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The Ministry of Mines and Energy, through the intermediation of the Department of 
Geology, Mining and Mineral Transformation, is proud to present Brazilian society with 
GEODIVERSITY OF BRAZIL: knowing the past to understand the present and 
predict the future. The aim of CPRM/Geological Survey of Brazil in compiling this work 
is to provide different sectors of society with an interpretation of geological and scientific 
knowledge with a view to fostering appropriate land use. 

More than just a new publication, this book is a milestone in the broader effort to con-
solidate geodiversity within the sector and in society at large. The merit of this concept lies 
in its capacity to mediate communication with different sectors of government by providing 
an integrated approach to the physical environment that takes account of existing resources 
and provides information for use in sustainable land management and planning activities. 

In view of its wide intended readership, the information is presented in language that 
aims to be both precise (although without going into scientific and technical concepts in 
too much depth) and easy to understand. Basically, the idea is to popularize geodiversity 
by demonstrating its many social, environmental and economic applications.

The 14 chapters in the book address the topic from different perspectives, starting 
with the origins and evolution of planet Earth to the current day, along with the evolution, 

appearance and extinction of species throughout geological time as investigated by palaeontology. 
Special attention is given to water, without which life could not exist, as well as the great mineral 
wealth on land and on the deepest ocean floors.

It also demonstrates the incredible fragility of the physical environment in coastal areas, the cha-
racteristics and applications of different tropical soils, the potential of geological heritage for geotou-
rism and the importance of geoconservation. The risks inherent to landslides, floods, earthquakes and 
desertification are set out in brief, as is the unmatched contribution geodiversity can make to better 
understanding global climate change, using a humanistic approach and applying this knowledge to 
different areas and sectors of the economy.

In the last chapter, basic information is provided on the major geosystems that make up Brazilian 
territory: their potentialities and limitations based on their lithology and geological structure and pro-
cesses. The geotechnical features, soils, water migration, storage and availability, areas of vulnerability 
and propensities for different human activities dependent on geological factors, and the availability of 
the mineral resources required for the country’s social and economic development are also discussed. 

We are confident that this book will be of great utility to its readers, be they teachers, professionals 
from different areas, businesses and, most of all, public administrators, who understand that geology can 
be applied beyond its acknowledged economic dimension to inform social and environmental issues as well. 

By incorporating geology-related issues into government policymaking processes, geodiversity can 
make a great contribution to society, helping to improve the quality of life for everyone.

In view of the excellent reception of this book to the organs of federal and state governments, universi-
ties and business sectors, we prepared the English version to disseminate and consolidate geodiversity as an 
important tool that can be applied to other countries, for the Territorial planning, management and ordering.

Rio de Janeiro, September 2012

Manoel Barretto da Rocha Neto
Managing Director

CPRM/Geological Survey of Brazil
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E The subtitle of this book – knowing the past to understand the present and 
predict the future – could well have “of humanity” added to it to reflect the growing 
importance being attributed to geodiversity knowledge in recent decades. 

Our quality of life and the environment are increasingly under attack whenever en-
vironmentally inappropriate actions are taken. As a society, we are totally dependent on 
the geological features of the natural environment, represented by geodiversity, in that we 
extract from it the raw materials (minerals, water, food, etc.) that we need to survive and 
develop. We must therefore understand and be mindful of the significance of geodiversity, 
because once the different aspects it encompasses are changed, removed or destroyed, 
the outcomes are almost always irreversible.

In view of the relationship of dependency between the physical environment – geo-
diversity – and the living environment (biodiversity), a systemic approach should be taken to maintain 
the delicate balance between these two major components of the environment. 

In recent years, a growing consensus has been reached that the cultural and economic aspects 
(social environment) of man’s relationship with nature cannot be ignored when environmental analyses 
are made.

It is also now understood that when any intervention is made in the land, the broadest possible 
view should be taken that encompasses geodiversity (physical environment), biodiversity, and social, 
cultural and economic issues. 

These are concerns that are shared by countries around the globe. In recognition of this, the Inter-
national Union of Geological Sciences, an umbrella organization for hundreds of geological surveys and 
thousands of Earth science professionals, alongside UNESCO, established 2008 as the International Year 
of Planet Earth. The activities started in January 2007 and will continue until December 2009 with the 
main aim of promoting the contribution of the Earth sciences in the quest for sustainable development. 

It is clear that geodiversity has an increasing role to play in the world, contributing towards 
preventing natural disasters, understanding climate change, improving food quality and freshwater 
availability (geochemical monitoring), supplying traditional and alternative energy sources and minerals 
at lower costs, and constituting a matchless instrument for the formulation and execution of public 
policies by local, state and federal government.

Rio de Janeiro, September 2012

Thales de Queiroz Sampaio
Director of Hydrology and Territorial Management

CPRM/Geological Survey of Brazil
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GEODIVERSITY AND THE ORIGINS OF THE 
EARTH

The concept of geodiversity is relatively new. It started 
being used in the 1990s, and was gradually consolidated 
during that decade. In the international literature, 
geodiversity has been applied primarily to conservation 
studies. Some of its main branches of research address 
the preservation of natural heritage, such as geological 
monuments, natural landscapes, fossil sites, etc. 

Eberhard (1997) introduces the concept of 
geodiversity from this perspective, defining it as the 
“natural diversity of geology, topography and soils”. 
Each site of natural diversity (or each natural landscape) 
is understood as being in a constantly dynamic state 
through the action of geological, biological, hydrological 
and atmospheric processes. Gray (2004) gives a very 
similar definition, but extends its application to cover 
land planning studies, albeit with an emphasis on 
geoconservation.

Stanley (2001), for his part, gives a broader 
definition of the term “geodiversity”, by which natural 
landscapes, understood as a variety of geological 
environments and processes, are related to their people 
and culture. As such, the author sets up an interaction 
between the natural diversity of terrains (understood as 
a combination of rocks, minerals, topography and soils) 
and society, drawing a parallel with La Blache’s classic 
concept of “way of life” (genre de vie).

In Brazil, the concept of geodiversity has developed 
at much the same pace as in other countries. Its focus 
has, however, been more directed towards land planning 
than to geoconservation, although research of this nature 
is not neglected. Xavier da Silva and Carvalho Filho (2001) 
define geodiversity as the “variability of the environmental 
features in a given geographical area”, making the 
researcher responsible for selecting the variables that 
best define the geodiversity of a given site by making a 
systematic study of the huge mass of environmental data 
available in georeferenced databases.

Meanwhile, Veiga (1999) stresses the importance 
of including surface and ground waters in studies of 
geodiversity. The author holds that geodiversity “expresses 
the particularities of the physical environmental, 
including the rocks, topography, climate, soils and 
surface and ground waters, and is a precondition for the 
morphology of the landscape and biological and cultural 
diversity”. In the author’s view, the study of geodiversity 
is indispensable for environmental management and 
provides a yardstick for economic activities.

Based on these different conceptions, CPRM - 
Serviço Geológico do Brasil (CPRM/SGB, 2007) defines 
geodiversity as:

“The study of the abiotic (physical) environment, 
comprised of a variety of habitats, compositions, 
phenomena and geological processes which give rise 

to the landscapes, rocks, minerals, waters, fossils, soils, 
climate and other surface deposits that support the 
development of life on Earth, founded on the intrinsic 
values of culture, aesthetics, economics, science, 
education and tourism.”

Biodiversity derives from geodiversity and is 
therefore directly dependent on it, since the weathering 
of rocks, the topography and the climate all contribute to 
the formation of soils, which provide the nutrients and 
micronutrients that are absorbed by plants, sustaining 
and developing life on Earth.

To sum up, one could state that the concept of 
geodiversity covers the abiotic portion of the geosystem 
(which is comprised of and involves the integrated 
analysis of the three elements of abiotic, biotic and 
human factors). This synthesis still allows geological 
phenomena to be given their due attention in integrated 
studies for environmental management and land 
planning purposes.

The Earth is a living system that supports millions of 
organisms, including humans. The balance that must be 
kept for life to be maintained is delicate. As geology is the 
science that studies the Earth – its origin, composition, 
evolution and functioning –, the knowledge it provides 
could contribute towards developing and preserving the 
different habitats that the planet habours.

The universe and planet Earth have a history that 
dates back billions of years. Currently, according to 
Press et al. (2006), the most broadly accepted scientific 
explanation is the Big Bang theory, by which the universe 
is believed to have started between 13 and 14 billion 
years ago with a cosmic “explosion”. It is generally 
believed by astronomers that from this moment onwards, 
the universe started to expand and divide, forming 
galaxies and stars. Alongside astronomers, geologists 
also study the last 4.5 billion years of this vast expansion, 
the period during which our solar system, with the star 
we call the Sun and the planets orbiting around it, was 
formed and evolved. Geologists study the origins of the 
solar system in order to glean a greater understanding 
of how the Earth was formed.

Although the Earth cooled after an incandescent 
period, it is still not completely inactive, undergoing 
continuous changes brought about by geological activity 
such as earthquakes, volcanoes and glacial processes. 
This activity is governed by two thermal mechanisms, 
one internal and the other external, which are much 
like a car’s combustion engine, turning heat into kinetic 
energy. The internal mechanism of the Earth is governed 
by the thermal energy imprisoned during the cataclysmic 
origins of the planet, and generated by radioactivity at 
its deepest levels. The inner heat controls the movements 
of the mantle and the core, supplying energy capable of 
melting rock, moving continents and raising mountains. 
The Earth’s external mechanism is controlled by solar 
energy (the heating of the Earth’s surface by the Sun). 
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THE EARTH IS AN OPEN SYSTEM THAT EXCHANGES ENERGY AND MASS WITH ITS SURROUNDINGS

THE EARTH SYSTEM IS A COMBINATION OF ALL THE PARTS THAT MAKE UP OUR PLANET  
AND ALL THEIR INTERACTIONS

Figure 1.1 – Main components and subsystems of the Earth system. The interactions between the component parts are governed by the 
energy of the Sun and from the inside of the planet and organized into three global geosystems: the climate system, the tectonic  

plate system and the geodynamo system (PRESS et al., 2006).

The Sun’s heat energizes the atmosphere and the oceans, 
and is responsible for the climate and meteorological 
conditions. Rain, wind and ice erode mountains and 

mould the landscape, and it is this changing topography 
of the Earth’s surface that is capable of triggering climate 
change (Figure 1.1).
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Figure 1.2 – Simplified diagram of the inner workings of planet Earth. 
Source: Scientific American Brasil (2007).

The Earth System is a combination of all the 
constituent parts that make up planet Earth and all 
their interactions. Although the scientists who study 
the Earth (geoscientists) have for some time addressed 
their object of study as a number of natural systems, 
it was only in the last few decades of the twentieth 
century that the technology was developed that allowed 
direct investigations to be made of how the Earth 
System actually works. Key among these advances are 
the networks of instruments and orbiting satellites that 
gather information on a global scale, and computers 
with a great enough capacity to calculate the mass and 
energy transfer in the Earth System (Press et al., 2006).

The main components of the Earth System are: 
(i) internal (energized by the heat within the Earth): 
lithosphere, asthenosphere, lower mantle, outer core and 
inner core; and (ii) external (energized by solar energy): 
atmosphere, hydrosphere and biosphere.

Although the Earth can be seen as a single system, 
it is challenging to study all together at the same time. 
Instead, different parts of the system can be investigated 
in isolation, providing knowledge that furthers our overall 
understanding of the whole system. For instance, in 
recent discussions about climate change, the interactions 
between the atmosphere, hydrosphere and biosphere 
are the primary concern, all of which are 
controlled by solar energy. Meanwhile, 
studies into the formation of continents 
focus on interactions between the crust and 
the deeper parts of the mantle, which are 
controlled by the energy inside the Earth.

The specific subsystems that encompass 
the different features of the dynamics of the 
Earth are called geosystems (Press et al., 
2006). The Earth System can be regarded as 
a collection of open, interactive geosystems 
(which frequently overlap). The geosystems 
that operate on a global scale are: the 
climate, plate tectonics, and geodynamics 
(this last item being responsible for the 
Earth’s magnetic field) (Figure 1.1).

The Earth has different chemical zones: 
its crust, mantle and core are chemically 
distinct layers that have been separate since 
the beginnings of the planet. The Earth is also 
rheologically zoned (folds, faults, fractures, 
shear), in other words, by the different 
capacity of the materials to withstand 
deformation. Meanwhile, the deformation 
of materials also depends on their chemical 
composition (bricks are brittle; bars of soap 
are ductile) and temperature (cold wax 
is brittle; hot wax is ductile). To a certain 
extent, the outside of the solid Earth behaves 
something like a ball of hot wax. The cooling 
of the surface makes the outer shell, or 

lithosphere (from the Greek, lithos, meaning stone), brittle. 
This, in turn, surrounds the hot, ductile asthenosphere 
(from the Greek astheneia, meaning ‘weakness’). The 
lithosphere includes the Earth’s crust and the top of the 
mantle until 100 km deep, on average. When it is subject 
to force (compression), the lithosphere tends to behave 
like a rigid, brittle shell, while the asthenosphere beneath it 
flows like a mouldable or ductile solid (PRESS et al., 2006). 
Figure 1.2 gives a simplified presentation of the internal 
“engine” of planet Earth.

According to the important theory of plate tectonics, 
the lithosphere is not an unbroken shell, but is actually 
made up of 12 large ‘plates’ which move over the surface 
of the Earth at rates of a few centimetres a year. The 
movement of these plates is the surface manifestation of 
the convection currents in the mantle. Controlled by the 
Earth’s internal heat, the hot material from the mantle 
rises wherever the plates separate and hardens, forming a 
new part of the lithosphere. The further away from these 
divergent boundaries, the more the lithosphere cools 
and the harder it becomes. However, it will sometimes 
sink into the asthenosphere and drag matter back into 
the mantle at convergent boundaries, where the plates 
come together, in a continuous process of creation and 
destruction.
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Figure 1.4 – Schematic diagram showing the deposition of 
sedimentary rocks and the eruption of volcanic rocks on the 

continental plate

Figure 1.3 – On the left, the ocean is being consumed between 
two continental blocks, A and B; on the right is the suture of blocks 

A and B after the ocean has been consumed. 

ENVIRONMENT

According to Press et al. (2006), the human habitat 
is a thin interface between the Earth and the sky, where 
powerful forces interact to mould the face of the planet. 
The tectonic forces that act inside the lithosphere, which 
are controlled by heat from deep inside the planet, 
cause earthquakes, volcanic activity and the formation 
of mountains. The meteorological forces within the 
atmosphere and the hydrosphere, which are controlled 
by the heat of the Sun, produce storms, floods, glaciers 
and other erosion agents. The interaction between the 
global geosystems of plate tectonics and the climate 
ensures that a balanced environment is maintained 
on the surface of the Earth, where human society can 
prosper and develop.

In actual fact, the number of humans and human 
activities are growing at a phenomenal rate. From 1930 
to 2000, the world’s population grew by 300% from 
two billion to six billion. In the next thirty years, it is 
estimated that the world’s population will exceed eight 
billion. However, the total energy used by humankind 
has increased by 1,000% over the past 70 years and is 
now growing at twice the rate of population growth.

Throughout its history, humankind has modified the 
environment through deforestation, agriculture and other 
kinds of land use, but the effects of such changes in former 
times were normally restricted to local or regional habitats. 
Now, society is affecting its environment on a whole new 
scale, with activities that have global consequences. The 
vast influence of man’s activities on plate tectonics and 
the climate, which govern the surface of the Earth, can 
be illustrated by a few statistics from Press et al. (2006):

• man-made reservoirs contain around 30% of the 
sediments transported by rivers;

• in most developed countries, civil engineering 
works remove a greater volume of soil and rock each 
year than all natural erosion processes combined;

• in the 50 years since the invention of refrigeration 
using Freon gas, so many man-made chlorofluorocarbons 
have been emitted from refrigerators and air conditioners 
into the stratosphere that the ozone layer that protects 
the Earth’s surface has been damaged;

• since the start of the Industrial Revolution, 
deforestation and the burning of fossil fuels has increased 
the amount of carbon dioxide in the atmosphere by over 
30%; the amount of carbon dioxide in the atmosphere 
is rising at unprecedented rates – 4% a decade – and 
is expected to cause major global warming in the near 
future. 

These are all pressing issues that geoscientists can 
contribute greatly towards addressing by producing 
information on geodiversity (the physical environment) 
that politicians, planners and land managers can use to 
make informed decisions about the most appropriate way 
to use the geographical space they are responsible for.

ORIGIN, PROCESSES AND EVOLUTION  
OF GEODIVERSITY IN BRAZIL

The geodiversity of Brazil is one of the most 
comprehensive records of geological evolution of the 
planet Earth, with rocks from as far back as the early 
Archaean, dating back more than 3.0 billion years, and 
continuing on almost continuously until the current day.

In order briefly to describe the geological units that 
make up Brazilian territory, it is important to understand 
that starting with the Archaean palaeocontinents (granite-
greenstone cores) and throughout the Palaeoproterozoic 
era (2,300-1,800 Ma), several convergences of active 
continental margins took place, which are continental 
margins where the ocean is consumed and continental 
blocks join onto the continent (Figure 1.3).

Meanwhile, inside the tectonic plates, the 
culmination of the process of accretion resulted in 
the Atlantic supercontinent, upon which extensive 
sedimentary cover was deposited, examples of which are 
the Roraima and Espinhaço groups, as well as continental 
volcanic-sedimentary cover (Figure 1.4).

At the end of this period (1,800-1,600 Ma), this large 
crustal block was fragmented. As the Mesoproterozoic 
age progressed (1,600-1,000 Ma), another succession of 
collisions resulted in the formation of a new giant land 
mass called Rodinia (Figure 1.5).

Between 900 and 700 million years before present, 
Rodinia itself broke up and separated into three large 
blocks: East Gondwana, Laurentia and West Gondwana 
(encompassing all Brazilian territory).

During the Neoproterozoic era (1,000-545 Ma), the 
movement and joining of the East and West Gondwana 
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Figure 1.5 – Rodinia supercontinent formed about 1.1 billion years ago 
(Mesoproterozoic) and started to break up around 750 Ma  

(based on PRESS et al., 2006).

Figure 1.6 – Schematic diagram of the Pangaea supercontinent, already fully 
formed, 237 Ma, during the Early Triassic, surrounded by the huge Panthalassic 

ocean (Greek for “all the seas”) (based on PRESS et al., 2006)

Figure 1.7 – Current configuration of the continents (based on PRESS et al., 2006)

blocks from 750 to 490 Ma led to the 
formation of the Gondwana supercontinent.

In the Palaeozoic, new continental 
masses joined onto Gondwana. At the end of 
this period, the Pangaea supercontinent was 
formed (Figure 1.6). Within the continents, 
extensional processes acted in such a way that 
depressed regions were created, permitting 
the formation of large depositional basins 
(syneclises), examples of which are the 
Parnaíba, Amazon and Paraná basins.

T h e  s a m e  g e o d y n a m i c s  t h a t 
formed Pangaea were responsible for its 
fragmentation, a process that lasted some 
100 million years, during the Jurassic and 
Cretaceous. A particularly important aspect 
of this process was the separation of Brazil 
and Africa and opening of the Atlantic ocean, 
giving rise to numerous coastal sedimentary 
basins containing crude oil, salts and other 
minerals.

One important breakthrough in 
understanding the evolution of the continents 
came from the theory known as the Wilson 
Cycle, according to which continents go 
through cycles of collision and break-up 
that last about 500 million years. There 
are indications that in the billions of years 
during which the continents have evolved, 
the continental plates collided and broke up 
until they gradually formed the continents 
we know today, including South America 
(Figure 1.7).

It is only possible to understand the 
geological evolution of the Earth if we bear 
in mind the theory of continental drift, 
which states that the continents move 
over the inner layers of the Earth because 
of high-temperature convection currents 
(Figure 1.8).

There were three conditions that shaped 
the formation of Brazil’s geodiversity: active 
margins, passive margins and intraplate 
environments (Figure 1.9). These jointly 
give an understanding of the intricate 
geometric and spatial relationship between 
the geological units that make up the 
geological structure of Brazil, providing 
the factual and theoretical grounds for 
the criteria used in subdividing it into geosystems 
and geological and environmental units (map of the 
geodiversity of Brazil, scale 1:2.500.000).

As for environments in which rocks are formed, 
there are two extreme situations: (a) collision belts 
or orogenic belts, which sooner or later give rise to 
mountain ranges; (b) the inner part of the plates, which 

are protected from the intense metamorphic activity 
taking place in the collision belts. Naturally, there are 
intermediate situations between these two extremes, 
bordering on the metamorphic belts.

At the height of the evolution of orogenic belts, 
the rocks formed are mostly crystalline, plutonic and 
metamorphic rocks. Meanwhile, in the intraplate areas, 
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Figure 1.8 – Movement of tectonic plates  
(based on TEIXEIRA et al., 2000)

Figure 1.9 – a and b show the cross-section of the edge of a 
convergent plate showing the main geological features and related 

rock associations; c) shows the break-up of a land mass and 
development of passive continental margins (based on TEIXEIRA  

et al., 2000).

Figure 1.10 – Geographical distribution of the Earth’s tectonic plates. The numbers represent the velocities between the plates, in cm/year; 
the arrows represent the plates’ movement (based on TEIXEIRA et al., 2000).

sediment is deposited as the result of large-scale volcanic 
activity. On the opposite side from the collision belt, a 
passive margin is normally formed between two plates, 
where divergent tectonics prevails, an example of which 
is the formation of Brazil’s current continental shelf.

Currently, South America and Africa are moving 
apart at a rate of a few centimetres a year. This ongoing 
separation, which started around 200 million years ago, 
is what gave rise to the Atlantic ocean. On the other side 
of the South American continent, however, as of the 
end of the Cretaceous, the Nazca plate (basalt) started 
subducting under South America, giving rise to two 
major geological features: the Andes mountain range, at 
almost six thousand metres in height, and intense plutonic 
and volcanic activity resulting from the melting of inner 
layers of crust due to the great heat generated along the 
subduction zone of the Nazca plate (Figure 1.10).

The importance of the Andean orogeny to the 
geological evolution of Brazil cannot be understated, as 
it is fundamental to the origin of the tertiary basins in 
the western part of the country, its climatic fluctuations, 
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Figure 1.11 – Geophysical map of the current topography of the South American and African continents, divided by the Atlantic ocean

and the whole development of its geosystems. Figure 
1.11 shows the topography of the continent and 
ocean bottom (Mid-Atlantic Ridge) between the South 
American and African continents.

Figure 1.12 shows the whole extent of Brazil’s 
geodiversity, made up of the terrestrial section 
(measuring 8,500,000 km2) and the continental shelf 
(4,500,000 km2), bringing the total area of Brazil’s 
onshore and offshore territory to 13,000,000 km² 
(SOUZA et al., 2007).

According to Martins and Souza (2007), Brazil’s 
continental shelf comprises the extension of the 
landmass under the ocean, and is made up of the 
seabed, subsoil, continental slope and continental rise. 
Though it is little studied, it has great mineral potential, 

including oil and gas (already exploited), sand and 
gravel (for civil construction and beach nourishment), 
bioclastic grains (for soil improvement and the cement 
industry); placer deposits (cassiterite, ilmenite, gold and 
diamonds), phosphorite (P2O5) (fertilizers), polymetallic 
nodules containing nickel, cobalt, copper, phosphorous, 
manganese, iron and polymetallic sulphides (lead, 
copper, zinc, nickel, cobalt, titanium, gold and silver).  

Besides fostering national security, the discovery 
of mineral deposits and biodiversity, studies of the 
geodiversity of the ocean bottom have been important 
for consolidating the theory of continental drift and 
helping understand the geological processes that took 
place in the last 200 million years and their impacts on 
the continents today.
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Figure 1.12 – Entire extent of Brazilian territory, comprised of the terrestrial part (coloured) and the marine part (until the blue line), called 
the continental shelf (black and white)
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Figure 2.1 – Association of columnar stromatolites. Bambuí group, 
Upper Proterozoic, Bahia (adapted from SOUZA-LIMA, 2001).

Figure 2.2 – Spiral of life (adapted from PRESS et al., 2006)

FIRST LIFE FORMS

The Earth was formed about 4.5 billion years ago. 
Its primitive atmosphere underwent many changes with 
the passage of geological time. Two billion years ago, 
the seas became oxygenated with the exception 
of the deepest waters, and oxygen started to 
accumulate in the atmosphere. The first life forms 
have been dated to over 3.5 billion years BP: 
organisms with a very simple cell structure and 
no cell nucleus given the name of prokaryotes. 
These oldest life forms have been found in 
microbial mats and stromatolites from 3.5 billion 
years BP in Australia. Some of these prokaryotes, 
akin to cyanobacteria, were able to form long mats 
or ridge-like bioconstructions. In Brazil, stromatolites 
have been encountered from the Precambrian to the 
Phanerozoic in geological units of different ages, such 
as the Araras, Una, Macaúbas and Bambuí groups, and 
are generally associated with carbonate rocks in Bahia, 
Mato Grosso do Sul, Goiás, São Paulo and Minas Gerais 
states (Figure 2.1).

The period of time that stretches from when the 
Earth was formed to when the first life forms emerged 
is called the Archaean aeon. After this, thousands of 
plant and animal species evolved, some prospering and 
spreading widely, others lasting for short periods of time 
and quickly becoming extinct. The distribution of life 
forms throughout the geological timescale is shown in 
the spiral of life (Figure 2.2).

The Earth’s age has been subdivided into blocks 
of time based on major events in the development of 
life. On the first level, it is split into three aeons: the 
Archaean, Proterozoic and Phanerozoic, the last of which 
is subdivided into the Palaeozoic, Mesozoic and Cenozoic 
eras. The geological time chart shows the key events that 
have marked evolution (Figure 2.3).

Fossils – the remains or debris of animals and plants 
from times past that were preserved in sedimentary rocks 
– are the object of study of palaeontology. This is the 
science that analyzes fossil records, which bear witness 
to changes in plant and animal life, mass extinctions and 
climate changes that took place across the ages.

FIRST MULTICELLULAR ORGANISMS

The emergence of eukaryotic cells, meaning cells 
with a distinct nucleus, was the starting point for 
the formation of more complex life forms, such as 
organisms from the Protist kingdom and multicellular 
Animalia, Fungi and Plantae organisms (MARGULIS and 
SCHWARTZ, 2001). The last of these organisms first 
appeared 2.1 billion BP during the Archaean. However, 
about 600 Ma ago, near the end of the Proterozoic, the 
first animals with soft, flattened bodies appeared, much 
like annelids and arthropods. This fauna, the earliest of 
which is found in Australasia, is known as Ediacaran 
fauna, and appeared later in other parts of the world, 
including Brazil (Figure 2.4).

CAMBRIAN: EVOLUTION OF MARINE 
INVERTEBRATES AND FIRST CHORDATES

When compared to the long time span covered 
by the Archaean and the Proterozoic (3,600-542 Ma), 
the Cambrian (542-488 Ma), the first period in the 
Palaeozoic era, is extremely short. Life forms became 
more varied but were restricted to the oceans, where 
there was a huge development of marine invertebrates 
with the appearance of cnidaria, brachiopods, molluscs, 
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Figure 2.3 – Geological time chart (adapted from LONG, 1995).

Figure 2.4 – Corumbella werneri is a typical 
representative of Ediacaran fauna encountered 
in Brazil, in limestone from the Corumbá group 

(MG). It is likely to have been a predator, and was 
geographically widespread (from: <http://www.
unb.br/acs/bcopauta/geologia5.htm>; accessed 

on 28th August 2007).

Figure 2.5 – The fauna from the Burgess Shale 
includes arthropods, such as trilobites and 

crustaceans, as well as other animals that are not 
part of any modern group. It also includes the 

Pikaia (top left), which has all the characteristics of 
chordates: muscle blocks and a notochord along 

its body (adapted from LEVINTON, 1992).

echinoderms and graptolites (Figure 2.5). One of the 
most successful groups were the arthropods, which 
include trilobites, a group that was distributed all over 
the globe. There were two major breakthroughs during 
this period: the development of carapaces and the first 
chordates, animals with a notochord, a structure that 
would later develop into the spinal chord. The beginning 
of the Cambrian was defined by the appearance of 
organisms with a carapace, which now allow scientists 
to correlate rocks with the fossils they contain. 

There are three main groups of fauna from this 
period: Tommotian fauna, found across the world, 
containing tiny shell forms and archaeocetes, none of 
which are classified in any modern group; the fauna 
from Chengjiang, China, including hemichordates, 
protochordates and vertebrates; and the best known, 
from the Burgess Shale in Canada, including sponges, 
brachiopods, crustaceans, trilobites and Pikaia gracilens, 
a cephalochordate. The end of the Cambrian is marked 
by widespread mass extinction.
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Figure 2.7 – Agnathan: jawless fish (from: <http://www.universe-
review.ca/I10-27-jawlessfish.jpg/>; accessed on 17th September 

2007)

Figure 2.6 – Reconstruction of an Ordovician habitat, with 
molluscs, trilobites and corals (from: <http://www.geocities.com/

arturordoviciano>; accessed on 27th August 2007)

ORDOVICIAN: MARINE DIVERSITY AND 
EMERGENCE OF AGNATHANS 

The climate during the Ordovician (488-443.7 Ma) 
was milder and the warmer seas became the home to 
many new invertebrates which developed and diversified, 
demonstrating increasingly complex carapaces. The most 
widespread were brachiopods, crinoids and bryozoa, 
which made up the first reefs. The first bivalve molluscs 
and nautiloids also appeared, the latter of which are 
precursors of today’s octopus and squid (Figure 2.6).

During this period the first fish, agnathans, 
appeared. They had a notochord but no jawbone and 
their body was covered with an armour of bony plates, 
which is where the name “ostracoderms” comes from. 
They were the primordial Craniata, precursors of today’s 
lampreys and hagfish. Most of them were benthic and 
their inability to chew food was the main factor impeding 
their development (Figure 2.7).

SILURIAN: THE CONqUEST OF THE 
TERRESTRIAL ENVIRONMENT

It was during the Silurian (443.7-416 Ma) that the 
first arthropods and plants started to live on dry land. 
In the oceans, brachiopods, bryozoa, corals, crinoids, 
sponges, bivalves and gastropods proliferated and 
spread widely. There was a decline in the trilobites and 
graptolites, while nautiloid fauna became increasingly 
diversified.

The Silurian was marked by the appearance of fish 
with jaws, which was one of the most important events 
in the evolution of vertebrates. These first jawed fish were 
gnathostomes, and included placoderms, acanthodians, 
condrichthyes and osteichthyes, the group that most of 
today’s fish belong to.

Fossil remains in Brazil from the Silurian include 
the Trombetas group in the Amazon basin (Figure 
2.8) and the Tianguá formation in the Parnaíba basin 
(Figure 2.9).

DEVONIAN: FIRST FORESTS AND THE AGE 
OF FISH

From their origins during the Silurian, vascular 
plants diversified rapidly during the Devonian (416-359.2 
Ma), gradually forming the first forests. Some groups of 
animals already lived on dry land, including insects and 
amphibians. The Devonian is often referred to as the “Age 
of Fish” as this was a group that underwent the greatest 
diversification during this period. Sarcopterygians 
appeared – osteichthyan fish with lobed fins – which 
subsequently gave rise to tetrapods. Dipnoans (lungfish) 
developed a respiratory apparatus that allowed them 
to absorb oxygen, so they could breathe in the air from 
the atmosphere. Another mass extinction marked the 
end of the Devonian, with marine invertebrates being 
the hardest hit.

The Devonian was an important period for the 
sedimentation of the Palaeozoic basins of the Amazon, 
Parnaíba and Paraná (Figure 2.10).

CARBONIFEROUS: AGE OF AMPHIBIANS 
AND COAL DEPOSITS

The Carboniferous (359-299 Ma) is also known as the 
“age of amphibians”. These fauna lived in swamps and on 
the banks of water courses, but some species adapted to 
survive longer on dry land, only returning to the water to 
breed. Among the plant species, the first gymnosperms 
appeared, such as the Glossopteris, which were present 
across the whole of Gondwana (Figure 2.11).

The majority of today’s coal deposits were formed 
at this time by the decomposition of plant matter. In this 
propitious humid environment, insect life abounded. 
Ammonoids, despite their minor decline during the 
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Figure 2.9 – Microfossils of the Tianguá Formation. Quitinozoarian (1 to 4) and 
acritarchs (5 to 11) (modified from Santos and Carvalho, 2005).

Figure 2.11 – Representative of Glossopteris 
flora from the Gondwana sequence of the 

Paraná basin: coal from the Rio Bonito 
formation (available at: <http://www.cprm.gov.
br/coluna/floraglosspt.htm>; accessed on 11th 

September 2007).

Figure 2.8 – Climacograptus innotatus 
var. brasiliensis – graptolite from Trombetas 

formation, Amazon basin (photograph:  
Norma Cruz).

Figure 2.10 – Palaeobiological reconstruction 
of the Mid Devonian in the Parnaíba basin. 

Map showing the outcrops of the Pimenteira 
and Cabeças formations. The flora includes 

Psilophytales and Lycopodiaceae, while 
the fauna covers conularians, tentaculites, 

gastropods, bivalves, brachiopods and 
chondrichthyes (sharks) (adapted  

from SANTOS and CARVALHO, 2005).

period of extinction at the end of the Devonian, remained 
the main predatory invertebrates. The first fossil records 
of amniotes are also from this period: a group of tetrapod 
vertebrates whose embryos are surrounded by an 
amnion, or thin membrane. It was this kind of egg that 
allowed the predecessors of birds, mammals and reptiles 
to reproduce on dry land. The first reptiles appeared, with 
a compact skull but without the temporal openings that 
are characteristic of the group.
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Figure 2.12 – Palaeobiological reconstruction of the Permian in the Parnaíba basin. 
Map-shows outcrops from the Pedra de Fogo formation. Flora includes Psaronius, 

Calamitales and Cordaitaceae; fauna includes reptiles and fish (adapted from SANTOS 
and CARVALHO, 2005).

Figure 2.13 – Dinodontosaurus and Prestosuchus from the Paraná 
basin. Diorama from Museu de Ciências da Terra  

(photograph: Alex Souto).

PERMIAN: DIVERSIFICATION OF REPTILES 
AND EXPANSION OF GYMNOSPERMS

It was at the beginning of the Permian (299-251 Ma) 
that the movement of tectonic plates led to the formation 
of the Pangaea supercontinent. The inner reaches of 
this huge continent were most probably dry, and there 
was a decline in glaciation. The formation of this new 
land mass led to the development and diversification of 
land-living vertebrates and a reduction in marine life. A 
wider diversity of reptiles emerged and gymnosperms 
expanded in numbers.

The end of the Permian was marked by the largest of 
all mass extinctions. It affected many groups of organisms 
from different habitats, but above all it affected marine 
life, wiping out most of the marine invertebrates. With 
the end of the Permian came the end of the Palaeozoic 
era, which lasted around 300 million years.

In Brazil, the Permian is best represented by the 
Parnaíba and Paraná basins (Figure 2.12).

TRIASSIC: FIRST DINOSAURS  
AND MAMMALS

The Triassic (251-199.6 Ma) marks the beginning 
of the Mesozoic era, which lasted 130 million years. 
During this period, Pangaea started to break up and 
many reptile groups appeared, including crocodiles, 
dinosaurs and pterosaurs, as well as the first small 
mammals (Figure 2.13). The most dominant plant forms 

were gymnosperms. In the seas, there 
was little diversification, since 90% of 
all the species had been wiped out at 
the end of the Permian. The end of 
the Triassic was also marked by mass 
extinction. 

The Paraná basin in Brazil contains 
fossils of reptiles and groups related 
to mammals, such as rhynchosaurs 
and dicynodonts, respectively. These 
Triassic tetrapods are encountered in 
the sediments of the Sanga do Cabral, 
Santa Maria and Caturrita formations 
in Rio Grande do Sul state.

JURASSIC: DINOSAURS 
REACH THEIR PEAK AND 
FIRST BIRDS APPEAR

During the Jurassic (199.6-145.5 
Ma), the seas were inhabited by 
fish and marine reptiles, such as 
ichthyosaurs and plesiosaurs. Large 
reptiles continued to be the dominant 

life forms from the Jurassic until the end of the 
Cretaceous, 65 million years ago. They reproduced 
successfully on the increasingly warm, humid plains, 
and grew to massive proportions. The Jurassic was the 
age of the great sauropods and pterosaurs. In the seas, 
molluscs, like large ammonoids, became increasingly 
abundant (Figure 2.14). The passage from the Jurassic to 
the Cretaceous was not marked by any major extinction, 
evolution or alteration in the diversity of the Earth’s 
organisms. The Jurassic is not well represented in Brazil. 
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Figure 2.15 – Reconstruction of the habitat of the Amazonsaurus 
maranhensis. Albian from Itapecuru formation, Grajaú basin, 

Maranhão state (SANTOS and CARVALHO, 2005).

Figure 2.14 – Palaeoecological reconstruction of the Tethys ocean 
during the Upper Jurassic, with molluscs, polychaetes and plants 

(from: <http://fossil.uc.pt/pags/utili.dwt>; accessed on 27th 
September 2007).

Figure 2.18 – Wide variety of exceptionally well-preserved insects 
and plants encountered in the laminated limestone of the Crato 

member, Araripe basin.

Figure 2.17 – Tharrhias araripis (JORDAN and BRANNER, 1908), 
one of the most commonly encountered fish in the limestone 

nodules of the Romualdo member, Araripe basin (MAISEY, 1991).

Figure 2.16 – Set of 13 fossil sites with dinosaur footprints at 
Sousa formation in Rio do Peixe basin (Paraíba state), with large 
and small theropods, sauropods, ornithopods and ornithischians 

(LEONARDI and CARVALHO, 2002).

CRETACEOUS: EXTINCTION OF 
DINOSAURS AND PTEROSAURS, 
EMERGENCE OF ANGIOSPERMS  
AND PRESENCE OF MAMMALS

As the Pangaea supercontinent continued to break 
up and its constituent tectonic plates moved further 
apart, greater differences started to appear in the flora 
and fauna from different regions. During the Cretaceous 
(145.5-65.5 Ma), the most important events were 
the emergence of angiosperms, marsupials, placental 
mammals and the first flowering plants.

The end of this period was marked by a mass 
extinction (at the K-T boundary), which wiped out some 
groups that had until then been very successful, including 
dinosaurs and ammonoids. Indeed, the reasons behind 
the extinction of these large reptiles are still a moot 
point. Two of the most widely accepted theories are 
climate change or an enormous meteorite hitting the 
Earth. There is ample fossil evidence of the Cretaceous 
in Brazilian palaeontology, with numerous occurrences 
of fossils in the Araripe, Sergipe-Alagoas, Pernambuco-
Paraíba and Potiguar basins, as well as other basins in 
inland north-eastern parts (Figures 2.15, 2.16, 2.17 
and 2.18).
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Figure 2.19 – Reconstruction of Carodnia, one of the herbivore 
mammals encountered in Itaboraí, which has helped to understand 

how forms of dental enamel evolved (FERRAZ, 2007).

Figure 2.20 – The most outstanding fossil is a flower, the first 
record of which dates back to the Cenozoic in Brazil – Eriotheca 

prima: (a) printed; (b) reconstructed (MELLO et al., 2002).

PALAEOCENE: DIVERSIFICATION  
AND DISPERSAL OF MAMMALS  
AND ANGIOSPERMS

It was during the Palaeocene (65.5-55.8 Ma) that the 
first large mammals evolved and gained in diversity. The 
most marked feature of this epoch was the proliferation 
of small mammals (precursors of today’s rodents) and 
primates of modern aspect. In the seas, the fauna 
was made up of bivalves, gastropods, echinoids and 
foraminifera, the last of which became very abundant. 
The climate and vegetation was predominantly tropical, 
and some mammals were already venturing into aquatic 
environments. There was also a diversification and 
dispersion of angiosperms. Although the Palaeocene 
was a crucial period in the history of mammals, there 
are unfortunately many gaps in the extant fossils from 
this epoch and many others are represented in very 
small numbers. In Brazil, one area which contains fossil 
evidence from this period is Itaboraí basin (Rio de Janeiro 
state) (Figure 2.19).

EOCENE: EXPANSION OF BIRD LIFE  
AND ANGIOSPERMS

During the 20-million-year period covered by the 
Eocene (55.8-33.9 Ma), mammals continued to develop 
apace and an important modernization of fauna occurred. 
Bird life underwent a major period of evolution and most 
of the lineages of today’s angiosperms also developed. 
The Lower Eocene saw the highest temperatures of 
the whole Cenozoic era, well above 30°C. There were 
land links between Antarctica and Australia, between 
North America and Europe via Greenland, and probably 
between North America and Asia via the Bering Strait. 
Most of the modern mammal orders appeared, all of 
a small scale. In the Middle Eocene, Antarctica and 

Australia were separated, allowing for a new passage 
of water between the continents that caused a change 
in ocean current patterns. During the Upper Eocene, the 
new ocean currents resulted in lower temperatures. The 
mammal species grew in size and savannah vegetation 
increased, while forestland receded (Figure 2.20).

In Brazil, the Fonseca basin in the Quadrilátero 
Ferrífero area of Minas Gerais state contains the 
Fonseca formation, believed to be an example of Eocene 
sediment, containing a large number of angiosperms.

OLIGOCENE: ANTHROPOID PRIMATES 

While covering a relatively short period, the 
Oligocene (33.9-23 Ma) nonetheless witnessed several 
changes, including the appearance of the first elephants, 
modern horses, grasses and anthropoid primates. The 
beginning of a generalized cooling set in, with ice 
caps forming for the first time in Antarctica during 
the Cenozoic. As the layers of ice grew, the sea level 
dropped, and even though there was a period of higher 
temperatures during the Upper Oligocene the overriding 
trend towards global cooling continued, culminating 
in the Quaternary ice ages. Modern angiosperms 
underwent their most significant phase of evolution and 
dispersion. The vegetation in the higher latitudes of the 
northern hemisphere changed from tropical rainforest to 
temperate woodland. As mammals continued to spread 
over land between Asia and North America, several new 
lineages appeared in both continents.

One record of this epoch in Brazil is the Taubaté 
basin (Figure 2.21), with sediments deposited during 
the early Oligocene-Miocene boundary.

MIOCENE: DIVERSIFICATION OF 
MAMMALS AND ANGIOSPERMS

The diversification of mammals and angiosperms 
continued during the Miocene (23-5.30 Ma), at the end of 
which the climate cooled. The climate was more favourable 
than it was in either the Oligocene or the Pliocene, and 
was marked by an expansion of grassland and semi-
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Figure 2.22 – Biocalcirudite with abundant fossil content (TÁVORA 
et al., 2002).

Figure 2.21 – Paraphysornis 
brasiliensis, predator almost two metres 

in height from Taubaté basin (from: 
<http://revistagalileu.globo.com/>; 
accessed on September 27th 2007).

Figure 2.23 – Purussaurus brasiliensis, a giant alligator that lived 
during the Pliocene in Brazil (Solimões formation, Acre state) and 
Venezuela. It is estimated that they could grow up to 20 metres 
long (from: <http://cienciahoje.uol.com.br/controlPanel/materia/

view/4242>; accessed on 18th September 2007).

a r id  sh rub land 
compatible with 
the drier climate in 
the inland parts of 
the continents. The 
Afr ican-Arabian 
plate joined onto 
Asia and the sea 
that had previously 
separated the two 
continents ceased 
t o  e x i s t .  T h i s 
allowed the fauna 
from both sides 
to mix, leading 
to new forms of 
competition and 
extinction and the 
appearance of new 
animal and plant 
species. Mammals 
a n d  b i r d s 

developed further, and alongside the changes on land 
the recently formed marine ecosystems also provided 
conditions for the development of new organisms. 

The fossil site at Fortaleza island in São João de 
Pirabas (PA) is home to one of the most significant 
Cenozoic marine occurrences in Brazil with a great variety 
of molluscs and echinoids. This site is considered to be 
the type section of the Pirabas formation (Miocene), 
marking the southern limit of the palaeobiogeographic 
Caribbean province (Figure 2.22).

PLIOCENE: FORMATION OF SAVANNAHS 
AND FIRST HOMINIDS 

During the Pliocene (5.33-1.80 Ma), the evolution of 
primates was marked by the evolution of bipedal apes, 
or the first hominids (primitive men). There were ice ages 

that caused global cooling, and ice accumulated at the 
poles, leading to the extinction of many species. The 
climate changed from being tropical to more temperate. 
The joining of the North American and South American 
tectonic plates was caused by a slight leftward shift in 
position of the Caribbean plate, forming the Isthmus of 
Panama. This land link connecting the Americas had an 
impact on the flora and fauna (Figure 2.23). With the 
creation of the isthmus, species from both continents 
were able to intermingle and the marine environment 
was also affected.

PLEISTOCENE: EXTINCTION OF SPECIES 
AND APPEARANCE OF MAN 

During the Pleistocene (1.8-0.01 Ma), many 
mammal, bird and plant species became extinct and 
the human species appeared. There was a glaciation 
that moved gradually towards the equator, cooling 
one third of the Earth, after which it receded and the 
climate returned to being temperate. At the end of this 
period, the glaciers advanced and receded several times. 
Later, other glaciations took place and the climate and 
temperatures changed drastically. There were many 
large animals that are today extinct, such as mastodons, 
mammoths and sabre-toothed tigers. The fossils records 
from this period are abundant, well preserved and can 
be dated precisely. Foraminifera, diatoms and pollen are 
commonly used as indicators of climatic conditions in 
the past (Figure 2.24).

HOLOCENE: DISPERSION OF HUMAN 
SPECIES 

This epoch is characterized by the dispersion of the 
human species, and covers the last 11,000 years of the 
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Figure 2.26 – Representatives of a few microfossil groups: (1) 
calcareous nannofossil; (2) acritarch; (3) diatom; (4) ostracod; (5) 

conodont; (6) scolecodont; (7) radiolarian; (8) chitinozoan; (9) 
foraminifera; (10) spore; (11) pollen; (12) dinoflagellate.

Figure 2.25 – Rocks from the Serra Grande group (Parnaíba basin), 
which served as a shelter for prehistoric man (Santos  

and Carvalho, 2005).

Figure 2.24 – Mammals from the Pleistocene (Parnaíba basin): toxodon, brocket 
deer, mastodon, giant armadillo, common armadillo, llama and rabbit (SANTOS 

and CARVALHO, 2005).

history of the Earth, counting from the end of the last 
glacial epoch, or the Ice Age. Since then, there have 
been more minor climate changes. The Holocene has 
witnessed the entire history of humanity and the rise 
and fall of its many civilizations (Figure 2.25).

Pollution and the destruction of several habitats, 
both by natural causes and induced by the action of man, 
is leading to the wholesale extinction of many plant and 
animal species. During the Holocene, human knowledge 
and technology have developed greatly. Palaeontologists 
play their part in the effort to understand global change, 
interpreting data from fossils to build up a picture of 
climates and environments from times past.

MICROFOSSILS

Alongside macrofossils, microfossils play an 
important role in building up an understanding of how 

biota developed in the past. Documenting 
as far back as the Precambrian, they allow 
precise dating to be made of different 
periods in time (acritarchs, chitinozoa, 
dinoflagellates, conodonts, scolecodonts, 
radiolarians, diatom, foraminifera, ostracods, 
spores and pollen, among others) and are 
important in the study of crude oil, coal, 
diatomite and other rocks of organic origin 
(Figure 2.26).

They are essent ia l  for  chrono-
biostrat igraphic zoning, intra- and 
intercontinental stratigraphic correlations, 
and the geological mapping of sedimentary 
basins. Palaeontoligists also study them to 
better understand the influence of climate 
change on biotas. 

With their broad geographical and 
chronostratigraphic distribution, microfossils 

are encountered in the most varied of terrestrial and 
marine environments, with records of their occurrence 
throughout the whole geological column, from the 
Precambrian to the Holocene (Figure 2.27).
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Figure 2.27 – Occurrence and distribution of microfossils (adapted from PETROBRAS, 2005).
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Figure 3.1 – Geomorphological landscapes as the outcome of the dynamic 
interaction between endogenic processes (controlled by tectonics) and  

exogenic processes (controlled by the climate) (PRESS et al., 2006, p. 460)

GEODIVERSITY OF NATURAL LANDSCAPES

One of the first elements of analysis in studies of the 
physical environment is the natural, or geomorphological, 
landscape. The surface of the Earth contains a profusion 
of different kinds of natural landscapes with quite 
distinct origins and development processes. From the 
highest mountain ranges (the Himalayas, Andes, Rockies, 
Alps, Caucasus, etc.) to the broadest alluvial plains (the 
Amazon, Congo, Ganges, Yangtze, Mississippi, etc.), 
there is a wealth of forms that shape the topography 
of the Earth. The components of study required 
for understanding natural landscapes or 
geomorphology are the morphology of 
terrains, their genesis and evolution and 
landscape physiology.

Terrain morphology is one of the main 
approaches used in analyzing geomorphology, 
and results from the intricate inter-relationship 
of several elements from the geological, 
biological and physical environments (rocks, 
climate, soils, water, biota) which are in 
constant dynamic transformation in response 
to different geological, hydrological and 
atmospheric processes (SELBY, 1985). The 
surface dynamics of the geomorphological 
landscape are themselves subject to continual 
transformation by the action of man in 
geographical space, which tends to become 
more intensive as societies become more 
technologically dependent. It is therefore 
impossible to conceive of truly natural 
environments, since they have all been altered 
to a greater or lesser extent by man.

The study of natural landscapes from the 
perspective of geomorphology is of particular 
interest for assessing the geodiversity of a given region, 
since the morphology of the terrains interfaces with all 
the other variables in the physical environment and is a 
key element in its analysis, as explicated in the definition 
of geodiversity proposed by CPRM (2006):

“The study of the abiotic (physical) environment, 
comprised of a variety of habitats, compositions, 
phenomena and geological processes which give rise to 
the landscapes, rocks, minerals, waters, fossils, soils, climate 
and other surface deposits that support the development 
of life on Earth, and based on the intrinsic values of culture, 
aesthetics, economics, science, education and tourism.”

The origin of different topographies can be analyzed 
from the perspective of the substrate (or non-living 
environment), the combined outcome of endogenic 
processes (tectonics, volcanism, seismicity), which are 
instrumental in generating rock masses and positive or 
negative reliefs, and exogenic processes (weathering, 
erosion, sedimentation), which are responsible for the 
sculpting and denudation of the previously formed rock 

masses (SUMMERFIELD, 1991). However, this denudation 
of the relief is not uniform, as different lithologies 
have different capacities to withstand weathering 
processes (both physical and chemical) and erosion. Not 
infrequently, very hard rocks like quartzites and granites 
form positive relief features in landscapes that have 
undergone erosion, producing isolated hills or inselbergs.

Simply speaking, it could be said that while 
endogenic processes promote the uplift of the Earth’s 
crust, forming mountainous reliefs, exogenic processes 
are responsible for levelling these raised reliefs, creating 
flat topographies and the great plains (Figure 3.1).

The relief forms in any given region can, then, be 
understood as the outcomes of a stage of development 
of the geomorphological landscape. In other words, a 
sugar loaf, a rift valley, an erosive scarp, an alluvial plain 
or a planation surface have all been subject to exogenic 
and endogenic processes over very long periods of time 
for them to have reached their current morphology.

GEOMORPHOLOGY AS A STRATEGIC 
AREA OF KNOWLEDGE FOR THE 
INTEGRATED ANALYSIS OF THE PHYSICAL 
ENVIRONMENT

Ab’Saber (1969) proposed applying a dynamic 
analysis of geomorphology to environmental studies, 
based on research of three interconnected factors: 
establishing a morphological segmentation of the 
terrains; making a survey of the surface structure of the 
landscapes; and undertaking a physiological study of the 
landscapes (Figure 3.2). 
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Figure 3.2 – Proposed method for geomorphological analysis, taking account of: morphological segmentation of the relief, the surface 
structure of terrains and the landscape physiology (AB’SABER, 1969).
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Figure 3.3 – Floodplain, upper São João river (Silva Jardim, RJ)

Terrains can be morphologically segmented by 
making an empirical evaluation of the different relief 
forms and patterns found at different topographic levels, 
through field observations and remote sensing analyses 
(aerial photographs, satellite images and digital terrain 
modelling). This kind of assessment can be applied directly 
to land use and land planning studies, and is one of the 
primary, core contributions to be made by the study of 
geomorphology.

To understand the surface structure of landscapes, 
one must study the weathering mantles in situ 
(autochthonous formations) and unconsolidated 
cover (allochthonous formations) that underlie the 
terrain’s surface. Studies of this nature are essential for 
understanding the genesis and evolution of different 
relief forms, which, together with the knowledge gleaned 
from the morphological segmentation of terrains, 
constitutes a valuable tool for assessing the natural 
susceptibility of terrains to erosion and depositional 
processes. 

The study of landscape physiology consists of the 
integrated analysis of different environmental variables 
and how they interface with the geomorphology, 
meaning the influence of factors of a lithological/
structural nature, climate patterns and soil types on the 
physical formation of landscapes. Evaluations of this 
kind are designed to comprehend the action of current 
erosion and depositional processes, including all the 
impacts arising from the action of man on the natural 
landscape. For this reason, geomorphology analyses 
include studies of morphodynamics, especially the 
analysis of processes.

The contribution of geomorphology to the mapping 
of geodiversity, using small scales and covering large 
areas of land, such as mapping the geodiversity of Brazil 
to a scale of 1:2,500,000 (CPRM, 2006), comes mainly 
in the form of studies into the morphology of terrains, 
which is the first level of geomorphological analysis. 
Nonetheless, in no way does this mean that the influence 
of genetic or evolutionary factors in shaping the relief 
should be disregarded.

In terrain analysis, morphological and morphometric 
parameters are used to measure the physiographic 
features of the relief, highlighting the following aspects:

• Relative relief: This parameter measures the 
difference between the elevation of the bottoms of 
valleys and the elevation of water divides in a drainage 
basin. It represents the degree of fluvial incision in a 
given landscape unit and the corresponding dimension 
of the relief forms present. Areas of high relative relief 
are mountainous, while those with low relative relief are 
flat or at most hilly.

• Gradient: This is the parameter that measures 
the gradient of a slope or a drainage basin. It generally 
reflects the vulnerability of a landscape unit to erosion 
and depositional processes. High-gradient areas are 

generally hilly or mountainous, while those with low 
gradients are flat or undulating. Depositional areas 
(plains) have an almost null gradient.

• Drainage density: This parameter measures the 
ratio between the total length of the channels and the 
area of the drainage basin. It represents the level of 
dissection of a given landscape unit. Areas with high 
drainage density have an accentuated terrain typical of 
hilly or mountainous regions. Those with a low drainage 
density will have a subdued relief typical of flat or 
undulating terrains.

