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ABSTRACT
The geo-environmental zoning represents an important strategy in the territorial management.

However, it requires a logical and structured procedure. Therefore, an approach using physiographic

compartmentalization is proposed and applied as case study in a region covered by the topographic maps

of Sdo Jos¢ dos Campos and Jacarei, Brazil. This region has great geological and geomorphological

peculiarities, beyond being a place with large human interventions because of its quickly economic growth.

The methodology is based on photointerpretation techniques and remote sensing in GIS environment.

As a result, seven geo-environmental zones were obtained from a weighted integration by multicriteria

analysis of physiographic units with land—use classes. In conclusion, taking into account potentialities and

limitations, the proposed approach can be considered able to support sustainable decision-making, being

applicable in other regions.

Key words: remote sensing, decision-support, earth sciences, land use.

INTRODUCTION

Human activities on the Earth’s surface are directly
related to the physical environment, increasing
the occurrence of geodynamic processes, such
as landslides, siltation, flooding, and others
(Corréa 2013). Therefore, the lack of knowledge
regarding the physical environment represents an
aggravating factor, once it is essential to formulate
and implement successful strategies in the

Correspondence to: Fabio Augusto Gomes Vieira Reis
E-mail: fabioreis@rc.unesp.br

environmental management (Fernandes-da-Silva
et al. 2010).

For that, geographical information systems
(GIS)provide apowerful tool for geo-environmental
evaluation in support of land-use planning. Thus,
several approaches of geo-environmental fragility/
vulnerability evaluation that used GIS and remote
sensing were developed over the last few years
(e.g. Szlafsztein and Sterr 2007, Pandey et al.
2008, Anfuso and Del Pozo 2009, Andrade et al.
2010, Fernandes-da-Silva et al. 2010, Ifeanyi et
al. 2010, Fernandez and Lutz 2010, Pourebrahim
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et al. 2011, Bathrellos et al. 2012, Manfré et al.
2013). All these works highlighted the ability of
the GIS to integrate multiple layers of information
and the great potential of GIS-based environmental
evaluation for management.

The integration of multiple layers can be
realized using multicriteria analysis (MCA),
which are well-known decision-support tools for
dealing with complex issues where technological,
economical, ecological and social aspects have to
be covered to optimize land use planning. Hence,
these techniques have been repeatedly combined
with GIS to provide a powerful visual decision-
support for rational land use mapping (Tudes and
Yigiter 2010).

From the foregoing, this paper aims to analyze
the use of a multicriteria method based on the
integration of physiographic and land use units
to produce a geo-environmental mapping of the
region covered by the topographic maps of Sao
José dos Campos and Jacarei, Sdo Paulo State,
Brazil. This area is characterized by several fragile
geo-ecosystems and by the intense intervention of
anthropic activities. For that, the proposal includes
physiographic analysis as a key step for the geo-
environmental mapping, following the propositions
of Fernandes-da-Silva et al. (2010).

STUDY AREA

The study area is located in the Middle Paraiba do
Sul Valley, Sao Paulo State, in the region covered by
the topographic maps (scale 1:50,000) of Sao José
dos Campos (SF-23-YD-II-1) (IBGE 1973) and
Jacarei (SF-23-YD-II-3) (IBGE 1974), limited by
the parallels 23°00’S and 23° 30’S, and meridians
46°00°W and 45°45°W (Figure 1).

In addition, we chose the study area due to the
occurrence of several landscape units with different
geological and geomorphological characteristics
for application of the methodology, ranging from
mountain escarpment areas in the Crystalline Basin
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to stretches of the alluvial plains of the Paraiba
do Sul river, inserted in the Sedimentary Basin of
Taubaté.

In general, according to the Koppen
classification, the climate permeates between
the CFA, oceanic subtropical, and Aw, seasonal
tropical with a dry season in winter (Kottek et
al. 2006). In terms of the geological context, the
Paraiba Valley falls within the sedimentary Taubaté
Basin and it is limited by the crystalline basement
of Serra do Mar and the Mantiqueira mountain
range, which consists mainly of gneiss and
granite sequences. The sedimentary Taubaté Basin
consists of sediments from the Tertiary, which are
represented by the Resende, Tremembé, Sao Paulo,
and Pindamonhangaba Formations, and Quaternary
Periods (Figure 2).

The area is part of the Atlantic Plateau
Province in the Middle Paraiba do Sul Valley zone
according to the geomorphological division of
Sao Paulo State (IPT 1981). The Middle Paraiba
do Sul Valley is divided into a region of hills that
developed on Precambrian crystalline rocks, which
are known as the Crystalline Hills, and in a region
called Sedimentary Hills, which is located in the
sedimentary Taubaté Basin and flood plain; the
Quaternary sediments in this region originated
from the neo-morphodynamics of the Paraiba do
Sul River (Figure 3).

MATERIALS AND METHODS

The technique used in this study consisted of
available physical and anthropogenic attributes
to construct a geo-environmental map. Three
main steps were performed: physiographic
compartmentalization, land-use mapping and geo-
environmental mapping. These steps were based on
the concept of Aswathanarayana (1995), in which
the term “geo-environmental” refers to portions of
the Earth affected by human activities, composed
by rocks, soils, fluids, gases and organisms. In this
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Figure 1 - Location of study area.

context, Jimenez-Rueda et al. (1995) defined geo-
environmental zoning as a systematic analysis tool
through the survey of many physical environmental
variables, such as lithology, physiographics and
land-use units. According to the same authors, the
analysis of these variables presents the potentiality
and support capacity of the physical environment,
based on the natural constraints and socioeconomic
modifiers.

Cartographic aspects were adopted as the
coordinate system for the produced maps; both steps
used the UTM (Universal Transverse Mercator)
Plane Coordinate System, Datum SAD69 (South
America-1969) - Zone 23S, 1:100,000 scale.
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PHYSIOGRAPHIC COMPARTMENTALIZATION

Oliveira (2004) used the physiographic
compartmentalization method to group the
elements of the physical environment according
to their similarities and differences. When an
element can be grouped, it should be determined
first to ascertain whether this element has common
characteristics to those of the analyzed universe.
Thus, the foreclosure process must be preceded by
a classification process in which the elements that
have the same characteristics, or are closer to each
other, are grouped.

The method used for the physiographic
compartmentalization is

an integrated

physiographic analysis (Fernandes-da-Silva et al.
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Figure 2 - Geological context in the study area.

2010). According to Vedovello (2000) and Zaine
(2011), this type of analysis includes an analytical-
synthetic approach that is derived from terrestrial
systems, and which uses the physiognomy of land,
or landscape patterns, as reference standards.

