived from granitoids
from the Monte Carmelo complex (Codemig, 2017) in an area of the Brazilian Cerrado, justifies the choice of the
site as the object of study. Fieldwork carried out in areas of this granite complex revealed linear erosion processes
associated with the fragility of the surface cover. This cover is marked by materials susceptible to physical-
hydrological dynamics in tropical climate conditions (Barbosa et al., 2018; Casagrande, 2023; Estrada, 2023).
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Figure 1. Location of the study area.

Regionally, the area is part of the Cerrado Morphoclimatic Domain (Ab’Saber, 2003) and corresponds to the
morphosculpture of the dissected plateaus of Alto Paranaiba (Rodrigues; Augustin; Nazar, 2023), which are part
of the morphostructure of the Brasilia Fold Belt (Codemig, 2017). In the region, Latosols, Cambisols and Neosols
predominate (Motta; Baruqui; Santos, 2004) under a semi-humid tropical climate (Novais, 2011). In the study area,
the presence of Cambisols stands out, recognized in the field by the occurrence of a diagnostic incipient B horizon
(Bi). This horizon exhibits little advanced pedogenesis, evidenced by the low development of the soil structure
(Embrapa, 2018). According to Arantes (2022), the degree of susceptibility of Cambisols to erosion is related to the
proportion of clay, since a lower content of this mineral results in reduced aggregation between larger particles,
which makes the soil more prone to removal.
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3. Materials and Methods

The methodology for geomorphological mapping was structured in three sequential and integrated stages:
pre-field, field and post-field (Table 1). The definition of these stages was based on the demands of the field work,
which included the acquisition of RPA images for three scenarios. The resulting detailed geomorphological map
constitutes the main product of this work and, together with the field observations, supported the interpretation
of the erosion dynamics of the gully.

Table 1. Summary of research steps and procedures.

Stage Activities and Procedures
Pre-Field Definition of flight plans
Field Carrying out aerial surveys with RPA and collecting coordinates with

precision GNSS (global navigation satellite system)

Aerial image processing

Generation of cartographic base and morphometric thematic maps

Post-Field Preparation of the detailed geomorphological map

Selection of Google Earth images to record technogenic deposits

Flight planning began with the delimitation of the study area in Google Earth images and the export of the
Keyhole Markup Language (KML) file to the DroneDeploy application. The three flight plans were prepared with the
same parameters of altitude, camera angle and levels of frontal and lateral overlap of the images. The camera angle
was adjusted to 90° in relation to the RPA, positioning it perpendicular to the surface. Minimum overlaps of 70%
(frontal) and 60% (lateral) were adopted, with a flight altitude of 100 meters in relation to the surface (Figueiredo;
Figueiredo, 2018).

Field image acquisition was performed with the RPA DJI Mavic Pro during campaigns in October 2022 and
February 2024 (rainy season) and May 2023 (dry season). Reference points were installed concurrently with the
flights (Table 1), whose coordinates were obtained in real time (RTK) with a GNSS L1/L2 receiver from the
Topography and Geodesy Laboratory (LTGEO IGESC/UFU Monte Carmelo). This procedure aimed to increase the
positional and altimetric accuracy of the gully data.

Table 1. Coordinates of reference points (SIRGAS 2000, UTM zone 23 S).

Points X Y Z
1 239465.182 7930491.581 870.294
2 239597.872 7930359.665 869.893
3 239597.872 7930245.269 858.462
4 239202.122 7930203.570 847.633
5 239058.640 7930243.957 846.575
6 239216.640 7930573.958 857.082

The treatment and processing of the RPA images from the campaigns were performed with the Agisoft
Metashape software, at the Remote Sensing and Photogrammetry Laboratory (LASER IGESC/UFU Monte
Carmelo). In this process, the images were superimposed according to the flight plans (Figure 2) and integrated to
generate the orthomosaic and the Digital Terrain Model (DTM). The DTM exclusively represents the terrain
elevations, disregarding vegetation and buildings (Figueiredo; Figueiredo, 2018).

