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ABSTRACT

This study presents a geomorphological map of Brazil based on geomorphometric parameters.
The lack of standardized relief representation highlights the need for objective delineation of
relief units using measurable morphometric characteristics. Available relief and slope were
combined with a geomorphometric approach based on mathematical modelling to identify
predominant landform archetypes and define metric relief classes consistent with observed
terrain conditions. A classification system dividing Brazil into fifteen relief classes was
developed, including plains, fluvial terraces, alluvial fans, depressions, plateaus, scarps,
sierras, hills and low hills. Each class was associated with characteristic slope forms. The
resulting geomorphological map improves the consistency and accuracy of relief
representation and supports analyses of human—environment interactions, with applications
in land-use planning, environmental management, agriculture, mineral exploration, and
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protected—area management.

1. Introduction

A map is one of the oldest cultural expressions that has
been developed in parallel with the advance of civiliza-
tion since its earliest manifestations (Gomes, 2004;
Harley, 2009). Even before the invention of writing,
primitive people were able to create maps and charts
for orientation. Developments in navigation and dis-
coveries in the 15th and 16th centuries catalyzed con-
tinuous progress in Cartography until the first half of
the twentieth century. This field has advanced signifi-
cantly, driven by technological innovations that began
replacing manual operations with mechanical pro-
cesses and subsequently using electronic equipment.
In the last two decades, conventional mapping
methods have been progressively replaced by digital
formats, which offer a more dynamic and interactive
representation of the Earth’s surface (Robison et al,
1995).

Geomorphological mapping has been essential in
understanding the processes that have shaped the
Earth’s surface, providing valuable information for
various disciplines such as Geology, Geography,
Hydrology, and Ecology, and serving as the basic
tool for graphic and spatial representations of objects
and phenomena (Florenzano, 2008; Goudie et al,
2022). Maps, accompanied by informative legends,

make the results of geomorphological analyses and
interpretations concrete. Despite the introduction of
geographic information systems (GIS) and advances
in digital mapping techniques, which enable layered
visualization and three-dimensional representation
of the Earth’s surface (Quesada-Roman & Peralta-
Reyes, 2022; Smith & Clark, 2005), the complexity of
geomorphological maps often presents challenges for
non-specialist users (Smith et al., 2011). This difficulty
is exacerbated by the diversity and complexity of the
objects of study in Geomorphology, which demands
a standardization of representation that has not been
widely established yet (Florenzano, 2008).

The lack of standardization in geomorphological
cartographic representation hinders the understand-
ing of its historical development and conceptual
bases to enable the identification of methodological
standards that can favor a more precise quantification
of relief. In this context, Geomorphometry, i.e. the
science of measuring the shapes of the Earth’s surface
(Sofia, 2020; Xiong et al,, 2022) has emerged as an
effective strategy for representing the structural organ-
ization of relief since it allows detailed analysis and
categorization of geomorphological features using
numerical parameters. The interpretation of relief
and its dynamics has strengthened the relationship
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between geomorphological mapping and physio-
graphic representation of geological units in detriment
of the morphological description of relief (Soares Neto
& Martins, 2019). Advances in the acquisition and
processing of aerial and orbital remote sensing data
have helped in various geological and geomorphologi-
cal studies of different regions and at different scales.
The precise and focused delimitation of the object of
study has enabled geology to employ this new technol-
ogy to refine and standardize its representation pro-
cesses. On the other hand, Geomorphology has
become fixated on remote sensing tools, abandoning
its main object of study, which is the description of
landforms.

The importance of defining landforms in geomor-
phological mappings was emphasized by Evans
(2012). This definition, which is often neglected, is
essential for effective relief representation. The lack
of representation standards and the classification of
the Earth’s modelling reflect the need for a clearer
approximation of relief units, based on specific mor-
phometric characteristics. The development of rou-
tines based on digital elevation models (DEM) and
the application of geomorphometric parameters offer
a promising way to refine geomorphological mapping,
allowing for a more accurate and objective represen-
tation of the relief (Bishop et al., 2012; Sampaio &
Augustin, 2014). Using the basic relief unit (BRU) pro-
posed by Soares Neto and Martins (2019) as a starting
point, the classification of geomorphological features
is based on geomorphometric patterns such as ampli-
tude and slope, unlike classic methods that consider
genetically homogeneous surfaces. In this approach,
the representation of the relief is based on morpho-
metric similarities, providing a clearer and more prac-
tical delimitation of BRU, as shown by Yang et al.
(2025) who used the BRU concept to produce a global
map of BRUs with a resolution of 1 arc second
(approximately 30 meters). The application of geo-
morphometry not only proposes advances in the
method of representation but also makes a significant
contribution to understanding the interactions
between relief features and practical applications in
environmental management and territorial planning.