The physiographic compartmentalization was
performed by means of an analysis of the elements
in the physical environment, which may be of
geological or geomorphological nature, and by
identifying the local aspects of these elements, i.e.,
their forms of occurrence (Vedovello and Mattos
1993, 1998). Several studies have corroborated
this assertion, stressing that compartmentalization
should mainly use the textural properties of the
analyzed environment as a reference (Zaine 2011,
Silva et al. 2010, Cardoso et al. 2009, Correa et al.
2014, Pilachevsky et al. 2015, Amaral et al. 2015).
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The study of Zaine (2011), on textures, shapes
and structures, follows the steps of photoreading,
photoanalysis and photointerpretation. According
to Soares and Fiori (1976), photoreading
corresponds to the recognition of texture elements
of interest in an image. Photoanalysis involves the
association and ordering of parts of an image, and
photointerpretation analyses aim to discover and
evaluate the meaning, function and relationship of
objects in the images by inductive, deductive and
comparative methods.

The photoreading was based on the
identification of techniques and collection of
orbital images, such as spatial resolution, spectral
resolution and the solar angle, beyond the
recognition of texture elements of interest in an
image (Soares and Fiori 1976). The methodology
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1. FORMS OF ACCUMULATION
1.1 FLUVIAL ORIGEN (RELIEF MAINLY FLAT - SLOPES VERY LOW)

E FLOODPLAINS - low lands, plans, along the banks of rivers subject to periodic flooding.

E FLUVIAL TERRACES - land horizontal or gently sloping, located a few meters above the floodplain, non-flooding
2. FORMS OF DENUDASIONAL ORIGEN

2.1 MOUNDS (Plan relief and smooth wavy - predominate low slopes - 3 to 20% - local amplitude lower than 100 meters)
MIDDLE ELONGATED MOUNDS - area of 1 to 2 km squared, interfluvial elongated and parallel with flat tops, low

[T232]] stopes- 3 to 20% local ampiitudes of 60 to 100 meters. Siopes furrowed with straight and convex profiles. Drainage of low
density and valleys open to closed.
TABULAR MOUNDS - interfluvial extensive and planed, low slopes (3 to 10%), furrowed slopes of small expression in area with
straight profiles. Low drainage density, open valleys.

SMALL MOUNDS - area less then 1 km squared, tops planed and rounded, low slopes (3 to 20%) and local amplitudes of 60
to 80 meters. Slopes with convex profiles. Drainage of middle to low density, closed valleys.

SMALL ELONGATED MOUNDS - area around 1 km squared, elongated interfluvial with straight tops, low slopes (3 to 20%)
and local amplitucies of 40 to 60 meters. Softly convex slopes. Drainage middle density, open valleys.

2.2 HILLOCKS (Wavy relief, very dissected, predominate middie to high slopes (20 to 50%) and local amplitudes less than 100 meters.

ROUNDED HILLOCKS - small interfluvies, area less than 1 km squared, rounded tops, middle to high slopes (20 to 40%) and
local amplitudes between 40 to 80 meters. Furrowed slopes with convex and straight profiles. Drainage of middle to high
density. Open and closed valleys, restricted floodplains.

PARALLEL ELONGATED HILLOCKS - small interfluvies, area less than 1 km squared, rounded tops, high slopes (20 to 50%) and
local amplitudes around 100 meters. Convex slopes. High density drainage. Closed valleys.

2.3 HILLS (Relief wavy dissected, predominate middle to high slopes (20 to 50%) and local amplitudes of 100 to 300 meters)

ROUNDED HILLS WITH PLANED TOPS - middie interfluvies, area of 1 to 2 km squared, plan tops, low slopes (10 to 20%) and local
amplitudes around 100 meters. Softly convex slopes. Low density drainage. Open valleys. Restricted floodplains.

ROUNDED HILLS - middle Interfluvies, area of 1 to 2 km squared, rounded tops, middie to high density (20 to 40%) and local
amplitudes between 100 and 300 meters. Slopes with convex and straight profiles. Middile to high density of drainage. Open and closed
valleys. Restricted floodplains.
PARALLEL ELONGATED HILLS - middle interfluvies, area of 1 to 2 km squared, rounded tops, middle to high slopes - 20 to 50% - and
local amplitudes between 100 to 300 meters. Slopes with straight and convex profiles. High density drainage. Open and closed valleys,
restricted floodplains.
ELONGATED HILLS WITH SPIKES AND LOCAL MOUNTAINS - big interfluvies, area of 2 to 4 km squared, rounded tops, high slopes -
20 to 50% - and local amplitudes between 200 to 300 meters. Slopes with straight profiles, presence of mountains. High density
drainage, closed valleys, restricted floodplains.

3. FORMS OF STRUCTURAL/ DENUDASIONAL ORIGEN
3.1 MOUNTAINS (Mountainous relief and tightly curled, predominate high slopes - 40 to 60% and local amplitudes more than 300 meters).

4. URBAN AREA

i

- MOUNTAINS - angular to rounded tops, straight slopes. High density of drainage. Closed valleys.

5. ROADS 6. DRAINAGE

/4

Figure 3 - Geomorphological division in the study area.

established by these authors, based on the logical
method of interpretation of remote sensing images,
is widely used by other authors, such as Diniz et al.
(2016), Manfré et al. (2013) and Tinos et al. (2014).

Among the materials used are topographic
maps (1:50,000) provided by the IBGE (Instituto
Brasileiro de Geografia e Estatistica), a geological
map (1:100,000) from the IPT (Instituto de
Pesquisas Tecnologicas do Estado de Sao Paulo),
a geomorphological map of Paraiba do Sul Valley
(1:250,000) (Florenzano and Csordas 1993),
and Landsat-5 images from band 4, which were
dated to 08/19/87, and bands 3, 4 and 5, which
were dated to 04/21/2011 with path 219 and
row 76. The use of 1987 images to perform the
physiographic compartmentalization is due to the
degree of lower anthropic interference, because
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as the study area is very urbanized, relief forms
may be currently masked. Therefore, older remote
sensing images enable a more accurate analysis of
the relief elements of the region. The geological
and geomorphological maps were used to help field
surveysand supportthe photointerpretationanalysis,
during the physiographic compartmentalization.
The morphometric data, which are represented
by slope and hypsometric maps, were prepared
from the data obtained by the TOPODATA system
(INPE 2008), generated by the digital processing of
the DEM (Digital Elevation Model) of the SRTM
(Shuttle Radar Topographic Mission).