• Peak and slope shape :  This aspect of 
geomorphology describes the denudation of a given 
landscape unit, indicating how the relief forms present 
in the landscape were modelled throughout geological 
time. The geometrical shape of peaks can be classified 
as pointed or ridged, rounded or flat. Meanwhile, slope 
shapes can be classified as convex, linear or concave.

By interpreting a natural landscape’s physiographical 
features quantitatively and qualitatively, it can be classified 
into different geomorphological units distinguished by 
the different capacities of the materials they contain to 
withstand erosion and sedimentation.

• Plains: These are flat areas that result from the 
accumulation of river or sea water or a combination of 
both. They are generally prone to periodic flooding and 
correspond to today’s floodplains or wetlands. They are 
made of unconsolidated Quaternary sediments and are 
characterized by their depositional relief. The relative 
relief and gradient in these areas is negligible (Figure 3.3).

• Tablelands These are gently dissected relief forms 
which have large surface areas with very gentle gradients, 
long, flat peaks and planar, U-shaped valleys formed by 
recent fluvial dissection. They generally comprise slightly 
lithified sedimentary rock from the Cenozoic. They have 
low relative reliefs, negligible gradient and low drainage 
density (Figure 3.4).

• Plateaus: These are areas with a subdued relief 
made up of large areas that have been flattened by 
erosion but are at a higher elevation than the adjacent 
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Figure 3.4 – Tablelands dissected by Guaxindiba river (São Francisco 
do Itabapoana, RJ)

Figure 3.5 – Isolated plateau in southern Piauí standing in the 
midst of a vast planation surface (Corrente, PI).

Figure 3.6 – Sertaneja lowlands: vast planation surface truncating 
all the lithologies in southern Piauí (Parnaguá, PI)

Figure 3.7 – Santo Antônio hill; Cuiabana lowlands (Santo Antônio 
do Leverger, MT)

surfaces. When they are moulded from old sedimentary 
rock, they form raised mesas, or plane or planated, 
uplifted reliefs with incipient dissection. The edges of 
these surfaces, which are at high elevations, are generally 
marked by steep slopes and escarpments. Within their 
boundaries, they have low to moderate relative relief, 
low to moderate gradient and low drainage density 
(Figure 3.5).

• Planation surfaces: These are flat to slightly 
undulating surfaces that are generated by the generalized 
flattening of the terrain, truncating the different 
lithologies (Figure 3.6). They often contain isolated relief 
features (inselbergs) (Figure 3.7) which stand out from 
the surrounding landscape. Generally speaking, surfaces 
of this kind are found on the highest plateaus (oldest 
erosion surfaces, such as Guimarães plateau, MT) and in 
the vast intermontane depressions in Brazilian territory 
(younger erosion surfaces, such as Sertaneja lowlands in 
Bahia state). Their relative relief and gradient is negligible 
and they have low drainage density.

• Lowlands  (depress ions ) :  These  a re 
geomorphological zones that are at a lower elevation 
than their surrounding areas. Areas or parts of a relief 
that are below sea level are absolute lowlands (e.g. the 
Dead Sea), while those areas or parts of reliefs that are 
above sea level but below the level of the surrounding 
land are called relative lowlands (e.g. Paraíba do Sul 
river valley). The relief of lowlands can be flat or hilly 
(Figure 3.8). 

• Hilly Terrain: Hilly terrain has a slightly dissected 
relief, with convex or convex-concave slopes and broad 
or rounded peaks. The drainage system usually involves 
deposition in relatively broad alluvial plains. They have 
a moderate relative relief and gradient, and moderate 
to high drainage density (Figure 3.9).

• Mountainous: Mountainous reliefs are very 
accentuated, with predominantly linear to concave 
scarped slopes and aligned, sharp or slightly rounded 
ridges with scree sedimentation and talus deposits. 
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Figure 3.9 – Broad, gentle hills (Araruama, RJ)

Figure 3.10 – Mountainous terrain in Rio de Janeiro state, 
highlighting Pedra Aguda (Bom Jardim, RJ)

Figure 3.11 – Top of escarpment in Geral mountain range: Rastro 
river mountain road (Coluna White, border between SC and RS)

Figure 3.8 – Sertaneja lowlands between the eastern edge of 
Diamantina plateau and Jacobina mountain range (Bahia state).

The drainage system generally shows signs of extensive 
incision. The relative relief, gradient and drainage density 
are all high (Figure 3.10).

• Escarpments: This is a kind of mountainous relief 
that is very rugged and transitions between two relief 
patterns with differences of elevation of at least 300 m. 
The slopes are very steep and dissected, and the slope 
shape is linear-concave. There are many scarped slopes 
with very high gradients (over 45o) and sub-vertical rock 
faces. They have a high relative relief and gradient, and 
high drainage density (Figure 3.11).

MORPHOLOGICAL SEGMENTATION OF 
TERRAINS AND GEODIVERSITY IN BRAZIL

The age when the rocks in Brazil were generated 
bears no relation whatsoever to the present morphology 
of the relief. The geomorphological scenario of Brazilian 
territory as we know it today started to take shape as 
of the late Cretaceous, with the gradual opening of the 
Atlantic ocean, the Andean orogenesis throughout the 
Tertiary, the isostatic imbalance of the South American 
plate, the subsidence of Western Amazon, Chaco and 
Pantanal, and the epeirogenic uplift of the Brazilian 
continental shelf. The most important features resulting 
from these processes were the major Cenozoic faults in 
the Brazilian Atlantic seaboard, causing the escarpments 
in Mar and Mantiqueira mountain ranges, and the 
sedimentary basins in the interior and on the continental 
shelf. The planation surfaces (except for the highest 
peaks), the residual plateaus and the peripheral and 
intermontane depressions were also formed from post-
Cretaceous epeirogenic movements.

Orogeny is a set of geological processes that results 
in the formation of a mountain chain and is related to 
the convergence of tectonic plates. Epeirogeny, in turn, 
consists of positive (upward) or negative (downward) 
movement with no associated deformation of the Earth’s 
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Figure 3.12 – Map of morphoclimatic zones in Brazil  
(AB’SABER, 1969)

Figure 3.13 – Solimões river channel during peak flood period 
(June 2008). Bank dykes can be seen above the flood level or 

partially overflowed; flooded alluvial plain in the background. Left 
bank of Solimões river between Iranduba and Manacapuru (AM).

crust. It is generally a slow process that results from 
isostatic forces acting on a tectonic plate and therefore 
affects large regions.

Below, we give an overview of the main 
geomorphological domains in Brazil, which were 
identified using the classification of morphoclimatic 
zones and geological provinces proposed by Ab’Saber 
(1967, 1970). For each domain, the following elements 
are described: morphology, palaeographical evolution, 
inter-relationship with distinct pedological, climate and 
phytogeographical features (Figure 3.12).

AMAZONIAN LOWLANDS WITH 
EQUATORIAL FOREST COVER

There are four main morphological patterns in this 
domain: Amazon floodplains and alluvial terraces; dry 
tablelands; planation surfaces in cratonic areas; residual 
plateaus and mountain ranges formed of platform cover 
or lithologies that are more resistant to weathering. 
The climate in these environments is hot and humid to 
very humid and the soils are subject to intense chemical 
weathering and leaching, which leads to the formation of 
generally featureless landscapes that are almost entirely 
covered with forest vegetation.

Until about 10 Ma ago (between the Miocene and 
Pliocene), the Amazon river flowed westward towards the 
Pacific. After the Andean orogeny, which happened when 
the South American plate collided with the Nazca plate, 
this westward passage was blocked and the river started 
to flow eastward out into the Atlantic ocean (RÄSÄNEN 
et al., 1987). In the western Amazon, a huge sedimentary 
basin was formed from the deposition of sediment 

from the erosion of the Andes mountain chain, forming 
alluvial-lacustrine sedimentation (Solimões formation), 
followed later by Quaternary alluvial deposits. From the 
Upper Pleistocene onwards, these deposits were subject 
to incipient incision, so that today’s depositional levels 
are restricted to the current floodplains.

Floodplains

The Amazon floodplains and alluvial terraces occupy 
the huge valley bottoms of the main Amazonian rivers. 
They cover areas spanning up to tens of kilometres and 
are the only active depositional zones in the Amazon 
region. These alluvial plains, covered with riparian and 
floodplain forests that are adapted to areas prone to 
flooding, date back to the Quaternary period. The 
alluvial terraces are from the Upper Pleistocene, while the 
floodplains were formed in the Holocene. The Amazonian 
floodplains are notable for their morphological diversity 
due to the distinct alluvial sedimentation patterns caused 
by the highly sinuous meanders (seen in the floodplains 
of Purus and Juruá rivers) or anabranching patterns 
(such as Solimões or Negro rivers). The depositional 
forms characteristic of this context include potholes, 
cutoff channels, vertical accretion floodplains on spits, 
shallow pits, river islands, sandbars, lakes, bank dykes, 
etc. (LATRUBESSE and FRANZINELLI, 2002) (Figure 3.13).

The rivers in the Amazon are of different colours, 
depending on their pH, sediment load and the chemical 
composition of their waters, and can be muddy, light or 
dark (SIOLI, 1957). The plains associated with the rivers 
with muddy waters that drain off the east slope of the 
Andes (e.g. Madeira and Solimões rivers) (Figure 3.14) 
are larger and the soils are naturally fertile (which is 
unusual in the Amazon) because of the high sediment 
load carried down from the Andes. The plains formed by 
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Figure 3.14 – Broad channel of Madeira river, which has muddy 
waters along the Morrinhos rapids, corresponding to the structural 

high of Guajará-Mirim–Porto Velho. (RO).

Figure 3.15 – Tablelands dissected into small orthogonal valleys 
along the length of the BR–174 highway near Presidente Figueiredo 

(AM). The aligned peaks of the hills stretch as far as the horizon.

rivers with dark waters (e.g. Negro river) have less alluvial 
sedimentation because of the low suspended sediment 
load and a high concentration of iron sesquioxides. The 
springs of the Negro river are in a very humid area of 
north-eastern Amazonia in the region of the Guianas 
craton, where there is an abundance of deeply leached 
soils. The light-water rivers, which drain off the Brasileiro 
plateau (e.g. Tapajós and Xingu rivers), are also associated 
with scattered alluvial plains with a moderate sediment 
load, but without a high iron concentration in the waters.

Dry Tablelands

Large areas of the Amazon are occupied by dry 
tablelands. These are characterized by their low, flat terrain 
(at elevations of less than 200 m) and their thick, poor, 
well-drained soils (generally yellow Oxisols). In certain parts 
of these terrains, the tablelands are dissected into a hilly 
relief or a relief with tabular hills; this is a characteristic 
feature of Acre and the area to the north of Manaus 
(Figure 3.15). This morphology is the result of a long 
process of development of thick lateritic weathering 
profiles and the associated development of ferruginous 
horizons and aluminous horizons in different areas of the 
tablelands and all the planation surfaces throughout the 
Amazon (COSTA, 1991; HORBE et al., 1997).

PLANATION SURFACES

Planation surfaces have elevations that vary between 
200 and 350 m. Their overriding feature is the large areas 
of flat lands or lands that are slightly sculpted by the 
drainage system. In this case, the planation surfaces are 
reworked and fluvially sculpted into a low-amplitude hilly 
relief (Profile 3.1). Given that the relief was flattened over 
long, more arid periods during the Cenozoic, today’s hot, 

humid climate has the effect of dissecting the previously 
formed planation surfaces (AB’SABER, 1982; BIGARELLA 
and FERREIRA, 1985). As with the tablelands, the soils 
are generally thick, poor and well-drained (Oxisols and 
Acrisols) (EMBRAPA, 2001) and are covered with dry-
land forests.

Residual Plateaus and Mountain Ranges

Residual plateaus on platform cover are flat, raised 
surfaces that stand out as residual features in the midst 
of huge planation surfaces, and can be found in Xingu 
and Guianas cratons. At the top of these plateaus, the 
soil is thick and tends to be sandy, poor and well-drained, 
and can host either dry-land forest or savannah-type 
vegetation, especially in northern Roraima, where the 
vegetation is similar to that found in the Venezuelan 
llanos (grasslands). The Tepuis are a noteworthy 
morphological feature of the geodiversity in the far 
northern reaches of Brazil (Figure 3.16).

Alongside the plateaus, there are a number of 
residual mountain ranges in the middle of the Amazonian 
lowlands, which are generally sculpted from lithologies 
that are more resistant to erosion. Key among these are 
the Carajás (PA), Navio (AP) and Tumucumaque (border 
between Brazil and French Guyana) mountain ranges, 
the first two of which are major mineral provinces, 
containing greenstone belts, while the upper reaches 
of Tumucumaque mountains are sculpted from granite 
and charnockite (CPRM, 2006).

DOMAIN OF TROPICAL, SEMI-HUMID 
CERRADO PLATEAUS

This domain contains four main morphological 
patterns: plateau tops underlain by ferruginous 
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Figure 3.16 – Tabletop mountains (tepuis) with sandstone 
conglomerate cornice from the Roraima supergroup raised  
hundreds of metres above the surrounding vast planation  

surfaces of the northern Amazon (north of Roraima, near the 
Venezuelan border). Photograph: Maria Adelaide Maia.

Figure 3.17 – Featureless appearance of the top of Covas plateau, 
where the relief is flat or gently undulating. Highly productive land 

that is used for intensive agriculture (Silvânia-Luziânia highway, GO).

duricrusts, dissected plateaus, intermontane depressions, 
and the Araguaia river plain. The climate in these 
environments is hot and semi-humid with clearly-defined 
seasons of rainy summers and dry winters. Even so, 
the landscapes are subject to high levels of chemical 
weathering resulting in the formation of thick, heavily-
leached soils with laterite layers covered with savannah-
type vegetation that vary from predominantly grassland 
or predominantly scrubland.

Plateau Tops

The plateau tops, which are underlain by ferruginous 
duricrusts, occupy the highest parts of the Brazilian 
Central Plateau. The main features are the Distrito 
Federal plateau (at elevations of between 1,000 and 
1,300 m); Mestre ridge, western Bahia (700 to 1,000 
m); Guimarães plateau, Mato Grosso (varying between 
700 and 900 m above sea level); Mangabeiras plateau, 
southern Maranhão and Piauí (500 to 700 m above sea 
level); and Parecis plateau, Mato Grosso and southern 
Rondônia (at between 500 and 700 m above sea level) 
(Figure 3.17).

The soil on the plateaus is very deep, strongly 
leached, acidic (with high levels of aluminium) and of low 
natural fertility (generally Oxisols), and is often capped 
by lateritic duricrusts (MAMEDE, 1996; PENTEADO, 
1976). These terrains normally have a deep water table 
that oscillates considerably with the seasons because of 
the rainfall patterns typical of the semi-humid tropics. 
With this wide variation in the groundwater levels, the 
iron sesquioxides in the highly weathered material tend 
to be remobilized and concentrated in a given horizon 
of the soil profile, resulting in the formation of lateritic 
concretions. These surface formations and the physical 
and chemical properties of the soils all attest to the fact 

that these flat surfaces were indeed formed long ago. 
The plateau tops are marked by the development of a 
lateritic duricrust that is very resistant to weathering and 
erosion (Profile 3.2). The flat relief, marked by scarps 
and eroded slopes down the sides of the plateaus, is 
preserved from modern dissection except for slope 
retreat (Figure 3.18).

These planation surfaces have features in the Central 
Plateau landscape that date back to the Palaeogene. They 
confirm the stability of the morphodynamic processes at 
play, but also reflect the intense action of pediplain and 
etchplain formation processes, with chemical weathering 
playing a crucial role in the buildup of thick mantles and 
lowering the surfaces in this kind of relief. Only the uplift 
caused by post-Cretaceous epeirogeny can explain how 
such flat surfaces, which originally formed on a level 
with the regional base, could have reached such high 
elevations (Profile 3.2).

This unit contains many erosion gullies, some that 
are kilometres in length, which are often propagated 
by the conversion of native cerrado vegetation into 
temporary crop land (soybean, corn, cotton) in areas 
where the soils are more prone to erosion.

Dissected Plateaus

The dissected plateaus encompass hilly terrains 
which contain isolated mountain ranges, like the Central 
Plateau in Goiania or the plateau of central north-western 
Minas Gerais. There are scattered patches of remnant 
forest in inland Goiás and Triângulo Mineiro in the midst 
of the more dominant cerrado vegetation in interfluves 
underlain by basic rock and naturally fertile clayey soils. 
This peculiar set of geopedological features provides the 
conditions for isolated patches of forest to grow, given 
their greater capacity to store water from the soil and 
the availability of mineral nutrients. There are also cases 
of dry forests, which only grow in areas where there are 
limestone outcrops and where the soil is generally not 
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Figure 3.18 – Representative profile of lateritic crust on Brazil’s 
Central Plateau, notably a horizon of sub-rounded indurated pisolitic 
nodules at the top measuring between 1 cm and 5 cm in diameter 

within a clayey structure (Anápolis, GO)

Figure 3.19 – Steep erosion scarp faces underlain by sedimentary 
rock bordering the flat-topped Uruçuí plateau in south-west Piauí. 

In the foreground, a vast pediment with cerrado vegetation in 
Gurguéia river valley (Cristino Câmara, PI).

very deep (because of the chemical dissolving of the 
calcium carbonate) but is highly fertile. These terrains are 
made up of deciduous forest patches, which shed their 
leaves because of the soil’s low water storage capacity.

Intermontane Depressions

The intermontane depressions are large planation 
surfaces that obliterate or truncate the substrate. They 
have a gently undulating morphology and a low-density 
drainage system, and are very susceptible to the effects 
of planation. The major intermontane depressions are 
in the Tocantins and Araguaia river valleys at elevations 
of between 450 and 200 m and have a northerly tilt. 
There are no significant Cenozoic formations, and even 
the bottoms of the valleys do not contain any significant 
alluvial sedimentation. To the south, there are often 
isolated mountain chains underlain by quartzites, or to 
the north, buttes underlain by sedimentary sequences 
from Parnaíba basin that are more resistant to weathering 
(Figure 3.19).

A typical feature of cerrado landscapes, both on the 
plains and in the lowlands, is its riparian forest, which 
grows in the valley bottoms throughout the whole system 
of channels that dissect the plateaus, providing suitable 
conditions for forest vegetation to grow thanks to a local 
humidity feature. Despite the length of the dry season in 
this region (about six months), the groundwater in the 
thick cerrado soils feeds into the main channels all year 
long, ensuring that they are perennial. Ab’Saber (1963) 
notes the importance of this hydrological feature in 
distinguishing cerrado areas from caatinga areas. 

Araguaia River Plain

Araguaia river plain is a huge active depositional 
zone in the middle of the Araguaia intermontane 
depressions. Elongated along a north-south axis, it is 
prone to flooding and is filled with Quaternary sediment. 
It contains Bananal island, probably the world’s largest 
river island.

DOMAIN OF TROPICAL, SEMI-ARID 
LOWLANDS OF THE CAATINGA

In this domain, there are four main morphological 
patterns: planation surfaces in the Sertaneja lowlands; 
plateaus underlain by sedimentary rock; isolated 
mountain ranges and high-altitude wetlands; Borborema 
plateau. The climate in these environments is hot and 
semi-arid, with a very long dry period (from seven to ten 
months). As such, the landscapes are sculpted mostly 
by physical weathering (mechanical disaggregation of 
the rocks), forming shallow, stony soils that are covered 
with xerophytic scrub or shrubland, i.e. vegetation that 
is typically found in steppes, forming the basis for the 
different caatinga vegetation physiognomies.
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Figure 3.20 – Arid, barren appearance of the vast planation surface 
of the Sertaneja lowlands, with their shallow, stony soils and hyper-

xerophytic caatinga. In the background is a group of inselbergs 
aligned over the shear zone of silicified rocks (Senhor do Bonfim–

Juazeiro–Carapebus road, BA).

Figure 3.21 – Line of isolated quartzite crests forming residual relief 
features (inselbergs) in the midst of the vast planation surface of the 
Sertaneja lowlands (Caribobó reservoir) (Canudos, BA). Photograph: 

Rogério Ferreira.

Planation surfaces in the Sertaneja 
lowlands

The vast planation surfaces in the Sertaneja lowlands, 
which cover much of the semi-arid part of north-eastern 
Brazil, are marked by large, flat surfaces that are either 
well-conserved or slightly sculpted by a very low-density 
intermittent drainage system (with the exception of 
São Francisco river). Unlike most of Brazil’s planation 
surfaces, the Sertaneja lowlands are particularly well-
preserved against Neogenic phases of dissection due to 
the predominance of semi-arid climatic conditions, which 
limit the potential for modern fluvial dissection (AB’SABER, 
1974). The Sertaneja lowlands occupy low elevations 
(below 300 m) in Ceará state and inland parts of Rio 
Grande do Norte, Paraíba, Pernambuco, Alagoas and 
Sergipe (Profile 3.3). In the middle São Francisco river 
valley the elevation rises to 300-500 m. The area is 
bordered on the east by Borborema plateau (eastern 
part of the Northeast region) and Diamantina plateau 
(central Bahia); on the west by Ibiapaba plateau (Piauí) 
and Mestre ridge (west Bahia); to the north it levels out 
to the coastal tablelands of the Barreiras group (Ceará 
and Rio Grande do Norte coast).

Its soils are mostly thin and are sandy to gravely 
(Luvisols). In the lower, or “thin”, areas the soil contains 
expansive clays (Vertisols) or is very saline (solodic 
Planosols), which restricts its use in irrigated agriculture 
to a large extent (EMBRAPA, 2001).

One factor that distinguishes the semi-arid lowlands 
occupied by caatinga from the semi-humid plateaus 
occupied by cerrado is their drainage systems. The 
cerrado areas have a perennial drainage system capable 
of withstanding droughts of up to four or six months 
thanks to the thick soils with a good water storage 
capacity. Meanwhile, in the caatinga the combination 
of thinner, sandy soils with a low water storage capacity 
and longer drought periods causes practically the whole 
system of drainage channels to dry up at the height of 
the dry season (Figure 3.20).

The landscape in the Sertaneja lowlands, 
characterized by these vast planation surfaces, is broken 
by the erosion slopes and scarps of the surrounding 
plateaus and by a large number of residual relief features, 
such as inselbergs or isolated mountain ranges, often 
with strong tectonic control of the Precambrian igneous 
and metamorphic substrate. Inselbergs are residual relief 
features that form landmarks in the landscape, often 
rising hundreds of metres above the surrounding areas. 
These residual relief features are partially the outcome 
of the greater resistance to weathering and erosion of 
certain lithologies (especially granite and quartzite) in a 
given region (Figure 3.21).

Plateaus Underlain by Sedimentary Rock

The plateaus underlain by sedimentary rock are 
formed of old sedimentary rock cover of marine origin 
from the Cretaceous period which covered much of 
the Sertaneja lowlands. This is easily confirmed by the 
abundant fossil remains at Araripe plateau (especially 
Cretaceous ichthyofauna) and suggests that the sea 
invaded much of the northern part of north-east Brazil 
after the Atlantic ocean opened. Two key features here 
are Araripe plateau, which stands between Cariri (CE) 
and the Paraíba and Pernambuco sertões (uniform flat 
surface at elevations of between 750 and 950 m) (Profile 
3.3), and Apodi plateau on the border between Rio 
Grande do Norte and Ceará (lower and near the coast, 
with elevations of 150 to 250 m). The post-Cretaceous 
epeirogenic uplift brought the former seabed to the 
same level as the top of these plateaus, only later to 
be removed by erosion throughout the Cenozoic. The 
remaining plateaus are, then, remnants of an ancient 
marine sediment bed that was once far bigger. Ibiapaba 
plateau, straddling Ceará and Piauí states (at elevations 
of 600 to 900 m), is underlain by older rocks from the 
Parnaíba basin.
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Figure 3.22 – Flat tops of lofty plateaus offset by sub-vertical  
rock faces. Below, a prevalence of extensive scree slopes  

converging in broad, deep valleys throughout the physical  
landscape of Diamantina plateau. (Lençóis, BA).  

From: <http://ricciardionline.com/>.

Unlike the planation surfaces, the plateau tops have 
deep soils with a better water storage capacity. This 
explains why Cariri, at the foot of the north scarp of 
Araripe, is more humid, sheltering the towns of Crato 
and Juazeiro do Norte. This is because the layers of 
sedimentary rock on Araripe plateau tilt northwards, 
causing the groundwaters to move in this direction and 
giving rise to a number of springs at the northern edge 
of Araripe (ANDRADE, 1964). In contrast, the south- and 
east-facing slopes, overlooking Pernambuco and Paraíba, 
are far more arid.

Special mention should be made of Diamantina 
plateau, which stands towards the middle of Bahia 
state. It stretches along a north-south axis and consists 
of extensive platform cover made of Proterozoic 
sedimentary rocks overlying the São Francisco craton 
and forming an imposing set of peaks of outstanding 
natural beauty whose flat tops rise to between 1,200 
and 1,600 m (Figure 3.22). The rock is predominantly 
sandstone (some diamantiferous), conglomerates 
and limestone, while the soils are mostly shallow and 
permeable (Cambisols, Cambic Oxisols and Arenosols) 
and are extremely vulnerable to environmental factors 
(BONFIM et al., 1994). The east-facing slope is covered 
with a patch of Atlantic Rainforest, while the drier, west-
facing slope has caatinga vegetation.

Isolated Mountain Ranges and High-
Altitude Wetlands

The isolated mountain ranges that rise up in the 
midst of the Sertaneja lowlands are also an important 
feature of the semi-arid, north-eastern landscape, as they 
represent a climatic enclave of higher humidity, which 
lends them the name of “high-altitude wetlands”. The 
higher annual rainfall in the mountains (700 to 1,000 
mm) than on the planation surfaces (300 to 700 mm) is 
because of an orographic effect as the high mountains 

retain much of the moisture from the air and provide 
a haven for forest vegetation, with thicker, clayey soils 
and perennial drainage. The most important of these 
mountain ranges are Baturité (with peaks of between 
500 and 900 m) and Uruburetama (with dissected tops at 
elevations of 600 to 1,000 m), both made of igneous and 
metamorphic rock in Ceará state, and Talhada (up to 800 
and 1,100 m), made of granite plutons, in Triunfo (PE).

Borborema plateau

This large plateau with its arc-shaped core 
(AB’SABER, 1998; ROSS, 1997) spans the central portion 
of Alagoas, Pernambuco, Paraíba and Rio Grande do 
Norte states. Its elevation varies between 500 and 1,000 
m, and it has a mixture of large flat areas and broad, 
gentle hills that are bordered by escarpments or terraces 
on both the east and the west side (Profile 3.3).

The eastern (Atlantic-facing) slope of Borborema 
plateau drains into the north-east’s Zona da Mata, which 
is made up of hills, tablelands and coastal plains that 
occupy the eastern coastline of the Northeast between 
Aracaju and Natal. This area on the windward side of 
Borborema is humid, as this orographic barrier stops the 
easterly trade winds (tropical Atlantic trade winds) from 
reaching the plateau, causing heavy rainfall, especially 
in the winter.

Meanwhile, the west- or inland-facing slope drains 
into the vast planation surfaces of the Sertaneja lowlands 
at places such as Salgueiro (PE), Patos (PB) and Caicó 
(RN). This is a semi-arid area on the leeward side of 
Borborema. The trade winds that reach it are stripped 
of their moisture as they pass Borborema plateau, which 
explains why there is no rain in the inland area, where 
the vegetation is predominantly caatinga.

Borborema plateau per se, at places like Caruaru 
(PE), Garanhuns (PE) and Campina Grande (PB), has an 
area with a semi-humid transitional climate (Agreste 
region), where there are some high-altitude wetlands 
akin to those on the isolated massifs and mountain 
ranges.

DOMAIN OF HUMID, TROPICAL HILL 
COUNTRY OF THE ATLANTIC RAINFOREST

This domain contains five main morphological 
patterns: coastal plains; the Barreiras group tablelands; 
the aligned mountain chains along the Atlantic seaboard; 
the dominant relief of the forested hill country; and 
the Paraná basin plateau. The climate in all these 
environments is hot and humid to very humid, and the 
soils are subject to intense chemical weathering and deep 
leaching in terrains of extreme morphological diversity, 
where areas that are extremely prone to flooding coexist 
with areas that are highly susceptible to mass movements 
(debris slides, landslides).
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Figure 3.24 – Jurubatiba coastal plain covered with salt marsh 
vegetation. It was formed by the successive layering of sandbanks 

where the coastline is prograding. (Macaé–Carapebus highway, RJ). 
Photograph: Edgar Shinzato.

Figure 3.23 – Large lagoon plain that was recently filled with fluvial 
sediment and occupied by pasture, with many areas prone  

to flooding (Campos–Farol de São Tomé highway, RJ).

Coastal Plains

The coastal plains cover a varied set of depositional 
forms, generically named “lowlands”, that fill large 
depressed areas near the coast. Their sedimentation 
comes from a mix of fluvial, marine and lagoon 
environments from the Pleistocene to the Holocene. They 
accompany much of the coastline from Santa Catarina 
to Rio Grande do Norte (Figure 3.23).

The elevation of these areas does not exceed 20 m. 
Among the different features, there are alluvial plains, 
alluvial-marine plains, alluvial-lagoon plains and coastal 
plains. All these units except the coastal plains are very 
prone to flooding.

The coastal plains were formed by fluctuations in the 
relative sea level as of the Upper Pleistocene. Since then, 
there have been at least two maximum transgressions 
associated with interglacial periods. The penultimate 
transgression was about 120,000 BP (before present), 
during the Upper Pleistocene, while the last one was 
about 5,100 BP (in the Holocene) (SUGUIO et al., 1985). 
There are sandbanks and alluvial terraces that were 
formed during the Pleistocene and were not eroded by 
the Holocene transgression. Since 5,100 BP, barrier islands 
have gradually formed, cutting off large lagoons, especially 
from Santa Catarina up to Rio de Janeiro. These have been 
responsible for moulding the current configuration of the 
lowlands, which are marked by intense fluvial and marine 
or fluvial and lagoon sedimentation resulting from the 
period of marine regression after the maximum Holocene 
transgression. In other words, many of today’s coastal 
plains (e.g. Itajaí valley, SC; Paranaguá lowlands, PR; 
Ribeira valley plain, SP; Santos lowlands, SP; Fluminense 
lowlands, RJ; Campista lowlands, RJ; Doce river delta 
plain, ES; Jequitinhonha river delta plain, BA, etc.) were 
partially submerged around 5,000 years ago.

The lower river courses have alluvial-marine plains 
or alluvial-lagoon plains and are covered with floodplain 

forest. These are poorly- to very poorly-drained terrains, 
with meandering to sinuous stream channels. The 
intertidal zones are covered with mangroves, while the 
lagoon plains are swampy (floodplain grasslands) and 
have Gleysols, many of which with a high salt or sulphur 
content because of the incursion of the sea (saline or 
thionic Gleysols).

The coastal plains are made up of successive strips 
of salt marshes resulting from the accumulation of 
long sandbanks along the coast formed by the action 
of the sea. They are formed of parallel sandy crests 
(marking former beach lines) that are separated by 
swampy depressions in between. The soil is normally well 
drained and very permeable (Spodosols and Arenosols) 
(EMBRAPA, 2001) and is covered with pioneer vegetation 
and salt marsh forest. On the top of the sandbanks, the 
wind sometimes reworks the material, resulting in the 
formation of dune fields (AMADOR, 1997).

The coastline contains areas of progradation 
(sedimentation) and other areas of retrogradation 
(erosion). There are long areas of the Brazilian coast that 
suffer from problems associated with coastal erosion 
(Figure 3.24).

Barreiras Group Tablelands

The tablelands are underlain by slightly lithified 
Tertiary sedimentary rocks from the Barreiras group. 
They stretch from the north coast of Rio de Janeiro 
to Rio Grande do Norte, occupying a vast pre-coastal 
swathe of land. They are mostly flat (at elevations of 
between 20 and 200 m), have thick, poor, well-drained 
soils (yellow Oxisol) (EMBRAPA, 2001) and are covered 
with tableland forest.

The tablelands are either incised by a parallel, low-
density drainage system with U-shaped valleys, or form 
flat-topped hills, especially when the drainage density 
is higher as it gets closer to the Precambrian substrate. 
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Figure 3.25 – Active cliffs from the Barreiras group: coastal 
tablelands in retreat because of marine abrasion (Porto Seguro, BA).

Figure 3.26 – Escarpment of Bocaina mountain range forming an 
imposing wall of mountains that reach up to over 1,000 m. The 
coastline intersperses small fluvial and marine plains in bays and 
coves with round-topped rocks that reach out to the shoreline  

(Rio–Santos highway, Paraty, RJ).

The coastal tablelands are also characterised by long, 
narrow lagoons and active or inactive cliffs. These cliffs 
have abrupt slopes along the coast that are produced 
by marine abrasion. They are of great natural beauty, as 
can be seen along the south coast of Bahia (Porto Seguro 
and Prado) (Figure 3.25).

Mountain Ranges Parallel to the Atlantic 
Seaboard

The mountain ranges that run parallel to the Atlantic 
seaboard are steep-sided, clearly-aligned, scarped 
mountains that make up the Mar and Mantiqueira 
mountain ranges (Profile 3.4). With their characteristic 
mountainous terrain, they are a hallmark of the landscape 
in southern and south-eastern Brazil. The escarpments 
generally have a very high relative relief, sometimes 
exceeding 2,000 m. They have steep, sometimes rocky 
faces and are often covered with talus and scree deposits. 
The gradients are very high and the peaks are sharp 
or ridged. The drainage density is very high and they 
are often under tectonic control (DANTAS, 2001). The 
soils are mostly young (e.g. Cambisols and Leptosols 
(EMBRAPA, 2001)) and are covered with hillside Atlantic 
Rainforest. The main remaining patches of the original 
forest are precisely in these very rugged terrains. At the 
highest peaks of these mountain chains, the Atlantic 
Rainforest gives way to high-altitude grasslands or 
patches of Araucaria forest, as found at Bocaina plateau, 
in Itatiaia massif, and in Órgãos mountain range.

These mountains are potentially very vulnerable to 
mass movements because of their steep gradients in 
areas where there are periods of heavy rainfall produced 
by frontal systems associated with orographic rain. The 
average rainfall on the escarpments is much higher than 
it is in the adjacent lowlands and hills, reaching annual 
levels of 2,000 to 2,500 mm. In towns like Blumenau and 
Joinville, in Itajaí valley (SC), Ubatuba and Caraguatatuba 

(SP), on the front of the Mar mountain range scarp, on 
the north coast of São Paulo state and in Petrópolis and 
Nova Friburgo, inland Rio de Janeiro state, it is common 
for “natural disasters” to occur, caused by landslides and 
floods, which often result in major material damage and 
casualties. 

According to Asmus and Ferrari (1978), both the 
coastal massifs and the escarpments of the Mar and 
Mantiqueira mountain chains are the outcome of the 
uplift and tilting of blocks in a predominantly WSW-ENE 
direction. This Cenozoic tectonic movement gave rise to 
tectonic depressions between these blocks, which behave 
like hemigrabens, examples of which are the Curitiba and 
São Paulo basins; middle Paraíba do Sul river valley and 
the Fluminense lowlands. However, Almeida and Carneiro 
(1998) hold that Mar mountain range is the result of the 
extensive erosive retreat of a former fault scarp formed 
at the Santos fault as of the Palaeocene. They add that 
the Mantiqueira mountains did not retreat so much as 
their fault plane is at the northern border of Resende 
and Taubaté basins.

The escarpment of Mar mountain range extends 
from the south of Santa Catarina to Rio de Janeiro, 
forming a sharp, imposing mountain barrier that rises 
parallel to the coastline in the states of Santa Catarina, 
Paraná, São Paulo and Rio de Janeiro. It is mostly aligned 
SSW-NNE between Santa Catarina and Paraná, shifting 
to WSW-ENE to the north of Arco de Ponta Grossa. Its 
peaks rise to between 500 m (Araras, RJ) and 2,300 m 
(Órgãos, RJ), with a summit line that oscillates most 
frequently between 800 and 1,300 m (Figure 3.26).

The escarpment of Mantiqueira mountain range 
stretches from São Paulo to Espírito Santo, crossing Rio 
de Janeiro and Minas Gerais states. It is predominantly 
WSW-ENE, cutting between Paraíba do Sul river valley and 
Sul-Mineiro plateau (upper Grande river basin) (Profile 
3.4). Some of its peaks reach elevations greater than 
2,700 m, as in the Itatiaia massif (2,787 m, bordering 
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Figure 3.27 – The different capacity of the rocks to withstand 
weathering and erosion marks the contrast between the gently 

undulating rolling hills over schist from the Rio das Velhas group 
and the mountainous relief of Caraça massif in the background, 

underlain by quartzites from the Caraça group (Santuário do Caraça, 
Quadrilátero Ferrífero, MG). Photograph: Antônio Ivo Medina.

Figure 3.28 – Relief characterized by medium to low hills, which 
are used for pasture land and poultry breeding, typical of the 

intermontane depressions of the middle Paraíba do Sul river valley. 
The relief is known as mar-de-morros, literally “sea of hills”. In the 
background, Mantiqueira mountain range, Minas Gerais (Barra do 

Piraí–Valença highway, RJ).

Rio de Janeiro and Minas Gerais) and Caparaó massif 
(2,890 m, straddling Minas Gerais and Espírito Santo), 
but its peak elevation generally oscillates between 1,000 
and 1,600 m. Campos do Jordão, nestled in Mantiqueira 
mountain range in São Paulo state, is the highest town 
in Brazil, standing at 1,600 m above sea level.

Mar and Mantiqueira mountain ranges therefore 
result from major tectonic uplift, which formed a long set 
of imposing mountains of stunning beauty at elevations 
of between 1,000 m and almost 3,000 m which hug 
much of the Brazilian coastline. In many cases, the 
highest peaks are underlain by granite rocks in the form 
of round-topped peaks.

In Minas Gerais, several mountain chains stand 
out from the predominant landscape of hill country, 
mostly due to the effects of differential erosion, as they 
are underlain by quartzite. Examples of these include 
Ibitipoca (elevations of up to 1,600 m), Caraça, in the 
Quadrilátero Ferrífero region (over 2,000 m) (Figure 
3.27) and Cipó, in Espinhaço (up to 1,700 m). The soil 
on the top of these mountains is very shallow, while the 
vegetation is mostly rocky grasslands and high-altitude 
grasslands. The Quadrilátero Ferrífero is important for 
the mining industry, and is also a major topographic 
element in the Minas Gerais landscape, since the banded 
itabirites and iron formations underlie Curral, Moeda and 
Gandarela mountain ranges, most of which are capped 
by thick gossans and rise to 500 to 800 m above the 
surrounding hills.

Forested Hill Country

The dominant relief of the forested hill country is 
made up of hilly terrain with a low to medium relative 
relief and local differences in level of between 50 and 100 
m, which was originally covered with Atlantic Rainforest. 
This low hilly relief is sometimes associated with plateaus 
or intermontane depressions.

The plateaus consist of hilly to mountainous terrains 
that are generally inland from the mountain ranges, such 
as Sul Mineiro plateau (600 to 900 m), and Paulistano 
plateau, in the upper Paraíba do Sul river valley (800 
to 1,100 m). They are residual relief features that were 
tectonically uplifted and withstood the erosion and 
planation that occurred during the Upper Cenezoic, and 
are therefore highlands.

The intermontane depressions between the plateaus 
and mountain chains occupy huge tracts of land in the 
Zona da Mata area of Minas Gerais and Paraíba do 
Sul river valley (elevations of 200 to 600 m). Generally 
speaking, these terrains are the outcome of tectonic 
subsidence when the Atlantic ocean was formed and 
the uplift of the Mar and Mantiqueira mountain chains 
at the end of the Cretaceous and the Tertiary (ALMEIDA, 
1976; ASMUS and FERRARI, 1978). This is a large 
geological unit that contains medium to low hills with 
convex-concave slopes, a gentle to medium gradient, 
and rounded peaks of mostly the same elevation (Figure 
3.28).

One characteristic of the hill country domain is the 
formation of thick soils (Acrisols and Oxisols) (EMBRAPA, 
2001) that are subject to intense chemical weathering 
and are often covered with scree, testament to the action 
of erosion. Some areas of this domain, especially in 
certain sections of the middle Paraíba do Sul river valley, 
stand out for the intensity of the geomorphological 
processes, which may relate to the dynamics of the 
groundwater on the fractures in the geological substrate 
(COELHO NETTO, 1999, 2003), with the occurrence of 
gullies, stream capture and relief inversion.

Paraná Basin Plateau

The large Paraná basin plateau was formed from 
an old Gondwana sedimentary basin that was uplifted 
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Figure 3.29 – Side view of the escarpment of Botucatu cuesta, 
separating the peripheral depression from the Ocidental Paulista 
plateau (Botucatu, SP). From: <http://www.polocuesta.com.br/ 

botucatu/>.

during the Cenozoic. Its elevation ranges from 300 to 
800 m, and it has a mixture of flat tops (ridges) and 
gently rolling hills.

The plateau can be segmented into three units: 
peripheral depression, Botucatu cuestas and western 
plateau (PONÇANO et al., 1981).

The peripheral depression consists of the outcropping 
portion of a Palaeozoic sedimentary sequence (Devonian-
Permian) in the Paraná basin, between the Atlantic 
plateau and the escarpment of the Botucatu cuestas, 
made up of gently rolling hills.

Botucatu cuesta is an asymmetrical crest underlain 
by cornices of basalt from the Serra Geral formation, 
with its escarpment facing the peripheral depression 
(Figure 3.29). On these steep slopes, there are outcrops 
of quartz-rich sandstone. The scarped terraces have 
elevations that vary between 200 and 350 m. The 
main drainage system is dependent on this geological/
geomorphological unit. As such, the Mogi-Guaçu, Tietê, 
Piracicaba and Paranapanema rivers cut through the 
cuesta front (forming epigenetic gorges) in order to reach 
Ocidental Paulista plateau, giving the Botucatu cuestas 
a fragmented appearance (Figure 3.29). Many of these 
gorges have been used for hydropower projects. Also, 
it is precisely this escarpment of the Botucatu cuestas 
that provides the Guarani aquifer with one of its most 
important recharge areas.

The Ocidental plateau consists of the outcropping 
portion of part of the Mesozoic sedimentary sequence 
(Jurassic-Cretaceous) in the Paraná basin. It stands beyond 
the dip slope of Botucatu cuesta and is underlain by basic 
rocks from the Serra Geral formation and sandstone 
from the Bauru formation. It has long, flat-topped spurs 
sculpted by the wide valleys of the Paraná river tributaries. 
The soil is predominantly thick, mostly clayey and well 
drained (Oxisols and Nitisols) (EMBRAPA, 2001), and was 
previously covered with Atlantic Rainforest. The Nitisols, 
commonly known as “purple earth”, are very fertile 
because of the large quantities of basalt on the plateau 
surface, especially at the tops of the spurs.

A special feature of the Paraná basin plateau 
is the fact that it harbours the largest reserve of 
groundwater in the world: the Guarani aquifer, stored 
in the Jurassic sandstone of the Botucatu formation. 
This fine sandstone, or orthoquartzite, formed by 
aeolian processes (former desert climate), is very porous, 
and is confined in the base by very impervious shales, 
argillites and siltites from the Tubarão group. On top, 
it is capped by solid and fractured rock produced by 
volcanic activity (basalts, rhyolites and dacites) from 
the Serra Geral formation. In other words, it provides 
the perfect hydrological and geological conditions for 
the formation of a large-scale confined aquifer. The 
Guarani aquifer covers much of the central and southern 
part of the country (parts of Rio Grande do Sul, Santa 
Catarina, Paraná, São Paulo, Mato Grosso do Sul, Mato 
Grosso and Minas Gerais); the central and eastern part 
of Paraguay, the north-east of Argentina and the north-
west of Uruguay. With its strategic importance as the 
largest reserve of groundwater on the planet, it is of 
such fundamental importance that it is the subject of 
an agreement amongst Mercosur countries in order 
to regulate its use, preventing its overexploitation and 
protecting its recharge areas.

DOMAIN OF HUMID, SUBTROPICAL 
PLATEAUS WITH ARAUCARIA FOREST

There are four main morphological patterns present 
in this domain that are similar to those described for 
the Paraná basin plateau in São Paulo (with Atlantic 
Rainforest): first Paranaense plateau or Atlantic plateau; 
second Paranaense plateau or peripheral depression; 
third Paranaense plateau or sandstone and basalt 
plateau; and Campos Gerais plateau, as described by 
Maack (1947).

The climate in these areas is subtropical and humid, 
with rainfall distributed fairly evenly throughout the 
year and cold winters with frosts throughout the whole 
domain and occasional snowfall on Campos Gerais 
plateau (São Joaquim and Lajes/SC and Gaúcha mountain 
range). These landscapes cover the inland parts of Paraná 
and Santa Catarina states and the north of Rio Grande 
do Sul. They are subject to a moderate level of chemical 
weathering because of the colder temperatures, and the 
soils are of variable thickness and contain accumulated 
organic matter (brown Cambisols at Lages plateau (SC) 
to purple Oxisols in western Paraná) (EMBRAPA, 2001). 
The vegetation is a distinctive forest of temperate conifers 
called Araucaria forest.

Atlantic Plateau

The Atlantic plateau is underlain by igneous and 
metamorphic rock from the Ribeira fold belt at Arco 
de Ponta Grossa. It stretches between Mar mountain 
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Figure 3.30 – Campos Gerais plateau, with its grassland cover 
and some patches of Araucaria forest, is marked by clear fluvial 

dissection on three levels and controlled by volcanic rock deposits in 
the upper Antas river valley (São José dos Ausentes, RS).

range and the cuesta front demarcated by Serrinha, 
with differences in elevation of 100 to 150 m, where 
it meets the eastern edge of the Paraná basin (Profile 
3.5). In the inland part of the plateau is the Cenozoic 
Curitiba sedimentary basin, which consists of broad, 
gentle subordinate hills (elevations of 800 to 1,000 m). 
Within the Curitiba basin the terrain is predominantly 
made up of low-amplitude flat surfaces sculpted 
over slightly lithified Cenozoic sedimentary rocks and 
the broad alluvial plans of the Iguaçu river and its 
tributaries.

Peripheral Depression

The peripheral depression occupies a large inland 
portion of Paraná and Santa Catarina states. It is 
formed of Silurian and Devonian sandstone from the 
Furnas landform, Devonian shale from the Ponta Grossa 
formation, and the Permian-Carboniferous sedimentary 
sequence from the Tubarão group, comprising the 
Palaeozoic sequence of Paraná basin (CPRM, 2006). This 
unit is located between the back of Serrinha de Ponta 
Grossa and the scarp side of the Botucatu cuestas, and 
consists of flat-topped peaks underlain by sandstone 
from the Furnas formation (rising to elevations of 
between 1,000 and 1,250 m) and a hilly inland relief 
(at elevations of between 600 and 900 m).

Sandstone and Basalt Plateau

The sandstone and basalt plateau occupies the 
central western part of Paraná and Santa Catarina and 
the north of Rio Grande do Sul. It is formed from volcanic 
flows from the Serra Geral formation that range from 
acidic (rhyolites and dacites) to basic (basalts), which 
are partially capped by Cretaceous sandstone, forming 
the Mesozoic sequence of the Paraná basin (CPRM, 
2006). This unit occupies the area from the dip slope of 
the Botucatu cuesta and its elevation gradually falls to 
the west as it draws closer to the Paraná river channel, 
where it is occupied by Atlantic Rainforest, as is the 
case at the mouth of the Iguaçu river (Profile 3.5). The 
predominant vegetation in the highest areas, nearest the 
Botucatu cuestas, is Araucaria forest. It contains large 
plateaus with flat tops or tops that have been eroded 
into broad, gentle hills.

Campos Gerais plateau

Campos Gerais plateau corresponds to a higher 
part of Meridional plateau, stretching from the south-
east of Santa Catarina to Gaúcha mountain range in 
north-eastern Rio Grande do Sul. It is entirely formed 
of Jurassic and Cretaceous rhyolites, dacites and basalts 
from the Serra Geral formation (CPRM, 2006). This 
raised plateau stands at between 900 and 1,500 m and 

is dominated by vast planation surfaces that are slightly 
tilted westward, with some mountainous areas where 
the peaks reach up to 1,800 m above sea level. The 
Antas, Pelotas and Canoas rivers, which drain from the 
plateau, have sculpted very deep valleys, indicating that 
the incision pattern on Campos Gerais plateau is clearly 
defined by the layering of volcanic rock, forming steep 
valleys, plateaus and mesas (ALMEIDA, 1952) (Figure 
3.30). The soil is mostly thin, such as brown Cambisols 
and Leptosols, which is due to the slow velocity of 
the chemical weathering (EMBRAPA, 2001). This is 
the coldest region in Brazil, with winter temperatures 
dropping below zero. The plateau surfaces are therefore 
mostly covered with grasslands, while Araucaria forest 
occupies isolated clumps or nestles in steep-sloped 
valleys.

One notable morphological feature of the 
geodiversity of southern Brazil is exemplified by 
the Aparados da Serra canyon, which occupies the 
escarpment of Geral mountain range. This majestic 
escarpment with differences in elevation of some 1,000 
m and a dense, deeply incised fluvial system is a highly 
accentuated transition relief between Campos Gerais 
plateau and the coastal lowlands in the south of Santa 
Catarina. At Coluna White, there are stacks of volcanic 
rock some 700 m thick, bearing witness to the fact 
that the volcanic activity at Geral mountain range 130 
million years ago associated with the opening of the 
Atlantic ocean was the most extensive outflow of lava 
in the geological history of the planet. Not only does it 
cover much of Paraná basin, but it is also documented 
in southern Africa, as at this time the two continents 
were still connected (end of the former Gondwana 
supercontinent). The cliffs and buttes in Torres (RS) are 
testaments to this geological fact.
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Figure 3.31 – Very gentle, rolling landscape (coxilhas) covered with 
grassland and traditionally used for livestock breeding, characteristic 

of the Campanha Gaúcha (Bagé, RS). Photograph: Vitório  
Orlandi Filho.

DOMAIN OF HUMID, SUB-TROPICAL 
GENTLY ROLLING LANDSCAPE OF 
CAMPANHA GAÚCHA

There are four main morphological patterns in this 
domain: Rio Grande do Sul plateau; Ibicuí river valley 
depression; Coxilha de Haedo and Uruguaiana plateau. 
The climate in these areas is humid and subtropical, but 
is drier than at Araucárias plateau. These environments 
are very vulnerable to the advance of polar air masses, 
especially in the winter, when this region is swept by 
icy winds from the southern quadrant known locally as 
minuano. These landscapes are found in the south of 
Rio Grande do Sul state, in a region traditionally referred 
to as Campanha Gaúcha. They are subject to moderate 
levels of chemical weathering, and the soils are humic 
and naturally fertile, but not very deep (predominance 
of eutrophic Leptosols, Acrisols and Brunizem soils, 
with occasional Vertisols) (EMBRAPA, 2001). The plant 
vegetation that forms the grasslands is similar to that 
found in temperate prairies (Figure 3.31).

To the north, Campanha Gaúcha is bounded by the 
depression of the Jacuí and Ibicuí rivers. The lowlands 
consist of peripheral depressions that separate the Rio 
Grande do Sul shield from Araucárias plateau (Profile 
3.6). The eastern border of Campanha Gaúcha is marked 
by the coastal plains of Patos and Mirim lagoons, where 
the recent deposition of marine sediment forms salt 
marshes and sand dunes, and lagoon sedimentation forms 
swamps. To the south, the domain stretches into Uruguay 
and part of Argentina, where it is called the Pampas.

Rio Grande do Sul plateau

Generally speaking, the conformation of the Rio 
Grande do Sul plateau is like an arc-shaped dome 
(AB’SABER, 1998; ROSS, 1997). It is formed from igneous 
and metamorphic rock from the Rio Grande do Sul shield 
(especially granite, gneiss and metavolcanic rock) (CPRM, 

2006). Standing between the coastal plains and the Jacuí 
and Ibicuí river depressions, this plateau is dissected into 
broad hills that vary from 200 m to 500 m in elevation 
(Profile 3.6).

Ibicuí river depression

The Ibicuí river depression is a north-south corridor 
that nestles in Santa Maria river valley. It is located 
between the Rio Grande do Sul plateau and the scarp 
slope of Coxilha de Haedo cuesta. The depression was 
sculpted in fine sedimentary rock from the Paraná basin 
(mostly shale, argillite and siltite from the Permian and 
Triassic) (CPRM, 2006). The relief consists of low hills that 
are strongly dissected because of the low permeability of 
the rock and soil and are covered with extensive alluvial 
plains. The elevation of the depression varies between 
100 and 200 m and the plant cover is typical of that 
found in the steppes (grasslands) of Campanha Gaúcha.

Coxilha de Haedo 

Coxilha de Haedo consists of a cuesta front underlain 
by volcanic rock from the Serra Geral formation. The scarp 
slope is east-facing, towards the Ibicuí river depression. 
There are outcrops of orthoquartzite sandstone on the 
steep slopes of the Guará and Botucatu formations (CPRM, 
2006). The relative relief of the erosion edges varies 
between 70 and 150 m, reaching elevations of 250 to 300 
m. Coxilha de Haedo forms a transition relief between the 
Ibicuí river depression and Uruguaiana plateau.

Uruguaiana plateau

Uruguaiana plateau, which stands in south-western 
Rio Grande do Sul, is totally formed of Jurassic and 
Cretaceous andesites, rhyodacites and basalts from the 
Serra Geral formation (CPRM, 2006). It reaches elevations 
of 70 to 300 m, and it tilts slightly from east to west 
towards the Uruguay river channel. The main tributaries 
of this river have incised valleys, exposing the sandstone 
from the Botucatu formation, where there have been 
recorded serious problems because of the arenization of 
the soil (SUERTEGARAY et al., 1999). In the part nearest 
to Coxilha de Haedo, the plateau’s relief is dissected into 
hills. As it reaches the Uruguay river, this relief gradually 
gives way to featureless planation surfaces that are gently 
incised by a low density drainage system, with Coxilha 
de Santana deserving special mention.

DOMAIN OF THE SEMI-HUMID TROPICAL 
PANTANAL FLOODPLAIN

The Pantanal plain is an active Quaternary sedimentary 
basin. It stretches throughout the middle of South 
America, including the Platina basin and Chaco region.
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Figure 3.32 – Alluvial and lacustrine lowlands subject to prolonged 
flooding formed of Holocene sediments of a clayey-sandy or clayey 
texture that fill the Quaternary Pantanal basin. Disorganized system 
of meandering stream channels and scattered lakes covered with 

grass and woodland from the Pantanal complex which can only be 
used for free-ranging livestock. View of Corumbá at the foot of a 

hillock. Photograph: Antônio Theodorovicz.