According to Oliveira et al. (2017), the generation of the DTM in Agisoft Metashape occurs from the
classification of the elements into two categories: ‘ground class’, which contains the terrain points, and ‘non-ground
class’, which includes the elements above the surface. After classification and deactivation of the ‘non-ground
class’, the DTM is obtained by executing the following sequence of commands in the software: Workflow > Align
Photos; Workflow > Build Dense Cloud; Tools > Classify Ground Points; Workflow > Build Mesh; Tools > Smooth Mesh; and
Workflow > Build DEM.
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Figure 2. Overlay of aerial photographs acquired through RPA flights for generating orthomosaics. Source: Adapted
from PIX4D (2015).

The construction of the orthomosaics (Figure 3) required a change in the point-cloud classification procedure,
activating all options for the ‘non-soil class’. The command sequence was the same as that used for the DTM,
differing only in the final execution of the Build Orthomosaic command. The October 2022 orthomosaic served as
the basis for the cartographic organization, and the contour lines were extracted from the DTM using the Tools >
Generate Contours command. Subsequently, the vectorization of fluvial and pluvial channels, impoundments, and
access roads was carried out through photointerpretation of the images. All processing for the preparation of the
cartographic basemap and the morphometric and geomorphological maps was performed in the QGIS 3.22.16
software, at a scale of 1:7,000.

The hypsometric map, which represents the altimetry classes, was prepared from the DTM. For this, the data
were grouped into nine classes with five-meter intervals: <801 m; 805-810 m; 810-815 m; 815-820 m; 820-825 m;
825-830 m; 830-835 m; 835-840 m; and >840 m. Similarly, the slope map, which expresses the slope gradient, was
generated from the DTM. The slope classes, with intervals of 0-2%, 2-5%, 5-12%, 12-30%, 30—45%, and >45%, were
based on Silva and Lupinacci (2021). These products, together with the photointerpretation of the three aerial
surveys, supported the preparation of the detailed geomorphological map.

To prepare the geomorphological map, preference was given to images from the May 2023 aerial survey.
Collection during the dry season provided greater clarity and visual resolution. At this stage, the gully was
compartmentalized and the denudational and aggradational features within each compartment were identified.
The following compartments were defined (Figure 4):

e Dissected Area: located inside the gully, it represents the actively eroded compartment that houses the

fluvial and pluvial channels.

e Hillslopes Directed towards the Gully: correspond to all the surrounding areas that drain towards the main
erosive feature or the Fluvial Plain and Terrace (Aptf) of the Mombuca stream.
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Figure 3. Orthomosaics generated for the study area. Campaigns: A - Oct/2022; B - May/2023; C - Feb/2024.

o Residual Landforms Connected to the Hillslopes Directed towards the Gully: constitute subtle connections
between the recesses of the erosional edge and the residual landforms of the Dissected Area.

o Residual Landforms Not Connected to Hillslopes: located inside the Dissected Area and present
topographic levels similar to those of the Connected Residual Landforms.
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e Accumulation of Fluvial Plains and Terraces (Aptf): corresponds to areas of deposition and accumulation
of alluvial sediments. They are found mainly along the Mombuca stream, where the gully channels flow
into, and in smaller portions within the Dissected Area.

The individualized denudational features (Figure 5) were categorized and interpreted as follows:

e FErosional Edge: feature that delimits the compartments of Hillslopes Directed towards the Gully,
Connected Residual Landforms and Dissected Area.

e Old Erosional Edge: corresponds to the relief ruptures in the Residual Landforms Not Connected
compartment.

e Piping: features located on the walls of the erosional edge, which constitute subsurface erosion ducts
observed in the field.

e Edge Deposit: features that occur on the erosional edge, accumulated predominantly at the base of the
wall. They derive from the detachment and deposition of materials more susceptible to erosion at the foot
of the slope.

e Topographical ruptures: abrupt differences in level located on the hillslopes.
e Rills: linear erosion features resulting from surface runoff.