The use of band 4 was important because
this operates in the wavelength that corresponds
to 0.76 — 0.90 micrometers (near-infrared),
which is sensitive to morphology of of the terrain
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(Florenzano 2008, Anbazaghan et al. 2011). Thus,
Lima et al. (2013) and Cardoso et al. (2009) also
chose this band to analyze the geomorphological
and geological aspects in their study areas. For
the next steps, the same image experienced two
digital processing steps in the SPRING software:
linear contrasting and linear filtering enhancement
(Laplaciano). Linear contrasting aims to expand
the digital image range for the total dynamic
range (0-255) to increase the visual contrast of the
image. Linear filtering enhancement (Laplaciano)
contrasts the high frequency components, favoring
the differentiation of the textural aspects of the
image.

The photoanalysis corresponded to the division
of the area in terms of its geological aspects,
considering the different lithologies found in the
study area, mainly by differentiating sedimentary
and crystalline rocks. Then, analyses of the shape,
texture, and structure of relief elements were
considered as reference for the delimitation of
the different compartments from the hypsometric,
slope and hydrographic maps. This step followed
the propositions of the analysis performed by Zaine
(2011) (Table I). This method aimed to obtain a
geological-geotechnical map that is sectioned
in various terrain units, and which includes
characteristics related to the relief, geology and
land use, in which the information is summed and
presented by an integrated analysis according to the
logic method by Soares and Fiori (1976). The chart
by Zaine (2011) considers the analysis of textural
density (corresponding to the elements of drainage
and relief), shape and relief characteristics,
geological structures (structural elements) and
the complementary data (land use and geological
processes in the area).

Finally, the photointerpretation step was
based on an assimilation of the photoanalysis
results, identifying the meaning of the shapes and
characteristics of the delimited units, in the context
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of its function in the environment (Fernandes-da-
Silva et al. 2010).

In terms of the geological-geotechnical
characterization, the framework proposed by Zaine
(2011) combines the results of the previous steps
with data from the field survey. In this study, the
geological-geotechnical characterization was
conducted based on the textural properties and
spectral analysis of the images. According to
Vedovello (2000), the principle for this analysis
is that the texture features in the images reflect
the material properties and characteristics of the
investigated target. Thus, the analysis performed
in this step followed the guidelines of the
“Applications”, “Analysis of textural density”,
and “Analysis of forms and relief characteristics”
proposed by Zaine (2011).

LAND-USE MAPPING

Obtaining detailed and accurate information
regarding the geographic space is a necessary
condition for planning activities and decision-
making. Land-use cover maps are tools that help
to conduct this purpose, consist of mechanisms
able to promote suitable development, and are
indispensable to the regional or local planning of
terrain.

For this step, Landsat-5 images (bands 3, 4 and
5, which were dated to 04/21/2011 with path 219
and row 76) were subjected to linear contrasting in
the SPRING software (INPE 2011), which allows a
greater spreading of the pixels in each orbital image.
In the same software, the colored composition
3B4G5R (false color) was included to execute
the segmentation and supervised classification
processes. The selected operation for the
segmentation was region-growing, which consists
in a data clustering considering the similarities
with adjacent regions. After segmentation, a
supervised classification was performed by using
the Bhattacharya algorithm, whose acceptance
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TABLE I
Chart of photoanalysis and photointerpretation according Zaine (2011).
Analysis of textural density Classes
Elements of analysis Elements of drainage and relief
Density of drainage Low Medium High
o clements 0 to 5/10 km’ 5 t0 30/10 km? > 30 km’
Analysis criteria
Density of elements Low Medium High
relief
Property to be interpreted Permeability High Medium Low
(intergranular)
S Relationship runoft/ . .
Aplications infiltration Low Medium High
Analysis of forms and relief
o Classes
characteristics
Elements of analysis Slopes, tops, valleys, slope ruptures, ridges and scarps
Local amplitude Small Medium Big
0 to 100 meters 100 t0 300 > 300 meters
meters
Low Medium High
Slope
0-15% 15-30% >30%
Analysis criteria .
Forms of slope Convex Concave Straight
Forms of valley Open e Closed
Forms of top Planed Rounded Angular
Property to be interpreted Resistance to natural Low Medium High
erosion
Depth of the bedrock Deep Intermediate Shallow t(;l?l;l teropping
Thickness of Thick Intermediate Thin to nonexistent

unconsolidated materials

Degree of excavability
Aplications

Low resistant

Medium resistant

Very resistant

Potential to linear

erosion (induced) Medium to high ~ Medium to high Medium to low
Potentla_ll to mass Low Medium to high High
moviments
Flooplains and Mounds,
Types of relief according proposed by the IPT (1981) ﬂuvigl terraces hilllocks and Mountains
hills

An Acad Bras Cienc (2017) 89 (3)
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threshold was 99.9%. This algorithm uses training
samples to estimate the probability density function
to the considered classes, and then evaluates the
Bhattacharya distance between the classes for
each region. This algorithm calculates the average
distance between the probability distributions
of two classes by considering the mean and
covariance. For that, the chi-square statistic, which
measures the difference between the distributions,
is used as a criterion for a class to be rejected.

The Kappa index, which evaluates the
concordance between the ground truth (field data)
and the thematic map (Smits et al. 1999), was
used to quantify the performance of the supervised
classification. Cross-tabulation was performed to
indicate the proportion of present or absent cases
in the map, and the results are summarized as a
significance matrix, in which the elements along
the main diagonal indicate the classification
significance. This step was performed in the
SPRING 5.1.8. software (INPE 2011) through the
“validation” module.

GEO-ENVIRONMENTAL MAPPING

Geo-environmental mapping is part of the land-
use planning process, with homogeneous areas
defined regarding to their natural characteristics
and evaluated considering potential and limitations
to determinate the needs for management or
conservations, even as their tolerance to anthropic
interventions. Thus, geo-environmental zones were
established from the integration by overlaying of
physiographic compartmentalization with land-
use mapping. Thereby, the geo-environmental
zoning consisted of the territorial division in
homogenous units, according to the potentiality
and susceptibility of the terrain to the occurrence
of physical environment processes (such as slides,
erosion and flooding), and the suitability of the
land use in the topographic maps of Sao Jos¢ dos
Campos and Jacarei. Therefore, the method used
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for the geo-environmental zoning was mainly
based on the studies of Fernandes-da-Silva and
Cripps (2011), Zaine (2011), Fernandes-da-Silva
et al. (2010), Da-Silva and Rodrigues-Carvalho
(2006), Vedovello (2000), Vedovello and Mattos
(1993, 1998), Soares and Fiori (1976).