The Pantanal plain covers huge areas of Mato Grosso 
and Mato Grosso do Sul, as well as part of Bolivia and 
Paraguay. It encompasses the alluvial plains of the Paraguay 
river and major tributaries, such as Cuiabá, Taquari and São 
Lourenço rivers; large fluvial-lacustrine plains that flood 
periodically, covering much of the Pantanal; and chains 
of low hills or hillocks a few metres above the level of the 
fluvial-lacustrine plains, but which escape the periodic 
flooding (AB’SABER, 1988) (Figure 3.32).

The terrain contains hydromorphic soil (Planosols, 
Gleysols, Spodosols and Vertisols (EMBRAPA, 2001)) and 
its elevation ranges between 100 and 200 m. The most 
notable feature is the occurrence of large depositional 
areas. The Taquari alluvial fan is an excellent example of 
how this sedimentary basin is being filled with sediment. 
To the east, the Pantanal plains are sharply bordered 
by a fault scarp (Maracaju mountain range), where 
the relative relief is between 300 and 400 m. Maracaju 
mountain range marks the western edge of the Brasileiro 
plateau, from which waters drain into the Pantanal. 
The deforestation of the native cerrado to expand the 
region’s exports of agricultural produce has had major 
environmental impacts on the Pantanal because of the 
significant rise in the sediment discharge in the channels. 
When the drainage channels reach the Pantanal plains, 
their velocity and transport capacity drops and they get 
silted up, which exacerbates the effects of the seasonal 
floods.

BIBLIOGRAPHY

AB’SABER, A. N. Contribuição à geomorfologia da área 
dos cerrados. In: SIMPÓSIO SOBRE CERRADO, 1., 1963, 
São Paulo. Anais... São Paulo: EDUSP, 1963. p. 117- 124. 

______. Domínios morfoclimáticos e províncias 
fitogeográficas no Brasill. Orientação. São Paulo: USP-
FFCHL, n. 3, p. 45-48, 1967.
______. Um conceito de geomorfologia a serviço das 
pesquisas sobre o quaternário. Geomorfologia. São 
Paulo: USP-FFCHL, n. 18, 1969. 23 p.
______. Províncias geológicas e domínios morfoclimáticos 
no Brasil. Geomorfologia. São Paulo: USP-FFCHL, n. 20, 
1970. 26 p.
______. O domínio morfoclimático semi-árido das 
caatingas brasileiras. Geomorfologia. São Paulo: USP-
FFCHL, n. 43, 1974. 39 p.
AB’SABER, A. N. The paleoclimate and paleoecology of 
Brazilian Amazonia. In: PRANCE, G. T. (Ed.). Biological 
diversification in the tropics. New York: Columbia 
University Press, 1982. p. 41-59.
______. O pantanal mato-grossense e a teoria dos 
refúgios. Revista Brasileira de Geografia, Rio de Janeiro: 
IBGE, n. 50, Tomo Especial 2, p. 9-57, 1988.
______. Megageomorfologia do território brasileiro. In: 
CUNHA, S. B.; GUERRA, A. J. T. (Eds.). Geomorfologia 
do Brasil. Rio de Janeiro: Bertrand Brasil, 1998. p. 
71-106.
ALMEIDA, F. F. M. Contribuição à geomorfologia da 
região oriental de Santa Catarina. Boletim Paulista de 
Geografia, São Paulo, n. 10, p. 3-32, 1952.
______. The system of continental rifts bordering the 
Santos basin, Brazil. Anais da Academia Brasileira de 
Ciências, v. 48 (suplemento). p. 15-26, 1976.
______.; CARNEIRO, C. D. R. Origem e evolução da serra 
do Mar. Revista Brasileira de Geociências, v. 28, n. 2, p. 
135-150, 1998.
AMADOR, E. S. Baía de Guanabara e ecossistemas 
periféricos: homem e natureza. Rio de Janeiro: Edição 
do Autor, 1997. 548p.
ANDRADE, M. C. O Cariri cearense. Revista Brasileira de 
Geografia, Rio de Janeiro: IBGE, v. 26, n. 4, p. 549-592, 
1964.
ASMUS, H. E.; FERRARI, A. L. Hipótese sobre a causa 
do tectonismo cenozóico na região sudeste do Brasil. 
In: Aspectos Estruturais da Margem Continental Leste e 
Sudeste do Brasil. Rio de Janeiro: PETROBRAS - CENPES, 
1978. p. 75-88. (Série Projeto REMAC, 4).
BIGARELLA, J. J.; FERREIRA, A. M. M. Amazonian geology 
and the pleistocene and the cenozoic environments and 
paleoclimates. In: PRANCE, G. T.; LOVEJOY, T. E. (Eds.). 
Amazonia, Pergamon Press, p. 49-71, 1985.
BONFIM, L. F. C.; CAVEDON, A. D.; RAMALHO, R. 
Projeto Chapada Diamantina. Salvador: CPRM/IBAMA, 
1994.104 p.
COELHO NETTO, A. L. Catastrophic landscape evolution 
in a humid region (SE Brazil): inheritances from tectonic, 
climatic and land use induced changes. Geografia Fisica 
e Dinamica Quaternaria, Italy, v. 3, n. 3, p. 21-48, 1999.



55

ORIGIN OF LANDSCAPES
Marcelo Eduardo Dantas, Regina Célia Gimenez Armesto, Amílcar Adamy

MARCELO EDUARDO DANTAS
Holds a degree combined with a teaching certificate in geography (1992) and a masters in geomorphology and 
geoecology (1995), both from Universidade Federal do Rio de Janeiro. During this period, joined the team of researchers 
at the university’s geo-hydroecological laboratory (GEOHECO/UFRJ), studying topics such as litho-structural control in 
the evolution of relief; fluvial sedimentation; and the impact of human activities on the natural landscapes of the middle 
Paraíba do Sul river valley. Since 1997 has worked at CPRM/SGB as a geomorphologist. Involved in geomorphology, 
geoenvironmental assessment and geodiversity mapping projects in conjunction with the geologists from the GATE/CPRM 
programme. Most significant contributions include: geomorphological map and geoenvironmental assessment of Rio de 
Janeiro state; geomorphological map of the RIDE ecological-economic zone of Brasília; geomorphological study applied 
to the environmental recuperation of the Criciúma carboniferous basin; analysis of river morphodynamics as part of the 
studies for the building of Santo Antônio and Jirau hydropower plants (Rio Madeira, RO). Since 2002 has been assistant 
lecturer in the geography course at UNISUAM. Is currently national coordinator of geomorphology for the CPRM/SGB 
Geodiversity of Brazil project. Full member of União da Geomorfologia Brasileira since 2007.

______. Evolução de cabeceiras de drenagem no médio 
vale do rio Paraíba do Sul (SP/RJ): bases para um modelo 
de formação e crescimento da rede de canais sob 
controle estrutural. Revista Brasileira de Geomorfologia, 
v. 4, n. 2, p. 69-100, 2003.
COSTA, M. L. Aspectos geológicos dos lateritos da 
Amazônia. Revista Brasileira de Geociências, v. 21, n. 2, 
p. 146-160, 1991.
CPRM. Mapa geodiversidade do Brasil. Scale 1:2,500,000. 
Brasília: SGM-MME/CPRM, 2006. CD-ROM [expanded 
legend].
DANTAS, M. E. Geomorfologia. In: SILVA, C. R.; MEDINA, 
A. I. M. (Coords.). Estudo geoambiental do estado do 
Rio de Janeiro. Brasília: CPRM, 2001, 63 p. CD-ROM. 5 
maps: colour., scale 1:250,000.
EMBRAPA. Serviço Nacional de Levantamento e 
Conservação de Solos. Mapa de solos do Brasil. Rio de 
Janeiro: IBGE, 2001. 1 map: colour., 107 x 100 cm, scale 
1: 5,000,000.
HORBE, A. M. C.; HORBE, M. A.; COSTA, M. L.; 
SUGUIO, K. A laterização na gênese das superfícies 
de aplanamento da região de Presidente Figueiredo – 
Vila Balbina, nordeste do Amazonas. In: COSTA, M. 
L.; ANGÉLICA, R. (Eds.). Contribuições à geologia da 
Amazônia. Belém: FINEP-SBG/ NO, v. 2, cap. 5, p. 145-
176, 1997.
LATRUBESSE, E. M.; FRANZINELLI, E. The Holocene alluvial 
plain of the middle Amazon river, Brazil. Geomorphology, 
v. 44, p. 241-257, maio 2002.
MAACK, R. Breves notícias sobre a geologia dos 
estados do Paraná e Santa Catarina. Arquivos de 
Biologia e Tecnologia, Curitiba, v. 2, art. 7, p. 63-157, 
1947.
MAMEDE, L. O significado das coberturas terciárias nas 
chapadas da região centro-oeste. Revista Sociedade & 
Natureza, v. 3, n. 15, p. 26-30. 1996.

PENTEADO, M. M. Tipos de concreções ferruginosas 
nos compartimentos geomorfológicos do planalto de 
Brasília. Notícia Geomorfológica, Campinas, v. 16, n. 
32, p. 39-53, 1976.
PONÇANO, W. L.; CARNEIRO, C. D. R.; ALMEIDA, 
M. A.; PIRES NETO, A. G.; ALMEIDA, F. F. M. Mapa 
geomorfológico do estado de São Paulo. São Paulo: 
Instituto de Pesquisas Tecnológicas do Estado de São 
Paulo, 1981, 2 vol.
PRESS, F.; SIEVER, R.; GROTZINGER, J.; JORDAN, T. H. Para 
entender a Terra. Translated by Rualdo Menegat. 4. ed. 
Porto Alegre: Artmed, 2006. 656 p.
RÄSÄNEN, M.; SALO, J.; KALLIOLA, R. J. Fluvial 
perturbance in the Western Amazonian basin: regulation 
by long-term sub-Andean tectonics. Science, v. 238, p. 
1398-1401, 1987.
ROSS, J. L. S. Os fundamentos da geografia da natureza. 
Geografia do Brasil, EDUSP, 1997, p. 1-65. 
SELBY, M. J. Earth’s changing surface. Oxford: Clarendon 
Press, 1985. 607 p.
SIOLI, H. Valores de pH de águas amazônicas. Boletim 
do Museu Paraense Emilio Goeldi. Geologia, v. 1, p. 
1-35, 1957.
SUERTEGARAY, D. M. A.; BERTE, A. M. A.; BELLANCA, 
E. T; GUASSELLI, L. A.; BASSO, L. A.; VERDUM, R.; 
MEDEIROS, R. M. Atlas da Arenização no Sudoeste do 
Rio Grande do Sul. UFRGS, 1999.
SUGUIO, K.; MARTIN, L.; BITTENCOURT, A. C. S. P.; 
DOMINGUEZ, J. M. L.; FLEXOR, J. M.; AZEVEDO, A. 
E. G. Flutuações do nível relativo do mar durante o 
Quaternário superior ao longo do litoral brasileiro e suas 
implicações na sedimentação costeira. Revista Brasileira 
de Geociências, v. 15, p. 273-286, 1985.
SUMMERFIELD, M. A. Global geomorphology: an 
introduction to the study of landforms. London: 
Longman; New York: Wiley, 1991. 537 p.



56

GEODIVERSITY OF BRAZIL

REGINA CELIA GIMENEZ ARMESTO
Holds a degree in geography from Universidade do Estado da Guanabara (1974), now Universidade do Estado do Rio 
de Janeiro (UERJ), a post-graduate certificate in environmental engineering from Universidade Federal do Estado do 
Rio de Janeiro (1991); a post-graduate certificate in environmental assessment, planning and management from UERJ 
(1992), and a post-graduate certificate in environmental science from Universidade Estácio de Sá (1996). Joined CPRM/
SGB in early 1976, working in the Geology Department until 1985, especially on geological mapping projects. Head of 
the cartography department between 1985 and 1990. Between 1992 and 1996, responsible for geological mapping 
within the Geology Department. Since 1996 has headed the Territorial Management Department, helping to devise the 
CPRM/SGB territorial management programme and taking part in the coordination and supervision of over one hundred 
environmental geology projects across Brazil designed to provide inputs for land management activities. 

AMÍLCAR ADAMY
Holds a degree in geology from Universidade Federal do Rio Grande do Sul, a post-graduate certificate in geological 
photo-interpretation from Bogotá, Colombia, and a masters in regional development and the environment from Fundação 
Universidade Federal de Rondônia. Has experience in geological mapping; geochemical prospecting; metallogeny; mineral 
surveys for gold in Tapaiós valley (Pará); land management in municipalities in the Amazon; the ecological-economic 
zoning of the border region between Brazil and Bolivia; the selection of areas for the disposal of solid urban waste and 
cemeteries; and participation in the geodiversity project. Headed CPRM’s regional office in Porto Velho (1990-1992). 
Representative of the Ministry for Mines and Energy in Rondônia state (1992-1996). Regional Manager of hydrology and 
land management in Rondônia (1996-2008).



57

WATER IS LIFE
Frederico Peixinho, Fernando Feitosa

4 WATER IS LIFE
Frederico Cláudio Peixinho (frederico.peixinho@cprm.gov.br)
Fernando A. C. Feitosa (fernando.feitosa@cprm.gov.br)

CPRM – Geological Survey of Brazil

CONTENTS

The Science of Hydrology ........................................................... 58
Hydrological Cycle ...................................................................... 58
Water Resources ......................................................................... 59
Hydrology and Climate  .............................................................. 59
Surface Water Resources ............................................................ 59
Underground Water Resources ................................................... 61
Water Challenges in Brazil .......................................................... 62
Bibliography ............................................................................... 63



58

GEODIVERSITy OF BRAzIL

Figure 4.1– Schematic diagram of the hydrological cycle (TEIXEIRA et al., 2000).

THE SCIENCE OF HYDROLOGY

Water is a natural resource that is essential for 
the existence of all species on Earth. As an important 
component in the biochemistry of living organisms, it is 
hugely influential on the sociocultural values of peoples, 
forming an integral part of the production chain of many 
different kinds of consumer and intermediate goods. 
Around 70% of the human body is water, and as such 
it exerts a crucial influence on our metabolism.

The use of water by man dates back many centuries, 
and evidence of its importance to humankind can be 
found in ancient cultures. In Egyptian mythology, Osiris 
personified fertility and the creative power of water. 
Meanwhile, the Greeks made offerings to the gods of the 
rivers and springs which, according to Greek mythology, 
were the offspring of the god Oceanus.

The mythological understanding of water conceived 
by ancient peoples started to be questioned when 
the western world proposed its first scientific and 
philosophical conceptions, developed by the Milesian 
school of philosophy. Chief among its founders was 
Thales of Miletus, who held that water was the origin 
of all things. Later, when reflecting on the emergence 
of water, Aristotle (384-322 BC) speculated on the 
correlation between rainwater and groundwater, 
postulating that rivers originated partly from rainwater 
and partly from the moisture in the air inside mountain 
caves, which, upon condensing on the soil, gave rise to 
springs. This philosophical conception is far closer to the 
ideas proposed by modern hydrology.

The etymology of hydrology shows that this science 
studies the occurrence, distribution, movement and 
properties of water in the Earth’s atmosphere, on its 
surface and underground.

The water in a river, lake or ocean can be observed 
by anyone, but the water stored in the atmosphere and/
or underground cannot be observed directly, nor can the 
mechanisms by which it enters and leaves these places 
where it is stored. When water evaporates, it disappears 
into the atmosphere in the form of water vapour; when 
it infiltrates into the ground, we can no longer see it.

The complexity of the processes involved in the 
water cycle make hydrology an interdisciplinary science 
that involves professionals from several different 
areas, including engineers, geologists, agronomists, 
mathematicians, statisticians, geographers and biologists.

HYDROLOGICAL CYCLE

Water is the only substance that is found in nature 
in all three states (solid, liquid and gas) and in all of 
the Earth’s environments: the atmosphere, oceans and 
continents.

But water is not static: it is engaged in a continuous, 
dynamic process of precipitation, runoff, infiltration 
and evaporation, forming a closed system called the 
hydrological cycle (Figure 4.1).

Subsurface flows of water are governed by the 
action of gravity as well as the type and density of 
vegetation cover. In the atmosphere and in bodies of 
water (rivers, lakes, seas and oceans) the cycle is governed 
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Figure 4.2 – Total amount of water on planet Earth

by climatic factors, such as air temperature, winds, 
relative humidity of the air and sunlight (as a function of 
the sun’s radiation), which combine to bring about the 
processes of evaporation that transport huge volumes 
of water vapour into the atmosphere.

Under certain temperature and humidity conditions, 
the water vapour in the atmosphere condenses into tiny 
droplets that form into clouds and are precipitated in the 
form of rain or snow over the oceans and continents.

Part of the precipitation flows over the land surface 
towards the sea, forming a drainage system and bodies 
of surface water that are directly subject to evaporation 
processes.

The rest of the water that precipitates over land 
infiltrates into the soil and in between fractures and 
cracks or through pores in rocks. The water thus 
infiltrated is sometimes retained as moisture in the soil 
or reaches the saturated zone (aquifers), becoming part 
of the groundwater. The water that is retained in the 
soil may be absorbed by plants’ roots then return to 
the atmosphere by transpiration. The water that reaches 
the body of groundwater may return to the surface at 
discharge areas in the form of springs, or as the base flow 
of rivers or lakes, or even flow straight into the oceans.

WATER RESOURCES

There is a total of about 1.37 billion km3 of water 
available in the world. If one was to cover the land surface 
of the USA with this water, it would form a water column 
145 km deep. 

The total volume of water is constant, even if the 
flow from one reservoir to another may vary year on year 
or even over centuries. During these intervals of time, 
which are short from a geological perspective, there is 
no net gain or loss of water in the Earth’s system, nor 
is any water lost from the atmosphere into outer space 
(Figure 4.2).

Although the sheer quantity of water may seem 
impressive at first glance, it is important to realise that 
just 2.8% of this total is fresh water, which is what 
humans need most. In other words, if we imagine that 
all the water on the planet was one litre, then 
there would be just 28 ml fresh water, which 
is very little even if it does total over 38 million 
km3. Taking our analogy further, of the total 
28 ml fresh water, some 21.7 ml (or around 
30 million km3) is not available to man, as it 
is trapped in glaciers, the atmosphere or soil. 
Again, in our analogy, of the one litre of water 
on the planet, the amount that is actually 
available as fresh water to humans is just 6.27 
ml. However, the water that is actually visible 
to man in rivers and lakes sums no more than 
0.1 ml (around 120,000 km3 in real terms), 
some of which may be groundwater.

Population growth, climate change and the reduced 
availability of fresh water caused by environmental 
degradation are some of the factors that have 
contributed towards the current worldwide water deficit, 
forcing water use onto the agenda of public policy 
debate. Brazil has a large inventory of water resources, 
which are distributed unequally if compared to the 
country’s population density (Table 4.1).

HYDROLOGY AND CLIMATE

In many ways, local hydrology (the quantity of water 
in a given region and how it flows from one reservoir 
to another) is more important than global hydrology. 
The factor that has the greatest influence on local 
hydrology is climate, which includes precipitation and 
temperature. In any area, the local climate and geology 
will have a strong influence on the amount of water that 
moves from one reservoir to another. What hydrology 
experts investigate is how changes in precipitation and 
evaporation affect water supplies by altering the flow of 
surface waters and groundwaters. If the sea level rises 
as a result of global warming, the groundwaters in low-
lying coastal areas could become saline as the sea water 
invades the previously fresh-water aquifers.

SURFACE WATER RESOURCES

Precipitation has a strong impact on river discharge, 
with the occurrence of flash floods after torrential rains. 

In humid areas, a greater proportion of precipitated 
water runs into the rivers. The groundwater is mostly 
replenished during rainy seasons, then feeds into rivers 
during dry periods, keeping them flowing even when 
there is no rain. In situations like this, the rivers are called 
perennial (Figure 4.3a).

Meanwhile, where the climate is arid or semi-arid 
and there is very little rainfall, only a small proportion 
of the rainwater is actually transformed into surface 
flows. In these regions, much of the rain infiltrates or 
evaporates, and during droughts the rivers tend to dry 
up, as there is no groundwater to replenish them (base 
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Figure 4.3 – (a) perennial rivers in humid areas; (b) intermittent rivers in dry areas 
(adapted from TEIXEIRA et al., 2000).

(a)

(b)

discharge). In this case, the rivers are called 
intermittent (Figure 4.3b).

A large river can carry huge quantities 
of water from a humid region to a dry 
region. Half of the world’s surface runoff 
derives from seventy large rivers. The largest 
of these, the Amazon river, accounts for 
almost a quarter of all freshwater discharge. 
It carries about ten times more water than 
the largest river in North America, the 
Mississippi.

In Brazil, a country of continental 
proportions with huge physiographic, 
hydrological, environmental, economic and 
social diversity, a National Policy for Water 
Resources (Política Nacional de Recursos 
Hídricos, PNRH) was introduced in 1997, 
which sets down the principles, standards 
and regulations for water management 
in Brazil, bringing it into line with many 
countries across the world. 

This new policy adopts a decentralized, 
participative management model that takes 
account of multiple water uses and different 
ways of sharing the waters, representing 
a major shift in approach not only to 
water management but also towards the 
environment.

One of the most important new 
principles introduced by the policy is the 
concept of a watershed as a territorial unit 
for planning purposes, making it easier to 
match water availability with demand and 
achieve a satisfactory water balance. Another 

Tabela 4.1 – Water balance of the main hydrographical basins of Brazil.

Hydrographical basin Area (km2) Precipitation 
Average

Discharge  
average (m3/s)

Evapo- 
transpiration 

(m3/s)

discharge/ 
precipitation 

(%)

Amazonic 6.112.000 491.191 202.000 291.491 41

Tocantins 757.000 42.387 11.300 31.087 27

North Atlantic 242.000 16.388 6.000 10.388 37

North-East Atlantic 787.000 27.981 3.130 24.851 11

São Francisco 634.000 19.829 3.040 16.789 15

East-North Atlantic 242.000 7.784 670 7.114 9

East-South Atlantic 303.000 11.791 3.710 8.081 31

Paraná 877.000 39.935 11.200 28.735 28

Paraguai 368.000 16.326 1.340 14.986 8

Uruguai 178.000 9.589 4.040 5.549 42

South Atlantic 224.000 10.515 4.570 5.949 43

Brazil (including Amazonia) 10.724.000 696.020 251.000 445.000 36

Fonte: BRAGA et al. (1998).



61

WATER IS LIFE
Frederico Peixinho, Fernando Feitosa

Figure 4.4 – Official division of Brazil into hydrographic areas  
(CONEJO et al., 2005).

Figure 4.5 – Cross-section diagram of underground water (TEIXEIRA et al., 2000).

outcome of the policy was the division of the country into 
official hydrographic areas (Divisão Hidrográfica Nacional), 
which are to be used as the basis for the management 
instruments introduced by the PNRH (Figure 4.4).

The other principles addressed by the policy concern 
multiple water uses, the recognition of water as a 
vulnerable, finite resource, the economic value of water, 
and the adoption of a decentralized, participative water 
management model.

UNDERGROUND WATER 
RESOURCES

The fact that harnessing groundwater 
is cheaper than building dams but the civil 
constructions required for doing so are not 
as photogenic as dams or surface water 
treatment stations is surely the reason 
why groundwater is often overlooked in 
government water management plans. And 
this, despite the fact that most of the Earth’s 
fresh water is underground. 

Underground waters are stored in 
different ways, as illustrated in Figure 
4.5. There are two distinct zones: the 
unsaturated zone and the saturated zone. In 
the unsaturated zone, the voids contain both 
air and water, forming two distinct layers: 
a layer of water in the soil, which reaches 
down as far as the bottom of plants’ roots, 
and an intermediate layer, which stretches 
down from the lower boundary of the moist 
soil layer until the top of the saturated zone.

Water that is underground is only called 
groundwater when it is in the saturated 
zone, where all the void spaces are filled 
with water. A geological formation that 
has the capacity to store and transport 
water is called an aquifer. Geologically 
speaking, there are two main domains where 
groundwater occurs: in crystalline rocks and 
karst systems and in sedimentary rocks. 

In crystalline rocks and karst, where 
there is no primary porosity, water percolates 
into the voids formed by fractures, fissures, 
joints and the dissolution of the rocks, 
forming aquifers of low (crystalline) to 
high (limestone) water storage capacity, 
depending on the size of the reservoirs and 
the voids. In such domains, the water quality 
depends heavily on the climate, giving water 
with a high salt content in semi-arid regions 
and water with high levels of carbonates and 
bicarbonates in limestone areas (hard water).

In areas of sedimentary rock, where 
the geological formations have primary 

intergranular porosity, the water fills the pores 
throughout the rock formation, giving rise to large 
regional aquifers. It is in aquifers of this kind that almost 
all of the some 10 million km3 of groundwater on the 
planet is stored. This water usually has good physical and 
chemical qualities and low levels of total dissolved solids.

Figure 4.6 illustrates the difference between 
how water is stored in crystalline rocks – showing the 
irregularity and heterogeneity of the aquifers and the 
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Figure 4.7 – Hydrogeological provinces in Brazil and their groundwater storage capacity (adapted from TEIXEIRA et al., 2000).

Figure 4.6 – Groundwater in crystalline and sedimentary rock formations (adapted 
from RIBEIRO and FEITOSA, 2000).

existence of voids containing no water – and sedimentary 
rocks, which are continuous and homogeneous. 

Brazil has three large sedimentary basins as well 
as some other smaller ones, which store most of the 
country’s groundwater: Paraná sedimentary basin, 
which includes Guarani aquifer (previously called 

Botucatu aquifer); Parnaíba sedimentary basin, which 
has Serra Grande and Cabeças aquifers; and the Amazon 
sedimentary basin, containing Alter do Chão aquifer.

The map in Figure 4.7 shows the division of the 
country into hydrogeological provinces, i.e. areas with 
similar hydrogeological conditions, mainly because of their 

geology, and also shows the groundwater 
storage capacity of each one.

Table 4.2 shows the storage capacities 
and ranges of flow rates of the wells in 
Brazil’s main aquifers.

WATER CHALLENGES IN BRAZIL

The fresh water produced in Brazil 
amounts to 53% of all fresh water produced 
in South America, and 12% of the world 
total (REBOUÇAS, 1996). Around 80% of 
this water is concentrated in three large 
hydrographic units: the Amazon, São 
Francisco and Paraná.

When addressing the issue of water, 
it should not be forgotten that Brazil has 
large reserves of groundwater that are 
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crucial for water supplies and irrigation in many parts 
of the country.

When it comes to water quality, the shortfalls 
in Brazil’s monitoring systems make it hard to give a 
precise picture of the country’s water quality. Recent 
studies show that the areas with the most critical water 
quality indices (classified as poor and very poor) are those 
nearest the large metropolitan areas, and are mainly 
impacted by domestic wastewaters.

The unequal availability of water in different parts 
of the country, the contamination of surface and ground 
waters especially in densely populated areas, the absence 
or inadequacy of water management instruments and 
water wastage are the main factors that have contributed 
towards the water deficit experienced in many parts of 
Brazil.

Table 4.2 – Groundwater reserves in Brazil and flow rates of wells (REBOUÇAS, 1996)

Aquifer Domain Area  
(km2) Main Aquifer System Reserves (km3) Range of flow 

rates (m3/h)

Outcropping Substrate 600,000 fractured zones (PE) 80 <1-5

Altered Substrate 4,000,000 altered mantle rock and/or fractures 10,000 5-10

Amazonas sedimentary basin 1,300,000
Barreiras group (TQb)

Alter do Chão formation (K)
32,500 10-400

São Luís-Barreirinhas  
sedimentary basin

50,000
São Luis formation (TQ)
Itapecuru formation (Ki)

250 10-150

Maranhão sedimentary basin 700,000

Itapecuru formation (Ki)
Cordas-Grajaú formation (Jc)

Motuca formation (PTRm)
Poti-Piauí formation (Cpi)

Cabeças formation (Dc)
Serra Grande formation (Sdsg)

17,500 10-1,000

Potiguar-Recife sedimentary basin 23,000
Barreiras group (TQb)

Calc. Jandaíra formation (Kj)
Açu-Beberibe formation (Ka)

230 5-550

Alagoas/Sergipe sedimentary basin 10,000
 Barreiras group (TQb)

Marituba formation (Km)
100 10-350

Jatobá-Tucano-Recôncavo  
sedimentary basin

56,000
Marizal formation (Kmz)

São Sebastião formation (Kss)
Tacaratu formation (SDt)

840 10-500

Paraná sedimentary basin (Brazil) 1,000,000

Bauru-Caiuá group (Kb)
Serra Geral formation (Jksg)

Botucatu-Pirambóia-Rio do Rastro 
formation
(Pr/TRp/Jb)

Furnas-Aquidauana formation (D/PCa)

50,400 10-700

Miscellaneous deposits 773,000
alluviums
dunes (Q)

411 2-40

Total 8,512,000 112,000

In this context, if future generations are to be 
assured access to usable water across Brazil, the country 
must engage in promoting effective water management 
measures. It is necessary for a balance to be struck between 
the resources and requirements of each region across 
time by introducing public policies that take an integrated 
approach to the hydrological cycle and schedule actions 
that are informed by current knowledge on water supply 
and demand, helping to set regulatory guidelines and define 
the maximum abstraction capacity of each watershed. 

BIBLIOGRAPHY

BRAGA, B.; ROCHA, O.; TUNDISI, J. G. Dams and the 
environment: the Brazilian experience. Water Resources 
Development, v. 14, p. 127-140, 1998.



64

GEODIVERSITy OF BRAzIL

FREDERICO CLáUDIO PEIxINHO
Holds a degree in civil engineering from Universidade Federal da Bahia (1972), a postgraduate certificate in applied 
hydrology from Universidade Federal do Rio Grande do Sul (1973), an MBA in total quality from Fundação Getúlio Vargas 
(2002), an MBA in strategic information management from Universidade Federal do Rio de Janeiro (UFRJ) (2003) and an 
MBA in environmental assessment from Pontifícia Universidade Católica (2004). Studying for a masters in information 
technology AT UFRJ. Joined CPRM/SGB in 1974. Has coordinated the CPRM hydrology programme since 1975, involving 
surveys, studies and research of surface and ground water resources. Professional in charge of implementing, operating 
and integrating the groundwater information system (SIAGAS) across Brazil and in other countries in Latin America. 
Works in the areas of hydrology, strategic management and information systems.

FERNANDO A. C. FEITOSA
Holds a degree in geology (1982) and a masters in hydrogeology (1990) from Universidade Federal de Pernambuco and is 
currently a doctoral student of hydrogeology at the same institution. Worked at CONESP, ATEPE, ACQUAPLAN, EMATER-
PE and FUNCEME. Headed the hydrogeology department at CPRM/SGB from 2001 to 2007. Currently the executive 
coordinator of the hydrology area. Coordinates the network of hydrogeological studies and research of the semi-arid 
region of Brazil (FINEP/CPRM-UFBA-UFC-UFCG-UFRN-UFPE) (2005-2008). Works in the areas of aquifer assessment and 
management, hydrogeological studies and well building and assessment.

CONEJO, G. L. J; COSTA, P. M.; SILVA, C. A.; BURNETT, 
B. A. J.; ACSELRAD, V. M. Panorama da qualidade das 
águas superficiais do Brasil. Caderno Técnico, Brasília: 
Agência Nacional de Águas, n. 1, 2005.
FEITOSA, F. A. C.; MANOEL FILHO, J. (Coord.). 
Hidrogeologia: conceitos e aplicações. Fortaleza: CPRM; 
LABHID-UFPE, 2000. 391 p.
PRESS, F; SIEVER, R.; GROTZINGER, J.; JORDAN, T. H. Para 
entender a Terra. 4. ed. Translated by Rualdo Menegat. 
Porto Alegre: Artmed, 2006. 656 p. il.

REBOUÇAS, A. C. Diagnóstico do setor hidrogeologia. São 
Paulo: Associação Brasileira de Águas Subterrâneas, 1996. 46 p. 
RIBEIRO, J. A; FEITOSA, F. A. C. Ocorrência de água 
subterrânea em rochas cristalinas: região de Irauçuba, 
CE. Rio de Janeiro: CPRM, 2000. Report (in press).
TEIXEIRA, W.; TOLEDO, M. C. de; FAIRCHILD, T. R.; TAIOLI, 
F. (Eds.). Decifrando a Terra. São Paulo: Oficina de Textos, 
2000. 557 p.
TUNDIZI, G. J. Água no século XXI: enfrentando a 
escassez. São Carlos: Rima, 2003. 247 p.



65

OFFSHORE MINERAL RESOURCES
Luiz Roberto Martins e Kaiser de Souza

5 OFFSHORE MINERAL 
RESOURCES
Luiz Roberto Silva Martins1 (luiz.martins@ufrgs.br)
Kaiser Gonçalves  de Souza2 (kaiser.souza@cprm.gov.br)

1UFRGS – Federal University of Rio Grande do Sul
2CPRM – Geological Survey of Brazil 

CONTENTS

Minerals on the Sea Floor ........................................................... 66
Surface Deposits ......................................................................... 66

Siliciclasts (Sand and Gravel) ................................................... 66
Bioclastic Grains  ..................................................................... 67
Placer Deposits ........................................................................ 69
Phosphorites ........................................................................... 73
Polymetallic Nodules  .............................................................. 75
Cobalt-Bearing Crusts .............................................................. 77
Polymetallic Sulphides and other Hydrothermal  ..................... 78
Other Minerals ........................................................................ 80

Glauconite ............................................................................ 80
Barite  ................................................................................... 81
Organic Mud ........................................................................ 81
Organogenic Ooze  .............................................................. 81

Subsurface Deposits ................................................................... 82
Evaporites ............................................................................... 82
Sulphur ................................................................................... 82
Coal  ........................................................................................ 82
Gas Hydrates ........................................................................... 83

Coastal Areas as a Resource ....................................................... 84
Final Considerations ................................................................... 86
Bibliography ............................................................................... 86



66

GEODIVERSITy OF BRAzIL

MINERALS ON THE SEA FLOOR

The unequal global distribution of mineral 
resources on land, the political sensitivity this leads 
to, and the growing awareness as to the importance 
of protecting and conserving the environment have 
enhanced the future significance of marine minerals, 
as well as oil and gas. Although our understanding of 
how they are distributed and their different categories, 
genesis and abundance is still incomplete, it is growing 
fast, especially when it comes to minerals of economic 
potential in the near term.

Currently, the most important commodity mined 
offshore (except for oil and gas), in terms of both its 
quantity and economic value, is aggregates (sand 
and gravel) for the construction industry, followed 
by tin placer deposits, bioclastic carbonates for soil 
improvement and cement, and phosphate accumulations 
for use in fertilizers. The richly mineralized mud of the 
Red sea is soon to be exploited. The large quantities 
of manganese (polymetallic) nodules also represent a 
potentially valuable source for the world supply of nickel, 
copper, cobalt and manganese. Sulphide accumulations 
mapped in the eastern Pacific are deserving of in-depth 
research, even if new technologies will have to be 
developed before mining them is economically feasible.

The exploitation of marine minerals essentially 
depends on how cost-effective other resources are, 
which is in turn related to the development of low-
cost technologies, the value of the resources and the 
quantities available.

There are many factors that determine where marine 
mineral resources are to be found, chief among which is 
the evolution of the oceans. In other words, the location 
of these minerals is the outcome of different stages of 
ocean evolution.

The stages in question have to do with continental 
drift: at the early stage, the sea floor starts to spread, 
forming a central rift, an example being the Red sea; 
next, the rift widens and a ridge is formed on the ocean 
floor where more ocean crust is constantly being formed, 
expanding out from the ridge and cooling, as is the case 
in the Atlantic ocean; and at a third stage, the ocean 
crust collides with the continental crust and subducts 
below it, as is the case in the eastern Pacific.

Polymetallic sulphides and metalliferous sediments 
are often deposited along the largest fracture zones and 
plate boundaries, on the crest of ridges, during these 
different stages of ocean evolution and during periods 
of island-arc volcanism. These deposits are formed by 
hydrothermal activity, especially in tectonically active 
areas where the seafloor is spreading at a higher rate. 

Manganese nodules are more abundant in areas 
with limited sedimentation and oxidation conditions, 
which is characteristic of large, deep ocean basins such 
as the north-eastern equatorial Pacific.

Meanwhile, placer deposits and aggregates are 
restricted to the continental shelf, their distribution being 
dependent on factors such as proximity to the source 
area on land and recent changes in sea level. Marine 
phosphate deposits only occur on continental margins 
and are associated with upwelling-related phenomena.

The mineral deposits on the ocean floor are either 
unconsolidated, in which case they can be collected 
directly by dredging, or consolidated, for which 
additional energy is required to fragment the deposit 
before it can be collected. Both types can occur on the 
surface or below the sediment-water interface.

Unconsolidated deposits include construction 
materials like gravel and sand, bioclastic material 
(carbonates), titanium-, tin- and gold-bearing placer 
deposits, metalliferous mud, such as is found in the Red 
sea, polymetallic nodules, and siliceous and carbonate 
ooze.

Consolidated deposits can be in the form of strata, 
such as coal and iron, and crusts, such as those found 
on the seamounts in the Pacific ocean which are formed 
of cobalt-rich manganese oxide.

Santana (1999) has summed up current knowledge 
about the occurrence of minerals on the Brazilian 
continental margin and adjacent areas in a map to a 
scale of 1:5,592,000. Further studies undertaken by 
CPRM – Serviço Geológico do Brasil (CPRM/SGB) and 
university research centres have built up this body of 
knowledge with new information about sand, heavy 
metals, carbonates and phosphates.

SURFACE DEPOSITS

Siliciclasts (sand and gravel)

Beaches attract the attention of the public for many 
reasons, including their aesthetic beauty. They are made 
up of sand and gravel, raw materials used in construction 
work, and for many years were indeed the source of 
such materials. 

Fortunately, as the tourist industry has grown and 
despite its impact on coastal areas, new measures have 
been taken to preserve beaches. The steadily growing 
perception of the importance of maintaining dune fields 
to absorb the energy of waves when the sea is rough has 
underpinned government steps to preserve and manage 
them, as well as the whole beach profile. Nevertheless, 
variations in sea level brought about by man-made 
or natural causes have led to serious damage to the 
coastline through erosion. 

These facts are enough to encourage greater interest 
in the sand and gravel deposited on the continental 
shelf, which exceeds in volume and economic potential 
any other non-living resource, oil and gas excepted. 
They are used in the construction industry and in beach 
nourishment programmes such as those conducted 
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by the Minerals Management Service on the eastern 
seaboard of the United States. As they are low-cost 
commodities, they should be mined as close as possible 
to their consumer markets. 

However in certain places, such as off the coast of 
Siberia, the north of Canada, Namibia and north and east 
Australia, their exploitation is not economically feasible. 
Likewise, deposits of sand and gravel that are more than 
200 miles off the coast or beyond the continental shelf 
are not so appealing. 

Sand and gravel production will probably continue 
at sites close to large cities and tourist areas to mitigate 
areas suffering from severe beach erosion. Edisto Beach 
in South Carolina, USA, is one such case, which has 
recorded the extent of the problem and developed a 
nourishment programme; in comparison, Hermenegildo 
beach in Rio Grande do Sul, Brazil, has a similar problem 
but no such beach nourishment plan.

To have an idea of the growing importance of sand 
and gravel, it is estimated that in 1980, just 1.5% of these 
materials were mined from open seas. However, for some 
countries offshore production is very important, like the 
UK, where 25% of all sand and gravel is mined offshore. 
The world’s biggest producer is Japan, accounting for 
some 50% of global aggregates. 

As mining is carried out near the coastline, a 
number of environmental protection measures must 
be taken. In the UK, for instance, dredging is regulated 
and can only be performed in specific areas controlled 
by concessions. Similarly, dredging in the USA is 
coordinated by government agencies, including the 
United States Geological Survey (USGS), the Minerals 
Management Service and the Center for Environmental 
Research and Conservation.

Most dredging is done at depths of up to 45 m, 
but it expected that dredging depths will increase to 
50-60 m in the near future. Sand and gravel can be 
dredged or pumped or extracted by combination of 
both techniques, but always in line with rules designed 
to preserve the marine environment. Governments keep 
mining activities from being too close to the coastline 
in two ways: by passing regulations that either restrict 
the distance from the coast or the depth of the water 
column. In Brunswick, Canada, the minimum distance 
is 300 m, while in Japan, dredging is prohibited at less 
than 4-5 km off the coast. In the UK, offshore mining 
licenses are not granted for waters less than 18 m deep.

Different kinds of damage can be caused to the 
seabed and habitats where sand and gravel are removed. 
The increased turbidity of the seawater may hamper 
the development of shallow-water plants, affecting 
the habitat of certain fish and crustacean species and 
harming commercial and recreational fishing. The 
accumulation of large quantities of mud that often has 
to be removed can asphyxiate plant life and coral reefs. 
Also, the removal of sand and gravel under the uniform 

thickness of large areas destroys bottom-living fauna and 
breeding grounds, triggering the formation of sterile 
areas on the ocean floor that can take years to recover. 

Some techniques have been put forward for 
reducing environmental damage, such as excavating 
ditches on the seabed that are surrounded by unaffected 
areas, creating a variation in the relief that may be 
beneficial to the fish population.

The extensive literature on the topic (e.g. Earney, 
1990) shows that the problems associated with offshore 
mining have been studied in depth by some developed 
nations and some of the potential solutions are now 
well documented. Government-induced methods involve 
undertaking detailed studies of the marine environment 
and its natural processes so that legislation can be 
drafted that prevents irreversible damage to the marine 
environment or to other activities that make use of it, 
especially those devised around the sustainable use of 
living resources.

There are now many studies into the sand stocks 
present on the inner continental shelf that are used for 
the nourishment of eroded beaches, such as one by De 
Amato (1994) addressing the issues affecting the eastern 
continental shelf of the USA, and others by Martins et 
al. (1999, 2005), Martins & Urien (2004) and Martins & 
Toldo Jr. (2006b), which focus on sand stocks in southern 
Brazil and Uruguay. 

Figure 5.1 shows the occurrence of sand and gravel 
on the eastern continental shelf of the United States. 
Figure 5.2 shows the areas of the North sea allocated 
to the UK, the Netherlands, Belgium and France for 
dredging activities by means of concessions granted by 
their respective government agencies under restrictions 
designed to protect the coast and fishing activities. The 
map in Figure 5.3 shows the sand dredging areas in 
the English Channel, while Figures 5.4 and 5.5 show 
photographs of sand and gravel being dredged and 
stored. Finally, Figure 5.6 shows the sand deposits on 
the continental shelf in Rio Grande do Sul.

Bioclastic Grains

Calcium carbonate is mined in the form of 
consolidated reef material or unconsolidated deposits 
in the form of reef or shell accumulations. The mining 
of layers of shells is more common, while coral reefs 
represent good sources of calcium carbonate, but the 
use of non-living or dead corals heightens vulnerability 
to damage by the action of waves and storms.

In the marine environment, the most significant 
research effort has been into oolites, corals, coralline 
algae and shells. The sand of tropical islands with fringe 
reefs is not made of quartz, but of fragments of corals 
made of calcium carbonate, one of the main components 
of cement. Calcium carbonate is also commonly found 
in the form of shells on continental shelves.
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Figure 5.1 – In terms of their volume, sand and gravel are the most important minerals on the continental shelf of the USA (COUPER, 1983).

Figure 5.2 – The North sea, one of the areas with the highest 
volumes of sand and gravel in the world, is divided up amongst the 
coastal nations (UK, Netherlands, Belgium and France) for dredging 

concessions (COUPER, 1983).

Figure 5.3 – Sand dredging areas in the English Channel 
(SUMMERHAYES, 1998).

Figure 5.4 – Gravel being dredged (SUMMERHAYES, 1998). Figure 5.5 – Stocks of offshore sand and gravel before they are 
distributed (SUMMERHAYES, 1998).
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Figure 5.6 – Quartz sand, quartz sand with bioclasts and bioclastic 
sand and gravel on the inner continental shelf of Brazil in Rio 

Grande do Sul state (MARTINS et al., 1999).

The plant to exploit aragonite sand at Cat Cay in the 
Bahamas is one of the largest in the world, producing 
over 37,500 million m3. It supplies certain the USA 
market with calcium carbonate for soil improvement 
and cement.

Marl (a calcareous mudstone) is also dredged off 
the French continental shelf for use in the acidic soils of 
Brittany. The composition of these deposits is similar to 
that of the sands in the north-east of Brazil. The production 
levels are high: between 500 and 700 tons a year.

In a study by Coutinho (1992) of the carbonate-
rich province of the Brazilian continental shelf, 
which stretches from the Pará river (0.5°S) to near 
Cabo Frio (23.5°S), in what is probably the world’s 
longest section of continental shelf that is carpeted 
with carbonate sediments, revealed some interesting 
features of this sedimentation. The carbonate 
sediments on the middle and outer shelf are in the 
form of sand and gravel made of branched, coralline 
algae, concretions, Halimeda segments, molluscs, 
bryozoa and benthic foraminifera.

Mont’Alverne and Coutinho (1992) calculated that 
the size of the deposits could be as great as 1.96 x l0 t 
between the 20 m and 30 m isobaths on the Pernambuco 
continental shelf, assuming a mean thickness of 1.5 m.

Santana (1979, 1999) states that the continental 
margin of Brazil from the north-east downwards until 
Cabo Frio has carbonate-rich sediments with a CaCo3 
content of over 75%. The author estimates that these 
deposits are 5 m on average, giving an estimated total 
stock of 2 x 1011 t, which at the time corresponded to 
over 50 times the estimated land reserves.

The accumulated knowledge about bioclastic 
limestone associated with previous high-energy 
shorelines on the inner continental shelf of Rio 
Grande do Sul (MARTINS et al., 1972) was brought 
together by Calliari et al. (1999), who gives special 
emphasis to Albardão and Carpinteiro, which have a 
combined economic potential of one billion tons (Figure 
5.7). Similar studies of the coastal area of Santa Catarina 
were carried out by Caruso Jr. (1999).

Placer Deposits

Deposits on continental shelves of cassiterite, 
ilmenite, gold and diamonds are formed in the same 

Figure 5.7 – Location of accumulations at Albardão, Parcel do 
Carpinteiro and Mostardas on the inner continental shelf in Rio 

Grande do Sul (CALLIARI et al., 1999).
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way as alluvial deposition. The mineral or gem is 
eroded from the rocks at river springs and carried by 
fast-flowing waters until they diminish in speed, when 
the heaviest particles settle on the river bed, mostly in 
still waters. Periodic floods transport these accumulated 
particles downstream, where they settle once more and 
are covered by other sediment. Beaches the world over 
contain high mineral contents, including diamonds 
(Namibia), gold (Alaska and Nova Scotia) and chromite 
(Oregon).

Physically and chemically resistant minerals are 
concentrated when mineralized rocks are eroded and 
weathered and then accumulated mechanically. These 
minerals may remain in situ or be transported elsewhere, 
where they become concentrated in gravel and sand in 
rivers and on beaches, including native gold, platinum, 
cassiterite (tin), rutile and ilmenite (titanium), magnetite 
(iron), zircon (zirconium), wolframite (tungsten), 
chromite (chrome), monazite (cerium and thorium) and 
precious stones. 

Although deposits of this kind have occurred 
throughout geological time (e.g. gold found in 
Precambrian rocks in South Africa), most are from the last 
65 million years. Some of the most important of these 
are gold in Alaska, titaniferous sand in Florida, Sri Lanka, 
India, Australia and Brazil, tin in Malaysia and Indonesia, 
and magnetite on the beaches of Japan.

Some of the placer deposits encountered on 
continental shelves are in fluvial strata that were 
submerged by the sea between -130 and -150 m over 
the last 18,000 years. Other deposits are formed by the 
reworking of some of these alluvial deposits by waves 
and longshore currents during periods of stable sea levels 
during the Holocene transgression. Other more recent 
accumulations contain eroded material transported 

down-river to the sea and deposited on the beach 
(usually in deltas), or created by the erosion of coastal 
sands containing high concentrations of heavy metals.

The shallow parts of the continental shelf serve 
for the mining of diamonds (Namibia) and cassiterite 
(Malaysia, Indonesia and Thailand – Table 5.1), while 
other ores, including chromite (chrome) rutile (titanium), 
ilmenite (iron and titanium), magnetite (iron), zircon 
(zirconite), monazite (rare earth elements) and sheelite 
(tungsten) have been dredged at different sites in Sri 
Lanka and Australia.

Generally speaking, placer deposits are not found 
very far from the coastline. The environmental problems 
associated with placer mining are akin to those 
associated with sand and gravel exploitation, except for 
the fact that they occur in more restricted geographical 
areas (Figure 5.8).

The potential for the mining of placer deposits 
in open sea is the same as it is in coastal regions. 
The limiting factors are the cost of exploration, the 
obtainment of licenses, compliance with environmental 
regulations, processing technologies and transport costs. 
While some placer deposits, such as those containing 
ilmenite and rutile, are found in many parts of the world, 
alluvial tin, for instance, is only found in a few places, 
like the tin-bearing granites of South-East Asia. There 
are even fewer commercially-viable gold placer deposits, 
while diamond placers are comparatively rare. 

The leading source of marine diamonds is the south 
coast of Namibia. Before 1961, these diamonds were 
obtained by mining terraces to the north of the Orange 
river. Diamonds from weathered kimberlite were carried 
down the Orange river and its tributary, the Vaal river, 
to the coast, where they settled (Figures 5.9, 5.10 and 
5.11) and were later buried in limestone sediments. 

Table 5.1 – Relationship between depth and mode of occurrence of unconsolidated marine minerals

Mineral
Depth Mode of Occurrence

0-30 m 30-200 m Beaches Submerged 
Beaches

Submerged  
Water Courses

Surface  
Sediments

Ilmenite X X X X

Rutile X X X X

Zircon X X X X

Monazite X X X X

Titanium X X X

Tin X X X

Gold X X X X X

Platinum X X X X

Diamond X X X X

Iron X X X X X

Sand X X X X X X

Gravel X X X X X X
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Figure 5.8 – Occurrence of heavy metal placer deposits in a coastal zone and on 
the adjacent continental shelf

Figure 5.9 – Areas of southern Africa licensed for exploration and mining, 
showing bathymetry and main operational areas (GARNETT, 1999b)

Many diamonds were also carried northwards by strong 
currents and eventually accumulated in the sand and 
mud on the continental shelf. The offshore mining of 
these diamonds in waters up to 35 m deep began in 
1961 and continued for a decade, when it ceased to be 

economically feasible for most of the mining companies 
and they shifted their operations to the inner continental 
shelf. Production in shallow inner parts of the continental 
shelf continued, with independent operators using 
small boats or pumping the material onto the beach. In 

1996, a total of 90,000 carats of diamonds 
was produced. After 1971, large mining 
companies started deep-water exploration, 
and in the following twelve years they found 
commercially-viable diamond-bearing gravel 
in the mid continental shelf in waters up to 
200 m deep. These deposits were exploited 
using new techniques developed in the 
1990s. 

In 1990, De Beers Marine produced 
29,195 carats from the mid continental 
shelf, with production rising to 470,000 
carats in 1996, when it accounted for a third 
of Namibia’s total diamond production. In 
1997, diamond exploration in Namibia and 
South Africa reached as far as the 500 m 
isobath. Studies revealed that the diamond-
bearing strata off the Namibia and South 
African coast derived from the complex 
interaction of high-energy fluvial, marine 
and aeolian processes operating on the west 
coast at least since the Oligocene.

Diamond sampling missions have been 
carried out on the continental shelves of 
Angola, Sierra Leone, Indonesia, Australia 
(Bonaparte gulf and Gulf of Carpentaria), 
Russia (White sea and Azov sea) and Canada 
(Coronation gulf).

The diamond deposits off the Namibian 
and South African coast derive from the 
kimberlite rocks, hundreds of miles inland, 
which were eroded and then transported 
as sediment down-river to the ocean. A 
combination of coastal currents, strong 
winds and the action of high-energy waves 
during periods of considerable change in 
the sea level concentrated the diamonds 
in former shorelines and other coastal 
geological features. 

The gravel in these areas forms a 
fixed sheet over the irregular bedrock, 
and is found in parts of the inner and mid 
continental shelf along the Namibian and 
South African coast.

Gold-bearing placer deposits are 
encountered in coastal areas of South 
Africa, Alaska, northern Canada, Siberia and 
the Philippines. Both gold and diamonds 
become less abundant as the distance 
between the source rock and the deposit 
increases. It is therefore unlikely that 
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Figure 5.10 – Typical features of the diamond accumulation in the 
internal platform (Garnett, 1999b).

Figure 5.11 – Lithological profile of diamond-bearing inner 
continental shelf (GARNETT, 1999b).

commercially feasible quantities will be found beyond 
the upper continental slope.

Alaska’s gold deposits (Figure 5.12) originate from 
a unique combination of (a) primary mineralization, (b) 
glaciation, (c) repeated faulting along the shoreline, (d) 
changes in sea level, and (e) a coastline that is totally 
unprotected from high-energy marine conditions. The 
current-day concentrations are the outcome of a set 
of factors: the primary gold deposits were eroded by 

glaciation and redeposited as side and terminal moraines. 
The glacial debris containing the gold particles was 
subject to repeated faulting along a climatically exposed 
shoreline and changes in the sea level (GARNETT, 1999a).

Mining activities started on the beaches, later to 
extend inland towards former beach areas. Along the 
coast, most of the gold is concentrated where there 
is a veneer of relict gravel deposits overlying glacial 
drift material. Marine deposits have been sampled by 
augering holes in the ice that covers the sea most of the 
year. The climatic conditions and Alaska’s geographical 
position are the factors that raise the cost of mining 
these deposits, but with new technologies, commercial 
interest could increase (COUPER, 1983).

There are concentrations and occurrences of heavy 
metals along the coast of Brazil from Piauí to Rio Grande 
do Sul, both onshore and offshore. Ilmenite, rutile, 
monazite and zircon are mined onshore in Paraíba, Bahia, 
Espírito Santo and Rio de Janeiro, with especially high 
concentrations in Cumuruxatiba (Bahia) and Itabapoana 
(Rio de Janeiro).

The Curumuxatiba reserve contains 171,000 tons 
of ilmenite, 4,000 tons of monazite, and 365,000 tons 
of zircon and rutile (SANTANA, 1999).