The representation of individualized features in the geomorphological compartments (Figure 4) used symbols
consolidated in detailed cartography (Figures 4 and 5). The symbols for Pluvial and Fluvial Channels, Road Cuts
and Agricultural Terraces from Tricart (1965) and for Flat-bottomed Valley, V-shaped incised Valley, Topographic
Rupture and Rills from Verstappen and Zuidan (1975) were adopted. Additionally, the symbol for Infilled Original
Drainage proposed by Silveira and Cunha (2012) was used.

Given the lack of specific symbols for some gully features, adaptations were made based on the literature. The
Erosional Edge symbol was adapted from the Topographic Rupture of Verstappen and Zuidan (1975); the Old
Erosional Edge symbol was adapted from the Symmetric Crest of IBGE (2009); the Edge Deposit symbol was
adapted from the Mass-Movement symbol of IBGE (2009); and the Rural Buildings symbol was adapted from the
model of Silva, Silveira and Barbosa (2023).

Additionally, historical satellite images of the area were selected to determine the years of emergence of
technogenic deposits and the clogging of old fluvial channels of the gully. For this analysis, images from the years
2007, 2016, 2017, 2018 and 2019, obtained from the Google Earth platform, were mainly used. The expansion of
technogenic deposits throughout the investigated period was recorded by means of polygons with red color
intensity (Figure 4). The resulting shapes of these deposits were also evaluated according to the classification of
Moura et al. (2023).

4. Detailed morphometric and geomorphological mapping

From the regressive erosional fronts of the mapped gully, fluvial channels with an E-W orientation depart and
head towards the Mombuca stream, whose flow follows the S-N direction (Figure 6). The elevations in the mapped
area range from values below 805 m to values above 840 m (Figures 7 and 8). In the gully sector, the elevations
vary between 815 m and 840 m, which represents a drop of 25 m for the erosion feature. On the convex tops, the
slope classes of 0-2% and 2-5% predominate, while on the upper hillslopes the slope increases to 5-12% (Figure
9). On the middle hillslopes, where the erosion feature is installed, the classes reach higher values (12-30%, 30—
45% and >45%). At the bottom of the valley, in turn, the gradient decreases again, presenting classes of <2%, 2-5%
and 5-12%.

Five geomorphological compartments were defined for the studied gully. In these compartments, the
individual features and the gradual advancement of the technogenic deposits were cartographically recorded
(Figure 10). The detailed geomorphological map (Figure 10) consists of hatched polygons that represent the five
compartments and the technogenic deposits (in a red gradient). The map also includes lines and point symbols
that indicate topographic data, incised landforms, denudational features and anthropogenic landforms (Figure 11).
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Figure 4. Structure of the legend that makes up the detailed geomorphological map of the Mombuca gully.
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11

https://rbgeomorfologia.org.br/



Revista Brasileira de Geomorfologia, v. 26, n. 3, 2025

12

Hypsometric Map

239000

239200 239400 239600

52°0'W_50°0'W _48°0'W
\%

A

Triangulo Mineiro/

n
Alto Paranaiba Mesorclo g

P - <8
o agil\'o,!ll =
,«‘;’i?g.-..ﬁ;! ’
LA Ticae X

7930650

0 150 300 km
47°36'W  47°24'W
E
]
%
L3
g
g . o
3 &
%
0 10 20km

[ Monte Carmelo
® Study Area

100 200 m

Hypsometric Class (m)

805-810
810-815

Flowing Water

Tluvial Channel

Pluvial Channel

1:7.000

815-820

Antropogcnlc Landforms Projection Systems: Universal Transverse Mercator.

DATUM: SIRGAS 2000.

820-825
825-830

830-835
835-840
>840

E] Impoundments

FUSQO: 235
[g Agricultural Reservoir

Sources: Orthomosaic and DTM generated with
the photos acquired by aerial survey
with the drone DJI MAVIC PRO;
TBGF, 2022.
Year: 2024

Figure 8. Hypsometric map of the study area.
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Figure 9. Slope map of the study area.
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Figure 10. Detailed geomorphological map of the study area.
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Figure 11. Fragments and enlargement of the detailed geomorphological map, consisting of polygons
(geomorphological compartments and technogenic deposits), lines and point symbols (topographic data, flowing
waters and incised landforms, denudation features and anthropogenic landforms). The legend for this figure can be
found in Figures 4, 5 and 10.