To delimit the geoenvironmental zones
and overlapping of the maps of physiographic
compartmentation and land use, weights were
first assigned for each layer, whose values ranged
from 1 to 5, which indicate, in increasing order,
very low up to very high susceptibility. The values
for the physiographic compartmentalization were
established according to the different vulnerabilities
and characteristics of each unit and its potential
to geological processes, such as mass movements,
linear erosion and floods, associated with the
respective slope values found in each one, as well
as indications of the surface dynamics processes
identified in the aerial image analysis and field
investigations. In this context, several authors, such
as Feizizadeh and Blaschke (2013), Elsheikh et al.
(2015),Kongetal.(2016)and Ross (2006) have been
using physiographic criteria and presence of surface
dynamics processes as hierarchical parameters to
obtain maps of environmental susceptibility and
geo-environmental zoning, in which the method
to overlay variables, such as slope, altimetry and
geological units and geomorphological data, are
selected as indicators for obtaining homogeneous
units that synthesize their main potentialities and
implications.

Therefore, physiographic units that presented
processes of linear erosion, low slope and
morphologies that range from mounds to hillocks,
were attributed as units with low susceptibility;
units with mean slope, mean amplitude and hill
relief were indicated as medium susceptibility,
and units with mountainous morphology with high
slopes and dissected relief were identified as highly
susceptible. Moreover, physiographic units with
morphological characteristics linked to flooding
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processes were also classified as highly susceptible,
since this type of geo-hydrological process can lead
to damaging socio-economic damages.

The attribution of weights to land use classes
followed the recommendations of Ross (2006)
and Lepsch (2002), which establish different
susceptibilities of the forms of occupation in
relation to their vulnerability to processes of surface
dynamics. In this context, areas with higher forest
density have lower vulnerability and received lower
weights (1), farmyard areas were selected as weight
2, urbanized areas with forestry by Eucalyptus sp.
were indicated with weight 3, areas with presence
of rice culture and pasture received weight 4 and,
finally, mining areas were established as weight 5
(Ross 2006, Lepsch 2002).

The maps were overlaid in the ArcGIS 10.1
environment by using multicriteria analysis with
a raster calculator and reclassification tools.
Multicriteria analysis, also known as a weighted
average, is the most used method in spatial analysis.
In this method, each piece of surface information
receives a relative weight to its importance,
according to the established criteria for the project.

RESULTS AND DISCUSSION

PHYSIOGRAPHIC COMPARTMENTALIZATION

Nineteen physiographic units were found in the
study area, distributed over floodplains, the Médio
Paraiba Depression and Morpho-Sculptural Units
of the Atlantico Plateau, the Mantiqueira Hills,
the Paraitinga/Paraibuna Plateau and the plateau
in the Central Paraiba Valley (Ross and Moroz,
1997) (Figure 4). Tables II and Il show the results
from the photoanalysis, photointerpretation and
geological-geotechnical characteristics based on
Zaine (2011).

For unit 1 (mica schists, quartz mica schists,
quartzites and quartz schists in hilly relief), the
photoanalysis and photointerpretation displayed
that the textural density of the drainage elements and

relief is high; thus, the intergranular permeability is
low. The forms of the slopes in this unit range from
concave to straight, and the slope values are high.
Hence, the potential for mass movements and the
runoff/infiltration ratio are high, which indicates
a favorable region for mass movements, mainly
landslides and creep.

Unit 2 (migmatites in hilly relief) has high
relief density and drainage, so the chart by Zaine
(2011) indicates that the permeability is low and
the runoff/infiltration ratio is high. The local
amplitudes are high and are related to slopes that
ranged from concave to straight, whose slopes are
high. According to the “Applications” item in the
chart by Zaine (2011), the potential for gravitational
movements is high and the processes that can occur
include mass movements. Compared to unit 1, the
migmatites tend to form deeper soil profiles with
boulders and rocky blocks.

In unit 3 (migmatites in mountainous relief), the
photointerpretation process showed that the textural
density is high; thus, the density of the relief and
drainage is high (Table I). The permeability is low
and the runoff/infiltration ratio is high. According
to an analysis of the relief and its characteristics,
this unit has high local amplitude and straight and
high slopes beyond angular tops. The geotechnical
characteristics of this unit indicate a high potential
for gravitational movements, which mainly include
blocks and landslides because of the boulders in the
soil profile.

In unit 4 (migmatites in hillock relief), the
density of the drainage and relief are intermediate,
so the permeability and runoff/infiltration ratio are
intermediate. The slope and local amplitude values
are also intermediate; the slopes are concaves and
the tops are rounded. In terms of the geological-
geotechnical properties of this unit, the potential
for linear erosion ranges from intermediate to low,
as does the potential for gravitational movements
because of more developed soil, which is associated
with intermediate slopes.
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Figure 4 - Physiographic compartmentalization of the study area.
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For unit 5 (migmatites in mound relief), the
photointerpretation process showed that the density
of the drainage and relief, the local amplitude and
the slope are intermediate. The permeability and the
runoft/infiltration ratio are intermediate. The forms
of the slopes range from concave to convex, and
the tops can be planar or rounded. The geological-
geotechnical properties indicate that the potential
for linear erosion ranges from intermediate to high,
while the probability of gravitational movements is
intermediate.

For unit 6 (cataclastic rocks in hilly relief), the
textural density is high because of the high density
of the drainage and relief. Thus, this unit has a low
permeability and a high runoff/infiltration ratio. The
local amplitude and the slope values are high, with
the forms of the slopes exhibiting concave-straight
patterns with rounded tops. The potential for linear
erosion and gravitational movements ranges from
intermediate to high.

For unit 7 (cataclastic rocks in mounds), the
density of the drainage and relief are intermediate,
which causes the permeability and runoff/infiltration
ratio to be intermediate. The forms of the slopes
range from concave or convex, and the values of
the slopes and local amplitudes are intermediate,
with rounded or straight tops. According to the
chart by Zaine (2011), the potential for gravitational
movements is intermediate, but the potential for
linear erosion ranges from intermediate to high.

For unit 8 (granitic rocks in hills), the high
density of the drainage and relief creates a region
with a high runoff/infiltration ratio. Thus, the
forms of the slopes are concave and convex with
high values, and the unit shows mass movements
throughout its length.

For unit 9 (granitic rocks in mound relief),
the textural density is intermediate because of the
intermediate density of the relief and drainage.
Thus, the permeability and the runoff/infiltration
ratio are intermediate. The local amplitude and
the values of the slope are intermediate, and the

slopes show concave forms with rounded tops. The
potential for linear erosion and gravitational mass
are intermediate.