Studies of the coastal area of Rio Grande do Sul 
were begun by Villwock et al. (1979), developed further 
by Munaro (1994) and compiled by Caruso Jr. et al. 
(1999) (Table 5.2).

Most of the accumulations are along the modern 
coastline and are usually elongated and run parallel or 
sub-parallel to the shoreline, measuring 30-100 m in 
width and up to 18 km long. There are other deposits 
in Holocene dune fields covering Pleistocene terrains.

One place where alluvial placer deposits are being 
exploited is South-East Asia. In this case, the deposits 
contain cassiterite (SnO2) which was released from hard 
rocks (usually granite) by weathering in recent geological 
times (Figure 5.13).

The cassiterite was transported by a combination 
of gravity and running water until it formed an alluvial 
deposit. The mining operations are mostly in shallow, 
sheltered estuary areas or on the inner continental 
shelf. South-East Asia is one of the world’s largest tin 
producers, deposits of which are found across 2,900 
km stretching from the north of Burma, across the Thai 
peninsula, to western Malaysia and the Indonesian 
islands of Bangka, Belitung and Singkep. Around 7% 
of the global tin production comes from the open sea. 

In Indonesia, primary tin deposits are found in 
granite on land. Heavy minerals (including cassiterite) 
were transported, deposited and concentrated during 
the Quaternary in river valleys as natural traps, stretching 
out to sea. Currently tin is only mined in waters up to 
50 m in depth, but the deposits at greater depths may 
be mined in the future. There is an estimated 1.6 million 
tons of tin in Indonesia, 40% of which is offshore.
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Figure 5.12 – The beaches of Nome, Alaska, have been known for their gold 
since the nineteenth century (COUPER, 1983).

Figure 5.13 – Indonesia is one of the main parts of the world where offshore 
placer deposits are mined 

The current status of the exploration and exploitation 
of industrial minerals and placer minerals in coastal 
waters and in open sea is summarized in Table 5.1.

There are also cassiterite extraction projects in St. 
Ives, Cornwall, UK, and on the Seward peninsula, Alaska.

Phosphorites

Phosphorites occur primarily on the continental 
shelf and the upper continental slope in many parts 

of the world, but most deposits have low 
phosphorous content and are not very 
thick (BURNETT and RIGGS, 1990). Detailed 
seismic surveys of the continental shelf of 
North Carolina and on Blake plateau off the 
Florida coast have shown them to contain 
commercially-viable concentrations that are 
10 m thick. Plants have also been built in 
southern California to mine phosphorite 
modules. The phosphorite deposits of 
Chatham Rise in eastern New Zealand 
have been studied in detail, leading to the 
estimate that there are between 30 and 100 
million tons of phosphate rock containing 
potassium-rich glauconite associated to 
the phosphorite. No studies have yet been 
done to establish the environmental impact 
of phosphorite mining at depths of greater 
than 700 m.

The term “phosphorite” is normally 
used to refer to a sedimentary deposit 
composed primarily of phosphate minerals 
(Figure 5.14). Phosphorite extraction is, 
however, often curbed by economic factors 
such as market price and extraction costs. An 
attractive option for regions that are poor in 
phosphate is to explore offshore deposits.

Phosphorites composed of calcium and 
fluorapatite can be found in a variety of sizes, 
from sand-sized grains to boulders, and are 
described in the literature as occurring on the 
continental margins of Mexico, Peru, Chile, 
Australia, the USA and western Africa, some 
having attracted commercial interest. 

Santana (1979) notes that in Brazil 
there are phosphate-bearing rocks in Ceará’s 
guyot that contain up to 18.4% P2O5. Klein 
et al. (1992) give a preliminary description of 
the presence of phosphate nodules on the 
continental margin of Rio Grande do Sul.

In Agulhas bank off the coast of South 
Africa, nodular phosphorite was identified 
by dredging during the Challenger mission 
(1872-76); other discoveries were later 
identified and described. It is most commonly 
found on continental margins and in the 

upper continental slope at depths of less than 500 m, 
with most deposits between latitudes 40°N and 40°S. 
It has also been discovered in high topographies, such 
as seamounts, guyots, elevations, crests and plateaus, 
especially in the west Atlantic.

The nodular phosphorite deposits at Chatham Rise 
have been traced along 480 km of the crest of the rise. 
The largest accumulation is near the 180° meridian at a 
depth of 350 to 450 m. The nodules measure 2-4 cm in 
diameter and are made up of phosphatized foraminiferal 
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Table 5.3 – Mining of industrial and placer minerals in coastal waters and open sea (HALE and MCLAREN, 1984)

Mineral Country Current Status

Industrial minerals
A. Dependent on texture: sand and gravel 
(aggregates)

Canada, Cuba, Denmark, France, The 
Netherlands, Japan, Nigeria, Sweden, the 

USA, the UK

Offshore mining and prospecting 

B Dependent on composition: calcium carbo-
nate (cement, agriculture)

the Bahamas, Cuba, Denmark, Fiji, France, 
Kenya, China, the UK, the USA, Mauritania

Current offshore mining

Sand (high purity silica) Finland, Canada, New Zealand Beach mining
Offshore mining/prospecting

Mineral placer deposits
Cassiterite (tin)

Indonesia, Thailand, USSR, UK, New Zea-
land, Australia

Open sea mining
Pilot-scale mining in open sea

Open sea exploration

Chromite (chrome) USA, Mozambique Open sea and beach exploration

Diamonds Namibia Open sea exploration

Gold Canada, New Zealand, Philippines, USA, 
USSR, Fiji, India

Open sea and beach exploration

Iron-bearing sands Brazil, Fiji, South Africa, Japan, Australia, 
New Zealand, USA, Philippines, Mozambi-

que, India, Sri Lanka

Beach mining
Open sea exploration

Previously open sea exploration
Previously beach and open sea exploration 

and mining

Monazite (rare earth elements and thorium) Australia, Brazil, S.W. India, Sri Lanka

Phosphorite (phosphorous) Australia, Mexico, New Zealand, USA Open sea exploration
Beach mining

Platinum USA Beach and open sea mining

Rutile Australia, Brazil, S.W. India, Sri Lanka, 
Canada

Beach and open sea mining

Zircon Sri Lanka, Canada, Australia, Mozambique Beach mining
Offshore exploration

Previously beach mining
Beach mining, offshore beach mining

Offshore exploration

Table 5.2 – Reserves of heavy metals in the Bujurú region (RS) (MUNARO, 1994)

Site Thickness (m) Volume Tons % Content

Strait 2.92 46,790,000 74,864,000 3.22 2,412,040

Bujurú 3.62 35,638,000 72,060,000 4.59 3,309,062

north Bujurú 3.34 49,219,000 78,750,400 4.74 3,729,000

Total 3.29 131,647,000 225,675,200 4.19 9,450,240

Reserve 1.32 22,847,000 40,280,000 3.52 1,419,358



75

OFFSHORE MINERAL RESOURCES
Luiz Roberto Martins e Kaiser de Souza

Figure 5.14 – Phosphate carbonate containing 15-18% P2O5 dredged from the 
Moroccan continental shelf (maximum dimension: 12 cm). It is a conglomerate 
of fragments of phosphatized limestone within a phosphorite matrix which also 
contains sand-sized grains of glauconite that are dark green to black in colour 

(SUMMERHAYS, 1998).

limestone from the Lower and Middle Miocene. They are 
associated with greenish glauconitic muddy sands that 
cover a white foraminiferal ooze from the Oligocenic. The 
nodules are olive-grey, have a smooth, polished surface 
and contain 15-25% P2O5 (Figure 15B).

Phosphorites are also a major presence at Agulhas 
bank, an area that has attracted great interest over 
the years. A wide variety of phosphorites have been 
identified, but the ones that are most widespread and 
occur in the highest concentrations are phosphate-
bearing organic limestones made mostly of microfossils, 
planktonic foraminifera and phosphatic conglomerates 
containing fragments of these limestones in a matrix of 
glauconite, microfossils and quartz sand, all cemented 
with apatite. These phosphorites can be correlated 
with long outcrops of limestone dating from the Lower 
Miocene / Pliocene found along the middle and outer 
continental shelf of north-eastern South Africa. A third 
variety of a similar mineralogical composition consists 
of phosphatic conglomerates with a variable mixture of 
nodules with microfossils and bone fragments, which 
occur along the long outcrop of Palaeocene sediments 
in the inner part of Agulhas bank parallel to the coast 
to the south of the cape. Phosphorite samples from 
Agulhas bank show that it contains around 15% P2O5 
(Figure 15C).

Nodular phosphorite was first identified in 
California when it was dredged by Scripps Institution of 
Oceanography in 1937. Currently, it is known to exist 
between Point Reyes, to the north of San Francisco, until 
the Gulf of California at depths varying between 60 

and 180 m at a distance of a few kilometres 
off the coast to the edge of the shelf. A 
large number of individual deposits – over 
thirty – have been identified in southern 
California, ten of which have been selected 
for more detailed study. Estimates put the 
volume of nodules at 50 Mt, with a further 
12.5 Mt of phosphate sand, with P2O5 levels 
varying between less than 1% and 31.4%. 
The phosphate sand in Santa Monica bay 
is of particular interest as it has been found 
in relatively shallow waters (55 m) (Figure 
15.15 A).

Polymetallic Nodules 

After peaking in the 1970s, interest in 
the exploration and exploitation of minerals 
in deep waters declined sharply as existing 
technologies were too costly to make them 
economically viable. 

Following this period, economics ruled 
and technology played a supporting role. 
Demand for nickel, for instance, mostly for 
the production of stainless steel, grew rapidly 

in the last decade of the century in line with the rapid 
industrialization of China, India and other developing 
nations. Figure 5.16 shows the pace at which China’s 
consumption of nickel increased in this period. 

Cobalt is also in increasing demand as it is used in 
batteries to obtain higher energy density. Meanwhile, 
demand for copper is mostly fed by the world’s growing 
auto industry. 

Polymetallic nodules are normally encountered at 
great depths (around 4,000 m) in ocean basins; they 
are not commonly found in shallow waters. They are 
abundant in the north Pacific (Santana, 1999), making 
this the most economically attractive region for future 
mining (Figure 5.17). The German Federal Institute 
for Geosciences and Natural Resources submitted an 
application to the International Seabed Authority (ISA) 
for a contract to explore an area containing polymetallic 
nodules between the south-east of Hawaii and the 
south-west of California. This is the first contract of its 
kind, in an area where the ISA estimates that the mean 
concentration of nickel, copper and cobalt is between 
2.5% and 3.0% (BLISSENBACH, 1979).

There are a few reasons why the Atlantic contains 
lower concentrations than the Pacific. With an area that is 
three times smaller, the Atlantic receives a comparatively 
higher volume of terrigenous sediments, which are 
transported via turbidity currents and other gravitational 
flows to the abyssal region in an intense, continuous 
sedimentation rate, generating an environment that is 
generally unpropitious for the occurrence of diagenic 
reactions required for the development of nodules.
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Figure 5.15 – Main phosphorite deposits in the world: (A) California; (B) Chatham Rise; (C) Agulhas Bank (COOPER, 1983).

The major difference between the nodules from 
the Atlantic and those from other oceans is their high 
manganese and iron content, probably because of the 
relatively higher contribution of terrigenous sediment 
and the high iron content of these sediments. 

In Brazil, Santana (1999) has reported on a dredging 
campaign undertaken on the Pernambuco plateau at 
depths of between 1,750 and 2,200 m, which recovered 
150 kg of material, mostly polymetallic nodules measuring 

between 2 cm and 12 cm in diameter that were highly 
spherical and had a dense metal covering.  About 90% 
of these nodules had a phosphatic core with concentric 
0.5-0.7 cm-thick layers. Their composition is variable, 
containing 28% P2O5 in the core, and 20-30% manganese, 
30% iron, 0.6-1.5% cobalt, 0.04-0.23% copper, 0.08-
0.53% lead and 0.12% metallic zinc in the concentric 
layers. The map presented by the author shows other 
occurrences in the exclusive economic zone (EEZ).
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Figure 5.16 – Primary and indirect consumption of nickel in China 
between 1990 and 2000 (ANTRIM, 2005).

Figure 5.17 – Clarion-Clipperton Fracture Zone and area where nodules occur, showing the distribution of nickel and copper 
in comparison with the Indian ocean and north and south Pacific (COOPER, 1983).

In the Clarion-Clipperton Zone in the north-eastern 
tropical Pacific, between Hawaii and California, there are 
major deposits of polymetallic nodules. The presence 
of the metals in the deposits has been attributed to 
two sources: undersea volcanoes and terrigenous 
material supplied by the rivers of North and Central 
America. The nodules contain significant quantities of 
manganese, nickel, copper and cobalt (Figure 5.18). The 
concentrations of nickel and cobalt in the north Pacific 
nodules are shown in Figure 5.19.

Morgan (1999) sums up current knowledge on the 
region’s potential, estimating stocks to be in the region 
of 7,500 million tons of manganese, 340 million tons of 
nickel, 2.65 million tons of copper and 780,000 tons of 
cobalt. The author estimates that the area bearing these 
metals covers nine billion km2 and contains around 34 
billion tons of manganese nodules.

Jauhari and Pattan (1999) carried out a detailed 
study into the central basin of the Indian ocean (Figure 
5.20). A study of a similar nature was undertaken by 
Stackelberg (1999) on the polymetallic nodules in the 
Peru basin.

Cobalt-Bearing Crusts

These are actually manganese crusts that are 
enriched with cobalt, which tend to occur in many 
regions on hard substrates, such as basalt. Normally 
found on seamounts where there is a modest influx 
of sediment, these deposits are attracting attention as 
a potential source of manganese and cobalt. The best 
deposits encountered thus far in seamount chains at 
different depths are in the central and eastern parts of 
the Pacific ocean and in the Indian ocean.

They are normally associated with polymetallic crusts 
formed of manganese and iron oxides which incorporate 
other metals in their structure. 
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Figure 5.18 – Nickel and cobalt concentrations in nodules from the north Pacific 
(COOPER, 1983).

Figure 5.19 – Concentration of polymetallic 
nodules in the north Pacific (HORN et al., 

1972).

They are associated with exposed 
surfaces of the ocean floor and the slopes 
of seamounts. In some areas, the crusts 
contain such high levels of cobalt that they 
are called cobalt-rich crusts. Cobalt-rich 
ferromanganese crusts in the Pacific ocean 
were studied by Hein et al. (1999).

Polymetallic sulphides  
and other hydrothermal  
deposits

The first massive sulphide deposits 
(Figure 5.21) were identified on the East Pacific 
Rise in 1978, in an area of volcanic fissure 
vents with considerable hydrothermal activity 
near the divergent boundary. The deposits 
are almost cylindrical in shape, measure 3 to 
10 m high and 5 m in diameter and appear 
in different colours: ochre, grey, brown and 
red. Marchig (1999) helped develop a greater 
understanding of hydrothermal activity 
along the East Pacific Rise and the associated 
mineral occurrences. 

Samples gathered from this area show 
high concentrations of iron, zinc and copper 
sulphides. Other mineralized areas have been 
discovered, including several between the 
Galapagos islands, Ecuador and Juan de Fuca 
Ridge, off the coast of Oregon, USA.
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Figure 5.20 – Occurrence of iron-manganese nodules in the Indian 
ocean basin (JAUHARI and PATTAN, 1999).

Figure 5.21 – Metalliferous deposits (iron, manganese) and associated sulphides, oxides, silicates and barites (COOPER, 1983).

Before an assessment of the economic potential 
of the mineral deposits can be made, more detailed 
exploration is required. Recent data (2006) indicate 
that there are commercially-feasible amounts of metal 
ores in the sulphide deposits, polymetallic crusts and 
polymetallic nodules (Table 5.3) and in the most varied 
areas of the deep ocean (Figure 5.22).

The hydrothermal activity in the Red sea (Figures 
5.23 and 5.24) is linked to the divergent movement of 
the African and Arabian plates and subsequent formation 
of new oceanic crust. The formation of hydrothermal 
deposits is enabled by two factors:

• formation of new oceanic crust in a relatively small 
area (isolated depression);

• occurrence of brine, which helps preserve 
hydrothermal deposits, resulting in iron, manganese, 
sulphate and sulphide-bearing sedimentary facies.

There deposits are unique compared to other cases 
of metalliferous mineralization at divergent boundaries 
for their high concentrations. 

Sholten et al. (1999) undertook a detailed investigation 
of different sedimentary facies, characterizing them as 
goethite, haematite, sulphide and normal. The study 
gives a good overview of the complexity of the mineral 
deposits in the area.

Metalliferous mud was first discovered in the 
Red sea in 1963. Although subsequent investigations 
showed that there are several deposits associated with 
hot brine, the only one of commercial interest is in 
the Atlantis II depression. All the deposits are in the 
central and northern parts, and are formed of fine, 
stratified, multicoloured sediments of widely varying 
chemical content. There are high concentrations of zinc 
(6%), copper (1%) and silver (100 ppm) in the form of 
sulphides, oxides and silicates. The Atlantis II depression 
covers approximately 60 km2. The metalliferous mud 
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Figure 5.22 – Metals contained in deep-water deposits 
in different regions 

Figure 5.23 – Multicoloured layers representing different mineral 
deposits from the metal-rich brine in the Red sea: a) greenish-grey 

section, 125-145 cm thick, formed of organic-detrital sediment 
(foraminifera shells made of magnesium-rich calcite) and a finely 

layered mixture of this sediment with iron sulphide on the top and 
bottom; b) reddish-brown and yellow layer, 125-165 cm thick, 

containing an orangey-yellow mixture of goethite and amorphous 
limonite (SUMMERHAYES, 1998).

(a) (b)

Table 5.3 – Value of commercially-feasible metals contained in sulphide deposits, polymetallic crusts and polymetallic nodules 

(ANTRIM, 2005) (August 2006, $/ton)

Polymetallic Sulphides Cobalt-Bearing Crusts Polymetallic 
Nodules
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Nickel 6.771 $0.00 $0.00 $0.00 $0.00 $38.70 $36.58 $36.35  $20.48 $86.67

Copper 1.652 $84.25 $33.04 $522.02 $67.73 $1.75 $1.78 $1.77 $2.51 $16.85

Cobalt 15.198 $0.00 $0.00 $2.43 $0.00 $119.88 $96.84 $114.50 $50.85 $36.48

Lead 969 $11.63 $111.45 $0.00 $1.94 $1.74 $1.72 $0.72 $1.00 $0.44

Zinc 881 $133.04 $162.11 $0.35 $103.08 $0.76 $0.60 $0.59 $0.45 $1.23

Titanium 7.770 $0.00 $0.00 $0.00 $0.00 $85.47 $59.83 $77.70 $69.93 $41.18

Silver 145.189 $28.31 $401.59 $0.00 $20.33 $0.00 $0.10 $0.00 $0.58 $0.00

Gold 9.797.042 $28.41 $37.23 $0.00 $11.76 $0.00 $0.00 $0.00 $0.00 $0.00

Total worth of commercial 
metals

$285.64 $745.42 $524.80 $204.83 $248.30 $197.45 $231.62 $145.80 $182.84

is 2,000 m below sea level and is between 2 and 25 
m thick. It is covered with 200 m of dense brine with 
temperatures as high as 62°C. This suggests that 
hydrothermal activity is still depositing such metals. 
The depression is in the EEZ of Sudan and Saudi Arabia. 
A joint commission was created to administrate and 
exploit it (COUPER, 1983).

Other Minerals

Glauconite

Glauconite is a hydrous silicate of potassium, 
iron or aluminium that can be found on continental 
margins. Most marine geochemists agree that it is an 
authigenic substance produced at the sediment-water 

interface. Some authors hold that it is the product of 
marine weathering, which does not rule out its being a 
component of the phase known as halmyrolysis, or early 
diagenesis. It is normally associated with terrigenous 
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Figure 5.24 – Metalliferous mud from the Red sea

sediment and contains 2-9% KO2, serving as a source of 
potassium for fertilizers.

It has been described along the continental margin 
of the USA (California), South Africa, Australia, Portugal, 
New Zealand, the Philippines, China, Japan and Scotland.

The individual grains of glauconite found in marine 
mud rarely exceed 1 mm in diameter, although on 
occasion they are found as agglomerates in nodules 
several centimetres in diameter, cemented by phosphatic 
material. Typically, glauconite grains are rounded and 
dark green in colour; they often replicate the form and 
appearance of foraminifera shells. 

Authigenic sediments are often the outcome of 
processes related to high organic productivity and 
high levels of organic matter in marine sediments. 
These minerals, such as phosphorites and glauconites, 
are known to be formed in areas of high productivity 
sustained by upwelling.

In Brazil, the first studies into glauconite availability 
were published in the 1970s, reporting its presence in 
surface and core samples.

Barite

Barite has been encountered in concretions in the 
vicinity of Colombo, in the Indian ocean, at concentrations 
of around 75% barium sulphate. It has also been 
described in California, at 304 m. Generally speaking, 

it is usually well distributed amongst marine 
sediments, and is often found in conjunction 
with biogenic sediments, usually as individual 
grains. There are many conflicting theories as 
to its origin, including hydrothermal sources 
and biogenic activity. 

Organic Mud

Organic mud is found in a variety of 
coastal regions. It is normally material that 
has eroded from adjacent continental areas in 
small basins. Sediment of this kind is normally 
well preserved in view of the reduction 
processes and the absence of accumulation 
in these basins. 

Some authors have suggested that 
organic mud can be used as a fertilizer. 

The sediment from the Santa Barbara 
basin off the coast of southern California 
contains around 4% organic matter. 

It is not infrequent for metal sulphides to 
occur in the presence of reduction processes, 
especially pyrite.

Organogenic Ooze

Deep on the ocean floor, there are 
deposits of material of biogenic origin known as 
organogenic ooze. Some of these deposits have economic 
potential, but hardly any have been explored because of 
the depths involved. There are two predominant types 
whose occurrence is dependent on latitude: calcareous 
ooze (usually formed from foraminifera, genus 
globigerina) and silica ooze (diatoms and radiolaria).

Globigerina ooze contains up to 99% calcium 
carbonate, and is found across 128,000,000 km2 of the 
ocean floor (36% of the total). The layer of ooze can be 
as much as 400 m thick, and it is estimated that there 
is something in the region of one trillion tons in total, 
assuming an average thickness of 200 m.

Calcareous ooze occupies the ocean floor in 
tropical and subtropical regions above the carbonate 
compensation depth.

Silica ooze is found on the ocean floor at great depths, 
below the carbonate compensation depth. Although its 
silica content is very high, the depth at which it occurs is 
a major hurdle against its commercial exploitation. 

Sand composed primarily of quartz grains is a 
potential source of silica suitable for glassmaking, 
and also for some kinds of smelting. Several cycles 
of reworking on the original material are required to 
produce a high-quality, pure substance. Although there 
are sizeable deposits in Finland and Canada, most of the 
high-quality deposits seem to be limited to great depths 
and over extensive regions. 
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SUBSURFACE DEPOSITS

Evaporites

The evaporites found along Brazil’s continental 
margin are of Aptian age, and include anhidrite, 
gibbsite, halite, potassium and manganese salts. The 
deposits extend from the Alagoas basin to the São Paulo 
plateau. Santana (1999) shows the offshore boundary 
of the evaporite basins using seismic reflection and 
refraction profiles supplemented by drilling data. The 
widest point of the evaporite basins is off the coast 
of Santos, where it extends out 650 km from the São 
Paulo plateau. 

The salt deposits are either in the form of strata, 
or in domes or pillows; the strata are found at the 
north and south ends of the evaporite basin. In the 
Sergipe and Alagoas basins, which both contain salt 
strata and pillows, potassium and magnesium salts 
(carnallite and silvite) have been identified at 3,000 
m deep with thicknesses ranging between 15 m and 
50 m. On the same map, Santana (1999) identifies 
salt domes containing very pure halite in Barra Nova, 
Espírito Santo. This, along with the domes identified to 
the north of Abrolhos and Mucuri (Bahia), could be of 
real economic interest, as they are relatively shallow and 
not too far from the coast. As the extraction processes 
are familiar and not too costly, these salts could be of 
great economic benefit. 

Barra Nova has seven domes 30-50 km offshore at 
depths of 30-55 m. One of them is almost outcropping 
while the others are at depths of between 106 and 
900 m. Mucuri has two domes whose tops are almost 
outcropping and another whose top is 800 m deep. They 
are all between 20 and 25 km offshore and are covered 
by a 20-25 m water column.

Sulphur

Basins containing hydrocarbons tend to also have 
sulphur deposits. They are either formed in strata or 
present in salt dome cap-rock. It is therefore highly 
likely that there are sizeable deposits of sulphur on 
the Brazilian continental margin, given the presence 
of large evaporite basins. Santana (1979) notes that at 
the time of writing there were two projects – “Sulphur 
on the Continental Shelf” and “Sulphur in the Espírito 
Santo Evaporite Basin: emergent parts” – that had been 
prepared but had not been taken forward because of 
drilling technology difficulties and a shortage of funding. 
Shortly before, Petrobras had announced the discovery 
of sulphur-rich strata in basins from Sergipe to Espírito 
Santo.

Based on seismic sections, gravimetric maps and 
boring campaigns (ROCHA, 1975), 21 structures were 
selected as being likely to contain sulphur in their cap 

rocks. With their location at the mouth of Doce river and 
therefore in the submerged parts of Espírito Santo basin, 
where sulphur has been identified, it is possible that this 
element is indeed present in their cap rocks.

Sulphur can be formed by reducing sulphate from 
its anhydrous form to hydrogen sulphide by the action 
of bacteria in the presence of hydrocarbons and the 
subsequent oxidation of the gas to release the sulphur. 

Former studies by CPRM/SGB in the area around the 
Janaína, Yemanjá and Mucuná domes were promising 
but were ultimately dropped because of technical and 
financial difficulties.

In the north of Abrolhos, there are three domes 60 
to 70 km off the coast at depths of 20-30 m; the dome 
tops are at 300 m.

At the mouth of Doce river, there are seven domes 
– Yemanjá, Janaína, Yara, Inaê, Mucuná, Rio Doce Norte 
and Rio Doce Sul – between 30 and 50 km off the coast 
in an area where the water is 30 to 70 m deep. The top 
of the salt in the first five of these is at 270 m, 300 m, 
750 and 800 m, respectively, while the top of Rio Doce 
Norte is covered by 15 m of water. The details of Rio 
Doce Sul have not been reported.

Coal

The UK, Japan, Canada and Australia all have major 
coal deposits on their continental shelves, which are 
generally formed of long seams stretching out from the 
adjacent mainland. To give an idea of the magnitude of 
these deposits, some 30% of Japan’s coal output and 
10% of the UK’s is from offshore seams. The Sydney 
coalfield off the coast of Nova Scotia, Canada, accounted 
for 80% of the country’s coal production.

In Brazil, there is coal in the Rio Bonito formation 
from the Middle Permian, in Paraná basin. CPRM/
SGB developed several projects alongside the Brazilian 
Department of Mineral Production (Departamento 
Nacional da Produção Mineral, or DNPM) in the coastal 
area between Araranguá (Santa Catarina) and Tramandaí 
(Rio Grande do Sul). Just off Santa Terezinha beach, 
between Torres and Tramandaí (Rio Grande do Sul), 
CPRM/SGB drilled some boreholes which identified the 
presence of coal seams varying between 0.35 and 2.65 
m thick at 700-800 m depth. The extent of the seams 
was confirmed, although the data is still not sufficient 
to guarantee the economic feasibility of the deposits. 
Seismic profiling of the continental shelf will have to be 
carried out before a more reliable estimate can be made. 

Coal mining has been carried out on the continental 
shelf for some years. It is normally done by excavating 
galleries out from land under the continental shelf until 
the seams are reached. According to the literature, there 
is an appreciable amount of coal under the continental 
shelf in many parts of the world, but the exact quantities 
are still unknown.
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Figure 5.25 – Conditions for methane hydrate accumulations 
(DILLON, 1997)

Figure 5.26 – Gas hydrates from the Mississippi canyon 
(LORENSON et al., 2002)

Figure 5.27 – Distribution of carbon in the environment 
(ANTRIM, 2005).

Drilling in the natural gas fields in the North sea 
has confirmed the presence of large quantities of 
good-quality coal in the Permian coal-bearing strata at 
a depth of 7,000 m below the ocean floor. The depths 
involved make them inaccessible for the time being 
because of technological constraints. However, with the 
development of more advanced technologies, there is 
the chance they could be exploited in the future. 

Many of these coal deposits could be mined in the 
future by means of coal gasification, with plants built on 
artificial islands. In Ariake bay (Japan), artificial islands have 
already been constructed, but with the purpose of making 
it easier to mine coal further out from the mainland. 

Gas Hydrates 

Over the years, the continuous quest for alternative 
sources of energy from the oceans has inspired 
many studies and projects designed to give a better 
understanding of their potential, as well as some 
fundamental principles for how to harness them 
(MARTINS, 2003).

For over a century, scientists from different parts 
of the world have known about gas hydrates, which 
occur naturally in certain areas of the oceans, especially 
on the continental slope and continental rise. Since 
1964, there has been growing scientific interest in these 
accumulations for their economic potential. Dillon (1997) 
summed up the main circumstances in which methane 
hydrates are encountered (Figure 5.25).

Studies by the USGS indicate that the global volume 
of such deposits is more than twice that of fossil fuel 
deposits. In the US, the most significant reserves so far 
identified are mostly in Blake plateau and the Gulf of 
Mexico (Figure 5.26).

In deep waters, methane hydrate deposits have 
been identified in cores sampled by the Ocean Drilling 
Project (ODP), surprising the research teams by their 
extent and thickness.

Methane hydrate is an ice-like solid made of 
water and natural gas. It tends to occur naturally in 

areas where the temperature and pressure conditions 
allow methane and water to combine. Studies into 
the harnessing of methane hydrate are founded on 
five broader considerations: characterization of the 
resource, production, global climate change, safety, 
and the stability of the ocean floor. Methane hydrate 
is expected to start making a contribution to the world 
economy as of 2010.

There is more carbon trapped in methane hydrate 
than in any other environment in the world (Figure 5.27).

When the sources of methane and water are large 
enough, methane hydrate is stable at depths of 150 to 
2,000 m below the permafrost on the ocean bottom, at 
depths of anything between 300 to 400 m and 1,100 
m below the seafloor.

Most of the ocean deposits of methane hydrate 
are of biogenic origin. They are found on continental 
slopes at passive boundaries, in subduction zones, in 
folds and valleys between the coastline and mountain 
chains, above subducting plates, and in back-arc basins.

Basically, the process for recovering the natural gas 
involves upsetting the equilibrium that maintains the 
hydrate and pumping the gas to the surface. One of 
the methods consists of heating the hydrate by thermal 
injection; another involves reducing pressure, causing the 
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Figure 5.28 – Hydrate deposits of the coast of Japan  
(ANTRIM, 2005) 

Figure 5.29 –. Methane hydrate deposits in India (ANTRIM, 2005)

Figure 5.30 – (a) Methane hydrate crystals in the hull of a fishing 
boat (white), fish (red) and carbonate rocks (black); (b) Methane 

hydrate returned to the sea (SPENCE and CHAPMAN, 2001)

Figure 5.31 – Global deposits of methane hydrate  
(KVENVOLDEN, 2001).

hydrate to disassociate into gas and water, or injecting 
solvent in order to alter the pressure and temperature 
characteristics, providing the right conditions for the 
hydrate to disassociate into its constituent parts.

Japan and India have invested heavily in gas hydrate 
research. The results of their efforts can be seen in Figures 
5.29 and 5.30.

In a mission in November 2000, the Ocean Selector, 
a fishing trawler, collected over one ton of methane 
hydrate (Figure 5.28) in its trawling net at a depth of 800 
m from Barkley canyon near Vancouver island.

There are as yet few studies into gas hydrates in 
Brazil, although the results of investigations in the 
Amazon cone have been reported (Tanaka et al., 2003).

Our understanding of hydrates on the seafloor 
is growing apace in the hope that it will boost our 
knowledge of underground gas flows and our capacity 
to model their formation and disassociation. Additionally, 
the potential impact of the gas contained in hydrates on 
the global climate will only be understood when it is clear 
how it is released into the water column and whether 
the gas could ever reach the atmosphere.

Known for many years as a bane of the oil industry, 
clogging oil and gas pipes in much the same way that 
cholesterol clogs human arteries, gas hydrates started 
to attract positive interest in the 1960s, when their 
economic and environmental potential started to be 
recognised. The current confirmed and inferred deposits 
of methane hydrate are shown in Figure 5.31.

Coastal areas as a resourCe

The harnessing of the non-living resources from 
coastal regions has developed as the outcome of 
many discussions held by the Intergovernmental 
Oceanographic Commission (IOC/UNESCO) to further 
the Ocean Science in Relation to Non Living Resources 
programme (OSNLR).
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Figure 5.32 – Rise in sea level and coastal erosion: problems  
of the coastal zone resource.

• more effective communication of scientific results 
to users and administrators to help them carry out their 
actions in coastal areas more effectively;

• more effective cooperation between coastal 
science and society to assure its development and 
increased awareness as to the importance of coastal 
areas.

The importance of coastal areas as resources in and 
of themselves is emphasized in studies undertaken by 
the USGS, which has also launched a series of special 
publications that highlight the importance of shorelines 
and adjacent lowlands. These documents emphasize that 
when such processes are not understood, this often leads 
to tragic clashes between man and nature. Meanwhile, 
the application of marine and coastal geology to 
addressing these situations often contributes towards 
greater understanding and the identification of solutions.

On a regional scale, the importance of coastal areas 
was stressed at the first Jornadas Ibero-Americanas de 
Ciência e Tecnologia Marinha (Cartagena, 1995) and 
with the creation of a working group on the scientific 
and technological issues relating to the coastal zone as a 
resource (“A Zona Costeira como um Recurso: Aspectos 
Científicos e Tecnológicos”). The group’s aims are to study:

a) the stability and vulnerability of coastal ecosystems 
and the sustainable exploitation of their resources, 
including socioeconomic aspects;

b) long-term effects of the continuous enrichment 
of coastal waters with nutrients and organic matter 
(eutrophication and growth of noxious algae);

c) effects on coastal areas of global climate change 
(including erosion) and how to effectively identify them.

In actual fact, coastal areas are one of man’s most 
precious resources, since they are home to most of the 
world’s population. They are fragile areas that respond 
poorly to changes in the balance of their constituent 
parts. Such changes may be natural or induced by 
man. Natural phenomena, such as earthquakes, floods 
and storms often change the shoreline considerably. 
Some such changes can have a global impact, such as 
a eustatic sea level rise as a result of global warming, 
which would have a huge impact on coastal areas, 
causing floods, salinization and the destruction of 
coastal aquifers. 

Man-induced change, such as the building of 
ports, the removal of sediments from beaches and 
dredging, can lead to regional or local coastal erosion. 
The construction of dams can affect the transport of 
sediments and nutrients, leading to drastic changes to 
the living and non-living resources in coastal areas. 

The growing interest in coastal areas on the part 
of entities such as UNESCO, the OAS and the European 
Union is demonstrated by the increasing number of 
conferences, seminars, workshops and other scientific 
meetings on the subject, such as the International 
Conference on Coastal Change held in Bordeaux, 
France, which gathered together over four hundred 
scientists and coastal administrators. At this conference, 
it became clear how important coastal areas are and 
how susceptible they are to natural and man-made 
interventions, such as erosion, salinization of aquifers 
and contamination. One of the goals of the event was 
met in full, fostering effective communication between 
scientists, users and administrators of coastal areas 
through the analysis of related questions, such as:

• What mechanisms and processes are responsible 
for the physical changes occurring in coastal areas?

• How can science be used in the sustainable 
development of these areas?

• What are the socioeconomic implications of these 
changes?

Within this context of studies and efforts to preserve 
coastal areas for their importance as a natural resource, 
some fundamental issues must be taken into account:

• integrated management of coastal environments, 
including biodiversity;

• sustainable exploitation of living marine resources;
• exploitation of non-living resources at an effective 

cost and in an environmentally acceptable way;
• assessment and forecasting of potentially 

catastrophic coastal events in order to minimize their 
impacts on human lives and existing infrastructure;

• assessment of the capacity of coastal areas to 
absorb any changes made;

• training and strengthening scientific education 
in developing nations to allow them to take part in 
international coastal programmes of relevance to their 
nations’ priorities and aspirations;
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In Brazil, several studies have been carried out in 
recent years which address coastal areas as a resource 
in themselves. An overview of the contribution made by 
the Marine Geology and Geophysics Programme (PGGM) 
into the erosion and progradation of the Brazilian 
coastline was provided by Muehe (2006), adding greatly 
to current knowledge on the topic. 

On a regional level, the study by Martins et al. (2002) 
discussing the erosion of the coastline of Brazil, Uruguay 
and Argentina is equally valuable.

For the reasons given here, coastal areas are 
considered a resource in and of themselves, demanding 
levels of attention that are compatible with their 
importance at the interface between the mainland and 
the ocean (MARTINS and TOLDO Jr., 2006b).

FINAL CONSIDERATIONS

There are occurrences of all the mineral resources 
discussed in this article in Brazil’s EEZ and adjacent 
ocean areas. 

The non-fuel deposits on the ocean floor include 
minerals at relatively shallow depths (up to 200 m) in 
coastal areas, and include aggregates like sand and 
gravel, shells and other calcium carbonate deposits, 
phosphorites, heavy metal and gemstone placer 
deposits, and subsurface sulphur deposits. The deep 
sea deposits are at great depths (3,500 to 5,500 m) 
and their exploration requires the use of very different 
technologies.

In Brazil, the information on these resources is 
limited as yet, with existing data being somewhat patch 
in terms of its reliability and depth. There are some 
studies that have rendered good-quality information 
included in longer-term programmes coordinated by 
a network of several institutions (e.g. OSNLR, REMAT, 
PGGM). Currently, other similar projects of a similar 
nature are being developed (REMPLAC, COMAR).

One final issue that cannot be ignored is the political 
and strategic questions that Brazil must set for mineral 
resources in international waters (SOUZA et al., 2007), by 
creating a regional network of institutions (in this case, 
between Brazil Argentina and Uruguay) to undertake 
exploration around the area of the Rio Grande rise. 
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Figure 6.1 – Classification of Brazilian coast proposed by Silveira (1964) and 
modified by Cruz et al. (1985). Source: VILLWOCK et al. (2005)

COASTAL REGIONS

The Brazilian coast measures some 8,500 km in 
length and contains a variety of different physiographic 
units (Figure 6.1). Overall, what predominates is a 
succession of coastal plains alternating with cliffs 
and rocky coastlines. The coastal plains are made 
of Quaternary sediments accumulated in terrestrial, 
transitional (mixed) and marine environments. They are 
wider along the north coast, largely because of the great 
volume of solid discharge (especially muddy sediments) 
from the Amazon river. There are also wider plains at the 
mouths of other major rivers, such as the Parnaíba and 
the São Francisco rivers on the north-eastern coast, and 
Jequitinhonha, Doce and Paraíba do Sul rivers on the 
east coast. Cliffs are formed when older, consolidated 
sediment is exposed to the direct action of the waves. 
Along the Brazilian coast, they are mostly sculpted from 

Tertiary-Quaternary sediments from the Barreiras group 
or correlated formations. The Barreiras sediments form 
a long, discontinuous strip of varying width stretching 
from Amapá down to Rio de Janeiro, taking the form of 
coastal tablelands that sometimes extend as far as the 
shoreline. The rocky coastlines are formed when waves 
erode crystalline igneous or metamorphic rocks, and are 
particularly characteristic of the south-east coast, where 
the hillsides of the Mar mountain chain drop down into 
the sea at several points.

The characteristics of coastal regions are 
formed by the interaction of components from the 
geosphere (land masses), hydrosphere (oceans) and 
atmosphere. They are the areas with the highest levels 
of energy and material exchange in the Earth system. 
In view of the delicate balance between the different 
physical processes and the complexity and diversity 
of the ecosystems harboured in coastal regions (e.g. 

beaches, mangroves, coral reefs), their 
natural resources are extremely vulnerable 
to degradation by the action of man.

Geology has much to contribute 
to the planning and land use of coastal 
regions. The knowledge amassed about 
their evolution, the combined action of past 
and present processes that have resulted 
in the coastal features of today and the 
dynamics that are constantly modifying 
the morphology of these areas makes 
geological information a fundamental 
tool for the sustainable management of 
coastal areas. Man is modifying the active 
geological processes in these areas, which 
are the outcome of variations in the sea level 
and sediment transport patterns along the 
coast, causing the coastline to advance or 
recede and the movement of large volumes 
of sand by the action of the wind. It is 
therefore essential for adequate controls 
on the use and occupation of such areas 
to be put in place if their environmental 
quality is to be maintained.

VARIATIONS IN THE RELATIVE 
SEA LEVEL ALONG THE 
BRAZILIAN COAST AND  
THE EVOLUTION OF THE 
COASTAL PLAINS

Changes in the relative sea level, 
especially during the Quaternary, are the 
key determining factor behind the coastal 
sedimentation and erosion patterns that 
have shaped Brazil’s coastal plains. The 
oldest accepted and dated time when the 
sea level along the Brazilian coast was higher 
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Figure 6.2 – Sand terraces along the coastal plains on the north 
coast of Bahia state (altered from Dominguez, 2006): Terrace A: 

Pleistocene sand terraces (alluvial fan deposits) from before 120,000 
years BP. Terrace B: Pleistocene marine sand terraces formed during 
the high sea level 120,000 years BP and the subsequent regression.
Terrace C: Holocene sand terraces formed during the high sea level 

5,100 years BP and the subsequent regression

Figure 6.3 – Mean schematic curves of variations in sea level along 
the central Brazilian coast and along the Atlantic coast and the Gulf 

of Mexico in the USA over the last seven thousand years  
(SUGUIO et al., 1985)

than at present was around 123,000 years BP (before 
present), when the sea level stabilized at about 8-10 m 
above its current level. During this marine transgression, 
the lower courses of the rivers were submerged, forming 
barrier systems with barrier islands and lagoons. After 
this maximum transgression, a long period of marine 
regression began during which the coastline advanced, 
with the deposition of successive coastal ridges, forming 
the Pleistocene sand terraces that are found from Paraíba 
down to Rio Grande do Sul in the inner parts of the 
coastal plains (Figure 6.2). One of the best preserved 
testaments to this transgression-regression cycle is the 
third barrier-lagoon system (VILLWOCK et al., 1986), 
which is found along the coast of Rio Grande do Sul and 
is responsible for impounding Patos lagoon, the largest 
lagoon system in Brazil. Along the Rio de Janeiro state 
coast, Pleistocene beach ridges were responsible for 
the formation of major lagoons, such as the Araruama, 
Saquarema and Maricá lagoon system, as well as Rodrigo 
de Freitas lagoon and Jacarepaguá lagoon.

Around 17,500 years BP, according to the eustatic 
curve proposed for the Rio Grande do Sul coast 
(CORRÊA, 1990), the sea level stabilized around 120-
130 m below the current level, exposing practically the 
whole continental shelf. This was followed by a new 
transgression phase at alternating faster and lower 
speeds which brought the sea level to its current level 
around 7,000 to 6,500 years ago. 

The variations over the last 7,000 years are far 
better known along Brazil’s north-eastern coast, where 
over 700 samples have been radiocarbon dated. This 
data has been plotted on curves that show the sea 
level fluctuations along different parts of the coast. 
According to Suguio et al. (1985), Martin et al. (1987) 
and Dominguez et al. (1981, 1990), after the current sea 

level was reached around 7,000 years BP, the Brazilian 
coast continued to submerge until around 5,150 BP, 
when the maximum transgression brought the sea level 
to about 4 to 5 m above the current level. At this time, 
new barrier island and lagoon systems were formed, 
especially at the mouths of large rivers, such as Doce and 
Paraíba do Sul rivers. Since then, the relative sea level has 
dropped, albeit irregularly and discontinuously, until it 
reached its current level. 

During this period, when the final form of the 
coastal plains was modelled, the Holocene marine 
terraces (Figure 6.2) were also formed with their 
characteristic beach ridges, many of which have been 
reworked by wind erosion processes that formed the 
dunes found along the coast today. Large lagoons, such 
as Marapendi lagoon, in Barra da Tijuca district of Rio 
de Janeiro, were formed between these Holocene beach 
ridges and the sand barriers further inland (Pleistocene 
ridges).

Any study of these testaments to former times is of 
especial interest today as fears abound as to the impacts 
that could be caused by a rise in sea level brought about 
by global warming. According to the IPCC (BINDOFF et 
al., 2007) between 1961 and 2003 the global sea level 
rose at an average of 1.8 mm a year, while between 
1993 and 2003 the rise was 3.1 mm a year. It has not 
yet been determined whether this faster rate is a decadal 
fluctuation or is indicative of a longer-term trend. Before 
any forecast can be made of the consequences of a rise in 
the sea level for the coming 50-100 years, it is important 
to understand past alterations to determine the trends in 
different regions. While the last five thousand years saw a 
fall in the sea level of about 5 m along the Brazilian coast, 
the sea level along the Atlantic coast of the USA during 
the same period actually rose continuously; in other 
words, this was a submergent coastline (Figure 6.3).
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Figure 6.4 – Longshore currents caused by waves breaking  
at an angle to the shoreline (COASTAL PROCESSES AND  

SHORELINE EROSION).

Figure 6.5 – Littoral currents, causing rip currents which transport 
sediments seaward onto the continental shelf (COASTAL PROCESSES 

AND SHORELINE EROSION)

THE PROBLEM OF COASTAL EROSION

Some authors claim that over 70% of all coastlines 
in the world have been affected by erosion in recent 
decades. This phenomenon is being widely discussed 
by researchers, most of whom attribute it primarily to 
the accelerated rise in the relative sea level currently 
underway. However, it should be borne in mind that most 
of the literature on the subject is produced in countries 
from the northern hemisphere where, as already 
mentioned, the coastlines are mostly submergent. The 
effect of the rise in sea level in these regions is likely to 
be more adverse than it will be where the coastline is 
emergent, and could even be the main cause of erosion. 
Clearly, if the predicted rise in sea levels plays out in the 
coming decades, the parts of Brazil’s coastline that are 
subject to erosion will be far more impacted, as the 
erosion rates will rise sharply (DOMINGUEZ, 1995).

The sediment budget (net difference between 
influx and outflux of sediments) seems to be the main 
determining factor behind whether the Brazilian coast 
advances or retreats. When there is less sediment 
transported into a given area of the coast, the coastline 
tends to retreat landward. When the influx and outflux of 
sediments is the same, the coastline remains unchanged. 
When there is more sediment being transported in than 
out, then the shoreline advances seaward (progradation).

There are many factors that have a direct and 
indirect impact on the sediment balance, determining 
the way coastlines change, some of which are natural 
(intrinsic to coastal dynamics) and others of which are 
related to human intervention. When the sediment 
budget is negative (net loss of sediment), this is indicative 
of erosion. The main causes are:

• Retention of sediments transported by longshore 
currents, caused by obstacles upstream from the area of 
interest. These currents are created when waves break 
at an angle to the shoreline, causing a flow parallel to 
the shoreline (Figure 6.4). In coastal dynamics, these 
are the main agents of coastal sediment transport 
and dispersion. The obstacles causing them can be 
natural (spits of rock or sand or the mouth of a river, 

which, under certain discharge conditions, will operate 
like breakwaters, blocking the longshore sediment 
transport), or they may be civil construction works built 
perpendicular to the coastline (moles or groynes). These 
obstacles can cause an accumulation of sediments 
upstream and erosion downstream. 

• Retention of river sediments by dams, preventing 
the sediment from reaching the coast and being 
redistributed by littoral drift. The mining of sand on 
fluvial plains, when incorrectly managed, can also 
contribute to coastal erosion by reducing the sediment 
load being transported to the coastline.

• The transport of sediments seaward by rip 
currents, which are caused when two opposing flows of 
water parallel to the shoreline meet, forming localized 
seaward currents (Figure 6.5).

• Reduced transverse transport of sand sediment 
from the continental shelf towards the coastline.

• Removal of sediment caused by the advance of 
cold fronts, with their associated meteorological tides and 
storm waves. These are more frequent along the south 
and south-east coast of Brazil. In recent years, there has 
been an intensification of extreme climatic phenomena, 
an example of which was hurricane Catarina, in March 
2004, considered the first ever extratropical hurricane to 
be recorded in the South Atlantic (Figure 6.6).

• Mobilization of sand from the beaches by the 
wind, creating dune fields.

Coastal constructions built with the purpose 
of stabilizing the coastline, such as jetties, groyns, 
breakwaters and sea walls, have proved inefficient 
because while they might protect public and private 
property, they fail to resolve the underlying causes 
of erosion and generally result in the destruction of 
recreational beaches and move the problem elsewhere. 
However, in some cases, especially in densely populated 
areas, such interventions are urgent and imperative. 
There are several examples along the Brazilian coastline. 
Several structures have been built off the coast of 
Fortaleza (CE) in an attempt to curtail the erosion process 
caused by the retention of sediments by the main jetty 
at Mucuripe port, which has also affected a long section 
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Figure 6.6 – Hurricane Catarina, which hit the southern coast 
of Brazil between Santa Catarina and Rio Grande do Sul states in 

March 2004 (available at: http://www.inpe.br)

Figure 6.7 – Coastal constructions (groyns and breakwaters) built along the Fortaleza coast (CE).

of the city’s seafront, causing the transfer of the erosion 
in a domino effect in the same direction as the littoral 
drift and affecting the western beaches more intensely. 
The most representative case is Iparana beach in Caucaia, 
where the sea has advanced some 200 m in the last 30 
years (Figure 6.7).

Another case in point is along the coast to the 
north of Recife (PE), where coastal erosion has been 
exacerbated by the construction and expansion of the 
former port. A series of 35 moles were built along the 
beaches of Olinda, changing the sediment transport 
patterns in the area and transferring the action of erosion 
downstream to the section near Itamaracá island. Boa 
Viagem beach in Recife has also been eroded severely 
because of the unplanned development of the area 
adjacent to the beach which prevents sediment exchange 

between the sea and coastal sinks. The construction 
of Suape port in Ipojuca has also exacerbated the 
phenomenon. Emergency interventions have been taken 
in order to protect public highways and other urban 
facilities (Figure 6.8).

Another town to suffer severe erosion is Atafona 
(RJ), near the mouth of Paraíba do Sul river, although in 
this case it is not clear what natural or human factors 
are causing it. According to Costa (1994, cited in Muehe 
et al. 2006), one of the factors fuelling the problem is 
the reduction of water and sediment discharge from the 
river since its waters were diverted to the Lajes-Guandu 
system at Santa Cecília dam, 382 km from the mouth of 
the river. This has affected the interaction between the 
river and the ocean, changing the direction and intensity 
of local processes (Figure 6.9).

There are also erosion problems on the coastal plain 
of São Francisco river which have been attributed to the 
retention of river sediment by the many hydroelectric 
power plants and reservoirs built along the river. In 1998, 
Cabeço, a village in Brejo Grande (SE), was practically 
destroyed by the advance of the sea. 

All along the Brazilian coast there are environments 
and physiographic features that act as natural barriers, 
protecting the coast against erosion by waves. One 
such example is the mangroves and fluvial/marine 
plains encountered from Amapá until Santa Catarina. 
The degradation caused by urban development, ports, 
industrial facilities and crustacean farming, to mention 
a few, have compromised key physical and biological 
functions of these ecosystems. Frontal dunes, coral reefs 
and beach rocks are other coastal features that help 
absorb part of the waves’ energy, reducing the removal 
of sediment from beaches. 

One factor that can help keep a dynamic equilibrium 
along coastlines is the transport of sediment by the wind 
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Figure 6.9 – Intense coastal erosion at Atafona, São João da Barra (RJ)  
(MUEHE, 2007).

Figure 6.8 – Construction to contain the advancing sea at Boa 
Viagem beach (Recife).

on coastal plains, carrying sand from moving dunes 
towards the shoreline. 

A broad-based study into the behaviour of the 
Brazilian coastline (MUEHE, 2006) provides a summary 
of the studies that have identified retreating, advancing 
and stable coastlines in each coastal state. It shows that 
there is erosion along the whole coast, especially in the 
accretion zones, and there are no clear-cut reasons, either 
man-made or natural, for most of the occurrences. The 
author claims there is no conclusive evidence thus far 
as to whether the sea level is rising or falling. The low 
gradient of much of the inner continental slope makes 
it likely for there to be considerable erosion along the 
coastline if the sea level were to rise sharply. However, 
the cliffs and reefs along much of the coastline would 
surely mitigate this impact. 

Generally speaking, coastal erosion is largely the 
result of a conflict between a natural process – the 
advancing coastline – and human activities. The problem 
to man (natural risk) is when there is any kind of fixed 
structure (housing, roads, other constructions) standing 
in the path of the advancing sea (DOMINGUEZ, 1995). 
This problem can only be controlled by informed 
land development and management of coastal areas, 
including strips of land along the seafront that are 
not built on and comprehensive studies before civil 
construction takes place on the coast. 

AEOLIAN SEDIMENT TRANSPORT: 
COASTAL DUNE FIELDS

The greatest concentrations of dune fields on 
the Brazilian coast are on the north-north-east coast, 
especially between São Marcos bay (Maranhão) and 
Calcanhar cape (Rio Grande do Norte), on the Sergipe 
and Alagoas coast (São Francisco river coastal plains), on 
the Rio de Janeiro coast (around Cabo Frio) and on the 
southern coast between Santa Catarina island and the far 
south of Rio Grande do Sul. The largest dune fields are 
in Lençóis Maranhenses National Park, which is known 
as the largest area of Quaternary aeolian sedimentation 
in South America.

Coastal dunes are formed from the accumulation 
of sand transported from beaches by the wind. There 
are some preconditions for them to evolve: (i) a large 
enough reserve of sediments of the right texture; (ii) 
winds blowing inshore at a high enough speed to move 
the grains of sand; (iii) a suitable surface for the sediment 
to be mobilized from and deposited on; and (iv) a low 

level of humidity, since moist sand can only 
be transported by stronger winds.