The Mombuca gully presents three main erosional fronts (Figure 12), with the retreat of channel 1 towards the
SE (Figure 13 A) and channels 2 and 3 towards the E (Figures 13 B and C). This dynamic indicates a possible future
connection between the fronts, if the retreat persists. The intensity of the erosion dynamics is evidenced by the
denudational features identified in the geomorphological compartments (Figure 10). These features were
documented in the field and include: erosional edge (Figure 13 D), old erosional edge (Figure 13 E), piping (Figure
13 F), edge deposit (Figure 13 G), topographic ruptures (Figure 13 H) and rills (Figure 13 I). The materials from this
dynamic are transported and deposited in the river channels, where they form Accumulations of Fluvial Plains
and Terraces (Aptf) inside the gully (Figure 13 J).

The joint analysis of images from different periods, obtained from Google Earth and the three aerial surveys
with RPA, allowed the identification of human interventions in the area. Such actions occurred especially inside
the gully and include the change in the orientation of the flow of the channels, the construction of impoundments
and the filling with technogenic deposits (Figure 14).

In 2007, the gully showed little human interference inside it, with the exception of a rural building near the
canal outlet, while the surrounding area was already occupied by agricultural activities (Figure 14 A). In 2013, an
impoundment was constructed in a channel adjacent to the gully, on a hillslope that also drains into the Mombuca
stream (Figure 14 B). The year 2016 marked the intensification of human actions inside the erosional feature, with
the filling of channels by technogenic deposits and the change in the direction of the water flow (Figure 14 C). In
the 2022 campaign, the filling of channel 3 by technogenic deposits (Figure 12) is observed, especially in the central
portion of the gully, and a significant change in the direction of water flows (Figure 14 D). During this same period,
the existence of an impoundment in channel 1 was noted (Figures 10 and 12).
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Figure 13. A, B and C: Three erosional fronts present in the gully (A: Channel 1; B: Channel 2 and C: Channel 3); D:
Erosional Edge; E: Old Erosional Edge; F: Piping; G: Edge Deposits; H: Topographic Rupture; I: Rills; J: Aptf inside
the gully.
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Figure 14. A: Scenario of the gully in 2007 (highlighting the constructed rural building); B: Campaign of the gully in
2013 (highlighting the impoundment built in a channel positioned to the right of the gully); C: Campaign of the gully
in 2016 (highlighting the infilling of channels and change in the orientation of the water flow); D: Campaign of the
gully in 2022 (highlighting the infilling by technological deposits of channel 3 with significant change in the
orientation of the water flows). Source: A, B and C: Google Earth; D: RPA image (campaign October/2022).

During the period investigated by this study (2022 to 2024), the expansion of the infilling front by technogenic
materials was observed, especially in channel 3. The RPA image from October 2022 (Figure 15 A) shows the
expansion front of the deposits, which were also recorded in the field (Figure 15 B). The comparison between the
RPA images from October 2022 (Figure 15 A) and May 2023 (Figure 15 C) reveals the expansion of the technogenic
infilling, a fact confirmed by field records (Figure 15 D). In the image from February 2024 (Figure 15 E), no
significant expansion of the deposit front was observed. However, an increase in vegetation density was observed
due to the rainy season (summer) (Figure 15 F). According to the classification proposed by Moura et al. (2023), the
technogenic landform resulting from the accumulation of materials in channel 3 is categorized by Technogenic
Elevation and Superposition of the Accumulation Technoform type.