Unit 10 (Quaternary sediments in hilly relief)
is present throughout the study area and, despite
being located in hilly relief, is present as small
floodplains with low slopes and local amplitudes
and open yet restricted valleys. The geological
process that occurs most often is fluvial erosion,
which includes the undermining of river banks
beyond siltation and flooding.

Unit 11 (Quaternary sediments in mountainous
relief) is distributed as small floodplains with low
slopes and local amplitudes and open yet restricted
valleys. Similar to the previous unit, the main
geological processes that occur in this unit are
fluvial erosion, the undermining of river banks,
siltation and flooding. However, the velocity
of the process can be differentiated in each unit
because unit 11 is located in mountainous relief,
in which the slopes are straight and steep; thus, the
entrainment of sediments tends to be more intense
and faster, which enables the formation of flood
waves in drainage beds.

In unit 12 (Quaternary sediments in hillock
relief), the textural density is intermediate because
ofthe intermediate density of the reliefand drainage.
Thus, the permeability and the runoff/infiltration
ratio are intermediate. The local amplitudes and
slopes are low, in which the valleys are open with
convex to concave slopes. Thus, the potential for
linear erosion is intermediate to high.

In unit 13 (Quaternary sediments in
floodplains), the photointerpretation step showed
low densities for the drainage and relief and thus
low textural density. The permeability is high and
the runoft/ infiltration ratio is low. The analysis of
the relief shows low local amplitudes and low slope
values, with open valleys and plain surfaces. The
potential for linear erosion is high. Fluvial erosion
and floods have occurred in this unit. This place
has urban areas with big cities, such as Sao José
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dos Campos and Jacarei, and engineering works
are frequently performed to mitigate the problem
of flooding. However, the disorderly occupation,
mainly in the areas close to the Paraiba do Sul
River, aggravates the problem of flooding because
no adequate infrastructure exists for housing.

In unit 14 (conglomerates, sandstones,
siltstones, mudstones and shales in hillock relief
in the Taubaté Group), the photointerpretation
activities showed intermediate to high density of
the drainage and relief. Thus, the runoff/infiltration
ratio ranges from intermediate to high, while the
permeability ranges from intermediate to low. The
local amplitude and slope are intermediate, with
concave slopes and closed valleys. According
to its geological-geotechnical characteristics,
the potential for linear erosion and gravitational
movements is intermediate.

Unit 15 (conglomerates, sandstones, siltstones,
mudstones and shales in hilly relief in the Taubaté
Group) shows intermediate density of the drainage
and relief. The permeability and runoff/ infiltration
ratio are intermediate. In terms of the forms and
characteristics of the relief, the local amplitude
and the slope have intermediate values, and the
forms of the slopes are concave with rounded
tops. According to its geological-geotechnical
characteristics, the potential for linear erosion and
gravitational movements ranges from intermediate
to high. The field work observed linear erosion (as
gullies and ravines) and creeping.

In unit 16 (conglomerates, sandstones,
siltstones, mudstones and shales in mound relief
in the Taubaté Group), the textural density is
intermediate and the relief density, which indicates
the dissection and roughness of the terrain, is
intermediate. Thus, the permeability and the runoft/
infiltration ratio are intermediate. The analysis of
the forms and relief characteristics indicates that
the local amplitude and the values of the slopes
are intermediate. The forms of the tops are planar.
The unit has intermediate to high potential for

An Acad Bras Cienc (2017) 89 (3)

linear erosion and gravitational movements, such
as landslides.

In unit 17 (conglomerates, sandstones,
siltstones, mudstones and shales in fluvial terraces
in the Taubaté Group), the textural density is
low because of the low density of the relief and
drainage. The permeability and runoff/infiltration
ratio are low. According to the forms and relief
characteristics, the photointerpretation step
indicated low local amplitudes and slopes. The
forms of the tops are rounded and the particular
features of the relief include fluvial terraces. The
geological-geotechnical characteristics indicate
that the potential for linear erosion in this unit
ranges from intermediate to high; gullies were
observed in some isolated points during the field
work. The potential for gravitational movements is
low because the slopes are gentle.

In unit 18 (conglomerates, sandstones,
siltstones, mudstones and shales in floodplains
in the Taubaté Group), the textural density is low
because of the low density of the relief elements
and drainage. Thus, the permeability is high
and the runoff/infiltration ratio is low. The local
amplitude and the slope have low values. The
tops are planar and the particular features of
relief include floodplains. Thus, the geological-
geotechnical characteristics of this unit display a
high potential for linear erosion and a low potential
for gravitational movements.

Finally, in unit 19 (granulites and charnockites
in hilly relief), the textural density is high because of
the high density of the drainage and relief. According
to Zaine’s (2011) study, the permeability is low.
The analysis of the forms and relief characteristics
indicated high local amplitudes and high slope
values. The forms of the slopes are straight, with
closed valleys alongside rounded tops. In this unit,
the potential for gravitational movements is high
and the potential for linear erosion ranges from
intermediate to low.
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In general, the units that are located in
mountainous regions (units 1, 2, 3, 16 and 19)
have potential for mass movements, such as
creep, landslides and debris flow. These units are
geologically located in the vicinity of a crystalline
basement, which has high textural density, high
slopes, high amplitudes and angular tops. In terms
of specific features, these units have oriented ridges
that inhibit anthropic activity. It is recommended
that these areas follow the directions of the
Brazilian Forest Law, which establishes that areas
with slopes greater than 45° and mountain tops
must have forests (Brazil 2012).

The units that are located in mound and hilly
regions (units4,5,7,9,12,14,15,17)maybelocated
both in the domain of a crystalline basement or in
sedimentary rocks (Taubaté Group). The geological
processes that can occur involve linear erosion,
such as erosive furrows and gullies. For these units,
the main characteristics are intermediate slopes,
intermediate textural density and rounded tops. As
these units have pastures as the main land use, it is
recommended that the vegetation be reconstituted
and that forest fragments be restored.

The units in the floodplain and fluvial terrace
regions (units 10, 11, 12, 13 and 18) are both in
the domain of sedimentary rocks or Quaternary
sediments (sands, gravels, silts, clay and peat). The
geological processes that occur in these areas are
mainly floods, siltation and fluvial erosion. These
areas have mining and rice culture as their main
land uses, which can initiate or accelerate these
geological processes. The region of the Paraiba
do Sul Valley is very important nationally for
the mining of sands. In 1999, the Departamento
do Ambiente do Estado de Sdo Paulo established
the environmental zone for sand mining, which
divides the floodplain of the Paraiba do Sul River
into areas for the protection and conservation of
forest (Departamento do Ambiente do Estado de
Sao Paulo 1999). Thus, following these guidelines

is very important so that geological processes are
minimized.