Dune migration takes place when the 
grains of sand are moved continuously 
to the point that the whole dune actually 
shifts in position. It is a natural process that 
depends not just on the winds, but also 
on the internal structure of the dune (low 
level of cohesion) and the absence of any 
vegetation to stabilize it. Dunes of this nature 
can be classified as mobile, free-moving or 
transgressive. When the sand grains in a 
dune are more cohesive and it is covered with 
vegetation that prevents or attenuates the 
effects of the wind, it is classified as fixed or 
stationary. Dune migration is most common 
during dry periods, while prolonged periods 
of rain tend to reduce migration or even 
halt it completely. In his study of the wind-
induced movement of sediments in Lençóes 
Maranhenses, Gonçalves (1998) observed 
that the transport rate during the first half 
of the year (more rainfall) was considerably 



95

COASTAL REGIONS
Ricardo de Lima Brandão

Figure 6.11 – Environmental degradation caused by the mining of 
sand from dunes (Sabiaguaba, Fortaleza, CE)

Figure 6.10 – Migration of dunes causing the silting of Portinho 
lagoon (Parnaíba, PI) (available at Google Earth)

lower than during the second half of the year (less 
rainfall). The winds are weaker between February and July 
and strong between August and December. The author 
calculated that the dunes migrate between 10 and 15 
m a year from 63o to 72oSW.

Depending on the coastline, mobile dunes can be 
important in transporting sediments to the beaches 
through bypass areas. In Ceará, such areas are usually 
where there are spits of land. Once the sand has migrated 
onto such features, it feeds into the longshore currents 
or directly onto the foreshore, helping to nourish and 
regulate the beaches. When such areas are occupied, 
usually by holiday homes, and when techniques are used 
to fix the dunes or to channel the winds in a different 
direction, the natural sediment transport patterns are 
altered and sections further downstream tend to be 
more subject to erosion. 

Wind-borne sediment is also carried to coastal 
currents by the advance of sand dunes over estuary 
channels. Depending on the hydrodynamics and the 
volume of sediment involved, the mouth of these 
channels can be blocked, resulting in the formation of 
coastal lagoons, or the sand can be transported down 
the channel and into the longshore drift currents, which 
carry it to different points along the coast. In such cases, 
it is important for the sand dunes to be preserved so that 
they continue to migrate and contribute towards coastal 
sedimentary dynamics. 

On occasion, dune migration results in the silting 
of aquatic ecosystems such as lagoons, wetlands and 
mangroves. Likewise, any land developments or crops 
in dune migration areas tend to be slowly buried by 
the sands. Brazilian environmental legislation prohibits 
the removal of vegetation from dunes, but even so it is 
common practice along the coast and turns fixed dunes 
into mobile ones (Figure 6.10).

Road building, land development, private and 
public civil construction and the mining of sand and 
heavy minerals from dunes ultimately destabilizes them 
or even causes them to collapse, altering significantly 
the aeolian dynamics in these areas and degrading the 
landscape in areas with high tourism and leisure potential 
(Figure 6.11).

Recently formed and older dune fields are free 
surface aquifers of high potential, and are important 
for storing good-quality groundwater in coastal regions. 
However, the same characteristics that make them so 
good for water storage (i.e. their high porosity and 
permeability) also make them highly vulnerable to water 
contamination. The potential sources of pollution are 
numerous and include polluted surface waters, rubbish 
dumps, septic tanks, cemeteries, petrol stations and 
poorly-constructed wells. Furthermore, indiscriminate 
urban sprawl affects their recharge areas, makes the 
land impervious and compromises the capacity of these 
aquifers. 

In some seaside towns and cities, slum housing has 
been built on dunes, which is very dangerous as these 
areas are prone to mass movements, especially during 
periods of heavy rainfall. The high sand content of the 
hills (which allows a high rainwater infiltration rate and 
therefore a high level of land saturation), allied with 
steep slopes, closely-built housing on hillsides, piles 
of domestic waste and rubble on hillsides, disposal of 
wastewater down the hillside or in septic tanks (further 
saturating the land), the removal of plant cover and the 
action of the winds all contribute towards the effects of 
the pull of gravity in these areas, resulting in landslides 
that often have disastrous consequences for the local 
residents (Figure 6.12).

PRESERVATION AND MANAGEMENT 
OF COASTAL AREAS

The main challenges for the successful environmental 
management of Brazil’s coastal areas are their physical 
and biological diversity, the patterns of human 
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Figure 6.12 – Shanty town built on a dune (Morro de Santa Terezinha, Fortaleza, CE)

occupation and economic activities in general, such 
as urban sprawl, port and industrial activities, oil 
exploration and large-scale tourism, plus the sheer size 
of the Brazilian coastline. Many conflicts arising between 
man and this environment could be mitigated or even 
prevented if there was more and better knowledge 
about the natural processes involved and this was taken 
into account in the planning and development of these 
areas. As set out previously, changes in sea level, the 
advance or recession of the coastline and dune migration 
are all interrelated processes that mould the coastal 
landscape. They are now being altered by man and/or 
being disregarded in the use and occupation dynamics 
of these spaces, resulting in the appearance of new areas 
of risk, environmental damage, and an impoverishment 
of the quality of life of people who live on the coast or 
go there for leisure and recreation. 

In densely populated areas like big cities, little can 
be done in the way of preventative measures (land 
zoning and regulated land use) to address the existing 
problems, leaving only the option of taking corrective 
or mitigating steps, like structures to protect properties 
against coastal erosion, beach nourishment and land 
reclamation projects and measures to fix or stabilize 
mobile dunes. In as yet sparsely populated areas, 
preventative measures can and should be implemented, 
with effect. An example of these is the demarcation of 
non-building zones along the coastline, the width of 

which should take into account past meteorological tide 
records, local patterns of coastline retreat and potential 
sea level rise scenarios. 

The environmental l icenses for large-scale 
projects and ventures should be granted only after 
carefully appraising the multiple variables (geological, 
geomorphological, oceanographic, climatological and 
hydrological) that shape the natural dynamics of coastal 
regions. 

Brazil’s environmental legislation possesses a whole 
gamut of laws and decrees that directly and indirectly 
protect coastal environments. What is still lacking is the 
introduction of mechanisms to enforce this legislation, 
for which there must be an effective, integrated 
inspection mechanism in place on the federal, state and 
municipal levels. When it comes to specific programmes 
and projects for the integrated management of coastal 
and marine areas, Brazil has the National Coastal 
Management Programme (Programa Nacional de 
Gerenciamento Costeiro, PNGC), which was created 
by Act 7.661 of 16th May 1988 and is regulated by 
Decree 5.300 of 7th December 2004 under the national 
coordination of the Ministry of the Environment. Under 
this programme, several initiatives have been taken to 
ensure adequate land use and development practices, 
drawing on zoning projects, diagnostic exercises, 
monitoring activities and integrated sector management 
projects for coastal areas. 
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Figure 7.1 – Spatial distribution of mineral resources
Source: CPRM / GEOBANK.

     OVERVIEW

With its continental dimensions and 
diversified geology, Brazil is a country with 
great mineral potential and a large-scale 
producer of raw materials derived from 
mining. It is currently one of the leading 
international players in the sector, alongside 
other countries with a strong mining 
tradition like Canada, Australia, South Africa 
and the USA.

Brazil’s mining output has grown 
in recent decades, at least partly thanks 
to major investments made by mining 
companies in mineral prospecting and by 
federal and state governments in undertaking 
broad-based programmes of systematic 
geological surveys, first in the 1960s and 
1970s, and then again in the 1980s, 1990s 
and 2000s by CPRM - Serviço Geológico 
do Brasil (CPRM/SGB), working with the 
National Department of Mineral Production 
(DNPM) and universities. The most recent 
programmes have involved geophysical and 
geochemical surveys, making them more 
comprehensive and effective for mapping 
out and prospecting mineral resources in 
national territory. 

This joint effort between the public and 
private sectors has led to the discovery of metal and non-
metal mineral deposits, gemstones and energy minerals. 
Many of these deposits are already being exploited, 
generating income for the country.

As a consequence, Brazil’s mining output has grown 
steadily over recent years, summing R$85 billion in 2005, 
or some 5% of the country’s GDP, which indicates just 
how much the mining industry has grown over the years. 

Mineral assets are one of the greatest non-renewable 
assets of geodiversity and constitute an important factor 
for Brazil’s sustainable development and the improved 
quality of life of its citizens. The mining industry is a 
major driver of regional development, providing jobs 
in areas that are often quite isolated and deprived of 
socioeconomic investments. In other words, the wide 
distribution of Brazil’s mineral resources is important 
in that it provides labour opportunities in the country’s 
inland areas, helping to curb greater migratory flows to 
the big cities, which are already overcrowded and have 
major socioenvironmental problems (Figure 7.1).

The distribution of mineral resources is a function of 
the metallogenic potential of the crustal elements that 
make up Brazil’s geological provinces, which account 
for the great diversity of these resources and their wide 
geographical dispersion (Figures 7.2 to 7.9).

Mining is therefore a key element for national, 
regional and local development, contributing to the 

country’s socioeconomic development. Brazil’s growing 
mineral output, driven by rising prices and demand 
from emerging countries like China and India, has led 
to a major expansion of its mining industry, with good 
prospects in the short and mid term. The financial and 
subprime mortgage crises in the USA, triggering impacts 
in others sectors of the country’s economy and across 
the world, is gradually altering this scenario.

However, set against this optimistic scenario of 
high demand for minerals, in recent years several areas 
with features that make them likely to contain mineral 
deposits have been or are being turned into conservation 
areas, hampering current and future mining activities to a 
worrying extent as they are so important for the country’s 
development. This conflict over land use and occupation 
is particularly accentuated in the north of Brazil, where 
large concentrations of minerals are increasingly being 
contained inside conservation areas and indigenous 
lands (Figure 7.10). 

Therefore, in the name of biodiversity preservation, 
which is clearly valid, major sources of minerals 
have been put beyond reach in large areas of Brazil. 
It would therefore seem pertinent to reconsider 
such actions, given that today’s techniques make it 
perfectly feasible to exploit minerals without degrading 
sensitive environments or even without incurring any 
environmental damage at all.
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Figure 7.2 – Spatial distribution: mineral and drinking water (blue); protected and special areas (orange hatching)
Source: CPRM/GEOBANK

Figure 7.3 – Spatial distribution: gems and precious stones (green); protected and special areas (orange hatching)
Source: CPRM/GEOBANK
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Figure 7.4 – Spatial distribution: agricultural inputs (red); protected and special areas (orange hatching)
Source: CPRM/GEOBANK

Figure 7.5 – Spatial distribution: energy minerals (green: peat; pink: coal; light and dark grey: areas with potential for oil & gas reserves; 
protected and special areas (orange hatching) Source: CPRM/GEOBANK
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Figure 7.6 – Spatial distribution: material for use in civil construction (black); protected and special areas (orange hatching)
Source: CPRM/GEOBANK

Figure 7.7 – Spatial distribution: non-metal mineral for industry (blue); protected and special areas (orange hatching)
Source: CPRM/GEOBANK
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Figure 7.8 – Spatial distribution: metal ores (green); protected and special areas (orange hatching)
Source: CPRM/GEOBANK

Figure 7.9 – Spatial distribution: ornamental rocks (pink); protected and special areas (orange hatching)
Source: CPRM/GEOBANK
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Figure 7.10 – Protected areas – special areas and areas of particular interest for 
mining

Many conservation areas were demarcated before 
an assessment could be made of their mineral potential. 
If geological surveys were carried out, including 
geophysical and geochemical prospecting, it would be 
possible to identify whether there are mineral deposits 
in these areas or not and to assess how strategically 
important they are to the country, thereby preventing 
conflicts of interests over land use and occupation before 
any cost/benefit assessment has been made. 

Meanwhile, it should be borne in mind that when 
minerals are extracted from nature using appropriate 
techniques, they automatically become sources of 
wealth for the country without damaging the physical 
environment. Normally, the mining industry is seen as 
a large-scale polluter, even though it is understood 
that when some surface degradation is unavoidable 
(removal of vegetation or alterations to the landscape, 
for instance) it only affects isolated areas. Fortunately, 
in recent years, with the growing communication in 
the media of the care mining companies are taking to 
preserve the environment, this negative image of the 
industry is starting to wane.

Currently, around 80% of the large mining 
companies in Brazil and 37% of its medium-sized 

companies have ISO 14,000 environmental 
certification for their mining processes. All 
the large companies have environmental 
management systems, while around 75% 
of the mid-sized companies employ such 
systems (IN MINE, 2007).

Alongside Brazil’s great onshore mining 
potential, geological studies undertaken 
recently along the continental shelf, also 
known as the “Blue Amazon” (Amazônia 
Azul), have also revealed the existence of 
huge oil reserves there as well as encouraging 
indications of phosphorite, diamond, 
limestone and gold deposits, to mention a 
few of the minerals identified thus far. The 
minerals from this part of Brazilian territory 
will therefore make this exclusive economic 
zone a new mining front for the country.

Brazil’s mineral output of over one 
hundred different substances means it is 
self-sufficient for most of its mineral needs 
and generates sizeable surpluses. Brazil is 
the world’s number one exporter of iron 
ore and niobium alloys, and is also one of 
the largest producers of oil, kaolin, tantalite, 
bauxite, graphite, asbestos, cassiterite, 
magnesite, vermicul ite, ornamental 
rocks, talc, phosphate rock and gold. Like 
most countries, it does still depend on 
imports of certain minerals necessary for 
its socioeconomic development, examples 
being light crude, metallurgical coal, 

phosphate, potassium and raw materials for non-ferrous 
metallurgy (especially zinc).

According to Anuário Mineral Brasileiro (DNPM, 
2006):

In 2005, exports of primary goods totalled US$ 
13.1 billion (FOB), representing significant growth 
of 11% vis-à-vis 2004. The most significant of these, 
iron ore, accounted for 55% of this total, worth US$ 
7.2 billion, with a 55% increase in its value. The main 
iron commodity was non-agglomerated iron ores and 
concentrates (NCM 26011100), the sales of which 
summed US$ 4.43 billion FOB, or 45% greater than 
the 2004 total (US$ 3.04 billion FOB). Other key export 
products were copper (US$ 303 million FOB) and 
aluminium (US$ 229 million FOB), with rises of 77% 
and 21%, respectively. Of the four categories of exports 
in the Brazilian mining industry, primary goods was the 
one that saw the highest growth in 2005, up 57% over 
2004 (US$ 8.3 billion FOB) at US$ 13.1 billion FOB.

Non-agglomerated iron ores and concentrates 
(NCM 26011100) continue to be Brazil’s main mining 
export, with the following main trade partners in 2005: 
USA (US$6.709 billion), China (US$3.132 billion), 
Japan (US$1.545 billion), Argentina (US$1.534 billion), 
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Bahamas (US$1.482 billion), Germany (US$1.223 
billion), South Korea (US$1.157 billion) and the 
Netherlands (US$873 million).

Meanwhile, Brazil’s mining sector recorded a 
negative trade balance in 2005 with Algeria (US$2.792 
billion), Nigeria (US$2.234 billion), Saudi Arabia 
(US$1.104 billion), Bolivia (US$876 million), Russia 
(US$642 million), Iraq (US$522 million) and Chile 
(US$461 million). In this year, Brazil’s summed trade 
deficit amounted to US$11.22 billion.

The main commodity that Brazil imported in 2005 
was oil (NCM 27090010), which came from Nigeria 
(US$4.4 billion; 41% of the total), Algeria (US$2.57 
billion; 24%), Saudi Arabia (US$1.82 billion; 17%), Iraq 
(US$857 million; 8.0%) and Argentina (US$214 million; 
2%).

In 2005, Brazil’s trade with its main trading partner, 
the USA (including Puerto Rico), was worth US$8.774 
billion.

Brazil’s mining industry exports summed US$31.6 
billion (FOB) in 2005, which was 34.4% higher than in 
2004. Of this total, primary goods accounted for the 
largest share (42%), followed by manufactured goods 
(31%), semi-manufactured goods (25%) and chemical 
compounds (2%).

In an interview given during the 3rd Brazilian 
Symposium on Mineral Exploitation (III Simpósio 
Brasileiro de Explotação Mineral) in May 2008 in 
Ouro Preto (MG), the Minister for Mines and Energy 
stressed the importance of the mining industry to the 
development of Brazil. He explained that international 
trade data for 2007 showed that mining, including oil 
and gas, and mineral transformation (steelmaking, non-
ferrous metallurgy and non-metals) accounted for 21% 
of Brazil’s exports and 43% of its trade balance. The 
mining industry contributed between 4% and 5% to the 
Brazilian GDP. On the same occasion, the minister stated 
that R$565 million had been set aside for geological and 
geophysical surveys to be carried out in 2008 across the 
country, especially in the Amazon (CPRM, 2008).

In a strategic environmental analysis based on the 
supplement “Areas of Mineral Interest, Protected Areas 
and Special Areas” contained in the CPRM map of 
Brazilian geodiversity (Mapa Geodiversidade do Brasil: 
CPRM, 2006), a concise set of information was brought 
together capable of translating the ecological and 
socioeconomic dimensions of mining, as well as Brazil’s 
geological potential. 

First, the economic and human capital involved in 
the sector’s activities is analyzed and compared with the 
environmental impacts in order to give a summarized 
strategic view that takes into account cost/benefit ratios 
and the real importance of mining resources to national 
development and security (Table 7.1).

For instance, it shows that the more densely 
populated an area is, the more mining there is of 

certain inputs, especially civil construction materials. 
It also highlights the unequal distribution of some 
resources that are crucial to economic development, 
such as limestone for soil improvement, which is scant 
or non-existent in some states such as Roraima, where 
the price of this material is pivotal for the economic 
competitiveness of agribusiness. 

As far as mining-related environmental impacts are 
concerned, it is worth picking out a few conclusions 
reached from decades-long experience. The first is that 
organized mining has fewer toxic impacts and is far 
more easily controlled by the authorities. When mining 
is undertaken informally with no planning or control, 
it does indeed cause great environmental damage. 
However, clamping down on this form of mining is a very 
delicate issue as it tends to attract workers who would 
otherwise have no means of earning a living.

Another pressing issue has to do with mining in 
urban areas, which, when carried out without due 
planning and inclusion in municipal master plans, causes 
huge conflicts over land use and multiple environmental 
impacts. As this is an activity that often impacts on 
permanent preservation areas, it is imperative that the 
techniques involved are improved and that mined areas 
are recovered and reused afterwards. 

As part of social and economic development, areas 
near towns and cities that have mineral deposits should 
be set aside (geomineral planning) in order to keep 
housing costs down, as the cost of transporting these 
materials (sand, gravel and clay) accounts for a major 
percentage of the final cost of civil construction.

The strategic analysis also highlights the fact that the 
country could do more to harness its ornamental stone 
and mineral water resources, commodities of increasing 
domestic and international value that have the potential 
to generate significant capital inflows especially when 
exported. 

Another key aspect has to do with the need for 
integrated land planning. One example of this is when 
unnecessary mining costs, often responsible for making 
minerals economically uncompetitive, could be cut by 
coordinated infrastructure planning. This is a particular 
issue in economically underprivileged areas that lack the 
basic infrastructure for production.

In the Amazon, aside from the existing sites of so-
called “geological mammoths” and the great likelihood 
of others being discovered, it would be worthwhile 
making a prognosis of the resources of agricultural 
inputs, dolomitic limestone and rock salt. These are 
scarce and tend to be concentrated in certain areas, 
so careful planning is required to prevent restricting 
access to areas containing these minerals and curbing 
the exploitation of raw materials that are crucial for the 
entire region’s socioeconomic and therefore ecological 
sustainability.
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Table 7.1 – Strategic Assessment

Substance
Economic 
Capital  
(US$ billion)

Human 
Capital

Environmental 
Impacts Cost / Benefit / Necessity

Agricultural 
inputs

Limestone, 
dolomite, 
marl, 
phosphate, 
potassium, 
potassium 
nitrate and 
peat

Imports: 2.3
Exports: 0.48

17,000 
jobs in 
mines  
and plants

Generally open-pit 
mining with impacts 
restricted to the 
excavations.
Common forms 
of impact are 
deforestation and 
effects on cave 
heritage

Although the country has large 
global reserves, they are poorly 
distributed and in some cases, like 
Santa Catarina and Rio Grande 
do Sul, the reserves have reached 
critical levels. They are abundant 
in the Central West and Northeast, 
but rare in the Amazon, raising the 
cost of agriculture and building 
materials. In some cases, such as in 
south-west Goiás, Rondônia, Piauí 
and Maranhão, while the deposits 
of dolomitic limestone are small, 
they are strategically located with 
relation to grain growing areas.

Energy 
Minerals

Coal / peat
Imports: 1.52
Exports: 0.04

4,600  
jobs in 
mines  
and plants

The main impacts 
are ground and 
surface water 
contamination 
from waste 
deposits

Coal mining is a traditional activity 
in Santa Catarina and Rio Grande 
do Sul, where it is part of the social 
landscape and is an alternative 
source of energy. Peat mining is 
incipient in the country, despite the 
geological interest in the Amazon. 
These activities have a history of 
high environmental impacts, so 
require investments in technology 
for mining, processing, transport 
and combustion.

Gas and light 
crude

Government 
shares: 5.91

58,170 
jobs in oil 
extraction 
and related 
services, 
and the 
anufacture 
of oil 
products

Major social 
impacts caused 
by increased 
wealth. Risk of 
accidents with 
high potential to 
damage aquatic 
environments.

Reserves growing at a high pace. 
High strategic value for economic 
development and national security. 
Gas is an important source of 
energy that is well suited to the 
urban environment. Important 
to the shipping industry. The oil 
industry feeds into a long chain of 
manufactured components and 
services.

Crude oil

Gems and 
precious 
stones

Diamond, 
emerald, 
amethyst, 
rock crystal, 
tourmaline, 
topaz, 
aquamarine, 
agate, 
alexandrite, 
opal, 
chrysoberyl, 
heliodor

Imports: 0.01
Exports: 0.13

1,350  
jobs in 
mines  
and plants

Impact restricted 
to excavations and 
adjacent drainage. 
Other kinds of 
impacts depend 
on the mining 
process used.

Scant deposits of extremely high 
aggregate value per unit/volume 
and basis for a diversified product 
chain (jewellery) and craftwork. 
Basis for production clusters. 
Mining not only boosts the local 
economy in poorer regions, but also 
provides jobs for people who would 
otherwise have no means of making 
a living or would exploit biodiversity 
resources. The delineation and 
preservation of potential areas for 
future exploration is of strategic 
importance.
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Substance
Economic 
Capital  
(US$ billion)

Human 
Capital

Environmental 
Impacts Cost / Benefit / Necessity

Metals 

Gold, iron, 
copper, lead, 
zinc, nickel, 
manganese, 
tin, titanium, 
niobium, rare 
earth metals, 
elements 
from the 
platinum 
group

Imports: 3.38
Exports: 16.95

38,500  
jobs in 
mines  
and plants

Impact restricted 
to excavations 
and tailings dams. 
Other impacts 
will depend on 
the care taken 
during mining 
and processing 
the metals, and 
particularly how 
arsenic-bearing 
waste is disposed 
of.

Rare deposits of high value at base 
of metallurgy and manufactured 
goods  production chains – the 
cornerstone of Brazilian industry.  
When gold is mined traditionally, 
it creates many jobs for people 
who would otherwise have no 
means of making a living or would 
exploit biodiversity resources. 
The large mining areas attract 
masses of itinerant workers who 
form settlements nearby with 
a low quality of life compared 
to the official mine workers; 
this undesirable effect must be 
addressed in corporate and public 
policies and in decisions about how 
to spend public monies.

Non-metal 
minerals for 
industry

Vermiculite, 
hyaline quartz 
(rock crystal), 
potassium, 
rock salt, 
feldspar, talc, 
kaolin, barite, 
clay

Imports: 3.44
Exports: 2.65

7,000  
jobs in 
mines  
and plants

Impact restricted 
to excavations 
or tailings dams. 
Other impacts 
will depend on 
the care taken in 
the mining and 
processing.

Deposits distributed unequally 
across national territory form the 
basis for many different production 
chains. If these minerals were 
not produced, the impact on the 
Brazilian balance of payments 
would be severe and would imply 
in dependency on foreign countries 
and policies. The delineation and 
preservation of potential areas for 
future exploration is of strategic 
importance.

Mineral and 
drinking 
water

Mineral water 
and drinking 
water

Domestic 
market:
Drinking 
water: 0.25
Mineral  
water: 0.2

11,400  
jobs in 
mines  
and plants

Limited impacts 
on all aspects due 
to the very nature 
of the product, 
which must be 
taken from a 
well conserved 
environment.

The domestic market for mineral 
and drinking water is small and 
exports are negligible. Production is 
far short of the geological potential; 
if demand were to increase, 
domestic production could easily 
increase fast in a few years.

Ornamental 
rocks

Granite, 
marble, 
syenite, 
quartzite, 
gabbro, 
quartz 
monzonite 

Imports: 0.017
Exports: 0.59

10,000  
jobs in 
mines  
and plants

Impact restricted 
to excavations 
and surrounding 
area (noise and 
air pollution). 
When mining 
is not properly 
managed, the 
impact on the 
landscape can be 
great.

This is a sector that has been 
growing fast over recent decades. 
It has the capacity to create jobs, 
and requires moderate mining and 
processing technology investments, 
infrastructure and social capital 
demands. Efforts to enhance 
processing in the country could 
boost export volumes and create 
thousands of jobs for low-skilled 
workers.

Table 7.1 – Strategic Assessment (continuation)
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Substance
Economic 
Capital  
(US$ billion)

Human 
Capital

Environmental 
Impacts Cost / Benefit / Necessity

Material for 
use in civil 
construction

Kaolin, 
feldspar, 
flouride, 
graphite, 
muscovite, 
vermiculite, 
talc, barite, 
industrial 
sand, quartz, 
kyanite, 
sillimanite, 
benthonite, 
asbestos, 
calcite, rock 
salt, granada, 
andalusite, 
diatomite

Imports: 0.11
Exports: 0.70

65,600 
jobs in 
mines  
and plants

Destruction of 
riparian forest, 
turbidity and 
contamination of 
groundwaters, 
degradation 
of landscape, 
conflicts with 
other uses, 
noise pollution, 
emission of 
particulate matter, 
road accidents 
due to heavy 
traffic.

Building materials are essential for 
social and economic development. 
They should be transported over 
short distances to keep the cost 
of housing and civil construction 
down. Often, the activities 
are influenced by studies into 
alternatives and management 
principles that should be included 
in municipal master plans. It is 
therefore essential that areas for 
urban mining be set aside and the 
recuperation and reuse of the land 
afterwards be planned; the use of 
wood as a fuel should be curbed. 

From this perspective, mineral resources should be 
seen as part of the country’s infrastructure in the sense that 
they are not easily moved and are restricted to certain sites, 
which makes them different from logistic infrastructure like 
roads, energy networks, oil pipelines, gas pipelines, etc., 
all of which are needed for socioeconomic development. 

Indeed, it is precisely in the Amazon that there are 
most conflicts over land use and occupation, particularly 
as a result of the polarized duality that has been built 
up between the conservation and exploitation of natural 
resources, which derives from a shortsighted view that 
fails to comprehend that human development and the 
(natural) environment are inseparable.

One of the main factors hampering decision-taking 
at the present juncture is a shortage of scientific data 
on the land, its composition and the functioning of its 
geosystems, which could be used as a basis for making 
more balanced decisions with the potential to reach 
true consensus.

Finally, touching on the issue of oil and gas 
exploration, clearly these resources are crucial to the 
economy and national security, not only for different 
forms of energy generation but also as drivers of 
different industries, especially the petrochemicals 
industry, and for the shipping industry and other 
support industries.

Table 7.1 – Strategic Assessment (continuation)
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     OIL AND GAS

In Brazil, the first exploration of sedimentary basins 
was made on land. The first commercially-viable quantity 
of oil was discovered in 1939 under the administration 
of Conselho Nacional do Petróleo (National Oil Council) 
in the Lobato field, Recôncavo sedimentary basin, Bahia.

As of 1953, Petrobras spearheaded exploration 
campaigns in almost every sedimentary basin in Brazil. 
From the 1930s to the 1960s, onshore exploration was 
hampered by access problems, causing the focus of 
efforts to shift to the coastline and along the banks of 
rivers like the Amazon. 

With the discovery of higher yields in offshore 
basins, exploration efforts turned to the continental 
shelf, especially the Campos basin. The discovery of 
Garoupa field in 1974 gave a new impetus to offshore 
exploration, and new reserves started to be discovered 
as technologies were developed for exploration and 
production in increasingly deep waters, for producing 
heavier crude and for drilling deeper wells.

As a result, Brazil’s oil and/or natural gas production 
now comes from Santos, Campos, Espírito Santo, 
Recôncavo, Tucano Sul, Sergipe-Alagoas, Ceará, Potiguar 
and Solimões basins. Daily production is around 1.8 
million barrels of oil and 48.4 million m³ of gas; the 
Campos basin accounts for the lion’s share of the oil, 
while Santos basin is proving an increasingly important 
source of natural gas and light crude. 

In 1997, Agência Nacional do Petróleo, Gás Natural 
e Biocombustíveis (ANP) was created with the task of 
regulating Brazil’s oil and gas resources and studying its 
hydrocarbon-bearing basins, as well as contracting studies 
to gather geological and geophysical data and information 
with a view to reducing the level of risk in exploration 
of frontier basins and attracting the private sector to oil 
exploration and production in the country. Perceiving that 
the only way to make Brazil’s frontier areas more attractive 

was to build up a body of knowledge about them, the 
ANP drew up a mid-term plan specifically for the study 
of frontier basins with activities planned out until 2012. 
Generally speaking, the studies have the same sequence 
of core activities: aerial geophysical surveys, geochemical 
surveys, regional 2D seismic surveys, data integration, and 
drilling of stratigraphic wells.

Brazil’s onshore and offshore sedimentary basins 
have good oil and gas potential, given that similar 
geological conditions in other parts of the world have 
provided good yields. However, the research into and 
knowledge of these basins is not uniform, leaving large 
areas where little is known about certain aspects of their 
petroleum geology (Figures 7.11 and 7.12).

The main sedimentary basins in Brazil with potential 
hydrocarbon reserves cover some 7.5 million km2, yet 
only nine of these basins are currently in production. In 
terms of total area, just 5% of all Brazil’s sedimentary 
basins are under concession for exploratory research.

Mature basins like Recôncavo, Sergipe-Alagoas, 
Espírito Santo (onshore) and Potiguar, which have well-
defined production systems, have not yielded any major 
discoveries for over ten years now. However, as they still 
attract private investments, they are not a priority for 
government-funded studies (Figure 7.13).

The high-potential basins like Campos, Santos, 
Espírito Santo (offshore) and Sergipe (deep waters), 
have yielded major oil and gas discoveries that have 
awakened interest and attracted private investments 
for exploration. As more advanced technologies have 
been developed, increasingly deeper exploration of these 
basins has become possible (Figure 7.14).

The other basins are classified as frontier basins, with 
investments planned in the ANP’s mid-term geology and 
geophysical plan (Figures 7.15 and 7.16).

Data on Brazil’s different sedimentary basins and 
planned public and private investments are presented 
in Table 7.2. 
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Figure 7.12 – Wells that have shown indications or discoveries of oil and/or gas

Figure 7.11 – Areas of significant interest for oil and gas
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Figure 7.14 – High-potential basins (yellow arrows)

Figure 7.15 – Frontier basins (onshore) (yellow arrows)

Figure 7.16 – Frontier basins (offshore) (yellow arrows)

Figure 7.13 – Mature Basins (yellow arrows) 
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Table 7.2 – Sedimentary basins in Brazil: oil and gas1

Sedimentary Basin Classification
Number of 

blocks under 
concession

Number  
of fields Planned Activities

Campos HP 33 59
Private investments inherent to concessions  
and the work of service providers

Santos FB, HP 81 15
Private investments inherent to concessions  
and the work of service providers

Espírito Santo FB, HP, M 44 48
Private investments inherent to concessions  
and the work of service providers

Recôncavo M 49 81
Private investments inherent to concessions  
and the work of service providers

Sergipe-Alagoas M 54 35
Private investments inherent to concessions  
and the work of service providers

Potiguar M 106 70
Private investments inherent to concessions  
and the work of service providers

Pelotas FB 6 0
Public and private investments: conclusion of 
geochemical surveys; regional 2D seismic surveys;  
data collation; drilling of stratigraphic well

Jacuípe FB 0 0
Public investments: regional 2D seismic surveys;  
data collation; drilling of stratigraphic well

Mucuri and Cumuruxatiba FB 12 0
Public and private investments: environmental 
sensitivity analysis –Abrolhos

Camamu-Almada FB 16 4
Private investments inherent to concessions  
and the work of service providers

Jequitinhonha FB 10 0
Private investments inherent to concessions  
and the work of service providers

Pernambuco-Paraíba FB 0 0 Public investments: regional 2D seismic surveys

Pará-Maranhão FB 4 0 Public and private investments: data collation

Foz do Amazonas FB 21 0 Public and private investments: data collation

Barreirinhas FB 8 0
Private investments inherent to concessions  
and the work of service providers

Ceará FB 2 4
Private investments inherent to concessions  
and the work of service providers
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Sedimentary Basin Classification
Number of 

blocks under 
concession

Number  
of fields Planned Activities

Marajó FB 0 0 Public investments: data collation

Acre and Madre de Dios FB 0 0
Public investments: aerial geophysical surveys; 
geochemical surveys; regional 2D seismic surveys;  
data collation; drilling of stratigraphic well

Solimões FB 26 10
Public and private investments: aerial geophysical 
surveys; geochemical surveys; regional 2D seismic 
surveys; data collation; drilling of stratigraphic well

Amazonas FB 0 2
Public investments: conclusion of aerial geophysical 
surveys; geochemical surveys; regional 2D seismic 
surveys; data collation; drilling of stratigraphic well

Tacutu FB 0 0
Public investments: geochemical surveys; regional 2D 
seismic surveys; data collation; drilling of stratigraphic 
well

São Luiz and Bragança-
Vizeu

FB 0 0
Public investments: geochemical surveys; regional 2D 
seismic surveys; data collation; drilling of stratigraphic 
well

Parnaíba FB 0 0
Public investments: geochemical surveys; regional 2D 
seismic surveys; data collation; drilling of stratigraphic 
well

Irecê and Lençóis FB 0 0 Public investments: geochemical surveys; data collation

Tucano and Jatobá FB 0 6
Private and public investments: geochemical surveys; 
regional 2D seismic surveys; data collation; drilling of 
stratigraphic well

Parecis FB 0 0
Public investments: conclusion of geochemical surveys; 
regional 2D seismic surveys; data collation; drilling of 
stratigraphic well

Paraná FB 0 1
Private and public investments: aerial geophysical 
surveys; geochemical surveys; regional 2D seismic 
surveys; data collation; drilling of stratigraphic well

Rio do Peixe FB 0 0 Private investments

Araripe FB 0 0
Private and public investments: regional 2D seismic 
surveys; data collation, and drilling of stratigraphic well

São Francisco FB 30 0
Private and public investments: regional 2D seismic 
surveys; data collation, and drilling of stratigraphic well

Notes:  (1) Data from 2007.
 (2) FB = Frontier Basin; HP = High Potential, M = Mature
N.B.  (i) Some basins may contain sectors with different classifications. 
 (ii) Fields with marginal reserves are not included in this table.

Table 7.2 – Sedimentary basins in Brazil: oil and gas1
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Figure 7.17 – Location of main coal deposits in Paraná sedimentary basin (RS-
SC-PR). Source: CPRM/SGB (2003).

     COAL

Coal has been known since the earliest history of 
civilization. The ancient Romans recorded that the people 
from Gaul used coal as a fuel before 80 BC, and the 
Saxons on the British Isles used coal and peat to light 
and heat their homes. The Chinese were mining coal 
centuries before the birth of Christ. 

The end of the eighteenth century marked the 
beginning of the Industrial Revolution in Europe, when 
the energy released from coal inspired inventions that 
would ultimately drive the world economy. Huge rail 
networks were laid for steam locomotives, rapidly 
expanding the potential for trade between countries and 
fuelling national economic development. 

In Brazil, the first discovery of coal was made in 1795 
(CPRM, 2003) at Curral Alto, Estância do Leão (RS), by a 
Portuguese soldier Vicente Wenceslau Gomes. The first 
coal in Santa Catarina state was discovered by chance 
by troops in Serra do 12 mountain range (today: Rio do 
Rastro mountain range) in 1822.

Coal consumption in Brazil grew fast 
during the First World War (1914-1918), 
especially to fuel its railways. After the war, 
coal was used for its first coal-fired thermal 
power plant, Gasômetro, which started 
producing electricity for the roads and houses 
of Porto Alegre (RS) in 1928. As of 1931, 
presidential decrees were passed which made 
it mandatory for industrial facilities in Brazil to 
consume 10-20% Brazilian coal. This policy 
and the subsequent outbreak of the Second 
World War (1939-1945) led to an increase 
in national coal production. When the war 
ended, Brazil started to use its metallurgical 
coal in its fledgling steel industry, which was 
heralded by the founding of Companhia 
Siderúrgica Nacional (CSN) in Volta Redonda 
(RJ). 

A national coal plan was introduced in 
1954 which aimed to harness more effectively 
the energy potential of this mineral. This 
triggered the building of several thermoelectric 
power plants which are still in operation, 
including Candiota, Charqueadas, Butiá and 
São Jerônimo, all in Rio Grande do Sul.

The oil shocks in 1973 and 1979 forced 
the government to turn its attention to 
domestic energy sources, including coal. In 
1980, a new energy programme (Programa de 
Mobilização Energética, PME) was introduced 
that pumped huge amounts of money into 
the research of coal seams, especially in Rio 
Grande do Sul and Santa Catarina. As an 
outcome, several large-scale mechanized 

mines were built and the consumption of coal by the 
cement industry was increased. 

In 1990, as the coal industry was deregulated, the 
state sector was freed from its obligation to use domestic 
coal, prices ceased to be indexed and imports of foreign 
coal were allowed, all of which forced industry to alter 
its production schemes to meet market needs and adapt 
to the new government rules. Brazilian metallurgical 
coal was replaced by imported coal of higher quality. 
Domestic coal still continued to supply the country’s 
thermoelectric power plants, which became increasingly 
important for electricity generation in the overall energy 
mix. 

Brazil’s largest coal deposits are in the south of 
the country, especially in Rio Grande do Sul, followed 
by Santa Catarina, Paraná and São Paulo. Nine of these 
seams jointly account for the largest volume of coal: 
Sul-Catarinense (SC); Santa Terezinha, Morungava-Chico-
Lomã, Charqueadas, Leão, Iruí, Capané and Candiota 
(RS); and Figueira-Sapopema (PR) (Figure 7.17).
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Geologically speaking, the coal is associated with the 
Rio Bonito formation, part of the Guatá group, which is 
in the lower part of the Paraná sedimentary sequence. 
The deposits were formed millions of years ago during 
the Permian period. At this time, the area that is now 
the Paraná sedimentary basin was covered with dense 
vegetation, which gradually died off and collected at 
the bottom of lagoons, swamps and floodplains. All the 
organic matter that was deposited in this way fossilized, 
forming thick, extensive deposits of peat that later turned 
into coal.

Paraná sedimentary basin is a large (1.2 million km2) 
intracratonic basin, i.e. it formed inside a geological 
plate. It developed by the slow, continuous deposition 
of layers of sediment and has no major folds. Its current 
conformation is due to the effects of faulting and 
erosion over millions of years. The slow subsidence that 
took place as the basin evolved was propitious for the 
deposition of coal interspersed with other materials such 
as sand or mud, resulting in sedimentary formations that 
are vertically and horizontally heterogeneous. When 
coal is formed this way, it is made up of organic plant 
matter and minerals (silt and clay). The plant matter 
decomposes and carbonizes by the action of temperature 
and pressure over thousands of years, finally forming 
carbonic material. Brazil’s reserves contain a total of 32 
billion tons of coal (CPRM, 2003) (Table 7.1).

Around 90% of Brazil’s coal reserves are in Rio Grande 
do Sul state and are all steam coal, which is suitable for 
use in thermal energy production. Of the total 32 billion 
tons of coal, 12 billion is in the Candiota region (RS), or 
37% of national stocks. Its location in the south of the 
country is strategic for the Mercosur trade bloc, assuring 
an abundant, cheap source of energy for the whole region. 

The characteristics of Brazilian coal depend on its 
genetic history, the events that took place as the plant 
matter accumulated in the marsh to form peat, and its 
subsequent diagenesis. This means that each deposit 
has specific characteristics that set it apart from the coal 
from other regions. 

Gondwana coal generally contains a majority of 
inertinite (around 50%), followed by 13-38% vitrinite 
and 2-13% exinite.

Brazil produces around 6.0 Mt thermal coal 
(MME-SGM, 2007), most of which is used for electricity 
generation. The metallurgical coal used in steelmaking 
is all imported, mainly from the USA, Australia, South 
Africa and Canada. What differentiates thermal coal 
from metallurgical coal is the characteristics of the 
rock, the original flora (quantity of carbon, hydrogen, 
volatiles, maturity of the organic material, properties of 
the macerals), the geological history of the sedimentary 
basin (speed of sedimentation, sediment and water 
circulation in the basin), as well as the temperature and 
carbonization (CPRM, 2003). Alongside its coal, Brazil 
has several peat deposits, which are gradually being 
studied and used as inputs for agriculture and for local 
energy generation projects. 

The coal mining that took place in Rio Grande do 
Sul and Santa Catarina in the nineteenth and twentieth 
centuries left major scars on the environment, especially 
in the areas where there was open-pit mining. Large 
areas were used to store slag, forming lunar landscapes 
that were entirely unusable and totally degraded. Surface 
water and groundwater became acidified because the 
iron contained in the pyrite, which had a huge impact 
on the region’s biosystems and damaged the animal and 
plant life (Figure 7.18).

Table 7.1 Coal reserves in Paraná sedimentary basin

State Deposit Size (106 t) % of Brazil

Rio Grande do Sul

Candiota 12,278

Santa Terezinha 4,283

Morungava/Chico Lomã 3,128

Charqueadas 2,993

Leão 2,439

Iruí 1,666

Capané 1,203

Others 994

SUM 28,804 89.25

Santa Catarina Sul-Catarinense 3,363 10.41

Paraná Miscellaneous 104 0.32

São Paulo Miscellaneous 8 0.02

TOTAL 32,279 100.00
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Figure 7.18 – Open-pit coal mining: Faxinal mine (RS). Photograph: Luiz Fernando Pardi Zanini

However, in recent decades environmental 
recovery programmes carried out by businesses, unions, 
governments and state-owned companies have done 
much to reverse this situation, gradually recuperating 
degraded areas in both Rio Grande do Sul and Santa 

Catarina. Today’s mining activities make use of techniques 
designed to prevent pollution and any harm to the 
physical environment. Mined areas are the subject of 
environmental recovery plans as soon as they are depleted, 
so that environmental impacts are kept to a minimum. 



118

GEODIVERSITy Of BRAzIL

Figure 7.19 – Location of main uranium deposits. Source: CNEN

     URANIUM

Nuclear minerals are minerals that contain one or 
more nuclear elements (uranium or thorium). 

The main uranium-bearing minerals are uraninite, 
pitchblende, torbernite, autunite, carnotite, betafite, 
coffinite, euxenite, pyrochlore and samarskite. The 
thorium ores are monazite, thorite, thorianite and 
euxenite. 

The main application of uranium is as a nuclear fuel 
for energy generation. Thorium is rarely used for energy 
generation. Uranium is also used in explosives for the 
arms industry; in the form of nitrates for the photographic 
industry; in the form of acetates for the chemicals industry; 
and in the form of a salt for glass production. 

Thorium is mainly used in the form of oxide for 
manufacturing gas mantles; for producing alloys, 
especially with magnesium; in the electronics industry; 
in the manufacture of electric light bulbs; and in the 
optical industry for the production of glass for lenses.

Brazil has reserves of uranium totalling 309,370 
tons of contained U3O8. The Caetité industrial mining 
complex in the southern central part of Bahia is currently 
the only uranium production facility in the country. In 
Poços de Caldas, southern Minas Gerais, there was an 
industrial mining complex that was once Brazil’s only 
production area, but this is being decommissioned as 
the economically feasible ore reserves are depleted. It 
was here that the country’s first technology 
was housed to develop the nuclear fuel 
cycle for electricity generation by treating 
uranium ore chemically and transforming it 
into yellowcake. This was basically used to 
fuel the Angra I reactor and in technology 
development programmes. 

At Poços de Caldas, the uranium occurs 
essentially as uraninite associated with the 
basic rocks formed between the Cretaceous 
and the Paleogene, the most important 
deposits being at Cercado and Agostinho. 
The former, with 21,800 tons of contained 
U3O8, was exploited until 1998 at Osamu 
Utsumi mine. The latter contained an 
estimated 50,000 tons of contained U3O8. 
Three different mineralization phases were 
distinguished at Poços de Caldas: two 
involving hydrothermal alteration and one 
involving supergene alteration.

At Caetité, uranium ore, mostly in 
the form of uraninite, is found in some 
33 deposits in Lagoa Real. The ore is 
present in a series of lenticular albitite 
bodies associated with shear zones that 
cut through Archaean metamorphites and 
Palaeoproterozoic granite. It is possible that 
the mineralization started at the beginning 

of the Neoproterozoic and was remobilized at the end 
of the Brasiliano event. The reserves total some 100,000 
tons of contained U3O8: enough to operate Angra I, II 
and III nuclear power plants.

The other uranium reserves are in Itataia, Figueira, 
Amorinópolis, Espinharas, Campos Belos, Rio Preto, 
Quadrilátero Ferrífero and Rio Cristalino (Figure 7.19).

While the phosphorous and uranium deposits at 
Itataia, central Ceará, are the largest in the country, 
containing 142,500 tons of contained U3O8, they are 
only economically feasible when mined in conjunction 
with the associated phosphate. The main regional 
rocks related to the Itataia deposit are Precambrian 
para-gneisses with large carbonate lenses. The uranium 
occurs in cryptocrystalline hydroxyapatite associated 
with microcrystalline apatite and thin veins or stockwork 
of microcrystalline apatite in marbles, gneisses and 
episyenites. Its mineralization is estimated to date from 
the Neoproterozoic to the Cambrian-Ordovician. 

The other uranium reserves are smaller. At Figueira, 
eastern Paraná, and Amoriópolis, southern Goiás, it is 
found in Palaeozoic sedimentary rocks in the Paraná 
basin, from the Permian and Devonian, respectively. In 
Figueira, the uranium is found in the form of uraninite 
in sandstone or in association with organic matter in 
carbon-rich clay and coal. In Amorinópolis, the host 
rock for the uranium ores deposits (autunite, sabugalite, 
uraninite and coffinite) is a layer of arkose. Meanwhile, 
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the Espinharas deposit in Paraíba contains uranium 
in association with Precambrian gneisses and schists 
associated with intrusive granites that were altered 
by metasomatic processes such as albitization and 
hematitization at the end of the Brasiliano cycle, with 
lixiviation of silicon and phosphate enrichment. It is an 
epigenetic deposit, much like several others in north-
eastern Brazil. Meanwhile, the uranium minerals in 
Campos Belos (autunite, torbenite and renardite) and 
Rio Preto (uraninite), both in central Goiás, are hosted 
essentially in Palaeoproterozoic graphitic schists. 

The Palaeoproterozoic metaconglomerates and 
quartzites from the Moeda formation in the Quadrilátero 
Ferrífero area of Minas Gerais contain uranium deposits 
(uraninite, brannerite and coffinite) associated with gold 
and pyrite. In Rio Cristalino, southern Pará, uranium 
ore (uraninite, kasolite and meta-autunite) related to 
Palaeoproterozoic psammitic rocks is currently being 
assessed. Finally, there are uranium deposits associated 
with cassiterite ores and other minerals in Pitinga, 

north-eastern Amazonia, and in copper and gold ores 
in Carajás, south-eastern Pará. The uranium occurrences 
have a total estimated potential of 150,000 tons of 
contained U3O8.
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Figure 8.1 – Acrisol profile in a hilly relief with forest vegetation and pasture

Soil is an unconsolidated surface made up of 
layers of a different physical, chemical, mineralogical 
and biological nature that develop over time under the 
influence of the climate, parent material, topography 
and biological factors.

One way of presenting pedological information 
is on soil maps. These represent a stratification of 
environments, separating out areas for different 
purposes and providing data that can be used in 
special soil conservation and environmental protection 
programmes.

Many of the problems related to soils have to do 
with the complexity and difficulty of identifying them. 
Once they have been identified, their limitations and 
potentialities can be determined, which have a direct 
impact on the most appropriate uses for them. 

Soil research for agronomy has been undertaken for 
years, but methods have gradually changed as correlated 
studies have been brought in, especially geotechnical 
surveys. The result is that better quality information is 
now available for far broader applications. 

The nomenclature presented here is based on the 
soil classification currently in use in Brazil (EMBRAPA, 
2006).

The aim of this chapter is basically to give some 
general information on the limitations and potentialities 
of the soils for agricultural and non-agricultural uses, 
focusing on the characteristics of the main soil types 
found in Brazil. Those interested in studying the subject 
in greater depth and detail should consult the extensive 
bibliography on the subject.

ACRISOLS

In these soils, the clay content in the 
subsoil (B) horizon is much greater than it 
is in the topsoil (A) horizon, characterizing 
the subsoil as a Bt horizon. The higher clay 
content can be seen clearly when the texture is 
examined, and sometimes also by a difference 
in the colour and other characteristics. When 
there is a sudden change in texture (very 
marked textural gradient in a short vertical 
space), it becomes even more visible. The Bt 
horizon, which can have varying morphologies 
and constitutions and can occur at a variety of 
depths, is responsible for the highly variable 
behaviour of this kind of soil. It is, however, 
the second most representative class of soils 
in the country. It covers a broad diversity 
of soils ranging from shallow (<50 cm) to 
very deep (>2.00 m), abrupt (high textural 
gradient), eutrophic (base saturation >50%) 
and dystrophic (base saturation <50%), 
containing gravel, with a fragipan (compact 
horizon), with solodic features (presence of 

sodium), etc. Given the great variety of acrisols, it is hard 
to make any generalizations about them. Acrisols with 
a Bt horizon that has low hydraulic conductivity may, in 
high rainfall areas, develop a raised water table, making 
them prone to landslides because of the excess water on 
the shear plane between the A and Bt horizons, which 
operates as a lubricant and facilitates the movement of 
the surface matter (OLIVEIRA, 2005). The soils that are 
most susceptible to erosion are those that are abrupt 
and those that occur in accentuated reliefs. 

Depending on the colour of the Bt horizon, Acrisols 
are classified as red, reddish-yellow, brownish-grey and 
greyish; they often occur in association with Oxisols 
across the whole of Brazil (Figure 8.1).

CAMBISOLS

These are weakly-developed soils that occur in a 
wide variety of thicknesses, from shallow (<50 cm) to 
deep (<2.00 m). No matter what the A horizon is, it 
will always overlie an incipient B horizon (Bi) of varying 
characteristics. The soil is often gravely, stony or rocky. 
Cambisols are associated with more accentuated reliefs, 
particularly mountainous terrains. No single pattern of 
behaviour can be attributed to these soils because of 
their varying features. As they are weakly developed and 
have higher silt levels than most other soils, with a high 
silt/clay ratio, they are more susceptible to erosion. The 
presence of silt in the topsoil in some of these soils lends 
itself to the formation of very dense dust, which should 
be taken into account if an area with this soil is intended 
to be used for leisure activities. This kind of soil occurs 
across the whole of the country with the exception of the 
Amazon region, where it is very uncommon (Figure 8.2).
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Figure 8.2 – Cambisol profile with an incipient B horizon in an undulating relief, 
covered with grassland vegetation

Figure 8.3 – Spodosol profile with iron- and organic-matter-rich horizon in a flat 
terrain from the Barreiras group, with salt-marsh vegetation

CHERNOZEMS

These soils have a chernozemic topsoil horizon (dark 
in colour, good natural fertility and high organic matter 
content) overlying a B horizon that is normally reddish in 
colour with high-activity clay (cation exchange capacity 
(CTC) >27 cmolc per kg of clay). These soils have good 
agricultural potential as they are chemically rich, have a 
well-structured, aerated topsoil and a high proportion 
of organic matter.

When this kind of soil gets wet, the increased 
plasticity and stickiness of the topsoil makes it hard for 
vehicles to cross and difficult to plough. In the case 
of some of these soils, where the saprolite content is 
relatively soft, their use as sites for landfills, sedimentation 
ponds or cemeteries is not recommended.

These soils are common in many parts of Brazil and 
are normally associated with limestone material in areas 
where the climate is drier. They also occur in association 
with basalt in the south of the country.

SPODOSOLS

Spodosols are predominantly sandy soils 
that contain iron, organic matter or both in 
the subsoil (spodic B horizon), which can 
occur at different depths. With their high sand 
content, these soils are very permeable and 
quick-drying and have a high decomposition 
rate and a very limited nutrient retention 
capacity.

When the spodic B horizon is near 
the surface, this increases the soil’s water 
retention capacity. When this horizon is 
at a few metres’ depth, the soil’s physical 
behaviour is more like that of Arenosols. 
Some Spodosols have a hardened subsoil 
layer (orstein), which hampers the growth 

of plants’ roots, especially trees and shrubs, 
while also making excavation difficult. This 
kind of soil is common along the coast of 
Brazil and in the Amazon (Figure 8.3).

GLEYSOLS

These soils are common in areas prone 
to flooding, such as river banks, islands, large 
plains, lagoons, etc., and consequently suffer 
from aeration problems and poor drainage. 
With their low iron content, they are normally 
greyish or greenish in colour.

The sulphur content of thionic Gleys 
makes their use in agricultural and non-
agricultural activities extremely limited. When 
this kind of soil is drained, a sulphuric horizon 
quickly forms, which puts any underground 

piping at risk of corrosion. Likewise, Gleysols that have 
a very high salt content and are vertic (low permeability, 
expansive clays) can also damage underground pipes.

Gleysols occur throughout Brazil and are often 
found in river floodplains. Generally speaking, given the 
topographical position where they tend to occur and the 
fact that the water table is so near the surface, they are 
not suitable sites for cemeteries, landfills, sedimentation 
pools or leisure areas (Figure 8.4).

OXISOLS

These are deep to very deep soils (<3.00 m) with 
an Oxisol B horizon (Bw). They are at an advanced stage 
of weathering and are well developed in virtue of major 
transformations to their parent material. The increase in 
clay content from the A to the B horizon is minimal, so 
the B/A texture ratio is not high enough to characterize 
the subsoil as a textural B (Bt) horizon.
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Figure 8.4 – Haplic Gleysol profile in a lowland area prone to periodic flooding, 
covered with pasture. Photograph: José Francisco Lumbreras.

Figure 8.5 – Red Oxisol profile with a clayey texture in a gently 
undulating topography with fields and pasture

These soils tend to be granular or else they can be 
blocky, in which case they are only weakly developed and 
have high porosity and inner permeability with excessive 
or very fast drainage, helping them to withstand erosion 
better than other soil types. However, some soils of this 
type that have a well-developed granular structure can 
be very susceptible to rill erosion when they are subject 
to high-concentration runoff (RESENDE et al., 1992) 
because of the limited cohesion between the structural 
units, which in this case behave physically like fine sand 
or silt (pseudo-silt). Similar behaviour is observed for the 
lighter, medium-textured soils.