The construction of an impoundment inside the gully constitutes another relevant human intervention in the
study area. In the October 2022 RPA image (Figure 16 A), the dam installed in channel 1 (Figure 12) is evident, in
a segment with a high degree of drainage incision (Figure 16 B). The comparison between the October 2022 (Figure
16 A) and May 2023 (Figure 16 C) images indicates the loss of dam material. This loss was due to the formation of
erosional rills by the action of pluvial runoff, as recorded in the field (Figure 16 D). The February 2024 image (Figure
16 E) shows a significant remobilization of dam materials, with the formation of erosional rills and ravines. Field
investigation revealed that materials (soils and saprolites) were removed from the erosional edge to be used in the
compaction and support of the dam (Figure 16 F). However, with the rains at the end of 2023, the materials that
make up the dam embankment underwent an intensification of linear erosion processes. Due to the upheaval of
materials for the construction of the dam, this technogenic form would be categorized as Technogenic Corrugation
of the Turbation Technoform type (Moura et al., 2023).
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Figure 15. A and B: RPA image and field record, Oct/2022; C and D: RPA image and field record, May/2023; E and
F; RPA image and field record, Feb/2024. The red lines in the images indicate the limits of the expansion fronts of the
technogenic deposits.

5. Geomorphological compartments and individualized features

Table 2 summarizes the information obtained in this study for the five geomorphological compartments
defined in the Mombuca gully (Figure 10). The Dissected Area compartment (1.1) (Figure 10) has morphometric
characteristics that indicate a high potential for erosion dynamics (Figures 7, 8 and 9). This potential is confirmed
by the record of denudational features, such as topographic ruptures and rills. The incised landforms of the fluvial
and pluvial channels are predominantly “V” valleys, with occasional occurrences of flat-bottomed valleys. The
anthropogenic landforms include technogenic deposits (Figure 15), impoundments (Figure 16), infilled original
drainage (Figures 14 C and D) and rural buildings (Figure 14 A).

Channels 1 (Figures 17 A and B) and 2 (Figures 17 C and D) are mainly responsible for the dissection of this
compartment. However, between these two main channels, a third channel was identified (Figures 17 E and F),
currently disconnected from the others. The infilling of this third channel with technogenic deposits (Figure 14 D)
interfered with the values recorded by the hypsometry, DTM and slope mappings (Figures 7 to 9). In the area
infilled by these deposits (Figure 15), the hypsometry and DTM values increased, while those of slope decreased.
This result contradicts the natural incision dynamics of the drainage network in the gullying process.
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Figure 16. A: Channel 1 impoundment, RPA image from 2022; B: Channel 1 impounded and erosional edge in the
background (2022); C: Channel 1 impoundment, RPA image from 2023; D: Infill of the channel 1 impoundment with
linear erosion (2023); E: Channel 1 impoundment, RPA image from 2024; F: Enlargement of the linear erosion of the
infill of the channel 1 impoundment (2024).

The infilled channel (3) originally connected to channel 1 of the gully (Figure 14 A). With the expansion of the
technogenic infilling (Figure 15), the orientation of the original watercourse was changed (Figures 14 C and D).
The geomorphological map (Figure 10), through the red color gradient, records the moment when the gully
underwent intensification of the technogenic infilling (July 2016) and highlights the subsequent years of expansion
of this anthropogenic deposition.

The compartment of the Hillslopes Directed towards the Gully (1.2) is the largest in the studied area, since it
covers the entire area surrounding the feature, upstream of the erosional edge. Due to its greater scope, it presents
a variety of altimetric and hillslope gradient classes, although these are predominantly lower than those of the
compartment of the Dissected Area (1.1). The denudational features include topographic ruptures (Figure 13 H)
and rills (Figure 13 I). The anthropogenic landforms, in turn, correspond to reservoirs for agricultural use, terraces,
rural buildings, roads and road cuts (Figure 11). The presence of these models indicates the intense agricultural
activity in the area surrounding the gully.

The compartment of Residual Landforms Connected to Hillslopes (1.3) exhibits intense erosive action,
although it remains subtly interconnected to the compartment of Hillslopes Directed towards the Gully (1.2). This
compartment has pronounced morphometric characteristics, which are concentrated mainly in the hillslope
segment that marks the transition to the Dissected Area (1.1). Such characteristics correspond to the denudational
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forms of the erosional edges (Figure 13 D), which delimit the gully from the adjacent areas susceptible to regressive

erosion (1.1).