Fernandes-da-Silva et al. (2010), who used
the same methodology, called the physiographic
units “Basic Compartmentalization Units”,
or BCUs, where each unit was analyzed by
tectonic discontinuities, the bedrock lithology,
the soil profile, the slope steepness and the water
table depth through remote sensing techniques.
Similarly, Cardoso et al. (2009), who used the same
terminology (“Basic Compartmentation Units”),
performed physiographic compartmentalization
through the analysis and identification of the
textural elements of relief and drainage with remote
sensing images. Fontes and Pejon (2008), who used
the technique known as the “Ottobasin Method”,
performed compartmentalization through physical
environmental attributes. Variables such as the rock
substrate, landforms, unconsolidated material and
slope were used for this compartmentalization, in
which the homogeneity of each basin and interbasin
was evaluated. In this article, the units were called
“Physiographic Units” and their characterization
was performed according to the variables in Table
I. This method is based on the textural elements
of relief and drainage, and the geotechnical
data are performed through a correlation with
inferences from other information (Vedovello
2000). The main advantage of this method is the
development of a single cartographic product
from the integration of physical environmental
elements in “Basic Compartmentalization Units”
— BCU’s. This compartmentalization technique
with field descriptions facilitates the establishment
of physiographic characteristics and enables
us to extend the considerations to the various
compartments (Oliveira 2004).

LAND-USE MAPPING

Nine land-use classes were determined according
to a preliminary image analysis, following
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assumptions by the IBGE (2006). Validation was
performed by the Kappa index, whose result was
0.86, which is considered to be significant according
to Smits et al. (1999).

In general, major urban centers are concentrated
in the Taubaté Sedimentary Basin along the
floodplain and fluvial terraces of the Paraiba do Sul
River and comprise 9.8% of the total area. In these
regions, the forest is very limited, restricted to only
a few fragments in the belts of river meanders. In
this area, large rice cultures, which correspond to
5.53% of the total study area, can be found beyond
forests.

The floodplain also highlights areas that are
occupied by mining activities, specifically, sands
and clays. According to Rampanelli et al. (2011),
these materials have been actively extracted from
the Paraiba do Sul Valley over the last 50 years.

The urban area of Sdo José¢ dos Campos has
a large native Cerrado spot that is located on its
eastern side and comprises 0.13% of the total area.

The areas that are located in the crystalline
basement are occupied by pastures and forests.
However, small villages are sometimes found next
to the Santa Branca dam and the small city of Santa
Branca, which is situated in the riverbank of the

Paraiba do Sul River. The pastures and forests
correspond to 59.70% and 13.11% of the total area,
respectively.

The continental water class refers to small
dams, the Santa Branca dam, the Jaguari River
and the Paraiba do Sul River, which correspond
to 2.17% of the area. Farmyard fragments, which
are also called secondary vegetation and have
a shrubby character, are sometimes found along
the Santa Branca dam. These areas correspond to
1.85% of the whole area, with a large distribution
around the Santa Branca dam.

Finally, forests have a large distribution but
are concentrated in the southern region of the Santa
Branca dam and correspond to 7.45% of the total
area. Figure 5 shows the distributions of each class
in relation to the total area, and Figure 6 shows the
land-use mapping results.

GEO-ENVIRONMENTAL ZONING

Geo-environmental zones were set from the
integration of overlaid maps from physiographic
compartmentalization and data from land-use
mapping and land cover. This mapping consisted of
divided homogeneous units, including the potential
for and susceptibility of the land to the occurrence

Distribution of land use classes

M Forestry

M Pasture

M Forest

B Water body

M Native cerrado

m Farmyard fragments

m Urban area

® Mining area

Rice culture

Figure 5 - Distribution of land-use classes in the study area.
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Figure 6 - Land-use mapping in the study area.

of physical environmental processes (such as
mass movements, erosion and flooding) and the
suitability of land use in the S@o José dos Campos
and Jacarei (SP) regions.

In relation to the attribution of the weights
for the physiographic compartmentalization, units

Legend
Rice culture - Pasture
Water body - Mining area
R N -
Farmyard fragments - Native cerrado
- Forestry I:I Boundary of cities
/4 Roads
Location in the State of Sao Paulo Articulation with other
topographic maps
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1Km
Technical note:

Cartographic base: Topographic maps in scale 1:50,000
of IBGE (Brazilian Institute of Geography and
Statistics) - Sheets Sao José dos Campos and Jacarei

Universal Transverse Mercator (UTM)
DATUM: SAD69/ 23S zone

Supervised classification in remote sensing images
of Landsat 5 platform, bands 3, 4 and 5, dated
to 04/21/2011

Scale: 1:100,000

with weights of 1 have slopes of less than 10% and
therefore display low potential for the occurrence of
physical environmental processes, such as floods,
erosion or mass movements. The physiographic
unit that shows this characteristic is unit 16. In this
context, a weight of 2 is represented by units with
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low slopes, mound relief and sandstone formation,
which may facilitate the occurrence of linear
erosion. The unit that fits in this profile is unit 12,
whose main geological process is linear erosion.
A weight of 3 was assigned to units that have
intermediate potential for geological processes
and whose characteristics are intermediate slopes,
intermediate amplitudes and mound and hilly
relief. The units that have these characteristics are
4,5, 7 and 9, which are located in the crystalline
basement. A weight of 4 is represented by units that
have high potential for linear erosion, intermediate
slopes and mound and hilly relief. The units that
have these characteristics are 14 and 15, which are
located in the Taubaté Group. Finally, a weight of
5 was assigned to units with higher susceptibility
to geological processes, which comprise two
categories. The first includes units that have low
slopes, areas that are subject to flooding and silting,
and unconsolidated soils with low bearing capacity.
This category comprises the units 10, 11, 13, 17,
and 18, which are located in the Taubaté Group
(17 and 18) and Quaternary sediments (10, 11, and
13). The other category refers to units that have
high slopes (greater than 30%) and high potential
for the occurrence of dynamic surface processes
(landslides, creep and bearing blocks). These units
include 1, 2, 3, 6, 8, and 19, which are situated in
the crystalline basement.