This kind of soil is one of the most widespread in 
Brazil, occupying large tracts of land. Despite its low 
natural fertility, it is often used for agriculture because 
it normally occurs in areas of subdued relief and has 
good physical characteristics. Although it can occur in all 
manner of topography, it is less common in mountainous 
terrains, where it is only found on convex areas of land. 
In some areas, Oxisols are found whose solum (sum of 
A and B horizons) is less than 1.5 m thick, known as 
Cambic Oxisols. This suborder is more erodible than the 
typical Oxisols. The classification of Oxisols depends on 
the colour of the B horizon:

• Brown Oxisols: These are deep soils with a dark, 
normally thick A horizon and a brown subsoil horizon 
that is often reddish at greater depths. These soils are 
clayey or very clayey and contract considerably when they 
lose water, which can easily be seen by the cracks that 
form on sun-exposed banks. This kind of soil is common 
on inland plateaus in southern Brazil, at altitudes over 
800 m and in subtropical climes.

• Yellow Oxisols: These deep soils are yellow in 
colour, well-drained and of low natural fertility. They 
occupy large areas of the coastal tablelands and the 
lower and middle Amazon.

• Red Oxisols: These are very homogenous, 
well-drained, dark red soils. When their parent 
material is basic rock, often basalt from the 
Serra Geral formation in the southeast and 
south of the country, they contain high levels 
of iron oxide and are magnetic when dry. 
Although they are chemically poor, they are 
useful for agriculture because they occur in 
gentle reliefs. Red Oxisols are very common in 
the mid-west of Brazil, accounting for much 
of the arable land in the region.

• Reddish-Yellow Oxisols: These are well-
drained yellowish-red soils of low natural 
fertility that occur across practically every part 
of Brazil, although less so in Rio Grande do 
Sul. When they are clayey, they tend to be 
used for agriculture; when medium-textured, 
they are used for livestock.

Despite their limited cation exchange 
capacity, the thickness and good aeration 

of these soils make them suitable sites for landfills, 
wastewater deposits, sedimentation ponds and 
cemeteries. The low activity of the clay in these soils 
and their good drainage make them excellent for road 
surfaces (Figure 8.5).

LUVISOLS

These soils can be quite deep or deep, are reddish in 
colour and have a textural B horizon or a nitic B horizon 
beneath the A horizon, and are often gravely or stony. 
They characteristically have high-activity clay (>27 cmolc 
per kg of clay) and high base saturation (V>50%). As 
they only slightly weathered they tend to contain medium 
to high levels of easily decomposable minerals. These 
elements in the soil can lead to the higher solubilization 
of the bases present in the easily-decomposed primary 
minerals, allowing salts to rise to the top horizons 
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Figure 8.6 – Fluvisol profile on a flat terrace with natural pasture

Figure 8.7 – Arenosol profile on a gently undulating relief with 
pasture

and making these soils susceptible to salinization. The 
presence of stones and concretions may hamper the 
availability of water and nutrients for plants. 

The shallow depth of these soils, their high textural 
gradient, which is generally abrupt, and the relief in 
which they occur make them susceptible to erosion, 
especially in Brazil’s semi-arid region where rainfall is 
concentrated over a short period of time. It is common 
for there to be cobbles and boulders on the surface, 
making it hard for them to be used for agriculture, but 
nonetheless protecting them against erosion.

This kind of soil is most common in Brazil’s driest 
parts – the north-east semi-arid region – and is only 
occupied by free-ranging livestock. It does also occur 
in the south and the Amazon, where it is used for 
agriculture and planted pasture, respectively.

ENTISOLS

These are weakly developed soils with no B horizon. 
They can be shallow (rock less than 50 cm deep) 
Leptosols; deep, sandy soils (Arenosols); have an A 
horizon overlying the C horizon directly and containing 
easily decomposable primary minerals (Regosols); and 
be alluvial soils (Fluvisols).

Fluvisols are formed on terraces from recent 
(Quaternary) alluvial deposition. They are normally 
stratified into layers with no pedogenetic relationship 
between them, which can be seen from the great textural 
variety and high carbon content at depth. They are 
therefore very spatially variable. They have a sequence of 
A-C horizons and sometimes show evidence of gleying 
when they are nearer water courses and groundwaters; 
they are normally shallow and are prone to occasional 
flooding.

These highly variable soils can be nutrient-rich or 
nutrient-poor. Some contain high levels of salt or sodium. 
They become increasingly limited as the concentrations 
of these elements rise, which can be responsible for 
corroding underground objects. This limitation can be 
mitigated when the soil is more permeable, which helps 
leach out the salts or sodium (Figure 8.6).

Arenosols are sandy, essentially quartz soils that have 
virtually no primary minerals and are very susceptible to 
weathering. They are well or excessively drained, very 
permeable and deep to very deep. They are not naturally 
fertile and have a very low cation exchange capacity and 
base saturation. The sandy texture is also responsible for the 
low water retention of these soils and their limited capacity 
to retain any added nutrients, hindering greatly their use in 
agriculture. Again, their sandy, loose-grained texture makes 
these soils crumbly and prone to erosion, even when the 
relief is subdued. They are very common in Brazil, especially 
in the central west region and along the coast. 

Although they are very permeable and have a thick 
aeration zone, their low absorption capacity allows 

toxic materials and heavy metals to be leached out 
of them, heightening the likelihood of groundwater 
contamination (Figure 8.7).

Leptosols are shallow or very shallow and with the 
exception of the chernozemic variety have no B horizon. 
The greatest limitation of these soils is their shallow 
depth, which hampers the root development of plants 
and crops and gives them less support the closer the 
rock is to the surface. As such, these soils have a limited 
capacity to sustain plant life. The restricted plant cover 
or its total absence makes them particularly susceptible 
to sheet and rill erosion when there is heavy rainfall.

As these soils are so shallow, they often contain 
gravel and cobbles and have a stony or rocky surface, 
which, while protecting the soil (reducing the rate at 
which it loses water by evaporation), also hampers the 
use of machinery. Leptosols cannot be used as sites for 
cemeteries or landfills; they are more suited to flora and 
fauna preservation.

These soils are very susceptible to erosion because 
they are so shallow and because of the kind of topography 
where they tend to occur. Their light surface texture and 
direct contact with the rock at a shallow depth means 
that landslides are not uncommon because the rapid 
saturation of the surface horizon and the surplus water 
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Figure 8.8 – Leptosol profile on a gently undulating relief with grassland 
vegetation

on the shear plane operate like a lubricant, making it 
easier for material above this plane to move (Figure 8.8).

Regosols are weakly developed, quite deep or thicker 
soils (A + C >50 cm) with a normally sandy texture, 
where the sand fraction contains appreciable levels 
of easily weathered minerals. They are predominantly 
eutrophic, very porous and have a low water retention 
capacity. Some have a fragipan (compact) horizon at 
different depths that may be developed or in formation. 
Fragipans are helpful in the semi-arid region in that they 
retain moisture near the surface, except where the soil 
has a high sodium content. Regosols are more common 
in the semi-arid north-eastern region and also occur in 
Mato Grosso do Sul.

There are Entisols in almost every part of Brazil, but 
as some of them only occur in certain topographies (e.g. 
Fluvisols along rivers and streams; Leptosols on very steep 
hillsides), it is only possible to map them out in certain 
areas on a larger scale.

NITISOLS

Nitisols have a nitic B horizon of low-activity clay. 
They are deep or very deep, well-drained soils that have 
a low textural gradient and strongly developed blocks 
and cutans in the B horizon that are, by definition, clayey 
or very clayey. As their parent material is usually alkali 
basalts, they are usually deep red (previously known 
as structured purple earth (Terras Roxas Estruturadas)). 
These soils’ low textural gradient and high clay content 
make them less susceptible to erosion than soils with a 
textural B horizon, such as Acrisols. Additionally, their 
excellent structure gives them good permeability within 
the soil profile.

As they are thick, well drained and aerated, these 
soils are suitable sites for landfills, wastewater deposits, 
sedimentation ponds and cemeteries. They also make 
for excellent road surfaces.
Nitisols can be found across most of Brazil, especially in 
the Platina basin, from Goiás to Rio Grande do Sul. They 
are also found in Tocantins, the south of Maranhão, Pará 
and Mato Grosso.

HISTOSOLS

Histosols are weakly developed soils made of 
organic matter (>80 g/kg organic carbon) derived from 
the accumulation of plant debris in different states of 
decomposition. They have a thick histic horizon that is 
rich in organic matter made up of fibres whose plant 
origin is easily identifiable up to the first 100 cm in depth. 
These soils are present on flat floodplains, wetlands, in 
poorly- to well-drained environments where the water 
table is at or near the surface and where the land is more 
low-lying than in adjacent areas.

These soils are normally dark, black, greyish or 
brown and have very a high organic carbon content 
(over 50%). The cation exchange capacity in the organic 
layer is high to very high, but the base saturation is very 
low, meaning that the CEC (T value) is caused by the 
significant presence of H+ ions because of the acidity 
of the organic material. Histosols have a high water 
content practically the whole year round, making them 
unsuitable for agriculture. 

It is important to find out the level of organic matter 
in these soils and its stage of decomposition, because 
this affects not just the soil’s classification, but also its 
density, the size of its pores, its water retention capacity, 
hydraulic conductivity and bearing capacity. The less 
decomposed the organic matter, the more intense its 
subsidence capacity will be.

These soils are found in every part of Brazil wherever 
water accumulates and there is plant debris, such as 
along river and lake banks. For it to be adequately 
mapped, larger scales must be used (Figure 8.9).

PLANOSOLS

These are poorly to badly-drained soils with a lighter-
textured topsoil horizon that contrasts sharply with the Bt 
horizon, which is clayey, dense and of low permeability 
and often serves to keep the groundwaters near the 
surface. They have varying levels of natural fertility and 
serious physical limitations. 

Some Planosols contain high levels of 
sodium (natric Planosols) and have a very 
low-permeability B horizon and a very hard 
consistency when dry. This is exacerbated 
when the clays are highly active because they 
have a higher shrink-swell capacity. In such 
cases, the soil’s permeability is very low.

Although these soils occupy flat and gentle 
reliefs, they are moderately erodible in virtue of 
their physical characteristics and high textural 
gradient. The topsoil horizon is very susceptible 
to sheet erosion, while the Bt horizon can form 
rills and ravines by the combined action of man 
and the soil’s internal characteristics, which 
make it prone to erosion even when the relief 
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Figure 8.9 – Histosol on a flat relief, with sugar cane

Figure 8.10 – Planosol on a flat relief with natural pasture

Figure 8.11 – Plinthosol profile developed on a flat relief and 
prepared for crops 

Figure 8.12 – Petric Plinthosol on a flat relief with cerrado 
vegetation and lateritic iron crusts

is flat. These soils are common in the semi-arid area of the 
north-east, and are also found in the Mato Grosso Pantanal 
and in Rio Grande do Sul (Figure 8.10).

PLINTHOSOLS

Plinthosols either contain significant levels of 
plinthite (an iron-rich, humus-poor material) or large 
iron concretions (ferricrete) or even gossans. The latter 
are called Petric Plinthosols, and despite the concretions 
they contain they are better drained. They occupy large 
tracts of land on the plateaus in the central west of the 
country and on some Amazonian plateaus. The other 
Plinthosols are characteristically mottled because of 
their poor drainage and the presence of plinthite in the 
soil profile. These soils have high agricultural potential 
provided due care is taken to drain them, as altering 
their water dynamics may cause the plinthite to harden 
irreversibly (Figure 8.11).

The large quantities of surface concretions in Petric 
Plinthosols makes it hard to prepare for agriculture, 
wearing down farming machinery and significantly 
reducing the volume of water and nutrients for crops. 
However, they do serve as excellent road surfaces.

These soils can be found across most of Brazil, 
especially in the Maranhão lowlands, Piauí, the middle 
Amazon, Paraná valley, Mato Grosso Pantanal and the 
Araguaia and Guaporé plateaus (Figure 8.12).

VERTISOLS

These are deep and quite deep, highly-active, clay-
rich soils that shrink and swell to such an extent that they 
will often form cracks and friction grooves (slickensides). 
They can be dark or yellowish in colour, and a few are 
reddish. These soils are very fertile and are more common 
in dry climates, such as the north-eastern semi-arid area. 
They are also found in the Mato Grosso Pantanal, in 
Recôncavo Baiana and Campanha Gaúcha.

With their high content of highly active clay, the 
consistency of these soils is extremely hard to very hard 
when they are dry, and very plastic to very sticky when 
moist. Given their high shrinkability, they often form 
cracks during droughts and can even damage plant 
roots and underground structures like pipelines. They are 
therefore not recommended for use in civil construction 
or for landfills (Figure 8.13).
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Figure 8.13 – Vertisol profile developed on a flat relief with 
grassland vegetation

Detail of a slickenside (friction grooves), which is common in these 
soils, caused by the swelling and shrinkage of the soil particles, 

called slickensides.

Figura 8.14 – Soil profile showing an antropic A horizont 
(Amazonian Dark Earth) (Rio Preto da Eva City, AM)

Figura 8.15 – Trench in area of ocurrences of Amazonian  
Dark Earth (Rio Preto da Eva City, AM)

AMAZONIAN DARK EARTHS

Some dry areas of the Central Amazon are known 
as Amazonian Dark Earths: soils with a dark, fertile 
topsoil. The reason they are so dark is because of the 
high concentration of very stable black carbon, mostly 
of pyrogenic origin, which is a very powerful pigment. 
They also have a high density of negative charges, 
giving these horizons a high cation exchange capacity. 
These areas also have high concentrations of calcium, 
magnesium, zinc and manganese cations. The enriched 
horizons of the Amazonian Dark Earths often yield 
archaeological finds of ceramic craftwork and have a 
higher concentration of total phosphorous and plant-
available phosphorous than the adjacent soils formed 
from the same parent material. Carbon dating of these 
areas indicates that most of them were formed between 
700 and 2,500 years B.P. 

Those soils that have the typical Amazonian Dark 
Earth horizons do not have their own classification in 
the Brazilian soil classification; rather, they have been 
characterized in surveys as having an anthropic A 
horizon, as Acrisols and Oxisols and, to a lesser extent, 
as Plinthosols and Spodosols. In the floodplains, there 
are normally subsoil anthropic horizons, especially in the 
Gleysols (Figures 8.14 and 8.15).

In the literature, there are promising findings about 
the use of charcoal as a soil improver, suggesting that it 
could be used to enhance the efficiency of fertilizers. The 
charring of plant debris has the potential to increase the 
sustainability of the soil’s yield capacity, reduce carbon 
emissions into the atmosphere and provide a suitable 
destination for organic waste while also promoting rural 
development. 

Table 8.1 presents a summary of the orders and sub-
orders of the main soil classes (first and second levels), 
as well as their limitations and potentialities. 
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Figure 9.1 – a) Main types of environmental risks (adapted from Augusto Filho, 
1999). b) Main types of natural risks (adapted from ISDR, 2004).

Throughout the history of the human species, 
man has always been exposed to dangers arising from 
natural geological phenomena. Man’s subsequent 
organization into communities significantly changed 
natural environmental conditions, giving rise to risk 
situations with the potential to cause social, economic 
and environmental damage.

As of the 1960s, scholars such as Gilbert White 
started to research the natural dangers the people of 
the world faced. As these studies were developed, a 
new term was coined: “environmental risks”. Figure 9.1 
sets out the classes of environmental risk proposed by 
Augusto Filho (1999), which are used in Brazil, and the 
ISDR (2004).

CONCEPTS AND DEFINITIONS

The idea of risk is has to do with the exposure of 
people and properties to danger, loss or damage brought 
about by natural or man-induced processes. However, 
the scientific literature in Portuguese, French and English 
is increasingly employing the terms “risk”, “danger” and 
“disaster” interchangeably, independent of their quite 
different original definitions, according to Castro (2005).

In a study for UNESCO, Varnes (1984) proposed a 
number of risk-related concepts that are now widely used. 
Based on this concept, the most generic characterization 
of risk that is accepted by most authors is:

R = P x C
where:
R = risk
P = probabil ity of the process occurring 

(susceptibility) 

C = associated potential social and economic 
consequence (vulnerability) 

Today, the most widely-used terminology is as 
follows:

• geological process: any change to environmental 
conditions (movement of dunes, relief modelling, 
changes in sea level) induced by naturally-occurring 
endogenic or exogenic sources of energy;

• geological event: natural phenomenon whose 
effects do not result in the loss of human life or economic 
losses, such as high-intensity earthquakes in uninhabited 
areas;

• geological hazard: when a geological event 
could cause harm to people and property and economic 
disruption, without such losses being quantified;

• geological risk: when a geological event could 
cause harm to people and property and economic 
disruption, and such losses can be quantified.

• geological accident: high-intensity geological 
event causing economic disruption and loss of human 
life, such as a high-intensity earthquake affecting 
densely-populated areas. Depending on the number 
of victims and economic losses, a geological accident 
can be defined as an accident, disaster or catastrophe 
(DIAS, 2002).

RESEARCH INTO GEOLOGICAL RISKS

A landmark in the research and understanding of 
geological risks was the United Nations initiative to make 
the 1990s the International Decade for Natural Disaster 
Reduction (IDNDR).

The IDNDR was proclaimed by United 
Nations General Assembly resolution 44/236 
and took effect as of 1st January 1990. As an 
outcome, several international cooperation 
programmes were created involving 72 
countries, including Brazil. 

In 2001, the International Federation 
of the Red Cross and Red Crescent Societies 
divulged the information that 42% of the 
natural disasters with economic losses 
and loss of life were caused by floods and 
landslides.

In 2005, the International Strategy 
for Disaster Reduction (ISDR), created by 
the UN to take forward the work started 
during the IDNDR, published a broad-based 
study covering the period from 1900 to 
2003 with data on the social and economic 
damage caused by natural disasters. Figure 
9.2 shows the three main categories of 
natural disasters that took place in the 
twentieth century and the first three years 
of the present century, subdivided into: 
hydrometeorological disasters (floods, 
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Figure 9.3 – Distribution of earthquakes around the Earth (from: http://www.iag.usp.br/siae98/terremoto/terremotos.htm).

Figure 9.2 – Number of natural disasters (by class) recorded between 1900 and 
2003 (ISDR, 2004).

storms, hurricanes, tornadoes, typhoons, droughts, 
extreme temperatures and avalanches); geological and 
geophysical disasters (earthquakes, tsunamis, landslides, 
subsidence, erosion, soil collapse and expansion and 
volcanic eruptions); and biological disasters (epidemics 
and insect pests).

This subdivision is very similar to the categories 
presented by Augusto Filho (1999), with the main 
difference being the use of the term “natural disaster’ 
instead of “environmental risk”.

CHARACTERIZATION OF DIFFERENT 
GEOLOGICAL RISKS

The subdivision of environmental risks splits 
geological risks into endogenic and exogenic. The former 

are related to the energy generated and deriving from 
the inside of the planet, while the latter are the outcome 
of energy generated (on the whole) on the surface of 
the planet.

Endogenic Risks

Earthquakes

Earthquakes (seismic activity) are the sudden 
movement of tectonic plates, the vast blocks of rock 
that form the Earth’s crust. When these movements 
take place, a huge quantity of energy accumulated in 
the crust is released. In places where two plates meet, 
weakened areas (faults) are formed, which are where 
this energy tends to be released. Some such faults can 

reach down as far as 50-70 km deep and 
be hundreds of kilometres long. These are 
where the higher-intensity earthquakes take 
place. Earthquakes happen all across the 
planet. They are normally associated with 
tectonic movement, although lower-intensity 
earthquakes may be associated with mining, 
engineering works (e.g. large dams), the 
collapse of limestone cave roofs, and oil or 
water extraction (Figure 9.3).

In order to define the quantity of 
energy released and the size of the damage 
caused by earthquakes, scales of magnitude 
have been creased that are directly related 
to the quantity of energy released at the 
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Figure 9.4 – Distribution of volcanoes on the Earth (TEIXEIRA et al., 2000)

Figure 9.5 – Mount Etna (22 July 2001) (from: http://br.geocities.com/
vulcoes/Etna.htm) and Vesuvius (from: http://br.geocities.com/vulcoes/

Vesuvio.htm): two of the world’s best known volcanoes

earthquake’s epicentre (on a scale of 1 to 9) and the 
intensity, which describes the damage observed on the 
surface of the Earth affected by the earthquake. The 
most widely-used intensity scale is the Modified Mercalli 
scale, which puts earthquakes on a scale of 1 to 12 for 
their intensity.

Volcanoes

Volcanoes originate from fissures or cracks in the 
Earth’s crust, out of which molten rock, rock fragments 
and gases emerge. They normally form where tectonic 
plates meet (Figures 9.4 and 9.5).
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Figure 9.6 – A tsunami makes landfall in Sri Lanka (26th December 
2004) (from: http://ciencia.hsw.uol.com.br/tsunami.htm).

Figure 9.7 – A tsunami reaches the Thai coast (26th December 
2004) (from: http://en.wikipedia.org/wiki/Tsunami).

Tsunamis

Earthquakes on the ocean floor, eruptions of 
submarine volcanoes or landslides down underwater 
slopes can cause huge waves to be formed which move 
at high speeds. When they reach the coast, these massive 
quantities of water can raze cities, towns and buildings 
(Figures 9.6 and 9.7).

Exogenic Risks

Landslides

Landslides are mass movements of soil or rock that 
are propelled down steep hillsides by the force of gravity. 
They often move at high speed and carry thousands of 
cubic metres of material over distances of up to several 
kilometres. The many causes of landslides include natural 
and induced seismicity, incorrect excavation practices for 
civil construction, mining, urban land use, deforestation 

of hillsides (exacerbating the action of water), and rapid 
changes in the water table in hillsides. 

The mechanics of landslides involve a breakdown in 
the state of equilibrium of a mass of soil, sediments or 
rocks on a natural or manmade hillside. This equilibrium 
can be upset by geological factors (e.g. fractures, presence 
of expansive clay minerals in the rock fractures, etc.), 
geomechanical factors (changes in the specific weight of 
the soil due to saturation, loss of cohesion, changes in 
the groundwater), climatic factors (rainfall), man-induced 
factors (compaction of land increasing its specific weight, 
vibrations caused by explosions or by heavy traffic), or 
natural factors, such as earthquakes or tsunamis.

Erosion

Erosion is defined as the process by which soil 
particles or rock fragments are broken up and removed 
by the action of water, wind, organisms (plants and 
animals) and ice (in cold and temperate climes and on 
mountain peaks), associated with the gradient of the 
terrain (SALOMÃO and IWASA, 1995). Erosion can either 
be normal or accelerated.

Normal (geological or natural) erosion occurs under 
natural environmental conditions and involves the 
removal of small quantities of material from the soil; it 
is imperceptible in the short term.

Accelerated erosion arises when the environment 
is altered by man (human interference), such as the 
removal of vegetation cover or climate change, and 
results in the removal of large quantities of surface matter 
(BIGARELLA, 2003).

• Water Erosion 

This is the most common form of erosion in 
intertropical regions such as Brazil. It begins with the 
impact of drops of rain on the soil, breaking up and 
removing the soil particles, which are then transported 
by surface runoff and deposited in the lower parts of the 
terrain or in river beds, where they can also be carried 
down-river into lakes or oceans. The type of surface 
runoff results in different kinds of water erosion: sheet 
erosion, which is caused by diffuse runoff and results in 
the progressive, uniform removal of layers of soil; and 
rill erosion, which occurs when runoff is concentrated 
into rills that can develop gradually into ravines. When 
the size of a ravine increases because of the combined 
action of surface water and flows of subsurface water 
(including groundwater) gullies can be formed, some of 
which can be very large and hard to remediate.

• Coastal Erosion

Coastal erosion occurs along the coastline and is 
caused by the action of waves, sea currents and tides. It 
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Figure 9.9 – Subsidence in Teresina (PI)Figure 9.8 – Sinkholes

occurs equally along rocky coasts and sandy beaches. The 
erosion of rocky shorelines forms cliffs, while the erosion of 
sandy beaches reduces the width of beaches by removing 
sediment by the action of waves and transporting it 
parallel to the shoreline by longshore currents. The 
erosion of sandy beaches is a major problem for coastal 
communities. It can result in the damage and destruction 
of houses and infrastructure and the loss and imbalance 
of natural habitats (SOUZA et al., 2005).

The main factors responsible for coastal erosion 
and the resulting advance of the shoreline are: rising 
sea level; reduced transport of sediment to the beach; 
human-induced degradation of the natural environment 
due to the unplanned occupation of coastal areas; and 
large coastal engineering works, such as ports, with their 
walls, moles and breakwaters.

Subsidence

Subsidence is the sinking of an area of land caused 
by the collapse of the roof of underground caves as their 
resistance to the weight of overlying layers diminishes. 
This is common in karst terrains, where sinkholes tend to 
occur: cavities formed by the dissolving of the carbonate 
rock by water, often in areas where there is oil, gas or 
water extraction or underground mining (Figures 9.8 
and 9.9).

Collapsible Soil

Collapsible soil is soil that reduces in volume when 
moistened, even when it is not subject to load. This 
happens because the increased water content destroys 
the soil structure. It can cause serious damage to 
buildings. 

Expansive Soil

This kind of soil, which is basically represented by 
smectite clays, swells when it absorbs water and shrinks 

when it loses water. This can cause damage to buildings 
and soil hillsides, and can break up blocks of rock when 
it fills the fractures in the rock.

Action of Wind

The geological action of winds can be very intense 
in some parts of the world. Mobile dunes are particularly 
common in arid and semi-arid areas where there is 
sandy sediment. They will shift in position according 
to the direction of the wind and have been known to 
bury whole towns. In areas where the sediment is siltier, 
such as loess deposits, which are mainly encountered in 
Asia, dust storms can form that cover huge areas and 
can last for several hours, affecting different areas of 
the economy.

GEOLOGICAL RISKS IN BRAZIL

The natural catastrophes that most affect Brazil 
(ISDR, 2004) are floods and landslides. However, the 
country is also subject to several geological risks, 
including subsidence, coastal erosion, water erosion, 
burying of constructions by aeolian sedimentation, and 
the presence of collapsible and expansive soils.

It has been calculated (ISDR, 2004) that natural 
disasters in Brazil caused a total of 4,949 deaths and 
affected 58,357,034 people between 1948 and 2004. 
Another calculation (IPT, 2005) puts the total number 
of deaths by natural disasters between 1988 and 2005 
at 1,572.

Landslides occur across most of Brazilian territory. 
Most of the major cities in the south-east and north-
east such as Rio de Janeiro, Recife, São Paulo, Salvador 
and Belo Horizonte are prone to landslides. These are 
mostly caused by the unplanned occupation of hillsides 
that are already naturally highly susceptible to landslides 
(Figure 9.10).
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Figure 9.11 – Sequence of landslides on hillsides of the Barreiras 
formation (D6.1). Córrego da Andorinha, Camaragibe (PE)

Figure 9.12 – Translational landslide (note the 
three levels formed by the landslide), which 
developed into a large gully (Quipapá, PE)

Figure 9.10 – Main areas that have had landslides that have taken lives in Brazil 
(prepared by Jorge Pimentel)

In Rio de Janeiro, most of the landslides take place 
on the city’s hills and in the mountainous region of the 
state. The areas affected generally have thick soil cover 
overlying crystalline rock (geodiversity domains D20 and 
D23 in the city and D20 and D21 in the mountainous 
region, from Mapa Geodiversidade do Brasil, scale 
1:2,500,000 (CPRM, 2006)), and have blocks and strata 
of rock that are unstable and subject to rockfalls and 
rockslides at different points. 

The north-eastern city of Recife has suffered 
from recurring landslides for decades, mostly on the 
hills to the north of the city and in the neighbouring 
municipalities of Olinda, Camaragibe, Cabo de Santo 
Agostinho and Jaboatão dos Guararapes. The hills are 
formed of extremely crumbly clay and sand sediments 
(from geodiversity domain D6.1 (CPRM, 2006)) (Figures 
9.11 and 9.12).

Subsidence occurs mainly in areas with a 
limestone substrate (karst), where the movement of 
the groundwater dissolves the calcium carbonate in 
these rocks to create underground voids. The weight 
of the upper layers can cause the roofs of these cavities 
to cave in and create depressions (sinkholes) and large 
subsided areas of land. Examples of this phenomenon 
can be seen at Vila Velha state park (Ponta Grossa, PA), 
where underground limestone strata have dissolved to 
form sunken circular areas of land measuring over 50 m 
deep and 100 m across.

Another example of subsidence is at Cajamar (SP), 
where in 1986 several houses in the town were destroyed 
or damaged by subsidence caused (according to one 

theory) by the overextraction of the 
groundwater from inside the large 
underground voids in the limestone 
bedrock.

Aeolian sedimentation can be the 
cause of major financial liabilities for 
local authorities, residents and firms 
located near areas where there are 
mobile dunes (geodiversity domain 
D4.2 (CPRM, 2006)). There are mobile 
dunes in many parts of Brazil, including 
Maranhão and Rio de Janeiro states.

At Tutóia, on the Maranhão coast, 
dunes have been known to advance 
so fast that they completely smother 
houses and public rights of way. 
Meanwhile, in Rio de Janeiro, the road 
that links Cabo Frio and Arraial do Cabo 
is constantly being blocked by sand 
from dunes, which also affects parts 
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Figure 9.14 – Damage to houses in Petrolândia (PE) (AMORIM, 2004).

Figure 9.13 – Dunes covering public rights of way (Cabo Frio, RJ)  
(from: http://www.reservataua.com.br/dunas_costeiras.htm).

of the town of Cabo Frio, forcing the local authority 
to engage in a year-round effort to keep the public 
highways clear (Figure 9.13).

Collapsible and expansive soils are mainly found 
in areas where there are marked differences between 
dry and rainy seasons, such as Petrolândia (PE), where 
damage to several houses has been reported, and Campo 
Novo (MT), where the floors of grain silos have been 
known to sink up to a metre in depth (NAIME et al., 
1996) (Figure 9.14).

Coastal erosion is common along so many parts 
of the Brazilian coast that it is hard to say where it 

is more intense. However, one clear example of the 
phenomenon is the major incursion of the sea along 
the coast of Pernambuco, where at several points, such 
as Boa Viagem beach in Recife and the beaches in the 
neighbouring municipalities of Olinda and Jaboatão 
dos Guararapes, rock structures have been built in an 
attempt to curb the influx of the sea (Figures 9.15 and 
9.16). A similar problem has been reported at the mouth 
of São Francisco river (SE) and the mouth of Paraíba do 
Sul river (RJ), with the problem increasing in magnitude 
each year as the sea occupies areas where there was 
previously sand sediment (D1.4) and even mangrove 

sediment (D1.6).
The water erosion affecting parts of 

the continent is a serious problem for many 
local and state authorities, resulting in the 
loss of arable land (around 500,000 tons of 
soil in Brazil) and the destruction of homes, 
public and historic buildings and public 
rights of way. Some places affected include 
Quipapá, Olinda and Botafogo river basin 
in Pernambuco state, and Bauru in São 
Paulo state. The root causes of the problem 
are the inadequate management of arable 
land, deforestation, and unplanned land 
occupation (Figures 9.17 and 9.18).

In the Amazon, fluvial erosion is the 
most common form of water erosion. 
This is conditioned by the dynamics of 
the rivers in their constant movement 
towards equilibrium, sometimes eroding 
and sometimes depositing sediment. One of 
the outcomes of this dynamic is mass failure 
(known in the Amazon as terras caídas, or 
“fallen earth”), which is when the erosion 
of the lower bank and toe of a large river 
undercuts and destabilizes the bank slope, 
causing the mass failure, or collapse, of the 
upper bank. Although this is inherent to 
river dynamics, several studies have indicated 
that regional neotectonic activity could also 
contribute to the process (Figure 9.19).

Many Amazonian municipal seats 
occupy river banks on Mesozoic and 
Cenozoic sedimentary rocks altered by 
intense weathering processes that are 
normally susceptible to erosion. For this 
reason they are often affected by the mass 
failure of the river bank, which can lead to 
the loss of arable land, dwellings, cattle and 
human lives. Man is often responsible for 
accelerating the process by deforestation, 
inappropriate land use or inadequate 
infrastructure. This phenomenon was 
reported in 2006 in Parintins (Figure 9.20) 
and in 2007 in São Paulo de Olivença.
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Figure 9.18 – Mass failure of a river bank (“terras caídas”) caused 
by fluvial erosion

Figure 9.15 – Coastal erosion at Boa Viagem beach (PE) in 1995

Figure 9.16 – Wall to prevent marine erosion built on Boa Viagem 
beach (PE) in 1995 at the same site as shown in Figure 9.15

Figure 9.17 – Widening gully which developed after a landslide in 
Quipapá (PE) 

Figure 9.19 – Three types of erosion in a sugar cane plantation: (1: sheet erosion; 2: rill erosion; 3: gully) (Botafogo river basin, PE)
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Figure 9.21 – Records of seismicity in Brazil between 1720 and 2007 (prepared by Jorge Pimentel)

Figure 9.20 – Mass failure of a river bank (“terras caídas”) 
(Parintins, 2006). 

There are no records in Brazil of large-scale 
earthquake-induced natural disasters. Though the level 
of seismicity in the country is high (especially in the 
north, north-east and south-east), there has been little 
material damage.

Brazil occupies the middle of the South American 
plate. The small tremors are caused by existing faults or 
by reflexes of tremors in neighbouring countries. Brazil’s 

level of seismicity is far less intense than in the Andes 
region, but is still quite significant.

Generally speaking, it is agreed that Brazil is not 
at risk from earthquakes, despite the fact that seismic 
shocks have been reported in the country since the early 
seventeenth century.

Several tremors over 5.0 have been recorded in 
Brazil. In 1955, there was seismic activity in Espírito Santo 
state that reached an intensity level of 6.5.

Throughout the twentieth century and into the 
twenty-first century, the number of reports of seismicity 
in Brazil has increased significantly, especially due to the 
occupation of more remote parts of the country and the 
installation of seismometers by electricity companies near 
large-scale dams (Figure 9.21).

Recently, on 9th December 2007, one of the largest 
earthquakes recorded on Brazilian soil took place in 
Itacarambi, Minas Gerais, reaching 4.9 on the Richter 
scale. It toppled 76 houses and took the life of a five-
year-old child: the first death caused by an earthquake 
in Brazil. Experts believe that the epicentre (caused by 
a geological fault around 3 km in length) was 5 km 
beneath the surface (Figure 9.22).

To date, no disasters related to volcanoes 
or tsunamis have been reported in Brazil.
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Figure 9.22 – Destruction caused by an earthquake in Itacarambi (MG) (from: 
http://www.estadao.com.br/cidades/not_cid93085,0.htm)
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Over the years, historians have tracked man’s 
movements across the Earth in response to a variety of 
factors. In the past century, one factor that has been 
behind the movement of increasing numbers of people 
around the planet has been tourism. This is primarily 
thanks to the fruits of industrialization and social progress, 
with workers gaining the right to an annual rest period 
that they are increasingly able to enjoy on holidays away 
from home. 

There is one particular kind of tourism that depends 
on the landscape, which it exploits for leisure and 
recreation purposes. Landscape is understood here 
as deriving from the geographical concept of space 
(environment), which is made up of certain elements 
from the biosphere and geosphere, forming an interface 
between the lithosphere, atmosphere, hydrosphere and 
biosphere.

The surface of the planet provides a wide variety 
of natural attractions that offer multiple tourism 
opportunities thanks to their fauna and flora (living 
environment) and different kinds of rock forms, 
landscapes, hydrography and climate (non-living 
environment). In addition to these features, tourism can 
also be developed around the cultural legacy of primitive 
man (rock art).

The variety of rocks, minerals and fossils from different 
ages and the different landscapes (topographies) and 
soils found in Brazil provide a comprehensive spectrum 
of representative examples. There are testaments to 
periods from the earliest history of the planet (rocks over 
three billion years old) and others across geological time 
until the present day, represented by dunes and other 
sediment deposits. Many of these geological records 
are sites of scientific interest and natural monuments 
or landscapes of exceptional beauty. And not only do 
these monuments or landscapes exhibit natural beauty, 
but they are often associated with elements of historical 
or cultural interest, attracting independent visitors or 
package tours. This kind of tourism, which draws on 
geological heritage, is known as geotourism. 

With its huge landmass and rich geodiversity 
with geological records from practically every period, 
Brazil is unquestionably one of the countries with the 
greatest potential for the creation of geological parks, or 
geoparks. Several important testaments to this history, 
some of which are unique, combine to form the nation’s 
natural heritage, and indeed that of humankind. They 
have been demarcated in geological areas known as 
geological sites, geosites, or sites of geological interest, 
and in relatively large, well-delineated areas called 
geoparks. These encompass a large number of geological 
sites (which can be of the same or different kinds) and 
are often associated with formations and landscapes 
originating from the region’s geomorphological 
evolution.

CONCEPTS

Geotourism can be defined as ecological tourism with 
geological information and attractions. It encompasses 
the description of natural monuments, geological parks, 
rocky outcrops, waterfalls, caves, fossil sites, landscapes, 
thermal springs, deactivated mines and other points or 
sites of geological interest.

Geology-related tourism has existed for a long time, 
but the term “geotourism” only started to be used more 
widely in Europe after it was coined by British researcher 
Thomas Hose in 1995 in an environmental journal.

Hose defines geotourism as “the provision of 
interpretative and service facilities to enable tourists to 
acquire knowledge and understanding of the geology 
and geomorphology of a site (including its contribution 
to the development of the Earth sciences) beyond 
the level of mere aesthetic appreciation”. In 2000, he 
reviewed the concept of geotourism, redefining it as 
“the provision of interpretative and service facilities to 
promote the value and social benefits of geologic and 
geomorphologic sites and their materials and to ensure 
their conservation, for the use of students, tourists and 
other casual recreationalists.”

More recently, Ruchkys (2007) took the definitions 
given by EMBRATUR (1994) for different tourism 
segments and other pre-existing definitions to 
characterize geotourism as “a segment of tourism whose 
main attraction is geological heritage and which seeks 
to ensure its protection by conserving its resources and 
raising tourist awareness by interpreting this heritage in 
such a way that it is made accessible to the lay public, 
while also promoting its communication and the 
development of the Earth sciences.”

However, not all definitions of geotourism are 
directly related to geological topics. For instance, in 
2001 the National Geographic Society (NGS) and the 
US Travel Industry Association (TIA) carried out a joint 
study entitled The Geotourism Study into the tourism 
habits of Americans (STUEVE et al., 2002). In it, they 
define geotourism as “tourism that sustains or enhances 
the geographical character of a place – its environment, 
heritage, aesthetics, culture, and the well-being of its 
residents”. Buckley (2003) adopts the NGS/TIA definition, 
though relating it to ecotourism.

However, it can be seen that this segment is more 
directly related to the geological aspects of tourist 
destinations, as noted by Dowling and Newsome (2006). 
They see the prefix “geo” from “geotourism” as being 
directly related to geology and geomorphology and the 
other natural resources of landscapes, like relief, rocks, 
minerals, fossils and soils, emphasizing knowledge of the 
processes that gave origin to these materials. They also 
regard it as acceptable for geotourism to be seen as an 
offshoot or sub-category of ecotourism.
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Figure 10.1 – Front covers of two of the books currently in print 
on geotourism: a) Geodiversidade, Geoconservação e Geoturismo 
(NASCIMENTO et al., 2008); b) Geotourism: Sustainability, Impacts 

and Management (DOWLING and NEWSOME, 2006).

In 2008, a Global Geotourism Conference is being 
held in Australia with the following goals:

• Promote wider community awareness and 
protection of our geological heritage.

• Bring together geoscientists, tourism practitioners, 
academics and protected area managers with a view 
to strengthening and promoting the discipline of 
geotourism.

• Discuss the role of geotourism as an academic 
discipline providing the framework and training for the 
practical application of geotourism;

• Discuss the core content of geotourism namely: 
geosite attractions and development, the geopark 
concept, visitor management and geosite/landscape 
interpretation and management.

• To set the scene for the integration of geological 
attractions as an essential component of nature-based 
tourism and ecotourism.

These objects attest to the fact that geotourism 
also encompasses the concept of sustainable tourism, 
meaning that it should benefit local people and visitors, 
while also protecting natural resources for future 
generations. 

PUBLICATIONS ABOUT GEOTOURISM

To date, there is just one publication in Brazil 
on this topic: the recently launched Geodiversidade, 
Geoconservação e Geoturismo: Trinômio Importante 
para a Proteção do Patrimônio Geológico (NASCIMENTO 
et al., 2008) (Figure 10.1a), sponsored by the Brazilian 
Geological Society (SBGeo). Few of the books, journals 
and magazines published in other countries that address 
the topic are available in Brazil. 

There are two books that deal directly with 
geotourism. The first, Geoturismo: Scoprire le Bellezze 
della Terra Viaggiando, written by Matteo Garofano 
when he was President of Associazione Geoturismo 
of Italy, was published in 2003 and is now in its third 
edition. It discusses Italy’s main geotourism sites, giving 
the reader an armchair tour of the country while also 
showing its geological features and offering suggestions 
on how to organize a geotourism holiday. The second, 
launched in early 2006, Geotourism: Sustainability, 
Impacts and Management, is edited by Ross Dowling 
and David Newsome (Figure 10.1b). It outlines the basic 
concepts of geotourism and introduces the reader to 
geotourism practices in different countries, including the 
US, the UK, Ireland, Spain, China, South Africa, Australia 
and Iran. It also provides a wealth of information on the 
different geoparks around the world (DOWLING and 
NEWSOME, 2006).

Other publications directed more towards the 
conservation of geological heritage (geoconservation) 
sometimes give over a chapter to geotourism. Key among 
these are: Geology on your Doorstep: The Role of Urban 

Geology in Earth Heritage Conservation (BENNETT et 
al., 1996); Geological Heritage: Its Conservation and 
Management (BARETTINO et al., 2000); and Patrimônio 
Geológico e Geoconservação: a Conservação da 
Natureza na sua Vertente Geológica (BRILHA, 2005).

RELATIONSHIP BETWEEN GEOTOURISM 
AND ECOTOURISM

In Brazil, the most widely-used definition for 
ecotourism was given by the Interministerial Working 
Group on Ecotourism, which describes it as a “tourist 
activity that uses natural and cultural heritage sustainably, 
encourages its conservation and fosters the development 
of environmental awareness through the interpretation 
of the environment, promoting the well-being of the 
people involved,” (EMBRATUR, 1994).

This definition stresses the idea of centring 
ecotourism around an unaltered or little-exploited 
natural resource while alluding to the principles on which 
it should be founded, such as resource sustainability, local 
community participation and ecological awareness by 
means of education and environmental interpretation. 

Ecotourism can therefore be seen as a segment of 
nature tourism that uses natural heritage sustainably and 
that seeks to protect it through awareness-raising and 
environmental education. However, the term “natural 
heritage” has a broader scope than merely the living 
environment (or biodiversity).

The Convention Concerning the Protection of 
the World Cultural and Natural Heritage, adopted in 
1972 by the General Conference of the United Nations 
Educational, Scientific and Cultural Organization, is 
one of the key instruments for creating and laying 
the conceptual groundwork for heritage of universal 
value. In article 2 (UNESCO, 1972), “natural heritage” 
is defined as:

• natural features consisting of physical and 
biological formations or groups of such formations, 
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Figure 10.3 – Mantiqueira mountain range, Taubaté (SP) formed of 
granite and gneiss (photograph: Antonio Liccardo)

Figure 10.2 – Pai Inácio hill (right) and Camelo hill (left), on 
Diamantina plateau (BA), buttes formed of sandstone and 

conglomerates (photograph: Antonio Liccardo)

which are of outstanding universal value from the 
aesthetic or scientific point of view;

• geological and physiographical formations and 
precisely delineated areas which constitute the habitat of 
threatened species of animals and plants of outstanding 
universal value from the point of view of science or 
conservation;

• natural sites or precisely delineated natural areas 
of outstanding universal value from the point of view of 
science, conservation or natural beauty.

Thus, natural “heritage” covers not just biological 
formations, but also geological formations. Even so, 
ecotourism does not address geological formations 
in their full complexity, despite the fact that the 
physical environment, especially topography, is a major 
ecotourism attraction. Nonetheless, the biggest appeals 
to this segment are undoubtedly the attractions from the 
living environment (animal and plant life).

In response to the overwhelming attention normally 
granted to the living environment, some researchers 
interested in conserving and enhancing heritage from 
the non-living environment have started to promote 
geotourism as a new form of nature tourism.

Ecotourism is, then, a segment of tourism that 
focuses more on the living environment (biodiversity) 
as a tourist attraction, while geotourism focuses on 
the tourist potential of the non-living environment 
(geodiversity). Nonetheless, both forms of tourism share 
the common goal of promoting the protection of the 
natural, historic and cultural heritage of the area visited.

GEOTOURISM IN BRAZIL

One of the first tasks required to start developing 
geotourism in Brazil is to identify what geological aspects 
may have tourist potential.

Clearly, there are many sites of geotourism interest 
that were attractions long before geoscientists ever 
studied them. Some are Brazil’s most famous picture-
postcards, which are so iconic that they attract tourists 
from abroad, such as the Iguaçu Falls, Sugar Loaf and 
Lençóis Maranhenses.

With its great geodiversity, Brazil has countless 
geological features that could be harnessed for 
geotourism. There are, then, many places that would be 
suitable for developing this kind of tourism. Below, we 
set out examples of some subcategories of geological 
heritage that could be investigated: geomorphology, 
palaeontology, speleology and minerology.

GEOMORPHOLOGICAL HERITAGE

In many parts of Brazil, the topography has evolved 
in such a way that landscapes of great natural beauty 
have been formed, including plateaus, mountains, hills 
and waterfalls, the best examples being: Diamantina 

plateau (BA), Veadeiros plateau (GO), Guimarães plateau 
(MT); Capivara mountain range (PI); Sete Cidades (PI); 
Sugar Loaf (RJ); Pedra da Gávea (RJ); Iguaçu Falls (PR); 
Cabugi peak (RN) and Nova Iguaçu peak (RJ); Mantiqueira 
mountain range (MG, RJ and SP) and Aparados da Serra 
(RS and SC) (Figures 10.2, 10.3 and 10.4).

In the Aparados da Serra region, near the coast, 
straddling Rio Grande do Sul and Santa Catarina, the 
landscape is dominated by an awe-inspiring set of canyons 
carved into the volcanic plateau of Geral mountain range, 
overlooking the coastal plains almost a thousand metres 
below. Geologically speaking, this region bears witness 
to the cataclysmic consequences of the continental drift 
that separated South America from Africa, opening the 
Atlantic ocean, first developing a desert environment and 
then the largest continental volcanic activity ever seen on 
the planet. The environment features and infrastructure in 
the area today have made it an important tourist attraction 
in southern Brazil (Figure 10.5).
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Figure 10.4 – Pedra da Gávea in Rio de Janeiro. The eyes of the 
“Emperor’s Head” are formed by differential erosion between the 
granite (above) and the gneiss (below) (photograph: Ivo Medina).

Figure 10.5 – Fortaleza canyon on the border between Santa 
Catarina and Rio Grande do Sul, carved into the escarpments of 

Aparados da Serra plateau, showing 13 lava outflows from the Geral 
mountain volcanism (photograph: Renato Grimm).

Figure 10.6 – Cliff at Pipa beach (RN) (photograph:  
Guilherme Pierri)

Figure 10.7 – Dunes at Lençóis Maranhenses (MA) (photograph: 
Luiz Fernandes)

The relief of a terrain is the result of the different forms 
the Earth’s surface takes, which are the outcome of forces 
or agents that have acted for millions of years. The internal, 
or endogenic, agents are structural processes that originate 
within the planet, such as plate tectonics, volcanoes or 
seismic shocks. The external, or exogenic, agents are the 
processes that modify the landscape, like weathering, the 
action of rainwater, seas and rivers, the action of living 
organisms, etc. There are also extraterrestrial agents that 
affect the relief, such as meteorite impact craters formed 
in the past (CROSTA, 2002).

The combined action of erosion, especially 
differential erosion, with weathering gradually wears 
down the rock, moulding the landscapes we know today. 
A portion of the sediments eroded as the relief takes 
shape are carried down river to the sea, where they are 
reworked by the waves and form today’s sand deposits 
along the Brazilian coastline. 

The coastal landscape is marked by the presence of 
cliffs: steep, coastal scarps with no plant cover that drop 
steeply downwards at the shoreline. They can be active 
(i.e. eroded by the waves) or inactive. Cliffs are common 
along almost the whole coast, although there are more 
in the north-east especially between Ceará and Bahia. 
They are mostly made of sandstone and conglomerates 
(sedimentary rocks), most of which are associated with 
the Barreiras formation. Three examples of coastal 
geotourism attractions are the cliffs at Pipa (RN) (Figure 
10.6), Ponta Grossa (CE) and Porto Seguro (BA).

Another feature of the coastal landscape is the 
dunes formed by the accumulation of sand deposited 
by the action of the dominant wind. These can be fixed 
or mobile, and many have become natural landmarks 
of the places they occupy. Two examples of dunes are 
Careca hill (RN) and Lençóis Maranhenses (MA) (Figure 
10.7).
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Figure 10.8 – Fossil of a dragonfly (symbol of the Museum of 
Paleontology at Santana do Cariri) (photograph: Patrícia Rose)

Figure 10.9 – Cladocyclus fish fossil (photograph:  
Alexandre Sales)

The idea of using the landscape (and its relief) as 
a geotourism attraction arises from the need to fill a 
gap from an information viewpoint. The idea is to help 
tourists not just to contemplate these landscapes, but 
to actually learn about the geological processes behind 
their formation, helping them appreciate the scenery 
even more. 

FOSSIL HERITAGE

Palaeontology is the natural science that studies 
life forms from times past and how they developed 
throughout geological time, as well as the ways the 
biological information was integrated into the geological 
record, i.e. the formation of fossils. A widespread 
fascination with the Earth’s distant past has turned the 
areas where there are fossil remains into much-visited 
tourist sites. In Brazil, there are several fossil sites of 
tourist interest, especially Araripe plateau (CE-PE), Vale 
dos Dinossauros (Dinosaur Valley) (PB), Parque dos 
Dinossauros (Dinosaur Park) (MG), the petrified forest in 
Rio Grande do Sul, the petrified forest in Tocantins, the 
wealth of Pleistocenic fauna from Capivara mountain 
(PI) and others. The main attraction at these sites is their 
fossils: remains or traces of animals and plants from the 
geological past preserved in the rocks.

One fine example of a fossil site geared for 
geotourism is Geopark Araripe, Brazil’s first geopark to 
be registered by UNESCO. It was delineated mainly for 
its palaeontological significance. The region is arguably 
Brazil’s richest storehouse of vertebrate fossils and one 
of the most important in the world, especially because 
of its excellent state of preservation. It is there that the 
thousands of fish fossils found at markets and shops 
around Brazil come from, despite the fact that trade 
in fossils is a crime. At the geopark, there are dinosaur 
fossils (the rarest), as well as fossils of fish, turtles, 
crocodilians, pterosaurs, foraminifera, crustaceans, 

gastropods, ostracods, bivalves and equinoids. It is a 
region that presents an unmatched opportunity for 
contact with an important period from the past of our 
planet and the life forms on it.

Many fossil sites also have rock art: paintings and 
engravings that represent the daily activities, dances, 
rituals and ceremonies of the former inhabitants of the 
region, as well as figures of animals, some now extinct. 
These prehistoric markings dating back between 6,000 
and 12,000 years are found on rock walls. Although 
rock art is an integral part of archaeological sites, it 
is considered cultural heritage and is protected by 
the Brazilian heritage protection entity, IPHAN, and 
is therefore strictly speaking part of cultural tourism. 
However, there is a clear link between rock art and major 
geological features (Figures 10.8, 10.9).

CAVE HERITAGE

This kind of heritage relates primarily to caves 
formed in limestones and marbles, but also in sandstones, 
quartzites and granites. When limestone (sedimentary 
rock) or marble (metamorphic rock) is dissolved by 
water, caves form and produce what is known as a 
karst landscape. This kind of terrain has a set of very 
characteristic features that confer it great beauty, 
including exposed rocks, steep rock faces or escarpments, 
valleys, towers, depressions, sinkholes, lagoons and the 
caves themselves.

According to Auler and Zogbi (2005), Brazil 
probably still has new cave systems to be discovered. 
To date, just 4,000 caves have been recorded, but it is 
estimated that there may be a total of ten times this 
number. These caves are mainly in the area stretching 
from the south of Minas Gerais to the centre of Bahia, 
including the east of Goiás. They are associated with the 
limestones from the Bambuí group. One of the main sites 
where they occur is Lagoa Santa (MG) (BERBERT-BORN, 
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Figure 10.10 – Entrance to Lapinha cave, which is open to 
the public, in Carste de Lagoa Santa conservation area (MG) 

(photograph: Dionísio Azevedo)

Figure 10.11 – Caverna do Diabo (Parque Estadual Turístico do Alto 
Ribeira, SP)

Figure 10.12 – Visitors reach the mine by trolley (Passagem mine, 
Mariana, MG). (Photograph: Dionísio Azevedo)

2002), the cradle of Brazilian speleology, where there 
are over 700 known caves (Figure 10.10).

An important cave in Bahia is Gruta do Padre, 
measuring 16.3 km long: the third largest known cave 
in Brazil. In the central part of Bahia, the main caves of 
interest are in the Diamantina plateau region, where 
there are several large caves of great beauty, such as Lapa 
Doce. In Campo Formoso there are two of the country’s 
largest caves: Toca da Boa Vista (AULER and SMART, 
2002) and Toca da Barriguda, measuring 105 km and 
32 km, respectively. 

In the south of São Paulo and in Paraná, there are 
over 300 caves of great beauty. North of the state divide, 
the greatest concentration is in Parque Estadual Turístico 
do Alto Ribeira (PETAR), a state tourism park that has 
some of the finest caves in the country, such as Caverna 
Santana and Caverna do Diabo (KARMANN and FERRARI, 
2002) (Figure 10.11).

In much of Brazil, despite the many caves that exist, 
no large-scale caverns have been encountered. One of 
the best known is in Ceará, Ubajara cave, home to one 

of Brazil’s oldest national parks. In Rio Grande do Norte, 
the area with the largest number of caves is between 
Felipe Guerra and Apodi, which shelters Casa de Pedra 
de Martins, one of Brazil’s largest marble caves.