Table 2. Summary of information acquired from geomorphological compartments.

Hypsometric|  Slope : Flowing Water :
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” Y| Rural Building.
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Denudation features such as edge deposits (Figure 13 G), which are sites of accumulation of material from
edge erosion, and piping (Figure 13 F), and manifests itself as subsurface ducts in the wall of the erosional edge,
are also recorded in this compartment. According to Augustin and Aranha (2006), ducts formed by piping are
subsurface erosion features present in various types of climates. Specific literature attributes a significant
participation in the development of gullies to these ducts. Such features have only been identified in the field,
where they occur in large quantities and are responsible for the retreat of the edge.
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Figure 17. A and B: Channel 1; C and D: Channel 2; E and F: Channel 3, with technogenic deposit.

The compartment of Residual Landforms Not Connected to Hillslopes (1.4) presents morphological and
morphometric characteristics similar to those of the Connected Residual Landforms (1.3). However, it is no longer
interconnected to the compartment of Hillslopes Directed towards the Gully (1.2) and is positioned in a more
internal area of the Dissected Area (1.1). The similarity extends to the incised landforms, with the presence of fluvial
channels in valleys with a “V” profile. Regarding the recorded denudational features, the main difference is the
presence of the old erosional edge (Figure 13 E). This consists of relief ruptures that mark the limit of terrains with
greater relative resistance to erosion, which are no longer connected to the Hillslopes Directed towards the Gully
(1.2).

The last defined compartment, Accumulation of Fluvial Plains and Terraces (Aptf) (1.5), exhibits reduced
altimetric and slope variation. The incised landforms correspond to fluvial channels with flat-bottomed valleys, a
feature resulting from the accumulation of sediments from the erosion processes of the upstream compartments
(Figure 13 ]). In the surroundings of the fluvial channel of the Mombuca stream, hydromorphic soils with the
presence of buriti palms were observed, which characterizes the local ecosystem as a vereda. It is noted that these
areas have been suffering degradation due to human action.
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6. Conclusions

Given the expansion of geomorphology studies applied to gullies using RPA images, this study developed a
detailed geomorphological mapping. The objective was to represent the compartmentalization of the gully and
record the individualized denudational and aggradational features within and around it, using both traditional
and adapted symbols from geomorphological cartography. For this purpose, the Mombuca gully was selected,
located near the urban perimeter of Monte Carmelo, because it presents intense interference from human action in
its dynamics.

Detailed geomorphological mapping recorded, through polygons, five compartments for the gully and the
evolution of technogenic deposits, which intensified from 2016 onwards. Additionally, the mapping documented
the change in the orientation of original fluvial courses and the installation of an impoundment. Furthermore, in
the five geomorphological compartments, specific features were recorded through symbologies that evidence the
regressive erosion of two main erosional edges.

The Mombuca gully was formed by the linear erosion of fragile materials (Cambisols and saprolites) derived
from the granite of the Monte Carmelo Complex. These materials are subject to surface runoff under tropical
climate conditions, which carves the channels, reaches the subsurface waters and increases regressive erosion. The
fragility of the materials and the climate regime are compounded by human actions. Despite the presence of
mapped agricultural terraces in the surrounding area, the occurrence of diffuse runoff and rills in this compartment
was observed in the field. Interventions inside the gully are indicated, such as the construction of the
impoundment, which is being dismantled by linear erosion, and the infilling with technogenic deposits, mainly in
channel 3.

The geomorphological mapping presented in this study, in addition to analyzing the erosion dynamics of the
gully, contributes to the methodological discussion on mapping with high-resolution images (HRI). This
contribution occurs in two aspects: the proposal of a general compartmentalization of the erosion feature and the
recording of individualized features within and around these compartments, with the application and adaptation
of traditional symbologies of geomorphological cartography.
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