The land-use values were established according
to Ross (2006) and Lepsch (2002), and these classes
were set according to the land-use weakness. Tables
IV and V show the weights that were assigned for
the land use and the physiographic units in the
study area. Thus, 7 geo-environmental units were
obtained, as shown in Figure 7 and in the table VI.
The following topics describe the main features of

each unit.
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TABLE IV
Weights for land use according Lepsch (2002) and Ross
(2006).
Class Weight
Forest 1 (very weak)
Farmyard 2 (weak)

Urban area and forestry 3 (medium)
Pasture and rice culture 4 (strong)

Mining areas 5 (very strong)

TABLE V
Physiographic units weighting.

Physiographic  Characteristics for the

Weight units definition of weights

- Low slopes (less than
1 10%)
(very low 16
susceptibility)

- Low potential for
occurrence of processes
physical environmental

- Low slopes

- Relief of mounds
2 (low

. 12 - Sandstone formation
susceptibility)

may facilitate the
occurrence of linear
erosion

- Medium slopes

3 (medium
susceptibility)

4,5.7,9, 14 - Medium amplitudes
- Relief of mounds and

hills
- Dissected relief

4 (high
susceptibility)

- Medium slopes

- Relief of hills to
mountains

10, 11, 15

- Low slopes

- Areas subject to

13,17, 18 flooding and silting

- Unconsolidated
soils with low bearing

5 (very high capacity

susceptibﬂity) - ngh slopes ()more than
30%

- High potential for
occurrence of dynamic
surface processes
(landslides, erosion and
bearing blocks)

1,2,3,6,8,19
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Figure 7 - Geo-environmental zoning in the study area.
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TABLE VI
Chart of characteristics of geoenvironmental zones.
Geoenvironmental Susceptibility to Main characteristics of Recommendations
zones geological process geoenvironmental zones
- Preserve the forests and
fragments, especially to serve as
- Forests along some drainages and a lqgal reserve of prop.erties tha.t
Al features smooth relief with low slopes are included 1r21(1)e1%1)slat10n (Brazil
- Areas under intense pressure from - Increase the integration of
the surrounding agricultural activities &
the fragments through the
A Low establishment of ecological
corridors
- Isolated points of early stages of .
linear erosion, especially in places - Preserving these. forests and
A2 with high slopes (greater than 30%) fragment.s and restgrlng secondary
vegetation, especially on slopes
- Large patches of remnant forest and that are greater than 20°
secondary vegetation (farmyard)
- Areas occupied by large pastures, - Caution is recommended in
rice culture and urban zones regions of rice cultures and
- The linear erosion is the most Ppastures. This rice culture is a
frequent geodynamic process, which ~ highly polluting and the pastures,
B Low t di occurs in the form of erosive furrows  if no good management practices
oW 1o medium and gullies exist, can accelerate erosion
- Periodic flooding may occur during - The expansion of urban areas
periods of heavy rain, especially in should maml_y be controlled near
locations near the floodplain of the the floodplain of.the Paraiba do
Paraiba do Sul River Sul River
- Dissected relief - Caution is recommended for the
. ) . projects that are to be implemented
¢ Medium ) Medl.um slopes ) in these places, especially on
- Relief of hills to mountains slopes above 20"
- The floodplain of the Paraiba
do Sul region is protected by the
- Low and high slopes Environmental Protection Area
- Areas located in the floodplain of the ~ ©f “Banhado™ and by the Zoning
Paraiba do Sul are subject to flooding ~ Mining Environmental of Paraiba
. and silting do Sul River
b High - , The region of th 1l
- In the region of the crystalline - The region of the crystalline
basement the main geological basement should be sheltered from
processes are mass movements and anthropic use and designated as
linear erosion Permanent Preservation Areas to
minimize the geological processes
- The geological processes
- Mining areas of sand in the that occur at this site should be
. floodplain of the Paraiba do Sul River frequently monitored
E Very high - High potential for occurrence of - Forest recovery should
g p s be realized to reduce the
aforementioned geological

siltation, fluvial erosion and flood

processes
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Geo-environmental zone A

Geo-environmental zone A refers to areas that have
low potential for geological processes. This zone
was divided into two sub-sections: A1l and A2.
Geo-environmental sub-section Al corresponds to
areas that don’t have processes related to flooding,
erosion and mass movements, mainly due to
protection of woody vegetation and the low natural
susceptibility of the physical environment to the
aforementioned processes. This area refers to the
forests along some drainages and features smooth
relief with low slopes, which forms isolated forest
fragments that are distributed throughout the
study area. This subzone, which is under intense
pressure from surrounding agricultural activities,
has historically made progress in forest areas.

Preserving these forests and fragments is
recommended, especially to serve as a legal reserve
of properties that are included in legislation (Brazil
2012), but also to increase their integration through
the establishment of ecological corridors.

Although geo-environmental sub-section
A2 has forest remnants in its interior, the region
sometimes contains areas with isolated points of
early stages of linear erosion, especially in places
with high slopes (greater than 30%). However,
mass movements are not common in this locale.

This subarea has low sensitivity to physical
environment processes because of large patches
of remnant forest and secondary vegetation
(farmyard). Notwithstanding, preserving these
forests and fragments and restoring secondary
vegetation, especially on slopes that are greater
than 20°, is highly recommended.

Geo-environmental zone B

Geo-environmental zone B mainly occurs near
the sedimentary Taubaté Basin and is occupied
by large pastures, rice culture and urban areas.
This zone’s susceptibility to geological process
1s low to medium, and linear erosion is the most

frequent geodynamic process, which occurs in the
form of erosive furrows and gullies. Flooding may
occur during periods of heavy rain, especially in
locations near the floodplain of the Paraiba do Sul
River. This area does not have potential for mass
movements.

Caution is recommended in regions of rice
cultures and pastures. This rice culture is a highly
polluting activity because of the amount of
pesticides used for pest control, and the pastures,
if no good management practices exist, it can
accelerate erosion.

The urban sprawl should mainly be controlled
near the floodplain of the Paraiba do Sul River. This
place is located in the Environmental Protection
Area (EPA) of Banhado and the EPA of the watershed
of the Paraiba do Sul River. The EPA of Banhado
aims to protect the floodplain of the Paraiba do
Sul River. Nevertheless, prohibited activities are
present at this site, such as the parceling of land
for urban purposes, the installation of polluting
industries, the expansion of industrial areas, the
use of techniques that are capable of causing
soil erosion from land or the silting of water, the
removal of existing vegetation cover, mineral
exploration and the use of the area for recreational
farm management (CETESB 2002).