Currently, the most detailed geomorphological map
of Brazil is the one produced by the Brazilian Institute
of Geography and Statistics (IBGE) at a scale of
1:250,000 (IBGE, 2025). However, this map is somewhat
limited for detailed studies and specific analyses, for
example on a micro-basin scale, as pointed out by
Rocha et al. (2022). In 2019, during the 1st Workshop
on the Brazilian System of Relief Classification, objec-
tives for the construction of the SBCR were defined.
According to IBGE (2020), these objectives include:
organizing and hierarchizing a multiscale taxonomy of
the national relief; and providing a reference for future
mappings, enabling correlation and continuity in space

and time. Factors such as defining a relief classification
method that is replicable, comparable, and continuous
in space and time, as well as establishing the cartographic
scale level to be adopted, are fundamental for creating a
reference system for relief classification. The method
adopted in the discussion for classifying the Brazilian
relief is based on taxons (levels). Despite the advances
achieved, the construction of the proposal in progress
is very similar to the method used to consolidate the geo-
morphological map by IBGE (2009) thus far. According
to Botelho and Pelech (2019), the scientific community
itself points out that the relief classification method
defined by IBGE (2009) is considered complex and
difficult to understand. Our proposal focuses on defining
the relief based on ruptures in the compartments (e.g.
plateaus and depressions), taking into account funda-
mental differences in elevation, slope and available relief
(Soares Neto & Martins, 2019).

In addition, new proposals for geomorphological
mapping based on semi-automated procedures are
emerging with the aim of reducing subjectivity during
the mapping process itself (Jasiewicz & Stepinski, 2013;
Silveira et al., 2018; Trentin et al., 2015). Thus, the aim
of this work is to represent the geomorphological carto-
graphy of Brazil with an emphasis on geomorphometric
data, using the concept of BRU to offer a more rigorous
and faithful representation of landforms. The map pro-
duced by the authors has the advantage of being more
detailed than the IBGE geomorphological map at a
scale of 1:250,000. Within this context, we hope that
research involving, for example, determining areas
with high potential for environmental degradation and
areas with high potential for agricultural intensification
involving environmentally sustainable practices, will be
produced with greater accuracy and reliability. The
objective of this paper is therefore to represent the geo-
morphological cartography of Brazil with an emphasis
on geomorphometric data, using the concept of BRU
to provide a more accurate and faithful representation
of landforms.

2. Theoretical and methodological basis

The theoretical and methodological approach of this
work was based on the method proposed by Soares
Neto and Martins (2019) and the methodological road-
map defined as ‘relief physiology’. This physiology is
centered on the delimitation of watersheds, which are
key units in Physical Geography (Christofoletti, 1980;
Sanjaume & Villanueva, 1996). The method uses the
delimitations of seven river basins proposed by the
National Water Agency (ANA) (Figure 1). The higher
the value of the system, the greater the level of detail
of the cartographic scale, increasing the detail of the
relief. Based on the concepts of Horton (1945) and
Strahler (1952), it can be said that the geomorpho-
metric analysis of the relief becomes robust when the
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Figure 1. Representation of the division of the seven relief systems and the corresponding codes for each hydrographic region
and their cartographic representation scales (A). In (B), an example of the representation of each relief system and its respective
coding. In (C), the geomorphology of a hydrographic region in relief system 7, identified by the code 84968594.

analytical quantification is derived from parameters
such as the dimensions of basins, sub-basins or
micro-basins, which determine the dimensions and
metric patterns of the relief. The highest level of the sys-
tem represents the highest level of cartographic rep-
resentation of the relief that will be related to the
input database, i.e. the EAW used as a reference.

The understanding of BRU as fundamental unit for
classifying geomorphological features is based on the
geomorphometric patterns of available relief and
slope. This gives an initial perception of ‘height’ and
‘slope’, allowing the cognitive and empirical trans-
lation of the relief (Soares Neto & Martins, 2019).
The delimitation of BRU in each relief system is
based on topographic correlation, defining regions
by topographic archetypes concentrated on distinct
altimetric gradients. The determination of the topo-
graphic correlation is based on the lowest value of
the altimetric range (h), divided by the relief range
of the analyzed river basin (H), and on the area of
each relief band divided by the total area of the
basin. This approach determines the limits of the
available relief range. The use of the hypsometric
inflection defines the inflection points of the poly-
nomial line of the curve resulting from the topo-
graphic correlation, elucidating the available relief
ranges. The inflection points and local maxima of

the curve establish patterns in the topographic behav-
ior of an area. The mathematical modelling includes a
polynomial of degree n (with R* > 0.9), from the topo-
graphic correlation determines the amplitude of the
available relief, which is represented by Equation 1:

PX) = a,x" +a, 1 X" la, X" 2 dag =) axk,
x=—and R?> > 0.9 point of local maximufi’is X so
that:

dp
T =0
Ix (%)
o na X+ (n—1a,_ 13" 2+ ...+ 1ay

=0« Z (K)ax*! =0
k=1

& point of inflexion is X so that:

dp .
@(x) =0
< nn—1Da,x" 2+ m—1)(n—2)a,_ x>
+...+ 2.102
=0 > (Wk— Dax* 2 =0 (1)
k=2

The second layer of analysis, focused on slope, is
determined through the clinographic inflection points
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(Cif) and clinographic maximum (Cmax), analyzing
the polynomial line of the frequency curve. This
results in slope distribution patterns, revealing the
roughness of the terrain and flatter or steeper zones,
offering a detailed analysis of surfaces. The ranges
obtained by the inflection points and local maxima
denote patterns of slope distribution of a given area.
These clinographic archetypes show levels of rough-
ness in the terrain, delimiting flatter and steeper sur-
faces. Therefore, the rule for delimiting slope bands
can be understood as the local points of inflection
and maximum of the regression line, a polynomial
of degree n (with R*>0.9), of the slope frequency
curve, represented by Equation (2):

P(x) = ayx" +a,_ 1 X" la, X"
n
= Z akxk
k=0

h N . . .
,x =—and R* > 0, 9 point of local maximum is X so
that:

+ ay

dp
EL®=0
I
o na, X"+ (n—Da,_ X" 2+ ...+ 1ay
n
=0 Y (Hax* "' =0
k=1
& point of inflexion is X so that:

dp
@(x) =0

< nn—1a,x"?

+(n—1mn—2)a, 13" > +...
+ 2.1612

=0 < Z (k)(k — Dagx*2 =0 ()
k=2

The BRU are thus delimited considering the map
algebra between the intervals of available relief and
slope and, if necessary, the insertion of other geomor-
phological parameters such as slope orientation, land-
forms, morphostructure and morphochronology,
among others (Figure 2).

3. Results and discussion

The BRU were defined by integrating the slope and
available relief intervals for each basin that composes
the relief system 1 (ReS1). This procedure was repli-
cated for all six ReS1 component basins, facilitating
the definition of specific BRU singularities, categor-
ized by frequency of relief forms (Figure 3).

Fifteen BRU were identified based on the combi-
nation of available relief and slope data, associated
with relief forms. The map generated, with a more

detailed scale compared to previous geomorphological
representations of Brazil (IBGE, 2025), provides a
more precise level of geomorphometric information.
This plays a crucial role in environmental studies,
such as erosion susceptibility and natural resource
management, taking advantage of remote sensing
data to improve activities such as mineral exploration
and water management (Carabella et al., 2019; Ferreira
et al., 2017; Keller et al., 2020; Rao, 1978; Remondo et
al., 2008; Schneider et al., 2020).

By defining the boundaries of the BRU and other
geomorphometric parameters (slope forms), it was
possible to determine the singularities of the different
BRUs. The frequencies of the slope forms were
defined by analyzing the histogram class by class
(Figure 4).

Fifteen BRUs were obtained from the combination
of available available relief and slope (Figure 5). For
greater discretion, each BRU was associated with the
predominance of slope forms, so each class had the
following characteristics:

Plain — relief up to 80 meters and slopes up to 6%,
with a predominantly straight-planar slope form, rep-
resents 3.53% of the Brazilian territory.

Fluvial Terrace — relief varying between 40 and 260
meters and slopes up to 6%, predominantly straight-
planar slope form, represents 8.18% of the Brazilian
territory.

Alluvial Fan Low — relief up to 40 meters and slope
up to 4%, predominantly straight-planar slope forms,
represents 0.75% of the Brazilian territory.

Alluvial Fan Medium - relief varying between 41
and 80 meters and slopes up to 4%, predominantly
straight-planar slope form, represents 0.72% of the
Brazilian territory.

Alluvial Fan High - relief up to 80 meters and
slope up to 2%, predominantly straight-planar slope
forms, represents 0.20% of the Brazilian territory.

Depression — relief varying between 61 and 420
meters, 441 and 480 meters, and 681-800 meters
and slopes up to 6%, predominantly straight-planar
slope form, represents 8.71% of the Brazilian territory.

Dissected Depression — relief varying between 61
and 680 meters and slope up to 15%, predominantly
convergent-planar slope form, represents 10.70% of
the Brazilian territory.

Scarp — relief up to 2980 meters and slope greater
than 14%, with a predominant convergent-divergent
slope form, represents 1.01% of the Brazilian territory.

Dissected Plateau — relief varying between 301 and
2980 meters and slopes between 4% and 14%, predo-
minantly convex-planar slope form, represents 4.05%
of the Brazilian territory.