Many of Brazil’s caves already attract tourists. 
This kind of geotourism, also known as cave tourism, 
involves visiting caves for sport or recreation, although 
this should be done with the help of specialists. Auler 
and Zogbi (2005) note that opening up a cave for 
mass tourism inevitably leads to several interventions 
that may alter or even permanently damage the cave. 
The introduction of artificial lighting, for instance, 
may change the temperature and humidity inside the 
cave. One of the caves that has suffered most from its 
adaptation to tourism is Furna dos Morcegos (SE), near 
Paulo Afonso (BA). Here, the excavation of a lift in the 
rock and construction of a huge fountain have totally 
spoilt its original features.

MINERAL HERITAGE

Mining has good geotourism potential in Brazil, 
following the example of many other countries. There 
are the gold mines of Morro Velho (Nova Lima) and 
Passagem (Mariana), in Minas Gerais; tungsten mines in 
Brejuí, (Currais Novos, RN); lead mines in Ribeira valley 
(SP); copper mines in Camaquã (Caçapava do Sul, RS); 
and coal mines in Rio Grande do Sul, to mention a few. 
Historically, many towns in Brazil only came into being 
because of the mines nearby, and the mining culture is 
at the very heart of these local communities. 

Passagem mine in Mariana (MG) is one of the 
world’s largest gold mines open to the public. It was 
the first gold mine in Brazil to be mechanized and 
industrialized and is a good example of how former 
mines can be transformed into geotourist attractions. The 
visitors gain access the underground galleries in a trolley 
(Figure 10.12). During the visit, they are told about the 
history of the mines and the methods used to extract the 
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Figure 10.13 – Chute and trolley used to remove the ore (Brejuí 
mine, Currais Novos, RN). (Photograph: Joaquim das Virgens)

Figure 10.14 – Estrada Real (MG and RJ). From: http://www.estradareal.org.br/mapas/index.asp.

gold. A few years ago the galleries and tunnels flooded 
by groundwater started to be used for diving. The site 
has an adequate infrastructure, including a restaurant, 
toilet facilities, a craft shop and a museum with exhibits 
from Brazil’s gold mining period (RUCHKYS, 2007).

Camaquã mine (RS) was Brazil’s first copper mine, 
founded in 1870. It has the potential to become one 
of the most visited tourist attractions in the region of 
Caçapava do Sul (PAIM, 2002).

Brejuí mine (Currais Novos, RN) is another 
successful example of a mine being turned into a tourist 
attraction. It entered service in 1943 and reached peak 
production during the Second World War, becoming 
one of the largest producers of scheelite in South 
America. In 1996, mining was suspended temporarily 
then restarted in 2005. Even so, it already started to 
develop its tourist potential as of 2000. Now, Brejuí 
mine is widely regarded as the largest theme park in 
Rio Grande do Norte: it has already clocked up 26,000 
visitors, including adults and school children from 
across Brazil and abroad. The visitors are introduced to 
the mine’s historical and cultural heritage as they visit 
the tunnels, slag heaps, mineral museum and other 
attractions (Figure 10.13).

Another aspect of this form of geotourism is the 
recuperation and preservation of the routes along which 
minerals were transported, such as the Estrada Real 
[literally “Royal Highway”] linking Diamantina (MG) to 
Paraty (RJ) via Ouro Preto (MG). Along this route, the 
history, identity and culture of the region is imprinted 
in the past and present. Geoscientific knowledge about 
this route raises the value of the related geological 
heritage, making it accessible to local communities 
and visitors.

The same route by which the minerals of Minas 
Gerais were shipped overseas in the eighteenth century 
can today be a driving force for different business 
opportunities, revitalizing the area around the route 
itself and harnessing its potential for tourism, history, 
culture, ecology, gastronomy, farming, business, religion 
and adventure. 

Along the almost 1,400 km of the route, which 
passes through 162 municipalities in Minas Gerais, seven 
in São Paulo and eight in Rio de Janeiro, Estrada Real 
has the potential to draw in thousands of travellers from 
the world over, raising the status and value of mining 
tourism.

Today, it is hard for visitors to fully appreciate what 
the Estrada Real has to offer, especially in view of the 
absence of any consistent, integrated information about 
its attractions (Figure 10.14).



155

GEOLOGICAL HERITAGE: SUSTAINABLE TOURISM
Marco Antonio Leite do Nascimento, Carlos Schobbenhaus, Antonio Ivo de Menezes Medina

Figure 10.15 – Map of geological and fossil sites published by 
SIGEP. From: http://www.unb.br/ig/sigep/mapindex/mapindex.htm

BRAZILIAN COMMISSION  
ON GEOLOGICAL AND 
PALAEOBIOLOGICAL SITES 

In March 1997, the Brazilian Commission on 
Geological and Palaeobiological Sites (Comissão Brasileira 
de Sítios Geológicos e Paleobiológicos, or SIGEP) was 
set up, in line with the UNESCO Working Group on 
Geological and Palaeobiological Sites. The entities 
with members on this commission are: Academia 
Brasileira de Ciências, Associação Brasileira de Estudos 
do Quaternário, Departamento Nacional de Produção 
Mineral, Instituto Brasileiro de Geografia e Estatística, 
Instituto Brasileiro do Meio Ambiente e dos Recursos 
Naturais Renováveis, Instituto do Patrimônio Histórico 
e Artístico Nacional, Petrobras, Companhia de Pesquisa 
de Recursos Minerais/Serviço Geológico do Brasil, 
Sociedade Brasileira de Espeleologia, Sociedade Brasileira 
de Geologia and Sociedade Brasileira de Paleontologia.

It was created on the assumption that each nation is 
responsible for identifying and delineating the different 
properties situated on its own territory, as set forth in 
Article 3 of the Convention for the Protection of World, 
Cultural and Natural Heritage (UNESCO, 1972), which 
Brazil ratified in 1989. The mission of SIGEP is related 
to Article 2 of this convention, which pertains to natural 
features, geological and physiographical formations and 
natural sites of outstanding universal value from the 
point of view of science, conservation or natural beauty. 

The commission is inventorying and registering 
properties based on technical and scientific assessments 
by its members and the geoscientific community in 
general, according to the content of the different 
proposals received. Once a proposal has been approved, 
a scientific description of the property is prepared for 
the register. As mentioned on the SIGEP website, the 
approved proposals are described by the geoscientific 
community then divulged widely, in order to “foster 
basic and applied scientific research, the spread of 
knowledge about the Earth sciences, the strengthening 
of conservation awareness, the encouragement of 
educational, recreational or tourist activities, all towards 
the participation and socioeconomic development of 
local communities.” All these objectives are accompanied 
by the need to establish specific strategies for monitoring 
and maintaining the integrity of Brazil’s most important 
geological sites. The aim of the commission is to “foster 
preservation and conservation initiatives, especially 
for sites that are at risk or being plundered or even 
destroyed.” Some of the geological sites described by 
SIGEP are the kernels of proposals for future geoparks.

The sites are classified into different categories under 
their most outstanding feature. The total of 88 sites so far 
described and categorized are: meteorite impact craters 
(3), caves (10), stratigraphic sites (1), geomorphological 
sites (13), hydrogeological sites (1), history of geology 

and mining (6), igneous sites (2), marine sites (5), 
palaeoenvironmental features (11), fossil sites (28) and 
sedimentology sites (8) (Figure 10.15).

To date, two volumes have been published on the 
subject: one book (SCHOBBENHAUS et al., 2002) and 
one online publication (WINGE et al., 2005); a third 
is being written. Of all the sites so far described, 35% 
have geotourist potential, some of which have been 
harnessing this potential for many years. Here are some 
of the sites with geotourism potential:

• ichnofossils from Peixe river basin, PB: the most 
significant record of dinosaur footprints in Brazil 
(LEONARDI and CARVALHO, 2002);

• Discovery coast, BA: the geological features seen 
from the Portuguese caravels (DOMINGUEZ et al., 2002).

• Sugar Loaf, RJ: Brazil’s geological picture postcard 
(SILVA and ANDRADE RAMOS, 2002).

• Vila Velha, PR: impressive ruin-like relief (MELO 
et al., 2002).

• Iguaçu National Park, PR: world-famous waterfalls 
(SALAMUNI et al., 2002).

• Chapada dos Veadeiros National Park, GO: 
landscape of great natural beauty in the central west 
region of Brazil (DARDENNE and CAMPOS, 2002).

• Sete Cidades National Park, PI: outstanding natural 
features (DELLA FÁVERA, 2002).

• Fernando de Noronha archipelago, PE: volcanic 
islands that are part of a sea volcano in the South Atlantic 
(ALMEIDA, 2002).

• Poço Encantado, Diamantina plateau (Itaetê) (BA): 
cave with underground lake of exceptional natural beauty 
and major scientific importance (KARMANN, 2002).

• Domo de Araguainha, GO/MT: the largest 
meteorite impact crater in South America (CROSTA, 
2002).
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• Roraima mountain, RR: isolated, sheer-sided 
mountain in Macunaíma (REIS, 2006).

• Romualdo member from the Santana formation, 
Araripe plateau, CE: one of Brazil’s most important 
deposits of fossils from the Cretaceous (KELLNER, 2002).

• Itabira peak, MG: historical, geographical and 
structural landmark in the Quadrilátero Ferrífero area of 
Minas Gerais (ROSIÈRE et al., 2005).

• Granite from Cabo de Santo Agostinho, PE: only 
Cretaceous granite known in Brazil (NASCIMENTO and 
SOUZA, 2005).

• Sítio Peirópolis and Galga mountain range, 
Uberaba, MG: area where dinosaurs lived in Brazil 
(RIBEIRO and CARVALHO, 2007).

• São José de Itaboraí basin, RJ: cradle of Brazil’s 
mammal species (BERGQVIST et al., 2008).

• Lago Azul cave, Bonito, MS: where sunlight turns 
blue (BOGGIANI et al., 2008).

• Itaimbezinho and Fortaleza, RS/SC: magnificent 
canyons carved into the Aparados da Serra escarpments 
of the volcanic plateau in the Paraná basin (WILDNER 
et al., 2006).

• Karst and Caves of Alto Ribeira State Tourism Park 
(PETAR) (SP): cave systems with stunning underground 
landscapes (KARMANN and FERRARI, 2002).

• Pai Inácio hill, BA: morphological landmark on 
Diamantina plateau (PEDREIRA and BOMFIM, 2002).

GEOPARKS

Geoparks, or geological parks, were first instated on 
the initiative of UNESCO (2004). They cover geographical 
areas with clearly defined boundaries that contain 
geological heritage sites as part of a holistic concept 
of protection, education and sustainable development. 
These areas can include several different geosites or 
places of geological and palaeontological interest with 
particular scientific importance, rarity or beauty, which 
are demarcated not just for their geological heritage, 
but also because they contain additional archaeological, 
ecological, historical or cultural features.

According to the UNESCO definition, a geopark is 
an area with a geological heritage of significance, with a 
coherent and strong management structure and where 
a sustainable economic development strategy is in place. 
A geopark enhances job opportunities for the people 
who live there, bringing sustainable and real economic 
benefit, usually through the development of sustainable 
tourism. Within the framework of a geopark, geological 
heritage and geological knowledge is shared with the 
wider public and linked to broader aspects of the natural 
and cultural environment, which are often closely related 
to the geology and the landscape. They have had a strong 
influence on the society, civilization and cultural diversity 
of our planet. The creation of geoparks is designed, 
then, to encourage the economic sustainability of local 

communities. There are many kinds of economic activities 
that can be derived from geodiversity, ranging from 
craftwork production to retail activities for visitors to 
the geoparks, as well as accommodation, restaurants, 
entertainment, etc. In other words, geoparks are almost 
inevitably bound to geotourism.

In the words of Chris Woodley-Stewart, Manager 
of the North Pennines Geopark (AONB), UK, “Geoparks 
are not just about rocks – they are about people. It is 
crucial that they get involved – we want to see as many 
people as possible getting out and enjoying the geology 
of the area. Our aim is to maximise geotourism (...) for 
the benefit of the local economy and to help people 
to understand the evolution of their local landscape,” 
(UNESCO, 2006).

In 2004, UNESCO created its Global Geoparks 
Network, the basis of which is described by Eder and 
Patzak (2004), who highlight the importance of the 
Earth’s geological heritage as a tool for public education 
and sustainable development. They note the value of 
landscapes and geological formations, which bear 
witness to the history of life and the evolution of the 
planet. The UNESCO initiative to support the creation 
of geoparks came in response to a widespread concern 
expressed in recent years by geological institutions, 
geoscientists and non-governmental organizations. 
A new dimension was then added to the Convention 
Concerning the Protection of the World, Cultural and 
Natural Heritage (UNESCO, 1972) in order to highlight 
the potential for interaction between socioeconomic 
development, cultural development and conservation 
of the natural environment.

The Global Network of National Geoparks assisted 
by UNESCO provides a platform for active cooperation 
between experts and practitioners in geological heritage. 
Under the umbrella of UNESCO and through exchange 
between the global network partners, important national 
geological sites gain worldwide recognition and profit 
from an exchange of knowledge, expertise, competence 
and personal experience with other geoparks. 

Since it was launched in 2004, 57 high-quality 
national geoparks selected from 18 countries have joined 
the Global Geoparks Network (Australia, Austria, Brazil, 
China, Croatia, Czech Republic, France, Germany, Greece, 
Ireland, Italy, Iran, Malaysia, Norway, Portugal, Romania, 
Spain and the UK).

In 2006, the guidelines and criteria for national 
geoparks seeking UNESCO’s assistance to join the 
National Geoparks Network were published, including 
a self-evaluation form (UNESCO, 2006).

The protection and sustainable development 
of geological heritage and geodiversity furthered 
by the geoparks initiative also contributes towards 
the objectives of Agenda 21 (Agenda of Science for 
Environment and Development into the 21st Century), 
which was adopted at the United Nations Conference 
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Figure 10.16 – Map with some proposed national geoparks  
(SCHOBBENHAUS, 2006).

on Environment and Development (UNCED, Rio de 
Janeiro, 1992) and confirmed at the World Summit on 
Sustainable Development held in Johannesburg in 2002. 

Several areas of Brazil with the potential to become 
geoparks have been identified but still need to be 
properly assessed. Some of these proposals are under 
study as part of the CPRM – Serviço Geologico do Brasil 
(CPRM/SGB) geoparks programme. Others that could be 
successfully turned into geoparks may yet be identified. 
The first stage of the study involves drafting a document 
in conjunction with university geoscientists, state 
governments and other entities involved in the topic that 
sets out the proposed national geoparks to be created. 
Next, some of these are assessed from the perspective 
of the UNESCO guidelines and criteria so they can be 
included in an application to join the Global Geoparks 
Network (Figure 10.16).

Geopark Araripe (CE) is the first Brazilian geopark to 
join UNESCO’s Global Geoparks Network thanks to an 
initiative by the Ceará state government in partnership 
with Universidade Regional do Cariri. Covering over 5,000 
km2, this geopark gives its visitors a broad understanding 
of the origin, evolution and current structure of Araripe 
sedimentary basin. It has also set up innovative social 
outreach projects, for which it seeks the support and 
participation of public, private and non-governmental 
entities and civil society as a whole.

The proposals for new geoparks that are at their 
most advanced stage of preparation are for Quadrilátero 
Ferrífero (MG), Alto Ribeira (SP-PR), Bodoquena-Pantanal 
(MS) and Campos Gerais (PR). The first of these is a Minas 
Gerais state government initiative supported by Pontifícia 
Universidade Católica de Minas Gerais, Universidade 
Federal de Minas Gerais, Universidade Federal de Ouro 
Preto and CPRM/SGB. The Alto Ribeira (SP-PR) proposal 

was put forward by CPRM/SGB, and covers part of the 
Ribeira de Iguape river basin. The Serra da Bodoquena-
Pantanal project (MT and MS) is coordinated by IPHAN 
in conjunction with CPRM/SGB, while the proposed 
Campos Gerais geopark is being drawn up by Minérios 
do Paraná S.A. (MINEROPAR).

GEOTOURISM PROJECTS IN BRAZIL

Brazil already has some geotourism-related projects 
and initiatives. These include:

• Geological walks project, a pioneering initiative 
by the Rio de Janeiro State Department of Mineral 
Resources. Started in 2001, this is the project that is 
currently at the most advanced stage of development. 
Its main aim is to publicise geological knowledge about 
Rio de Janeiro state by conserving its natural features 
and setting up information points about the geological 
evolution of the site. By 2008, 67 geological information 
panels had been erected in 24 municipalities in Rio de 
Janeiro (Figure 10.17).

Following the example of Rio de Janeiro while 
respecting their individual features, three other states 
are now starting to list their geological features with a 
view to conserving and publicising them as geotourism 
attractions 

In 2003, Paraná state contracted Minerais do Paraná 
S.A. (MINEROPAR) to begin the Paraná state geological 
sites project. The idea is to enhance these geological 
assets by integrating them into ecotourism, adventure, 
leisure and other itineraries and publishing information 
about them and guidelines on their use. So far, 32 
illustrated information panels have been erected in 12 
municipalities.

In Bahia, the Bahia geological walks 
project was also begun in 2003. Its aim is to 
tell the history of the state’s natural features 
from a geological viewpoint. CPRM/SGB, in 
partnership with Petrobras, has erected five 
information panels at points of geological 
interest (Figure 10.18).

In Rio Grande do Norte, a partnership 
was set up in January 2006 between the 
state’s environment entity (IDEMA), Petrobras 
and CPRM/SGB to launch the Geological 
Features of Rio Grande do Norte project. The 
objective is to tell the geological history of 
the state through information panels. So far, 
sixteen points of geological interest, including 
coastal and inland sites, have been selected 
and described (Figure 10.19).

In order to divulge these sites of 
geological interest, the project has also 
prepared postcards that give visitors a taste 
of what geotourism attractions they might 
visit (Figure 10.20).
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Figure 10.17 – Panel at Sugar Loaf (RJ) telling the geological history 
of this natural monument (photograph: Kátia Mansur)

Figure 10.19 – Panel explaning the geodiversity of Parque das 
Dunas (Natal, RN). Geological Features of Rio Grande do Norte 

project (photograph: Marcos Nascimento)

Figure 10.20 – Postcard created by the Rio Grande do Norte 
Geological Monuments project to divulge the state’s geodiversity

Figure 10.18 – Information panel at Fonte do Tororó (Salvador, 
BA). Bahia geological walks project (CPRM/Salvador) (Photograph: 

Antonio J. Dourado Rocha).

The CPRM/SGB Geoecotourism Programme was set 
up to promote the physical characterization of regions of 
geotourist interest. Its goal is to divulge basic geological 
knowledge, geoenvironmental information, geohistorical 
information and information about the country’s mineral 
heritage amongst local communities, professionals and 
the general public. The CPRM/SGB website provides 
detailed information about the first 17 outcomes of the 
programme. These include descriptions of geological 
features, monuments and geoparks, outcrops, waterfalls, 
caves, fossil sites, mining heritage (deactivated mines), 
thermal springs, landscapes, nature trails, excursions 
and other geotourism attractions. Key among these are:

• Map of nature trails and tourist sites in Chapada 
Diamantina National Park, Bahia (1995).

• Map of infrastructure and tourist sites in Morro 
do Chapéu, Bahia (1995).

• Geological ecotourism map of the Porto Seguro / 
Santa Cruz de Cabrália project, Bahia (2000).

• Geological trail along Coluna White (SC) (2003).

• Virtual tours of Aparados da Serra (RS) (2004) and 
Quadrilátero Ferrífero (MG) (2007).

• Inclusion of scientific articles in the book, Sítios 
Geológicos e Paleontológicos do Brasil (SCHOBBENHAUS 
et al., 2002).

Besides its geoecotourism programme, CPRM/SGB 
also has a project to map out the geodiversity of Brazil 
(scale 1:2,500,000). The aim of this project is to provide 
different segments of Brazilian society with geological 
and scientific information in map form in the hope that it 
will encourage the appropriate use of the land, including 
geotourism. It is the first opportunity the general public 
will have to see the major geosystems that formed Brazilian 
territory, as well as their limitations and potentialities 
and the lithology of its geological suprastructure and 
infrastructure. It also covers geotechnical features, soil 
cover, the migration, accumulation and availability of 
water resources, and the suitability and unsuitability 
of lands for different human activities dependent on 
geological features, including geotourism. 
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This initiative is part of a larger project to produce 
thematic maps of Brazil’s physical environment designed 
to help planning by all institutional areas. In 2007, the 
geodiversity maps of Brazil’s states started being produced 
at scales of 1:1,000,000 to 1:500,000. Geodiversity maps 
make it possible to associate geosystems to regions of 
special interest for geodiversity studies, especially areas 
of geotourism and geoconservation interest, including 
fossil and geomineral heritage, natural features, caves 
and natural landscapes of aesthetic value. 

At the 42nd Brazilian Congress of Geology held 
in October 2004 in Araxá (MG), two symposia took 
place where works were presented about geotourism, 
geodiversity and geoconservation: “Sustainable 
Development, Geology and Tourism”, with 32 papers 
presented, and “Geological Monuments” with 31 papers. 
Of these 63 papers, 39 directly addressed different 
aspects of geotourism. This was the first Brazilian 
Congress of Geology to raise the topic of geotourism and 
the only scientific event in the country to address it so far.

In December 2004, an Internet discussion group was 
set up on Yahoo Groups which now has 177 members 
from different parts of Brazil with the aim of gathering 
information and discussing geotourism, geodiversity and 
geoconservation. The group also publishes papers and 
projects and contains links to related sites. 

Meanwhile, in September 2006 at the 43rd Brazilian 
Congress of Geology at Aracaju (SE), further discussions 
were held about geotourism at the Geoconservation 
and Geotourism Symposium, whose topic was “a new 
perspective on natural heritage”. At the event, 41 papers 
were read, providing an overview of the status quo on 
geoconservation and geotourism in Brazil. There was also 
a lecture by Portuguese geologist José Brilha (University 
of Minho, Braga, Portugal), one of the main advocates of 
the topic in Europe, whose paper was “Geoconservation 
is necessary... Because there is just one Earth”. One of the 
main outcomes of this encounter was the drafting and 
unanimous approval by the Brazilian Society of Geology’s 
general meeting of the Geocharter of Aracaju, the first 
declaration about geoconservation and related topics 
outside Europe.

In early February 2007, a new website went on the 
air, http://www.geoturismobrasil.com, which provides 
information and pictures that may help further the 
development of geotourism in Brazil. The site was 
created by geologist and photographer Antonio Liccardo 
and has versions in English and Portuguese. The site’s 
creator claims the English version has attracted numerous 
visits by foreigners, including geotourism researchers 
from other countries. This is the first website devoted 
to publicising geotourism in Brazil. It explains what 
geotourism is and provides information about progress 
in the area in Brazil, as well as access to articles on the 
subject and spectacular photos of Brazil’s geodiversity.
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CONCEPTS AND CAUSES

Climate change is a fluctuation in the predominant 
climate of a given region, which can last for anything 
between tens of years (over 30-35 years according to 
Ayoade (2002)) to tens of thousands of years (SUGUIO, 
2008). Spatial variations and temporal fluctuations are 
the key features of the weather and climate. Temporal 
fluctuations in the climate from the distant past 
(palaeoclimate), the recent past and the present should 
be researched and discussed in greater detail, providing 
data for models and simulations to help predict future 
climate change. 

In order better to understand the study of climate 
fluctuations, one must first understand the concepts 
of variability, anomaly and climate change. Climate 
variability is defined as a variation in climatic conditions 
around the climatological mean. A climatic anomaly is an 
extreme fluctuation in an element from a climatological 
series, with marked standard deviations in variability. 
Meanwhile, climate change is a term that designates an 
alteration in the mean over an extended period of time. 

Palaeoclimatology studies show that throughout 
the history of the Earth, the climate has varied to 
different degrees over time and space. These time scales 
correspond to geological periods (in the order of millions 
of years), periods of historical records (in the order of 
thousands of years) and century-long or instrumental 
records (periods of 100 to 150 years).

Ayoade (2002) classifies the theories about the 
mechanisms behind climate change into three categories: 
terrestrial, astronomical and extraterrestrial.

The terrestrial causes are continental drift, volcanism, 
earthquakes, tsunamis, changes in topography, variations 
in the composition of the atmosphere, changes in the 
distribution of land and water masses, and variations in 
snow and ice cover. These natural causes that involve 
geological and geographical factors are compounded 
by others, such as:

1. The absence of large land masses prior to 2.5 Ga 
(billion years ago), allowing more efficient heat transfer 
and preventing the development of polar ice caps (ENDAL 
and SCHATTEN, 1982).

2. The global palaeogeographical similarity between 
the late Precambrian (about 542 Ma), Permian (about 
251 Ma) and Pleistocene (about 11,700 years ago), with 
large land masses at the poles:

• These land masses served as platforms for ice 
(e.g. Greenland, 60º N). This kind of environment helps 
prevent ice from melting during the summer, while the 
high levels of reflection of the sun’s radiation by the snow 
and ice reduce the temperature even further, lowering 
the sea level and exposing the continental shelf.

• The low specific heat of the Earth compared to 
water means that land masses cool more quickly than 
water masses at the poles.

• Closed basins accumulate sea ice.
3. Continental geography influencing ocean 

currents:
• Palaeocene (c. 65.5 to 55.8 Ma): at the end, 

the Norway and Labrador seas opened up, providing a 
route for currents of cold water to the North Atlantic 
(Figure 11.1).

• Eocene / lower Miocene (c. 49 to 24 Ma): despite 
some uncertainty as to its chronology, there were 
circumpolar currents before the Drake Passage was 
formed, separating Antarctic from South America and 
permitting the formation of ice sheets on Antarctica; 
this caused a major decrease in the amount of CO2 in 
the atmosphere.

• Pliocene (c. 5.3 to 2.6 Ma): the closure at Panama 
(Bolivar Trench) some 3 Ma preceded a period of global 
cooling akin to that seen during the Permian, when 
the formation of Pangaea at the equator forced ocean 
currents to circulate from north to south. The closure of 
the Indonesian sea preceded the desertification of Africa 
(CAIN and MOLNAR, 2001).

4. The ocean floor spread, controlling CO2 levels 
in the atmosphere (BERNER et al., 1983). Worsley et al. 
(1986) suggest that the climate change cycle of 0.5 Ga 
was the outcome of tectonic cycles, the spreading of the 
ocean floor and atmospheric changes. The effects of CO2 
in the atmosphere and Ca, Mg and HCO3 in the ocean:

• Spreading of the ocean floor: subduction at plate 
margins results in carbonate metamorphism. Volcanoes 
eject subducted carbon into the atmosphere in the form 
of carbon dioxide.

• Negative feedback: the buildup of CO2 in the 
atmosphere raises the temperature and accelerates 
weathering.

Currently, in view of the fact that around 71% of the 
Earth’s surface is ocean, one of the main components 
of the climate system is the interaction between the 
ocean surface and the adjacent lower atmosphere. The 
processes of energy and air-water exchange between 
these two bodies are what determine the behaviour of 
the climate, and any changes to these processes can 
affect the regional or global climate. 

A typical example would be abnormal variations 
in ocean water surface temperatures and their effects. 
In the last decade, two important phenomena of this 
nature have been divulged by the media, both originating 
in the Pacific ocean: El Niño, when the waters become 
unusually warm, and La Niña, when the surface of the 
ocean becomes very cold. 

Information obtained from the CPTEC/INPE website, 
based on Oliveira (1999), regard the El Niño and La Niña 
phenomenon as tending to alternate every three to seven 
years. However, the gap between one event and the next 
can vary by anything between one and ten years, which 
represents a change in the ocean-atmosphere system 
in the tropical Pacific with impacts on the weather and 
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Figure 11.1 – Ocean currents in the north Atlantic and equatorial current

climate across the planet. When the ocean surface 
heats up and the winds become weaker, changes in 
circulation patterns in the lower and upper atmosphere 
alter the water transport patterns, leading to changes 
in rainfall patterns in tropical regions and mid and high 
latitudes. In some parts of the globe, temperature rises 
or falls are also recorded. Meanwhile, when the water 
surface cools, the trade winds gain strength and a larger 
volume of water is stored in the west equatorial Pacific 
causing a difference in sea level between the eastern 
and western Pacific. This stored, warmer water leads to 
higher evaporation levels and upward movements, which 
in turn cause a concentration of rain clouds, while in the 
east equatorial Pacific, upwelling processes are intensified 
(Figures 11.2 and 11.3).

The extraterrestrial causes are variations in solar 
output and the absorption of solar radiation outside the 
Earth’s atmosphere. 

The main astronomical causes are: the eccentricity 
of the Earth’s orbit around the Sun, which can be more 
elliptical or more circular; the tilt of the Earth’s axis to 
its orbital plane, which, according to Henderson-Sellers 
and Robinson (1999), varies between 22o and 24.5º 
over a period of 40,000 years; and the precession of the 
perihelion (point in the Earth’s orbit where the planet 
is closest to the Sun), whereby the gravitational pull of 
other planets causes the perihelion to change position in 
a process called the precession of the equinoxes.

Some meteorite impacts that have taken place 
throughout the Earth’s history could have been 
responsible for climate change, causing the mass 
extinction of several animal and plant species. The best 
known of these is the putative bombarding of the Earth’s 
surface with asteroids, which it is claimed wiped out 
the dinosaurs at the end of the Cretaceous, some 65.5 
million years ago (HECHT, 1993).

There are some signs that volcanic eruptions can 
affect the climate in the short term and may also have 
longer-term effects. This is because volcanoes give off 
large quantities of ash and sulphur dioxide. This interacts 
with the water vapour in the stratosphere, forming 
aerosols that intercept the radiation from the sun, 
reducing the temperature of the Earth’s surface and the 
atmosphere itself. 

Self et al. (1996) note that the eruption of Mount 
Pinatubo in the Philippines in 1991 formed a cloud 
containing approximately 22 million tons of SO2, leading 
to a marked global temperature drop (+/- 0.5ºC) in 
subsequent years. A similar phenomenon is known to 
have taken place in April 1815, when Tambora volcano 
(Indonesia) erupted in the most powerful volcanic 
activity known to the history of man, causing the global 
temperature to drop by 3ºC. In some parts of Europe 
and North America, 1816 was known as the “year 
with no summer” (KIOUS and TILLING, 1996). Warmer 
winters and colder summers than the average have 
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Figure 11.2 – Climate variations arising from El Niño

Figure 11.3 – Climate variations arising from La Niña

been recorded for continental areas of the northern 
hemisphere and modelled after different volcanic 
eruptions (GROISMAN, 1992; ROBOCK and LIU, 1994).

Ever since its origins some 4.6 billion years ago, the 
Earth has always experienced changing temperatures, 
alternating long periods of warming with ice ages caused 
by natural phenomena.

In a recent study, Branco and Marques (2008) list 
the main geological and climate changes on Earth: 

Proterozoic (2500 to 542 Ma): extinction of 
anaerobic bacteria and extensive glaciation around 1.5 
billion years ago; intense orogenic activity.

Palaeozoic/Cambrian (542 to 488 Ma): rapid 
evolution of animal species. 

Palaeozoic/Upper Permian (260 to 251 Ma): 
extinction of 95% of species and formation of Pangaea 
at the end.

Mesozoic/Triassic (251 to 199.6 Ma): dry climate in 
southern Brazil forming a vast desert.

Mesozoic/Jurassic (199.6 to 145.5 Ma): the Earth 
“split in half” with intense basaltic volcanism and 
separation of the continents.

Mesozoic/Cretaceous (145.5 to 65.5 Ma): end 
marked by mass extinction of the dinosaurs (large 
reptiles) whose cause is believed to have been either 
climate change and/or the collision of a huge meteorite 
with the Earth.

Cenozoic / Neogene / Miocene (23 to 5 Ma): drier 
climate in the inland parts of continents accompanied 
by the expansion of grassland and shrubland; ice sheet 
starts to form at the Antarctic.

Cenozoic / Neogene / Pliocene (5 to 1.8 Ma): great 
diversification of grassland and scrub; the climate cools 
from previous tropical temperatures, forming huge ice-
covered areas and leading to global cooling; 75% of the 
species survive to the present day.

Cenozoic/Quaternary/Pleistocene (1.8 Ma to 11.7 
Ka): during the peak of glaciation in the northern 
hemisphere, almost 30% of all land masses were covered 
by a sheet of ice and there was ice on the surface of 
the sea at both poles. With so much of the water from 
the Earth system stored in ice, the sea level dropped 
significantly, as did precipitation. There is evidence of 
four very cold periods in the northern hemisphere during 
the Pleistocene, the first around 600 Ka. During all these 
periods, the Artic ice spread into the lower latitudes of 
Eurasia and North America, while during the warmer 
periods the ice retreated northward. In the southern 
hemisphere, there was much less glaciation and this was 
mostly confined to higher altitudes, such as the Andes. 
20 Ka ago, the planet reached the peak of an ice age. 
During this period, the Brazilian continental shelf was 
almost completely exposed because of the amount of 
ice at the polar ice caps, which made the sea level drop 
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Figure 11.5 – Forest fire in Paraná  
(from: http://www.ambienteemfoco.com.br)

Figure 11.4 – Petrochemicals complex in Cubatão  
(from: cienciaecultura.bvs.br)

more than 100 metres vertically (or 100 km out from 
today’s coastline) forming a vast coastal plain. Although 
Brazil was not subject to glaciation, its climate at this 
time was much drier. 

Cenozoic/Quaternary/Holocene (11,700 before 
present (BP) to present): during the First Climate 
Optimum (8000 BP), the climate became hot and humid 
and the sea level rose by up to five metres. The Second 
Climate Optimum (200-1000 AD) caused the northern 
hemisphere to become milder. The most recent climate 
changes include the Little Ice Age (from 1540 to 1890), 
when the mean temperature was lower than it is today. 
During this time, there were three harsher cold spells: 
from 1540 to 1680, from 1740 to 1770 and from 1800 
to 1890. The degree of cooling differed from one place 
to another, but it is believed that the mean temperature 
during the Little Ice Age was around 2ºC lower than it 
is today.

Since the end of the eighteenth century, when the 
Industrial Revolution began, the planet has seen major 
changes: the intensive use of fossil fuels to generate 
energy for factories and vehicles, the slashing and 
burning of forests and the expansion of unsustainable 
farming practices are just a few of the activities that have 
contributed to the huge quantities of carbon dioxide 
(CO2), methane (CH4) and other gases being released into 
the atmosphere. These gases have interfered in natural 
conditions and are now the most powerful agents of 
global warming.

There are several man-induced causes of climate 
change brought about by changes in the concentrations 
of gases in the environment, which we set out below.

Air Pollution

Air pollution is caused by emissions of polluting 
gases or particulate matter into the atmosphere. The 
biggest producers of these emissions are industrial plants 
and electricity generators, especially thermoelectric 
power plants, refineries, pulp and paper plants, steel 
mills, cement factories, the chemicals industry and 
fertilizer factories (Figure 11.4). 

The use of fossil fuels to produce energy accounts 
for most of the emissions of sulphur dioxide (SO2), 
sulphur trioxide (SO3) and CO2, and is also responsible 
for major carbon dioxide (CO) emissions. The use of 
solvents in glues, paints, surface coatings, aerosols, 
metal cleaners and dry cleaning fluids is responsible for 
appreciable quantities of volatile organic compounds. 
Other sources of pollution are more significant under 
certain circumstances, such as: the burning of domestic, 
industrial, agricultural and forest waste, which is often 
uncontrolled; the burning of explosives, resins, paints, 
plastics and tyres; forest fires; the use of fertilizers and 
highly concentrated farming practices, which are the 
main culprits for emissions of methane, ammonia (NH4), 

nitrite (N2) and nitrate N3O; and transport, especially 
road transport, not just because of exhaust fumes, but 
also because of the evaporation of the fuel itself. These 
are the main sources of nitrogen oxide (NO), nitrogen 
(N), CO and CO2 emissions, and are also responsible 
for other specific pollutants, primarily lead (Pb) (Figures 
11.5 and 11.6).

Greenhouse Effect

The greenhouse effect is caused by the natural 
presence of gases like carbon dioxide, methane and 
water vapour in the Earth’s atmosphere, trapping part 
of the Sun’s energy. 
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Figure 11.7 – Mechanisms of the greenhouse effect  
(from: http://www.rudzerhost.com/ambiente/estufa.htm)

Figure 11.6 – Heavy traffic in a city centre  
(from: http://www.ambienteecologico.com)

As Gore (2006) explains, when the Sun’s energy 
reaches the Earth’s atmosphere in the form of light 
waves, part of it is reflected out into space in the form 
of infrared radiation, while part is retained naturally 
by the atmosphere. This is important, as it keeps the 
temperature on the planet within comfortable upper 
and lower limits (Figure 11.7).

The greenhouse effect is, then, a natural phenomenon 
that keeps the planet about 30ºC warmer than it would 
be if it had no atmosphere (HENDERSON-SELLERS and 
ROBINSON, 1999). 

Gore (2006) goes on to explain that the problem 
occurring today is that the thin layer that is the Earth’s 
atmosphere is getting thicker because of the huge 
quantities of carbon dioxide and other greenhouse gases 
being produced by man. This thicker atmosphere retains 
some of the infrared radiation that would otherwise be 
reflected back into space. As a result, the temperature 
of the Earth’s atmosphere (and that of the oceans) is 

becoming dangerously higher, turning the planet into a 
giant “greenhouse”.

Of all the gases that cause the greenhouse effect, 
CO2 is generally considered the main culprit as it accounts 
for 80% of all greenhouse gas emissions. It is released 
when fossil fuels (oil, natural gas and coal) are burnt in 
homes, by cars, factories, power plants, the burning of 
forests or the production of cement (GORE, 2006).

Other greenhouse gases in the atmosphere whose 
concentrations have risen significantly because of 
the action of man are methane (CH4) and nitric oxide 
(NO). Today, 60% of the methane in the atmosphere 
is produced by man: landfills, livestock breeding, the 
burning of fossil fuels, water and wastewater treatment 
and other activities (GORE, 2006).

Human activity has also been responsible for raising 
the amount of nitrous oxide (N2O) in the atmosphere by 
over 17%. It is mostly produced from fertilizers, fossil 
fuels, forest burning and crop waste. 

Other greenhouse gases are sulphur hexaflouride 
(SF6), perfluorocarbons (PFCs) and hydrofluorocarbons 
(HFCs), which are only produced by human activities. PFCs 
and SF6 are released into the atmosphere by industrial 
activities such as aluminium smelting and semiconductor 
manufacturing, and by electricity generation.

Finally, water vapour, a natural greenhouse gas 
that increases in volume as temperatures rise, tends 
to compound the effects of all the other artificial 
greenhouse gases (GORE, 2006).

Hole in the Ozone Layer

For many years, chlorofluorocarbons (CFCs) were 
used in many industrial processes and were released from 
refrigeration systems. When these powerful greenhouse 

gases reached the ozone layer they destroyed 
the ozone (O3) molecules, destroying this 
layer of the atmosphere (Figure 11.8).

The ozone layer is a thin layer within 
the stratosphere that surrounds the Earth 
and protects it from many kinds of radiation, 
especially ultraviolet rays, which are the main 
cause of skin cancer.

In 1997, the Montreal Protocol, ratified 
by 180 countries, stated a commitment 
to reduce CFC emissions, since when a 
reduction in the size of the hole in the ozone 
layer started to be observed (Figure 11.9). 
Having reached its largest size of 29 million 
km2 in 2003, it shrank to 27 million km2 in 
2006. However, its rate of recovery is proving 
slower than initially forecast by scientists. 
According to the latest measurements, the 
ozone layer over the most densely inhabited 
parts of the planet will only return to levels 
seen in the 1970s around 2049. Meanwhile, 
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Figure 11.8 – Schematic diagram of the hole in the ozone layer 
(from: http://www.canalkids.com.br/.../imagens/buraco.gif)

Figure 11.9 – Sequence of images showing the hole in the ozone 
layer (from: blog.estadao.com.br/blog/media)

the hole over the South Pole will not close before 2065, 
which is 15 years later than initially predicted. 

Global Warming

Global warming is a general ized cl imatic 
phenomenon: an increase in the mean surface 
temperature of the globe that started 150 years ago. 
However, the meaning of this temperature rise is still 
being discussed by scientists. Both natural and man-
induced causes have been proposed to explain the 
phenomenon. 

Some rises in sea level have been detected and 
attributed to the melting of the polar ice caps caused by 
the increased global temperatures seen in the twentieth 
century. However, there is no evidence to date that 
could definitively pin this rise in temperature to a natural 

climatic cycle or to industrial activity. It could be that 
man’s activities are indeed accelerating a process that 
was already underway. 

The most widely accepted human causes of climate 
change and global warming are the interaction of 
atmospheric pollution, the greenhouse effect and the 
hole in the ozone layer. If these are to be addressed, 
man must take action to minimize them, and in recent 
decades there have been several conferences and 
agreements between nations designed to do just this. 

UNITED NATIONS INITIATIVES

In 1988, the United Nations (UN), perceiving that 
human action could be having a strong influence on the 
climate of the planet and that this process would have 
to be monitored, created the Intergovernmental Panel 
on Climate Change (IPCC). With delegates from 130 
countries, the IPCC is responsible for making regular 
assessments of the state of climate change around the 
world.

Since then, the IPCC has published several documents 
and technical reports. The first IPCC Assessment Report 
was published in 1990 and set out the arguments in 
favour of the creation of the United Nations Framework 
Convention for Climate Change (UNFCC), within which 
governments could negotiate climate change policies. 

The second Assessment Report came out in 1995, 
adding new inputs to the discussions, resulting in the 
adoption of the Kyoto Protocol two years later thanks to 
the efforts of the UNFCC. The third Assessment Report 
was published in 2001 and the fourth in 2007.

Since its first report, the IPCC’s work, undertaken by 
three working groups, has been published in four stages. 

The first group is responsible for the first chapter, 
which sets out the scientific evidence that climate change 
is caused by man. The second group addresses the impacts 
of climate change on the environment and human health. 
The third group studies ways to fight climate change and 
promote adaptation measures for affected groups of 
people. At the end, a final chapter is drafted that sets out 
the conclusions of the other three chapters. 

It was in the fourth Assessment Report (2007) that 
scientists first expressed confidence that contemporary 
climate change was mostly due to human action, 
primarily the emission of greenhouse gases like carbon 
dioxide, nitrous oxide and methane. It stated that this 
was what was behind the global warming seen over the 
last 50 years, which would itself have impacts on other 
aspects of the climate, raising the temperature of the 
oceans, causing extreme temperature variations and 
even altering wind patterns. 

The IPCC stated that countries could curb the 
harmful effects of global warming by stabilizing their 
carbon emissions at a reasonable level by 2030, which 
would cost around 3% of the world’s GDP.
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Shortcomings and Inconsistencies  
in the IPCC Models 

According to Branco and Marques (2008), the Earth 
has undergone periodic oscillations in its temperature 
and climate that can be associated with the amount of 
solar radiation that reaches its surface. These variations, 
in cycles of around 1,100, 80 and 11 years, are also 
influenced by other factors, such as the elliptical orbit of 
the Earth around the Sun, the tilt of the Earth’s axis of 
rotation and the oscillation of this axis. Gerhard (2007) 
presents data that indicate that the Earth’s temperature 
in the northern hemisphere shows a strong covariance 
with solar radiation and not with CO2 levels in the 
atmosphere. 

Predictions based on climate models can be used to 
build up future climate scenarios, but these do not yet 
distinguish between natural and man-induced climate 
variability. Effects such as volcanic eruptions may cool the 
atmosphere for up to two years, but warming continues 
afterwards. Confidence levels in the forecasts are greater 
when they take into account the impact of increased 
greenhouse gas concentrations on the changes to the 
components of the world’s energy balance and water 
balance, while they are lower when forecasts focus on the 
frequency and intensity of extreme weather and climate 
events (El Niño, droughts, intense rainfall, frequency and 
intensity of tropical cyclones and hurricanes, tornadoes, 
etc.).

Studies into Pacific Decadal Oscillation (PDO) and 
the North Atlantic Oscillation (NAO), which have been 
known and monitored since 1880 and are strongly 
correlated with glacier advance and recession and 
sunspots, corresponding to strong magnetic fields (first 
observed by Galileu in 1610 and monitored daily since 
1749) http://icecap.us/images/uploads/GSA.pdf, have 
been validated and published by JPL-NASA, showing 
that the most extreme forecasts made by the IPCC about 
global warming are highly inaccurate and imprecise. 
Indeed, the opposite has actually been observed: that 
we are at the end of a cycle of warming and beginning 
a period of global cooling (Don Easterbrook, Emeritus 
Professor of Geology, Western Washington University, 
2001, 2006, 2007, published in GSA). 

FUTURE SCENARIOS

Scientists use research data to design predictive 
models that simulate future scenarios under different 
circumstances.

In one of these scenarios, the IPCC estimates that by 
the end of this century the Earth’s temperature will have 
risen between 1.8 ºC and 4 ºC, which would increase the 
intensity of typhoons and droughts, endanger one third 
of all plant species and make people more vulnerable to 
disease and starvation. 

The group also calculates that the melting of the 
polar ice caps could cause sea levels to rise between 18 
cm and 58 cm by 2100, completely submerging small 
islands and forcing hundreds of thousands of people 
into the ranks of the so-called “environmental refugees”: 
people who are forced to leave their homes because of 
environmental factors. 

The IPCC estimates that over one billion people 
could go without drinking water because of the melting 
of the ice on the tops of major mountain ranges like the 
Himalayas and the Andes. These ice-capped mountains 
are “natural reservoirs” that store precipitation and 
release it gradually, assuring a constant supply to the 
rivers that sustain the communities downstream. 

In its second report, the IPCC notes that parts of 
the Amazon could become savannah and that some 
50% of the world’s tropical rainforests could be 
transformed partially into scrub. It also points to the 
risk that under the worst-case scenario, the north-east 
of Brazil could see up to 75% of its water sources dry 
up by 2050. Mangroves would also be affected by 
rising sea levels. 

Marengo (2006) states that although Brazil 
contributes less than industrialized countries to the 
world’s greenhouse gas emissions, its emissions from 
burning (smoke and aerosols) are very high. Brazil is the 
fourth largest emitter of greenhouse gases on the planet 
when one takes into account the gases released into the 
atmosphere as a result of slashing and burning. 

PROPOSED ACTIONS

There are many ways to reduce greenhouse gas 
emissions, such as reducing deforestation, encouraging 
the use of renewable energy sources, adopting energy 
efficiency measures, recycling waste materials, improving 
public transport, preparing environmental education 
programmes, etc. 

There are also other things that anybody can do, 
which may seem small but when looked at collectively 
can also help reduce global warming. These are: saving 
energy; not wasting water; making use of efficient 
public transport or vehicles that use less polluting fuels 
like biofuel or ethanol; using clean energy sources; and 
recovering and preserving green areas in big cities. 

As an outcome of a series of events involving 
different countries, discussions were started in Kyoto in 
1997 towards the signing of an international treaty that 
would reduce greenhouse gas emissions. Known as the 
Kyoto Protocol, the treaty sets out the Clean Development 
Mechanism, one of the methods for flexibilizing the 
process of reducing greenhouse gas emissions. 

By this mechanism, developed countries have 
until 2012 to reduce their emissions of carbon dioxide, 
methane and nitrous oxide by 5.2% on average below 
their 1990 levels. They also have to reduce their sulphur 
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hexaflouride, hydrofluorocarbon and perfluorocarbon 
emissions to 1995 levels. 

While cutting their emissions locally, developed 
countries can also buy part of their carbon reduction 
targets in the form of carbon credits earned by projects 
in developing countries.

The Kyoto Protocol came into effect on February 
16th 2005 with the purpose of reducing global 
temperatures in coming years. However, Australia and 
the United States (the world’s largest polluter) did not 
ratify the agreement, claiming it would harm their  
industrial development.

Upon the completion of the fourth IPCC Assessment 
Report, the members of the UNFCC at the 13th 
Conference of the Parties (COP-13), held in Bali, 
Indonesia, approved the Bali Road Map. This document 
defines the content and terms for the negotiations which 
in 2009 will set the new regime for climate protection 
and the fight against global warming after 2012, when 
the Kyoto Protocol expires. 

In Brazil, a climate change research group, Grupo de 
Pesquisa em Mudança Climática (GPMC), was established 
with the goal of carrying out research on the topic, 
including monitoring studies to describe the current climate 
status more precisely and capture its variations in the long 
term, as well as projections of future scenarios for modelling 
the climate until the end of the century based on different 
greenhouse gas emission rates. The GPMC is led by Centro 
de Previsão de Tempo e Estudos Climáticos (CPTEC) and 
Instituto Nacional de Pesquisas Espaciais (INPE).

The members of the group include researchers 
specialized in climate change, vulnerability analysis 
and impact studies from a variety of institutions, 
including federal universities (e.g. Universidade de São 
Paulo), foundations (e.g. Fundação Brasileira para o 
Desenvolvimento Sustentável); federal government 
entities (e.g. Empresa Brasileira de Pesquisa Agropecuária, 
Instituto Nacional de Meteorologia, Fundação Osvaldo 
Cruz, Agência Nacional de Águas, Agência Nacional de 
Energia Elétrica), state meteorology centres, and non-
governmental organizations (e.g. the WWF, Instituto do 
Homem e Meio Ambiente da Amazônia and Greenpeace). 
The group also works in conjunction with the National 
Climate Change Programme and national programmes 
from some other countries in South America. 

Geoindicators

Another important tool that has been divulged in 
recent years by the scientific community is the use of 
geoindicators. Based on the work of Berger & Iams (1996) 
and Berger (1997), the IUGS, through the Commission 
on Geological Sciences for Environmental Planning, 
has held several meetings that culminated in the IUGS 
Geoindicators Initiative (GEOIN, available at: http://www.
lgt.lt/geoin/), a compilation of 27 geoindicators. These 

have been used in several studies in Brazil and other 
countries and address a variety of climate change topics, 
including its impacts, adaptation measures and, above 
all, prevention. 

Geoindicators are measures (magnitudes, 
frequencies, rates and trends) of geological processes 
and phenomena that occur at or near the Earth’s 
surface and are subject to changes that are significant 
for understanding environmental change over periods 
of 100 years or less (although they can be extended 
to 100-200 years). Knowing and monitoring these 
indicators is important for designing adaptation 
measures and promoting sustainable development. 
The indicators are based on standardized methods 
and multidisciplinary monitoring procedures that 
draw on geological, geochemical, geomorphological, 
geophysical, hydrological and other Earth science data 
with the purpose of assessing environmental conditions 
in inland and coastal areas, both globally and locally, to 
understand the causes and effects produced by human 
or natural actions on the system.

The right-hand columns of Table 11.1 are designed 
to demonstrate the relative impact of natural forces and 
tensions induced by man on the causes of change that 
each geoindicator controls (BERGER, 1998).

These parameters, which are instrumental in altering 
the landscape in urban and rural areas, have proved useful 
for administrators and decision makers. Geoindicators 
can help in the determination of environmental impacts, 
continuous monitoring of ecosystems, selection of 
reforestation practices and establishment of baseline 
conditions for mining, land use, road building, canal 
construction, river diversions, etc. 

In a country as large as Brazil with such a great 
diversity of landscapes, climate, fauna, flora, land uses, 
etc. it is imperative that government entities, universities, 
organizations and researchers work together to establish 
a national geoindicator network that is integrated to 
the other international networks. Almost all of the 27 
geoindicators proposed by Berger (1997) are applicable 
to Brazil, with the exception of the ones related to 
volcanic activity and glaciers.

The use of scientific methods to understand our 
environment should be a prerequisite for any decision-
taking process in order to minimize human impacts 
on the environment and slow down change, even if 
such change is brought about by natural causes. It 
is also needed if we are to successfully adapt to new 
environmental conditions should the existing ones 
change irreversibly. 

Suggested Adaptation Options for Brazil 

Notwithstanding the shortcomings of the IPCC 
model, which fails to take account of Earth science data 
and establishes scenarios containing some inconsistencies, 
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Table 11.1 – List of geoindicators and respective influences of human tensions and natural forces

Geoindicators Environmental Changes Natural 
Forces

Human 
Tensions

Arid and semi-arid terrains

Desert surface crusts and fissures Aridity 1 2

Dune morphology and activity
Wind speed and direction; humidity; aridity;  
sediment availability

1 2

Frequency, duration and magnitude of dust storms Dust transport; aridity; land use 1 2

Wind erosion Climate; land use; plant cover 1 2

Cryosphere

Frozen ground activity Climate; hydrology; slope movement 1 2

Glacier fluctuations Rainfall; sunshine; melt flow 1 3

Coastal and Marine Areas

Coral chemistry and growth patterns Surface water temperature; salinity 1 1

Relative sea level
Coastal subsidence and elevation; climate; fluid extraction; 
sedimentation; compaction

1 2

Shoreline position
Coastal erosion; sediment transport and deposition;  
land use; sea level; climate

1 1

Lakes

Lake levels and salinity Climate; land use; flow; circulation of groundwater 1 1

Rivers and Streams

Streamflow Climate; rainfall; drainage basin; land use 1 1

Stream channel morphology and position Sediment load, flow rate; climate; land use; subsidence 1 1

Stream sediment storage and load Sediment transport; flow rate; drainage basin; land use 1 1

Wetlands

Wetlands extent, structure and hydrology Land use; climate; biological productivity; flow rate 1 1

Surface and Ground Waters

Surface water quality
Climate; land use; interaction between water, soil and rock; 
flow rate

1 1

Groundwater quality
Land use; contamination; alteration of soils and rocks; 
radioactivity; acid rain

2 1

Groundwater chemistry in the unsaturated zone Alteration of soils and rocks; climate; land use 1 1

Groundwater level Climate; impermeabilization and replenishment 2 1

Karst activity
Chemistry and flows of groundwater; climate; plant cover; 
fluvial processes

1 2

Soils

Soil quality Chemical, biological and physical processes in the soil; land use 2 1

Soil and sediment erosion Climate, storms, wind, land use 1 1

Natural Risks

Landslides and avalanches
Hillside stability, fast and slow mass movements, land use, 
precipitation

1 1

Seismicity Natural and man-induced seismicity causing tremors 1 2

Volcanic unrest
Movement of magma near the surface, release of magmatic 
gases, heat flow

1 3

Other

Sediment sequence and composition Climate, land use, erosion and deposition 1 1

Subsurface temperature regime Climate, heat flow, land use, plant cover 1 2

Surface displacement Uplift and subsidence, faults, fluid extraction 1 2

Note: 1 = strong influence; 2 = some influence; 3 = little influence 
Source: Berger (1997; 1998).
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the fact that man has altered his environment is 
unquestionable. Therefore, as proposed by Branco and 
Marques (2008), it is time Brazil started thinking about 
adaptation measures to address the outcomes of global 
climate change by designing and implementing strategies 
for each sector of the economy. These will enhance 
people’s capacity to adapt, especially those that are poorer 
and live in the regions likely to be hardest hit. 