Geo-environmental zone C

Geo-environmental zone C has medium potential
for geological processes. This region mainly
occurs in forestry and pastures. In this location
there is an Environmental Protection Area (EPA)
of the watershed of the Paraiba do Sul River, which
mainly proposes measures for its recovery. Thus,
the EPA, in accordance with current legislation, is
an extensive area with a certain degree of human
occupation, including abiotic, biotic, aesthetic and
cultural attributes, which are especially important
for the quality of life and well-being of human
populations, even as aims to protect biological
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diversity, discipline the occupation process and
ensure the sustainable use of natural resources.

Thus, sustainable development should be
conducted in this region to reconcile human
occupation and biological diversity. This zone
is mainly distributed in the crystalline basement
region, where the slopes are higher and the
potential for mass movements is high. Thus,
caution is recommended for the projects that are
to be implemented in these places, especially on
slopes above 20°.

Geo-environmental zone D

Geo-environmental zone D has high potential for
geological process. This zone is present in the entire
study area, mainly in pastures. In the floodplain
of the Paraiba do Sul region, where the land use
is mainly urban area and rice culture, the most
common geological processes are floods, siltation
and fluvial erosion. These places are protected by
the EPA of “Banhado” and by the Zoning Mining
Environmental of Paraiba do Sul River, which aims
to harmonize economic development and protect
natural resources.

In this region of the crystalline basement,
which contains this geo-environmental zone, the
main geological processes are mass movements
and linear erosion. These sites should be sheltered
from anthropic use and designated as Permanent
Preservation Areas to minimize these processes
(Brazil 2012).

Geo-environmental zone E

Geo-environmental zone E has high potential for
geological processes and refers to mining areas
of sand in the floodplain of the Paraiba do Sul
River. The most common geological processes are
siltation, fluvial erosion and floods.

The mining of sand has been a major cause of
negative environmental impacts, such as silting,
changes in the courses of rivers, changes in
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drainage, erosion, mass movements, the alteration
of the surface topography and landscape, the
transport of extracted material, excessive dust and
vibration, and soil compaction. Other low intensity
impacts to the physical environment include solid
residues from sifting processes and noise from
extraction equipment, loading and transportation.
Furthermore, mining activities also cause the
removal of vegetation and the loss and destruction
of fertile topsoil.

The geological processes that occur at this site,
such as siltation and floods, should be frequently
monitored. This zone is included in the EPA
of “Banhado” and in the protection, floodplain
conservation and recovery zones of the Mining
Zoning. Thus, forest recovery should be realized
to reduce the aforementioned geological processes.

The methodology used in the present
work, with the purpose of indicating different
geoenvironmental zones from their susceptibility
to the processes of superficial dynamics - which
implies in their aptitudes and limitations in relation
to the use - is also found in a similar way in works
like Akgun and Tiirk (2010), Dai et al. (2001),
Manfré et al. (2013) and Fernandes-da-Silva et
al. (2010). In these studies, the authors sought
to point out sites with greater vulnerabilities to
geological and geomorphological processes, based
on the physiographic aspects of the terrain and
complementing with land use data. Thus, through
the multicriteria analysis and weighting and
attribution of weights for the different variables,
the authors identified geoenvironmental zones with
greater or lesser susceptibilities to surface dynamics
processes. So in this paper, the weights were
assigned according to the characteristics of each
physiographic unit, and attributes such as the slope
and the potential for geological processes were
used (Table V). Since the slope is one of the main
triggering agents of surface dynamics processes,
and in turn influences the degree of susceptibility
of its occurrence, the attribution of weights to
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the units of physiographic compartmentation
was established by the evaluation and analysis
of the characteristics in each compartment,
complemented with the results obtained in the
fieldwork. Thus, the physiographic units that had
a high susceptibility to processes such as flooding
and mass movements, and consequently, low and
high slopes, respectively, received higher values
of weight (5), whereas units with susceptibility to
erosive processes, therefore, low slope values were
attributed with lower susceptibility values. Several
authors are based on the attribution of weights for
susceptibility assessment using the slope relation
and occurrence of surface dynamics processes,
such as Martini et al. (2006), Regmi et al. (2010),
Kayastha et al. (2013) and Feizizadeh and Blaschke
(2013). Martini et al. (2006) attributed to slope
a high weight of importance because, according
to the authors, this variable is directly related to
the decrease or increase of the susceptibility to
geological processes. So, each declivity class was
also established with different weights, which reflect
the susceptibility to certain processes (for example,
classes with very low slopes were evaluated with
high weight due to the occurrence of the flood).
Kayastha et al. (2013), following the same precept,
attributed a high weight for the slope variable, so
that different classes of angles (less than 15°, 15 to
25°,25 to 35°, 35-45° and slopes over 45°) received
weights that varied according to the occurrence of
mass movements. In turn, the weights of the land-
use classes were established according to Lepsch
(2002) and Ross (2006) (Table 1V).

CONCLUSIONS

Land-use and physiographic compartmentalization
applied to geo-environmental zoning was capable
of providing integrated analyses in the assessment
of natural characteristics and restrictions, allowing
identify different spatial units, extremely important
for the environmental planning.

The weighting was fundamental for geo-
environmental zoning, once different conditions
(relief, geological, geotechnical, and land-
use elements) have differentiated behaviors in
relation to geological processes. The ranking of
each variable allows combining different zones
through the crossing of information, providing the
production of a single synthesis map.

As an important result, it was highlighted that
the Sao José dos Campos region has high fragility to
geological processes due to its geo-environmental
characteristics. In this sense, for geo-environmental
units that were identified with high fragility (C, D
and E), appropriate restoration techniques and the
recovery of permanent preservation areas should
be conducted to follow the required restrictions
under Federal Law 12,651 (Brazil 2012). Thus,
slopes, hilltops and floodplains will be safeguarded
to inhibit geological processes, such as landslides,
creep, debris flow, mass movements, floods and
siltation. Furthermore, in the case of large floodplain
of the Paraiba do Sul river, mining activities shall
be regularized according to zoning laws, once the
most vulnerable areas to physical environmental
processes need be preserved.

In conclusion, the multicriteria analysis
allowed integrating geo-environmental and
socioeconomic data, whose outcomes can guide
the future installation of new enterprises. The
most important advantages of the developed
approach over manual mapping are an accessible
methodology at relatively low costs, the ease of
use of commonly available data with minimal cost,
there is no time consuming in the data manipulation,
the possibility to explore diverse scenarios, the
potential to optimize the land use development,
even as the ease of handling the graphic output.
Therefore, the products obtained from the remote
sensing and GIS has been efficient for territorial
planning. Moreover, the methodology used in the
present study can be employed in other places, in
order to support sustainable decision-making.
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