Demoted Tableland — relief varying between 401
and 800 meters and slopes up to 14%, predominantly
convergent-planar slope form, represents 14.05% of
the Brazilian territory.
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Figure 2. Stages for obtaining the basic relief units and defining the geomorphological representation. The first stage (A) corre-
sponds to choosing the DEM that will define the level of detail of the representation. The second stage (B) refers to defining which
relief system covers the area to be represented. The third stage (C) defines the basic relief units based on the correlation of avail-
able relief and slope intervals. The last stage (D) refers to defining the relief classes and their respective names and characteristics.
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Legend

Plain — available relief up to 80 meters, with slopes up
to 6%, with a predominantly straight-planar relief form.

Fluvial terrace — available relief varying between 40 and
260 meters and slopes up to 6%, predominantly
straight-planar relief form.

Alluvial Fan Low — available relief up to 40m, with slope up
to 4% and predominantly straight-planar relief forms.

== Alluvial Fan Medium - available relief varying between 41
and 80 meters and slopes up to 4%, predominantly
straight-planar relief form.

Alluvial Fan High — available relief up to 80m, with slope up
to 2% and predominantly straight-planar relief forms.

Depression — available relief varying between 61 and 420
meters, 441 and 480 meters, 681-800 meters and slopes
up to 6%, predominantly straight-planar relief form.
Dissected Depression — available relief varying between 61
and 680 meters and slopes up to 15%, predominantly
convergent-planar relief form.

Scarp - available relief up to 2980 meters, with slopes
greater than 14%, with a predominant
convergent-divergent relief form.

Dissected Plateau — available relief varying between 301
and 2980 meters and slopes between 4% and 14%,
predominantly convex-planar relief form.

Demoted Tabeland — available relief varying between 401
and 800 meters and slopes up to 14%, predominantly
convergent-planar relief form.

Tableland — available relief varying between 301 and
2980 meters and slopes up to 6%, predominantly
convergent-planar relief form.

Plateau — available relief varying between 801 and

2064 meters and slopes up to 6%, predominantly
straight-planar relief form.

Sierra — available relief varying between 401 and

2880 meters and slopes greater than 14%, predominantly
convex-convergent relief form.

Hill - available relief varying between 40 and 2880 meters
and slopes between 6% and 14%, predominantly
convex-convergent relief form.

Low Hill — available relief varying between 81 and

240 meters and slopes up to 6%, predominantly
convergent-planar relief form.

Hydrography

Projection: Lambert Conformal Conic
Datum: WGS 84
Scale: 1/100.000



Tableland — relief varying between 301 and 2980
meters and slopes up to 6%, predominantly conver-
gent-planar slope form, represents 8.09% of the Brazi-
lian territory.

Plateau — relief varying between 801 and 2064
meters and slopes up to 6%, predominantly straight-
planar slope form, represents 2.78% of the Brazilian
territory.

Sierra — relief varying between 401 and 2880 meters
and slopes greater than 14%, predominantly convex-
convergent slope form, represents 9.58% of the Brazi-
lian territory.

Hill - relief varying between 40 and 2880 meters
and slopes between 6% and 14%, predominantly con-
vex-convergent slope form, represents 1.96% of the
Brazilian territory.

Low Hill — relief varying between 81 and 240
meters and slopes up to 6%, predominantly conver-
gent-planar slope form, represents 25.71% of the Bra-
zilian territory.

4, Conclusions

Geomorphological mapping of Brazil based on geo-
morphometric parameters provides a more faithful
representation of landscape, using mathematical
models to delineate main geomorphometric arche-
types and identify relief metric classes that reflect
actual terrain conditions. This approach not only
offers more accurate insights into geomorphology
but also contributes significantly to environmental
planning and management. It provides valuable sup-
port in drawing up conservation and sustainable
development policies by offering detailed data on
soil susceptibility to erosion, geological hazards, and
hydrological resources. In addition, the use of geo-
morphometric parameters makes it possible to ident-
ify and categorize different types of relief more
precisely, facilitating the application of mitigation
and conservation measures in vulnerable areas.

Implementing this methodology not only improves
the accuracy of geomorphological representations but
also promotes a deeper understanding of the complex
interactions between geomorphological factors and
human activities. This is particularly relevant in the
management of protected areas, urban planning, agri-
culture, and mineral exploration, where detailed infor-
mation about relief can direct strategic land use and
occupation decisions.

In short, geomorphological representation through
geomorphometric parameters represents a significant
advance in modern cartography, acting as an essential
tool for scientists, planners and managers, highlight-
ing the importance of integrating new technologies
and methodological approaches to face contemporary
environmental challenges.
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Software

The main map was prepared using ArcMap 10.4 soft-
ware. The calculations to define the regression curve,
the inflection points and the maximum of the
regression curve used WolframAlfa (online).
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