This adaptation starts by identifying the vulnerability 
of Brazil’s biomes to increased concentrations of 
greenhouse gases and the impacts that would arise in 
Brazilian society, especially affecting coastal areas, health, 
biodiversity, farming, forests, water resources and energy. 

First of all, the top priority must be to improve 
data gathering and prepare models for designing 
future climate scenarios for Brazil, as this would permit 
a more accurate assessment of where the main areas 
of vulnerability lie and what the impacts of global 
climate change would be, providing criteria for selecting 
adaptation strategies. 

It should be noted here that the IPCC models are 
based on research and studies undertaken almost entirely 
in the northern hemisphere (about 95%), which makes 
them statistically biased.

As for the study of palaeoclimates, the contributions 
of palaeontology, the study of speleothems and other 
forms existing in karst caves by absolute dating using 
C14, O18 and U isotopes are all important.

Monitoring of shoreline movement will help 
to identify cyclical trends and better orient coastal 
management and municipal town planning. 

As a management tool for predicting impacts and 
setting strategies to help agriculture to adapt to climate 
change, we highlight the importance of integrating 
ecological and edaphoclimatic zoning. This is important 
for ensuring the sustainable use of natural resources 
and ecosystems, especially in the most vulnerable areas. 

For water resources, the most suitable approach 
is the integrated management of watersheds in order 
to adapt to the effects climate change will have on 
streamflow regimes. With the population of the world 
on the rise, there is likely to be a corresponding increase 
in demand for water resources, which must be addressed 
by attempting to change consumption habits or patterns. 
Water resource management and town planning are 
strategic for this. 

Another important aspect to examine is the 
environmental impacts of the frequency and intensity of 
natural disasters on poorer urban and rural communities 
and urban infrastructure. In farming activities, the 
efficient use of nitrogen fertilizers is crucial. 
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Geodiversity and applied geodiversity draw 
on the combined knowledge of the Earth sciences 
which, alongside knowledge from other sciences, is 
indispensable for land planning and occupation on a 
national level for the good of Brazilian society. 

However, it is worth reflecting on the ethical conduct 
to be expected in development programmes and projects 
designed to fully attain the highest aspirations of a young 
nation which strives towards a harmonious society and 
environment where there is room for everybody to live 
together in peace.

It is therefore of the utmost importance that a new 
paradigm be adopted that has the well-being of society 
as a whole as its ultimate goal, overriding group, sector 
or political viewpoints.

If such progress and consolidation is to be achieved, 
the way human societies use their land must be studied 
and comprehended and this knowledge must be used 
in the planning of social and economic development 
programmes and projects.

The development of an individual and collective 
awareness of the role of man and nature is essential 
for any study; only thus will Cartesian models for the 
physical, biotic and social environments be laid to rest.

Human ecology studies the behaviour of man 
under different environmental variables. It is founded 
on concepts from biology and has three approaches: 
systemic, evolutionary and applied or demographic. 
Its study of “man’s relationship with the environment” 
impacts on economic, social and psychological thinking 
and transcends the single viewpoint common in the 
science of ecology.

The adaptability of individuals or groups is one of 
the biggest factors behind the reproductive success of 
the human species. When the environment is discussed, 
it is common to include the “social environment” as a 
variable, which implies in expanding the concept of 
environment to apply it to human groupings. As such, 
different “human ecologies” are identified that draw on a 
variety of different areas, which are often poorly defined 
or lacking in any conceptual definition.

The planet Earth has a geological history in which its 
non-living mineral and mineral-organic material evolved 
into an organic system that is normally called organic life. 
It is a thin layer that surrounds an essentially non-living 
skeleton – the Gaia hypothesis, the living Earth.

The set of components that make up the Earth 
interact in systemic relationships. This is therefore the 
most appropriate way for addressing the topic, which 
necessarily involves understanding these interrelations.

Although the Earth has existed more than 4.5 billion 
years, homo sapiens only emerged in a long evolutionary 
line some six million years ago. In the last 100,000 years, 
this species has nonetheless developed a great capacity to 
survive in the most extreme climatic and environmental 
conditions. By developing different technologies, man is 

able to inhabit almost every part of the five continents at 
almost every altitude and latitude, which is an unrivalled 
in biological terms.

When it comes to agriculture and livestock 
breeding, man has produced countless powerful tools 
and technologies that have enormous power over 
ecosystems. That is why many geologists specializing in 
Cenozoic geology accept 10,000 BP (before present) as 
the starting point of the Quinary or Technogene (TER-
STEPANIAN, 1988), when the action of modern man as 
he started to farm the land can be seen as a geological 
event of global magnitude.

Philosophically speaking, it could be argued that 
society regards humans as different from other animals 
because of their intelligence or because they have a soul 
of divine origin. However, it is impossible to ignore the 
interdependency between man and planetary and cosmic 
phenomena. Geologists understand and stress just how 
much plant and animal species have evolved in line with 
geosystems along the Earth’s billions of years’ existence. 

Meanwhile, anthropocentric attitudes mean 
that this “truth” has not been transferred to man’s 
relationship with the environment. With the exception 
of cultures that make little use of technology or science, 
the peoples that have spread across and dominated 
continents have acted as if they were at the centre of 
creation and that the environment existed merely to serve 
their purposes, based on superior designs.

The behaviour of civilizations has therefore 
been marked by huge ecological and social disasters, 
reflecting the progressive degradation of environmental 
resources as the environment is occupied inappropriately, 
especially the decline of the great Mediterranean and 
Mesopotamian civilizations that were the cradle of 
humanity. For instance, in the twelfth century, the forests 
of Europe were cut down indiscriminately.

It was only in the nineteenth century, with the world 
population growing at unprecedented rates, that an 
awareness started to take shape as to the limitations of 
natural resources and the singularity of the environment. 

SCOPE, CONCEPTS AND OBJECTIVES

“Human ecology” was created by Juan José 
Tapia Fortunato in 1993, drawing on a huge mass of 
own data and data from different theories, including 
Jungian psychoanalysis, neurolinguistic programming, 
accelerated learning, transactional analysis, quantum 
physics and the theory of the holotropic mind, forming 
a veritable technological arsenal to be applied to the 
development of individual ethics based on educational, 
organizational and psychotherapeutic focuses using all 
available communication media. 

It is a transdisciplinary science that works on 
a higher level than any other science in that it 
investigates the evolution of man in relation to 
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planet Earth. Its aim is to study the relationship 
between man and his environment.

Human ecology is, then, a hypothesis about 
shared living, ethics and the human condition. 
When understood and systematically put into 
practice for the good of human relations, it can 
help regain harmony with the environment and 
cultivate a sense of duty, respect and individual and 
collective ethics. 

Human ecosystems are made up of natural (organic 
and inorganic) and cultural elements (habits, values 
and technologies). They support human life, whose 
anthropocentric focus is characterized by a quest to 
meet man’s physical and psychological/mental needs.

The environment thus affected by human 
communities may be more or less propitious for the 
conservation of the environmental services that will foster 
human health and supply the raw materials necessary 
for the well-being or maintenance of civilizations, chief 
among which are water, soils and minerals.

Man exerts influence on another variable that 
is essential for supporting life: the climate. This was 
previously the exclusive domain of geology (slow 
changes seen in different periods or eras). However, the 
first environmental assessments have shown that the 
“industrial” lifestyle seen today across almost the entire 
planet is environmentally unsustainable at current levels 
of technology.

APPLICATIONS

There is no consensus about what role human 
ecology should play, but several independent lines of 
thought. The interaction between human groupings 
and the environment is analyzed from the perspective 
of ecology and related disciplines such as anthropology, 
geography, sociology and psychology.

There might be a temptation to see human ecology 
as a branch of ecology, which would involve applying 
methods derived from it, but this would be too restrictive. 
Human ecology also draws on economic, social and 
psychological factors, which encompass the variables 
that differentiate us from other animal species because 
of our particular forms of behaviour.

It is precisely man’s dual capacity to change and to 
adapt the environment to suit a far broader spectrum 
of needs than just those related to his basic survival that 
makes human ecology so hard to comprehend and model.

Human ecology includes mapping cultural diversity 
in all its facets, but goes beyond merely taking a snapshot 
of it, taking into account the fact that culture evolves in 
line with changes in individual and collective mentalities. 
This leads to an intrinsic obstacle: the impossibility of 
carrying out large-scale experiments or ones that can 
be reproduced with the level of confidence required by 
the exact sciences, especially economics.

The results obtained from historic documents are 
insufficient to confirm their reproduction, especially 
in view of the fact that living systems have a peculiar 
capacity to learn, homo sapiens above all. It is as if we 
were to say that the present is not the key to the past, 
but the outcome or result of conceptions and actions 
taken previously. Likewise, the future is not a simple 
projection of the past, or, as Godet (1985, 1997) would 
say, “the future is a social construct”, which is one of 
the cornerstones for the rationale that underpins the 
techniques for preparing future scenarios.

METHODOLOGY

Human ecology makes use of several approaches of 
interest to the study of human beings. Margaleff (1977) 
presents two such possibilities: a) man as just one more 
component species of ecosystems; b) man and nature 
as individual systems. The first is more scientific while 
the second is more practical. In fact, the first approach 
is seen primarily in the biological sciences, while the 
second is seen in the social sciences.

When it comes to the coordination and organization 
of land occupation in Brazil by planning entities, 
especially in the Amazon, the second approach was 
initially adopted, in that ecological-economic zones were 
defined from the combined elements from the non-living 
and living world (sustainability and vulnerability) and the 
social world (potentiality).

Notwithstanding its advantages, this approach 
nonetheless fails to take account of all the elements 
needed for zoning to be conducive to sustainable 
development. As a result, the work undertaken by CPRM 
– Serviço Geológico do Brasil (CPRM/SGB), especially in 
the Amazon, has drawn on the ideas of Odum (1983, 
1985). He proposes that the structure and function of 
nature consists of animals, plants and microorganisms 
that are adapted to or are adapting to the physical 
environment and climate. In other words, in ecosystems 
and human societies, the living parts are interconnected 
by a flow of chemicals and energy, while in the human 
part there is an exchange of information and monies. 

From this perception, there arises a need to 
simultaneously develop models capable of predicting the 
behaviour of biodiversity and the physical environment 
and techniques that indicate future trends not by 
projecting the past but by seeing the future as a social 
construct, the fruit of interaction between social beings 
throughout the trajectory to be described.

New techniques for designing different scenarios 
from those used in ecological-economic zoning have 
therefore been developed with a view to meeting the 
needs of a society in the middle of a modernization 
process, but with serious social problems. They 
correspond to feasible development models projected 
into the coming decades under the strong influence 
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of the appropriation of natural resources, especially 
minerals, oil, water, land (for crops and forests) and 
environmental services.

The role of geodiversity is therefore central to 
developing strategies for the country’s social and 
economic development. This is not limited to discovering 
and harnessing biodiversity resources, but to using them 
in an environmentally sustainable, economically feasible 
and socially equitable way that is ultimately human in 
the most modern conceptions of the term.

The success of this depends on good planning and 
collective involvement based on a vision of the desired 
future and the concepts set out. In this way, opportunities 
will be identified and induced accidents and external 
threats will be prevented, producing critical routes forward 
or desirable development paths that address a future 
scenario of collective well-being (social happiness).

One could actually say from a philosophical 
perspective that biodiversity resources should be seen 
as natural capital, placed at the disposal of humanity so 
that they can be used for their future physical, mental 
and spiritual development.

CHALLENGES AND CONTRIBUTIONS

Anyone working with geodiversity quickly sees 
that Brazil actually encompasses a huge variety of 
environments, minerals, fossil fuels, soils, water, 
wind power, landscapes, etc. in the form of metals, 
petrochemicals, energy and transport. Even so, society 
as a whole is ignorant of the real importance of minerals 
and of geological discernment in mining activities, 
giving rise to the widely held, simplistic view that mining 
destroys the environment.

Meanwhile, the mining industry often leads to 
the habitation of isolated areas bereft of adequate 
infrastructure, unlike farming, for instance. Mining can 
create huge wealth and a few thousand well-paid jobs, 
although these are surrounded by a wider, growing circle 
of poverty made up of the people left out of the rural 
and urban economies.

What is at the heart of the problem of organized 
mining, which generates wealth, pays its taxes and 
contributes towards the balance of payments? What 
about the people with nothing to lose who rush to eek 
out a living from the scraps left over by big business? What 
are the taxes obtained from mining over periods of up to 
decades spent on? The answer lies in good governance, 
which means that even without wealth, everyone’s basic 
needs can be met provided there is good management, 
without which satisfactory results cannot be obtained.

The reason for this poverty is the absence of good 
development projects with the capacity to mobilize 
society, improving the payback on investments, with 
public policies founded on ethics, economic potential 
and intellectual and cultural potential. This is why 

an ecological, preservation-based vision must be 
supplemented by psychological factors affecting the 
communities in terms of cultural liabilities, lost survival 
habits and impaired self-esteem and dignity: variables 
or indicators that are not yet capable of competing on 
the same level with classic economic factors.

The greatest challenge is how to create economic 
models suited to these societies, capable of taking effect 
as a core element in the conception of development 
processes. The construction of a common future of real 
quality for society must be the ultimate goal. In order to 
achieve it, certain skills and specificities should be picked 
out from civil, environmental and social engineering 
and collective ethics to be included in economic 
programmes. Studies should always be based on a new 
form of engineering that defines socially, economically 
and environmentally sustainable processes, in this order, 
rather than random models.

HUMANISTIC APPROACH

Systemic analysis shows that there are profound 
correlations between the macro and microcosms 
and also between the conventional segmentations of 
knowledge we call science.

Transactional analysis, founded by Eric Berne, 
is a useful tool for self-knowledge and expanded 
consciousness. It gives people a real vision of the whole, 
giving them a sense of their duty to accept and live 
harmoniously with differences within the great diversity 
of the universe, thereby pursuing greater efficiency in 
life and organizations.

Employability is a concept that was created to 
describe a new condition for workers or institutions (and 
working groups) in the labour market. It consists of each 
individual or group taking responsibility for managing 
the development and improvement of their long-term 
competencies and constantly updating their short-
term or renewable competencies, which have market 
(“economic”) value and may be used in their work and 
other paid activities. In other words: is there a market 
for what is produced?

People and institutions that invest in their long-term 
competencies and are always updating their skills have 
a broader range of options open to them and a greater 
chance of success.

In terms of transactional analysis, there is a theoretical 
model for individual or collective personalities by which the 
ego state performs the personality’s executive function. 
When uncontaminated, the three ego states operate 
using internal and external data, allowing people to take 
decisions consciously, responsibly and gratifyingly.

Long-term competencies are capacities, knowledge, 
skills and experiences that give people enough stability 
and inner balance to deal with external instability and 
unpredictability.
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Long-term competencies are manifested through 
people’s behaviour, world views, opinions, decisions and 
life courses, reflecting a coherence between word and 
deed which is the outcome of a process of integration 
and balance between affective, behavioural and cognitive 
aspects.

The elements that build up long-term competencies 
are: self-knowledge, interpersonal skills, sensitivity 
and intuition, connectivity, versatility and adaptability, 
capacity to negotiate and handle conflicts, openness 
and willingness to learn and reconstruct experiences.

The one element that cements all the others is the 
capacity to build up and maintain relationship networks 
(the intangible other), engage people in common goals, 
set up real, lasting connections with a broad range of 
people, partners, allies and diverse contacts.

Connectivity is closely bound to interpersonal skills, 
authenticity, empathy, credibility, enthusiasm, range of 
interests and sensitivity.

As such, transactional analysis is a theory that is 
gaining ground globally thanks to its simple and practical 
way of helping human beings; it is proving increasingly 
effective in supporting individuals and organizations.

ETHICS IN SCIENCE

Ethics is the theory or science of the moral 
behaviour of humans in society. In other words, it is the 
study of a specific type of human behaviour (Aristotle, 
384-322 BC).

Aristotle explains that all human activity in any field 
is done with a goal in mind, and that a goal is “good”: 
the ultimate goal is the “highest good”, and is a function 
of the rational soul.

The study by judges of human conduct is vital to 
the production of social reality. It is related to the desire 
to achieve plenitude in life.

All activities have moral implications, connecting 
ethics to human behaviour. Value judgements of good 
and evil, right and wrong, permission and prohibition 
are behind different prototypes.

Man only realizes his existence in his encounter 
with his peers, and all his actions and decisions affect 
other people. Some rules legislate and harmonize 
these interrelationships of coexistence. They indicate 
the boundaries of obedience or assertiveness for each 
individual and represent the cultural codes which 
simultaneously impose duties and offer protection. 

Morality is a powerful social force. It is acquired as 
a legacy and preserved by the community. It is based on 
culture, history and human nature.

LESSONS FROM ETHICS

Some basic conclusions can be drawn from the 
establishment of ethics in human activities. 

Individuals are bound to develop their potential for 
individuality and autonomy. As such, the threshold of 
their self-esteem must be cultivated, which comes from 
polished conduct founded on individual and collective 
discipline awakened by an awareness of the essence of 
each thing, from isolated objects to the entirety of things 
and back down to the detailed level. 

Traumatic incidents caused by a lack of humanism, 
hatred, greed, corruption or war are a threat to all 
humanity. They undoubtedly affect intelligence, output 
and the will to live.

Objectively speaking, the priority of all actions 
on this planet must be to overcome starvation, i.e. to 
preserve the species. The second objective should be to 
address human evolution. 

Alongside this, space and territory are fundamental 
tools for the theory and techniques of human ecology. 
They are used to describe the essential “surroundings” 
where man’s process of change takes place. This 
consists of plumbing the depths of what it means to 
live ecologically with oneself, with others and with the 
universe.

The human environment is, then, a combination 
of natural elements (both organic and inorganic) and 
cultural elements, which support human beings in the 
different environments in which they live and can be 
observed on the most different of scales in space. 

It is crucial that awareness be raised as to the fact 
that there are several attitudes that are not described in 
professional codes of ethics but which are inherent to 
any activity.

Therefore, one cannot separate continuous success 
from ethical behaviour.

CONCLUSION

It can be concluded that understanding the human 
phenomenon in terms of the meeting of man’s needs and 
fulfilling his potentialities is central to the implementation 
of programmes and projects that make use of natural 
resources, including geodiversity.

Programmes and projects of this kind must interact 
and overlap in a kind of pyramid, starting by meeting 
basic needs at the base and rising up to the most elevated 
aspirations at the apex.

Scientists, specialists and the wider public must 
understand that there is no future out there waiting 
for them. Rather, the future of the natural environment 
and man’s socioeconomic circumstances is a direct 
consequence of the actions taken by each individual 
and society.

As a constituent part of an ecological system, man 
must join forces with the evolutionary forces of his 
physical, mental and spiritual subsystems.

From the perspective of land use and land planning 
(geodiversity), it is necessary to fully understand the 



180

GEODIVERSITY Of BRAzIL

SUELY SERFATY-MARQUES 
Holds a degree in geology from Universidade Federal do Pará (1975) and a postgraduate certificate in petrology and 
environmental engineering. At CPRM/SGB, is the assistant head of the Amazon Territorial Management Department. 
During her university years, was a trainee for the RADAM project. In the first 15 years of her career, worked in petrographic 
analysis and petrology and minerology studies, working in Pará and Goiás for different government Earth science entities, 
including SUDAM, IDESP (POLAMAZÔNIA), UFPA/FADESP, UCLEBRAS and DNPM/CPRM. In 1991 returned to the study 
of environmental issues. Between 1992 and 1997 worked on water supply and municipal management. Since 1997 
has been involved in the ecological-economic zoning of the Amazon (OES), especially at the border areas, as assistant 
coordinator of the Brazilian team in joint projects with Venezuela, Colombia, Peru and Bolivia. Recently, more involved 
in divulging the role and application of human ecology to land management with a focus on sustainable development. 

physical and living components and to map out the 
social agents, their potential, movements, trends and 
interactions according to their degree of uncertainty, in 
conjunction with the critical states (hypotheses).

Having prepared a structured model based on 
ethically appropriate behaviour, uncertainties will turn 
into significant probabilities, providing the maximum 
happiness for the greatest number of people.
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Figure 13.1 – Main applications of geodiversity

Geodiversity is manifested in the natural environment 
through landscapes and the characteristics of the 
physical environment of the places in which we live. 
Inappropriate interventions in the Earth’s geodiversity 
can cause critical problems for our quality of life and 
also for the environment. We are therefore highly 
dependent on the geological features of the natural 
world – geodiversity – in the sense that we extract the raw 
materials from it that we need to survive and develop as 
societies. It is imperative, then, that we understand its full 
significance, as once an element from the geodiversity 
has been altered, removed or destroyed, the changes 
are usually irreversible. Given the interrelationship 
between components from the non-living environment 
(geodiversity) and living environment (biodiversity), the 
balance between these two aspects of the environment 
should be addressed systemically.

In modern times, an understanding has gradually 
taken shape that the relationship between the cultural 
and economic aspects of human beings (society) and 
nature should be addressed in environmental analyses, 
something that has come to be known as “deep 
ecology”. When we take any action that affects the land, 
we should take the broadest possible systemic view, 
integrating geodiversity and biodiversity with social, 
cultural and economic issues (sociodiversity).

It was in the 1980s that the geological community 
joined in this growing debate in an attempt to bring 
geology into line with the needs of society by undertaking 
environmental geology studies, heralding the emergence 
of “social geology” (BERBERT, 1995). From then on, 
geological knowledge started to be increasingly used in 
environmental studies, resulting in a broader acceptance 
of some basic concepts such as the depletion of natural 
resources, ethics and environmental sustainability 
(CORDANI, 2002; KELLER, 1996).

The field of environmental geology 
takes a systemic perspective (of the Earth 
system) that combines the different 
applications of geology with environmental 
management and land planning 
(CORDANI, 2000; DOROTHY, 1998). This 
perspective shows geology to be a very 
prolific science with many applications, 
especially in the development of certain 
fields of geological knowledge, namely: 
mineral prospecting, geological mapping, 
geophysics, geology for planning, 
engineering geology, geotechnics, 
pedology, hydrology, palaeoclimatology, 
palaeontology, speleology, prospective 
and environmental geochemistry, urban 
geology, geological risks, medical geology, 
coastal and marine geology, mineral 
land management, geoconservation, 
geotourism and others (Figure 13.1).

The many contributions made by geologists to 
society, economics, culture and the environment include: 
the analysis of natural disasters (landslides, floods, 
seismic shocks, subsidence, etc.) in areas of geological 
risk; availability and preservation of groundwater in 
underground aquifers for human, industrial, agricultural 
use, etc.; the investigation of factors affecting public 
health arising from the surplus or dearth of given 
chemicals either because of natural causes (weathering, 
natural contamination from the rock substrate) or from 
human causes (domestic or industrial wastewaters); and 
the application of studies of the physical environment 
to help public policymaking for land management and 
use (BENNETT and DOYLE, 1997; CORRÊA and RAMOS, 
1995; DANTAS et al., 2001; DINIZ et al., 2005; KELLER, 
1996; SILVA, 2008; THEODOROVICZ et al., 1999). 

Thanks to the concept of geodiversity, the Earth 
sciences were able to develop a new, efficient, integrated 
landscape analysis tool (Figure 13.2) which draws on 
knowledge of the physical environment at the service 
of environmental conservation with the purpose of 
providing inputs for sustainable land planning by 
assessing the impacts that would result from introducing 
different economic activities to a given geographical area.

TOOL FOR LAND USE,  
PLANNING AND MANAGEMENT

The methodology adopted by CPRM-Serviço 
Geológico do Brasil (CPRM/SGB) states that when 
a geodiversity study is undertaken, the different 
components of the non-living environment that make 
up the physical landscape are analyzed using a set of 
geological, geotechnical, geomorphological, pedological 
and hydrological parameters. Geological maps are central 
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Figure 13.2 – Land units and their hierarchical levels (adapted from 
Zonneveld, 1989)

to this process, providing a framework for the different 
interrelated and interdependent elements at play.

The outcomes, maps and texts use plain language to 
describe the information about the physical environment 
with the purpose of informing Brazilian land planning 
and management from a sustainable perspective, 
especially when it comes to infrastructure building, 
mining, agriculture, water use, and the risk of soil and 
groundwater contamination by different sources of 

pollution (THEODOROVICZ et al., 1999), as well as the 
harnessing of geotourism potential (geoparks, geological 
sites, deactivated mines, fossil sites, caves), highlighting 
the potentialities and limitations of the different uses of 
the land.

This approach, known as environmental geology, 
has been adopted by different researchers from 
various parts of Brazil and other countries. It draws 
on classic approaches from the Earth sciences to 
provide information that can be used for sustainable 
development and land planning. 

Geodiversity studies have proved to be excellent land 
management and planning tools, providing technical 
inputs for several sectors of the economy, including 
mining (mineral resources), energy (oil, gas, coal, peat, 
hydropower, nuclear power, wind power, solar power), 
agriculture (soil fertility, fertilizers, soil improvers, water 
availability), public health (water, soil and air quality), 
town planning (indicating boundaries and potential 
areas for expansion); housing (building materials), 
emergency services (landslides, floods, earth tremors, 
subsidence); transport (road building), tourism (areas 
of natural beauty), environment (diagnosis and recovery 
of degraded areas) and planning, while also informing 
the work of public institutions, watershed committees, 
private companies and government programmes, 
including ecological-economic zoning, land planning and 
studies of the continental shelf and coastal environments 
(Table 13.1).

Table 13.1 – Examples of the interfaces between geological knowledge (geodiversity) and different areas of production, 
knowledge and planning

Sector Contribution Outcomes

Minerals
Geological mapping, geophysics, geochemistry, 
databases, metallogenesis, mapping of 
environmental variables

Increased mineral reserves and mining output; 
adoption of sustainable methods

Agriculture
Hydrology, hydrogeology, hydrogeochemistry, 
environmental geochemistry, agricultural inputs, 
erosion, watershed monitoring

Improved yields; adoption of sustainable 
methods

Agrarian Policy
Mineral and water resources for settlements; 
environmental sustainability; monitoring

Improved yields; adoption of sustainable 
methods; solution of social problems

Town Planning
Urban hydrology, hydrogeology, water supplies, 
geotechnics

Improved quality of life; improved productivity 
and adoption of sustainable methods

National Development

Hydrology and hydrogeology, mineral resources, 
support in development projects along main 
development lines; watershed modelling and 
monitoring

Adoption of sustainable methods; reduced cost 
of introducing and maintaining environmental 
conditions

Geopolitics and National 
Sovereignty

Integrated assessment of natural resources for 
sustainable development; watershed modelling; 
environmental geochemistry; sediment transport 
models; mass balance

Adoption of sustainable methods; improved 
image of the country abroad

Medical Geology
Environmental geochemistry; watershed 
modelling; in systemic analyses, applied to the 
prediction of areas at risk of endemics

Improved quality of life and greater efficiency of 
resources designated for healthcare, sanitation 
and town planning
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Figure 13.3 – Article in O Globo newspaper shortly before the 15th Pan-American 
Games in Rio in 2007

Figure 13.4 – Detail of Geoenvironmental Map of Rio de Janeiro State, scale 1:500,000, showing Geoenvironmental Unit 2b (fluvial-lagoon 
plains) where the Pan-American Village was built in Barra da Tijuca (DANTAS et al., 2001)

One example of how geodiversity information can 
be applied to land use and occupation is the village 
for the Pan-American Games in Rio de Janeiro. One 
of the roads in the village subsided, 
as did one of the lanes of Avenida 
Ayrton Senna, an important highway 
in Barra da Tijuca (RJ), just ten days 
before the 15th Pan-American Games 
took place in Rio in 2007 (Figure 13.3). 
The geoenvironmental map of Rio de 
Janeiro state (DANTAS et al., 2001) 
contains field information on a scale 
of 1:250,000, and in 2000 a map on 
a scale of 1:500,000 was provided 
for state, municipal and university 
entities. The map shows that the soil 
in Geoenvironmental Unit 2b, which 
contains the Pan-American Village 
and Avenida Ayrton Senna, is made 
up of organic soils: soft clays with 
a low bearing capacity that were 
responsible for the subsidence that 
affected the roads and structure of one 
of the buildings in the Pan American 
Village (Figure 13.4). The map shows 
that such a terrain cannot be built on 

without special construction methods being used for 
the foundations to counteract the local geological and 
geotechnical conditions (Figure 13.5).
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Figure 13.6 – Rubbish dump on the bank of a lagoon (Rio Branco, 
AC). Photograph: Amilcar Adamy.

Figure 13.5 – Legend of Geoenvironmental Map of Rio de Janeiro State describing the soil in geoenvironmental subunit 2b1 as containing 
high levels of organic matter. Under “Limitations” it states that the area is not suitable for buildings, roads or the disposal of solid waste 

(DANTAS et al., 2001).

Town Planning

In this area of planning and management, geological 
information can be helpful in a number of applications, 
especially in large cities with a high population density 
where income tends to be concentrated in certain areas 
and serious distortions occur, such as unplanned urban 
spread, conflicts between different economic activities, 
the acquisition and retention of land in urban areas 
with a view to speculative gains, the creation of pockets 
of land lacking in infrastructure, the inappropriate use 
and occupation of land, the physical expansion of 
the outskirts of cities with the formation of satellite 
commuter towns and the spatial segregation of low-
income communities, and increased levels of pollution 
and damage to the environment, compromising the 
natural resources. 

There are countless cases in the geological literature 
of areas containing mineral deposits that could be used 
by the civil construction industry (sand, loam, cobbles, 
clay and crushed stone) but were built on without prior 
planning, forcing the use of deposits further away from 
consumer centres and consequently raising costs and 
bringing about not inconsiderable harm to society.

It is important to make efficient use of the natural 
resources in any given region as these are needed to 
enhance output, especially building materials, water 
supplies and basic inputs for industry, thereby aligning 
what the physical environment has to offer with the goals 
of environmental preservation, economic development 
and a better quality of life for all. In the absence of 
proper planning, it is common for areas suitable for 
agriculture (green belt) and river sources to be occupied 
haphazardly. It is also unfortunately commonplace to 

Geoenvironmental  
Units

Description

Fluvial and lagoon plains with Quaternary sandy-clay or clayey sediments rich in organic material. 
Reductionary environment with saline, slightly humic Gleysols, thionic, humic Gleysols and thionic organic 
soils. Hydrophytic floodplains (2b1) and halophytic floodplains (2b2) occupied by pasture. Mean annual 
rainfall varies between 700 and 1,300 mm. This subunit is common in the lower São João, Una, Macaé 
and Macabu rivers, in the more coastal areas of Sepetiba and Guanabara fluvial and marine lowlands and 
the river/lagoon lowlands of Jacarepaguá, Maricá, Saquarema and the surrounding areas of Feia lagoon. 

2b fluvial-lagoon  
plains (swamps)

Limitations

Terrain prone to flooding, with low bearing capacity. Soils with high 
salt and sulphur content (thionic soils) with a high risk of acidification 
of drainage waters. Unsuitable for agriculture or cultivation. Shallow 
water table. Unsuitable for land development, road building and the 
disposal of solid waste. Shallow unconfined aquifers with limited 
potential and water that is often salinized. High Pb, Al and Se levels 
in the water in Araruama; Al and F at the mouths of the S. João and 
Una rivers, and Zn and F in the water and sediments in the region 
of R. dos Bandeirantes.

Potentialities

Natural pasture. Fishing activity in lagoons. In Campista lowlands, there 
are confined and semi-confined aquifers of hydrogeological potential.

Recommendations

Environmental preservation and recuperation of lagoons, swamps and 
wetlands. Care taken to prevent contamination and the lowering of 
the water table.

see waste dumps, landfills and cemeteries on river banks 
or in land with soil that could easily contaminate the 
groundwater and to see people living in areas of high 
geological and geotechnical risk (landslides, subsidence 
or flooding) (Figures 13.6 and 13.7).

Common as they are to most of Brazil’s large 
conurbations, these situations are symptomatic of the 
state of environmental chaos that has been reached 
and are the outcome of the absence of adequate 
planning, which can only be done with the correct basic 
information about the physical environment, including 
the potentialities and limitations of the land for its use 
and occupation. 

Land Use and Occupation 

An understanding of the geodiversity of different 
terrains and landscapes is an essential precondition for 
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Figure 13.9 – TM-7 satellite image and field photograph showing 
the effect of neotectonic activity on Quaternary terrains with a 

gentle relief, making them susceptible to erosion, especially once 
the plant cover has been removed. Photograph: V.J. Marques.

Figure 13.10 – Peri-urban region of Brasiléia (AC), to the west of 
the previous image, showing the transition to more accentuated 

terrain with a limited capacity to sustain any form of human 
intervention

Figure 13.8 – Plots of land in variable terrains (flat areas, 
plateaus, steep areas and areas with unsuitable soils)  

(area to the north of Manaus, AM)

Figure 13.7 – Cemetery built on the top of a fixed, partially 
deforested dune (Baxio, BA). Photograph: L.C.B. Freitas.

their safe occupation. Its absence is behind the countless 
cases of environmental, economic and social damage 
inflicted by and on Brazilian society, as we will see from 
the case studies below. 

One of the most telling examples is the incorrect 
allocation of agricultural communities or enterprises to 
areas that are predictably short of water, lacking in the 
correct soils or subject to instability once the plant cover 
has been removed (Figure 13.8).

Another situation that similarly influences the use of 
the land has to do with the structural and morphological 
characteristics of the terrains in the west of Acre state, 
which are affected by tectonic activity from the Andes 
(Figures 13.9, 13.10, 13.11 and 13.12).

The occupation of coastal areas is sensitive to 
natural geological phenomena such as modern (recent) 



187

MULTIPLE APPLICATIONS OF GEODIVERSITY KNOWLEDGE 
Cassio Roberto da Silva, Valter José Marques, Marcelo Eduardo Dantas, Edgar Shinzato

Figure 13.11 – TM-7 satellite image and field photograph showing the sections 
with the greatest modern tectonic activity, affecting Quaternary units (Solimões 

formation) in Acre (Assis Brasil–Brasiléia highway, AC).  
Photograph: Cláudio Sczlafcztein.

Figure 13.12 – Assis Brasil (AC) at the border 
with Peru, marked by its rugged terrain with deep 
drainage channels due to the intense neotectonic 

activity reported in the region

Figure 13.13 – Parnaíba river delta (MA). TM Landsat image. Note 
the high degree of tectonic control in the area with the dune fields 

and mangroves

tectonic activity, which has been responsible for shaping 
the coastline in historic times, as well as man-induced 
activities such as civil construction and alterations to 
coastal ecosystems by urban developments and the 
removal or alteration of mangroves. These interventions 
can cause massive changes to sedimentation and coastal 
erosion rates to such an extent that the current coastline 
may be jeopardized or even completely destroyed, with all 
the ecological and financial losses that this would incur.

One case in point is in the Parnaíba river delta 
(MA). The dunes occupy relatively stable blocks with 
a low gradient, while the cliffs are on ramps with 
positive movement. There are high movement rates 
and the coastal area can only be occupied safely if this 
is understood and monitored (Figure 13.13).

There is another example of erosion along the 
Maranhão coast. Local residents say that the shoreline 
was always regressive, extending seawards at a rate 
of some 3 m a year. However, two years ago this rate 
diminished sharply. The most likely cause is that the 
ebbing tides became far stronger because of a reduction 
in the area of land covered with willows to make way 
for the construction of dykes for prawn farming. It is 
estimated that the tides have increased 1.5 m in height 
since then (Figure 13.14).

The cyclical faulting of blocks along the north-eastern 
coast, forming piano-key-like tectonic movement, can 
still be seen by the alternating flooding and emergence 
of the mangroves (Figures 13.15 and 13.16).
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Figure 13.14 – Coastal erosion in Maranhão – Parnaíba river delta: 
part of the coast is undergoing extreme erosion (700 to 800 m in 
two years), destroying one road. Coordinates: W 41° 27’06”; S 2° 

54’23,3”. Photograph: V. J. Marques.

Figure 13.15 – A broad swathe of mangrove is choked with sand. 
Photograph: V. J. Marques.

Figure 13.16 – Some remains of the former vegetation can be seen 
over a few hundred metres, especially the trunks of the many trees 
buried in sand from the beaches. Coordinates: W 41° 41’44” S 2° 

50’05”. Photograph: V. J. Marques.

DISCOVERY OF MINERAL DEPOSITS

Geological information is used in mineral prospecting 
and research to map out the different kinds of rocks, 
their characteristics and potential for bearing minerals 
of economic value (Figure 13.17). For instance, granite 
that has not been subject to major brittle deformation 
and is made up of minerals that are not easily altered 
could be suitable for ornamental uses (floor and wall 
tiles, table tops, basin surrounds, etc.) thanks to its 
hardness and natural beauty. Having made an initial 
appraisal, surveys are done to identify the extent, depth 
and breadth of deposits to assess the economic feasibility 
of the undertaking. 

Alongside the geological map, a map of the area’s 
mineral potential is also prepared, which records all 
mineral deposits and any existing mines. This map provides 
the data required to define the areas where there is high 
potential for mineral deposits (Figure 13.18).

Other tools, like satellite images, are used to infer 
the presence of minerals. Geochemistry techniques, such 
as analyses of river water and sediments, are used to 
check for high levels of metals like lead, zinc or copper. 
When any unusual levels are found and the origin of 
these elements is identified, the soils are analyzed to 
gauge more accurately where the mineral deposits are. 
Geophysics is also used to indirectly confirm the extent 
of underground deposits. Next, surveys are carried out 
to find out the size of the deposit, which involve taking 
and analyzing samples to check their mineral content, 
after which an economic feasibility analysis is carried 
out (Figure 13.19).

One major application of geophysics (using seismic 
methods) is in oil and gas exploration. It involves emitting 
shock waves and measuring their velocity in different 
rocks at depth. As each rock type will return the waves 
at a different speed, the resulting data can be interpreted 
and the structures mapped out, including folds, faults, 
stacking patterns and the size of the rock formations 
bearing oil and gas reserves. 

Mineral assets are of great interest to society for 
road transport, trains, aeroplanes, power generation, 
domestic utilities, housing, agriculture, water and 
nutrients for human and animal nutrition. To sum up, 
society is totally dependent on minerals for its welfare 
and quality of life (Figure 13.20).

MINERAL RESOURCES OF THE SEA

In response to the expected future depletion of 
some minerals, attention is now being turned towards 
resources from the sea. Offshore mining is already a 
major activity in terms of volumes and worth. It includes 
the extraction of aggregates (sand and gravel) for civil 
construction, tin placer deposits, bioclastic carbonates 
for soil improvement and cement, and phosphate 
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Figure 13.17 – Simplified geological map of Rio de Janeiro state 
(based on CPRM-DRM/RJ, 2000).

Figure 13.18 – Map of mineral potential in Salanópole, CE (CPRM, 2005): the map shows different pegmatite bodies containing gems, 
mostly surrounded by intrusive granite masses
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Figure 13.19 – Lithium ore in a light pegmatite vein embedded 
in dark andalusite-biotite schists from Cachoeira mine (Companhia 

Brasileira de Lítio, Araçuaí, MG).

Figure 13.20 – Minerals used in homes (RODRIGUEZ, 1995)

Figure 13.21 – Areas in the south Atlantic of interest to Brazil for 
mineral research (SOUZA, 2007) 

accumulations for use in fertilizers. The highly mineralized 
muds from the Red sea will soon be exploited. The large 
quantities of polymetallic nodules (Figure 13.21) will 
also make a valuable contribution to the world’s supply 
of nickel, cobalt and manganese. Accumulations of 
sulphides that have been mapped out in the East Pacific 

could be researched, although new technologies will 
have to be developed before mining them is economically 
feasible (MARTINS and SOUZA, 2008).

The exploitation of marine minerals essentially 
depends on the competitive cost of other resources, 
which are in turn dependent on the development of 
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Figure 13.22 – Slope stabilization an area where a landslide occurred in 2004 
(Bairro Areal, Angra dos Reis, RJ). Photograph: C. R. Silva.

low-cost technologies, their value and the quantity that 
is accessible. The main determining factor behind the 
distribution of marine minerals is the evolution of the 
oceans (MARTINS and SOUZA, 2008). In other words, 
the location of minerals is directly related to the different 
stages of ocean evolution and can therefore be determined 
by understanding the geodiversity of the ocean bottom. 

The oil and gas in the Brazilian continental 
shelf has proved strategic for Brazil. The research 
undertaken by geologists using indirect methods 
(e.g. high-resolution geophysics, interpretation of 
sedimentation environments and geological, structural 
configuration) and direct methods (e.g. drill cores) has 
been fundamental for the discovery of new deposits in 
deep waters and for assessing their potential, such as 
the sub-salt layers over 7,500 m in depth. 

LARGE ENGINEERING PROJECTS

Engineering projects like hydropower plants, roads, 
railways, bridges, tunnels, underground mines, gas 
pipelines, oil pipelines, piping systems for minerals, 
high-rise buildings and other buildings all exert loads 
on the land when they are being built and when they 
are being used. 

Terrains (rocks and soils) respond to the loads 
exerted on them according to their intrinsic geological 
and geotechnical features. If a project has been poorly 
designed, they may be unable to withstand the loads and 
will collapse, with the potential to cause serious accidents. 

Engineering geology is a branch of the Earth 
sciences that aims to understand the geological and 
geotechnical characteristics of terrains and ensure that 
engineering projects take these into account and are 
correctly designed with an adequate safety 
margin so that there is no risk of accidents, 
financial liabilities or the loss of human life.

Another case that involves engineering 
geology is when an assessment and correction 
is required for situations where land has been 
inappropriately occupied. The specialist will 
take part in specific investigations to design 
projects that rectify high-risk situations that 
arise when the land is used incorrectly (Figure 
13.22).

AGRICULTURE

The importance of understanding the 
physical environmental, natural resources 
and especially soils for human activities is 
beyond question. Soils are the foundation 
for all farming activities, sustain all natural 
vegetation and are intimately linked to 
the planet’s biodiversity. Understanding 
geodiversity, which includes soils, means 

understanding this area of knowledge and how it 
interacts with the environment we inhabit. This is the 
most important application of this knowledge, which 
combines investigations of soils with other related 
variables, including the factors behind their formation: 
geology, relief, climate, organisms and time. 

When used in conjunction with data integration 
and multidisciplinary analyses, geodiversity has several 
applications for agriculture. Not only does it turn the 
jargon of pedology into more accessible language, 
but it draws on the latest concepts to integrate soil, 
geotechnical and hydrology information in order to 
support the planning and conservation of natural 
resources. 

When studies of a larger scale are undertaken, the 
integration of these different specializations becomes 
more complex. In geodiversity studies, understanding 
soils becomes increasingly important as more complex 
interactions are investigated. Below, we set out some 
of the most important applications of geodiversity to 
agriculture:

• development of projects for agricultural regions, 
taking into account the limitations and potentialities 
of the soils and the distances to the places where the 
agricultural inputs are produced;

• development of agricultural projects, taking 
account of the availability of surface and ground waters 
(hydrology and hydrogeology);

• development of sustainable agricultural projects, 
taking into account the information on the physical 
environment (geology, geomorphology, water resources, 
climate, etc.) and infrastructure;

• application of knowledge to rural settlements, the 
recovery of degraded areas, reforestation, etc. 
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Figure 13.23 – Carrapato river gauging station (limnimetric and 
streamflow measurements) (Brumal) on Santa Bárbara stream,  

Santa Bárbara (MG) (CPRM/ANA)

WATER AVAILABILITY AND EFFICIENT USE

Surface and ground water is essential for the survival 
of man and all living beings. If this essential natural 
resource is to be properly managed, it is necessary to 
understand hydrological processes, including the water 
cycle, rainfall patterns and the water balance and how 
they impact on the quantity, quality, location, runoff 
and evaporation of water and conditions in aquifer 
recharge areas. 

The complete hydrological cycle has three different 
stages: atmospheric, surface and subsurface.

The atmospheric phase begins with water 
evaporating from lakes, seas and oceans and the 
evapotranspiration of plants. The water rises into the 
atmosphere in the form of water vapour (gas state). 
When it reaches a given altitude, the drop in the 
temperature makes the mass of air unstable because it 
reaches its saturation point (dew point temperature). At 
this point, the water vapour condenses and forms clouds 
(tiny droplets of water or microcrystals of ice).

When the quantity of water in the clouds exceeds 
their capacity to sustain it (i.e. the droplets clump 
together into larger drops), it is precipitated in the form 
of rain (liquid state) or snow or hail (solid state). When 
precipitation reaches the ground, the surface phase of 
the hydrological cycle begins.

When rain reaches the land, it is intercepted by the 
leaves and stems of plants (interception), flows down 
plant stems (stemflow), falls from the canopy to the 
ground (throughfall) and is intercepted by the leaf litter 
on the ground. At this point, the water can go one of 
three ways: infiltration, surface runoff or back to the 
atmosphere by evapotranspiration. 

When soils are exposed or have little vegetation 
cover, it is most likely there will be surface runoff, feeding 
into water channels and drainage basins until it reaches 
the lakes, seas and oceans. It is at this phase of the 
hydrological cycle that water – as a natural resource – is 
most consumed for multiple purposes in agricultural and 
urban and industrialized societies. 

The infiltration of water into the ground marks the 
beginning of the underground phase of the hydrological 
cycle. Part of the infiltrated water is absorbed by plant roots 
and returned to the atmosphere by evapotranspiration. 
The rest recharges the groundwaters, i.e. the water in 
unconfined aquifers in the saturated zone.

Groundwaters have two destinations: they can 
either be discharged into drainage channels, returning 
to the surface, or they can replenish confined aquifers, 
which may be fissured aquifers (in crystalline rock), 
porous or intergranular aquifers (in sedimentary rocks), 
or karst aquifers, (in carbonate rocks). In this phase of 
the water cycle, the water moves extremely slowly, but 
produces huge potential reserves of fresh water which 
are little used in human activities.

Hydrology and hydrogeology provide the knowledge 
required to understand this subject through studies 
that identify streamflow regimes, suspended sediments, 
fluvial dynamics and limnimetric and streamflow 
data (Figure 13.23), as well as groundwater reserves, 
current usage levels and the water availability of 
aquifers. These activities involve recording groundwater 
sources, researching aquifer dynamics and assessing 
aquifer capacities. The data is collated in a geographic 
information system (GIS) so that models can be prepared 
to help the effective management of water resources 
to take account of their multiple uses, which include: 
human supplies, agriculture (irrigation), hydropower, 
river and coastal shipping, fishing and aquiculture, 
livestock breeding, industry, leisure, recreation, tourism 
and mining. 

Another crucial issue to be addressed when it comes 
to groundwater is the effectiveness of monitoring for 
potential contamination, especially in aquifer recharge 
areas. There is also the issue of overuse of ground 
and surface water in karst areas, which can cause 
infrastructure, houses and other buildings to collapse as 
well as the loss of land and accidents involving animals. 
In coastal regions, the overexploitation of groundwater 
can result in the salinization of aquifers by the intrusion of 
seawater, a phenomenon that has been reported in Recife.

Today we already face water shortages, and in the 
future the quality and availability of water will continue 
to be central to people’s quality of life, making the 
adequate management of this mineral asset crucially 
important. In order to do so, the understanding we 
have of the geodiversity of the areas that harbour and 
surround surface and ground water resources must be 
correctly applied. 

The negative socioenvironmental and economic 
impacts of failing to manage water resources have 
been serious, especially in large cities. There is a clear 
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correlation between the adoption and implementation 
of environmental sanitation policies and the reduction in 
the number of people hospitalized with water-borne or 
infectious and contagious diseases in any given region. 
The promotion of environmental sanitation can drastically 
reduce not just these illnesses, but also infant mortality 
rates and help improve people’s quality of life. Historically 
in Brazil the implementation of environmental sanitation 
(construction of treated water distribution networks and 
sewage collection and treatment facilities) has been 
prioritised in privileged areas with the highest income. 
Low-income districts in the outskirts of cities are generally 
poor in basic sanitation, which indirectly and perversely 
exacerbates the immense social inequality in Brazil. 

HEALTH

Medical geology is a field of knowledge that has 
been developed in recent years by geologists. It aims 
to study the relationship between natural geological 
factors and health with a view to fostering the welfare of 
people and other living organisms. Another more concise 
definition is that it investigates the impact of geological 
materials and processes on public health. From this 
perspective, medical geology includes identifying and 
characterizing the natural and man-induced sources of 
materials that can harm the environment, seeking to 
prevent the movement and alteration of chemical and 
infectious agents and other agents that can cause disease 
in time and space, while also seeking to understand 
how people are exposed to these agents and what can 
be done to minimize or prevent their exposure (SILVA 
et al., 2006).

The combined work of geologists with scientists 
from other areas such as medicine, dentistry, veterinary 
science and biology that is fostered by medical geology in 
an effort to address health issues from a local and global 
standpoint aims to strengthen and integrate research 
with the capacity to mitigate environmental threats to 
the health and well-being of humans and biodiversity.

Health-related issues normally relate to humans and 
other creatures in recent times, while geology focuses on 
the inanimate substrate and past time. Even though the 
two areas may traditionally cover quite different areas of 
knowledge or require different research approaches, the 
direct links between them cannot be ignored. As noted 
b Silva et al. (2006) “life takes place within a matrix of 
materials from the Earth – rocks, minerals, soils, water, air 
– whose availability exerts a profound control over what 
living creatures ingest and how they develop biologically 
and culturally [...] we are what we eat and drink.”

The air we breathe, the water we drink and the 
nutrients we consume depend on the geological 
environment, which we can only control to a certain 
extent. As we struggle to adapt to a world which is 
expected to shelter some ten billion people in the near 
future, a greater understanding of how our natural 
environment (geosystem) influences our health will help 
us make more sustainable decisions in the future. It is 
widely agreed that global changes are related to the 
powerful impacts man has produced on his habitat since 
the Holocene (10,000 years BP) and especially since the 
beginning of the industrial revolution. It is precisely the 
noxious or beneficial effects that geological materials and 
processes can have on humans that medical geology is 
primarily concerned with (Figure 13.24).

Figure 13.24 – Periodic Table (elements that are essential and toxic) and possible biological effects (modified from Plant et al., 2001)
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Figure 13.25 – Geological Timeline. Abbreviations: Ma (mega annu) –  
million years; Ga (giga annu) billion years (PRESS et al., 2006)

The influence of geological materials can be seen 
in plant and animal life, even in the development 
and concentration of individuals and biomes and 
their traits. Recent studies have shown that there is a 
correlation between the yields from farm animals and 
the geochemical content of chemicals in their natural 
distribution. 

There are high hopes that geoscientists working 
with health professionals can contribute significantly to 
improving the public health of human populations and 
biodiversity.

EVOLUTION OF EARTH AND LIFE

Through studies of palaeontology, it is possible to 
recognize the natural geological and biological processes 
that took place in the past 400 million years and correlate 
the evolution of the Earth’s crust with life forms on the 
different continents (Figure 13.25).

These studies involve identifying fossils of former 
plant and animal species to establish the stacking 
patterns and relative age of sedimentary rocks. 
Depositional palaeoenvironments evince the appearance, 
evolution and extinction of many biological species, 
enabling scientists to pinpoint past periods of climate 
change, their geological distribution, their causes and 
their impacts on ecosystems. From research of this 
nature, valuable information can be deduced about the 
intensity, surface extent, duration and cyclical nature 
of large so-called geological or natural changes that 
have taken place in the past, including in historic or 
sub-historical times. It is not unreasonable to state from 

this perspective that the “past could be the key to the 
future”, in that the analyses are based on observations 
that cover a broader time period than just the last 100-
200 years, which is the remit of meteorology, and also 
cover the interaction of a larger number of systems 
and dimensions (terrestrial, aquatic, marine, global and 
even cosmic). In this sense, what is normally known as 
Quaternary geology starts to gain greater importance. 

Palaeontology also contributes towards the 
identification of environments that are propitious for the 
occurrence of fuels (oil, coal, peat), industrial minerals 
(fertilizers, barite) and civil construction minerals (sand, 
clay).

It can be seen, then, that the scope of geological 
knowledge and geodiversity is far broader when one 
looks back in time, as it encompasses all of today’s natural 
Earth sciences, including pedology, geomorphology, 
climatology, biology, etc. 

Stratigraphic columns include not just biological 
records of extreme events like the emergence or 
disappearance of species, but also palaeoenvironmental 
records of climate change. There are records of natural 
geological and biological events and processes from 
up to 400 million years ago, providing the means for 
correlating the evolution of the Earth’s crust with life 
forms over different intervals of time. 

By providing a greater understanding of natural 
geological and biological processes from the past, 
palaeontology can contribute to environmental studies 
and research designed to preserve life on Earth, including 
human life. All manifestations of life are non-renewable 
natural resources that are important for the present and 

future of humankind. 
Geodiversity can only be fully understood 

by taking account of the evolutionary history 
of the planet, especially the events over the 
last few thousand years, whose variations and 
fluctuations and respective consequences 
give us a sense of how insignificant we are 
before the sheer magnitude of geological 
events, despite our putative capacity to 
control nature. 

For instance, we can see how the 
climate of South America has changed in a 
few thousand years and the implications on 
the terrestrial ecosystems, especially with the 
extremely fast expansion of the Amazonian 
rainforest (Figure 13.26).

ENVIRONMENT

Gathering information on geodiversity 
is a key to understanding man’s intervention 
in the physical world and its consequences 
on biodiversity. The different kinds of 
soils, rocks, reliefs and water are all taken 
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Figure 13.26 – Maps of palaeoclimates in South America 

EVOLUTION OF THE CLIMATE IN SOUTH AMERICA

into account in environmental impact studies and 
environmental impact reports. Likewise, geochemistry 
and geophysics, the former with quantitative analyses 
of the chemical content of soils, river sediments, water 
and air, the latter with its own specific methods, are 
fundamental for assessing the degree of environmental 
damage in specific areas or regions, such as landfills, 
rubbish dumps, cemeteries, industrial and domestic 
waste, mines, agriculture (pesticides and fertilizers), 
surface and ground waters, petrol stations, etc. (Figure 
13.27).

Geodiversity knowledge has also made important 
contributions to environmental preservation and 
protection by identifying the fragilities and limitations of 
the physical environment when it comes to certain uses 

and forms of occupation, both present and potential. 
One example is that when a natural landscape is prone 
to erosion by natural causes (crustal arching), great care 
must be taken when it is occupied (Figure 13.28).

To sum up, when the topsoil, subsoil, water and 
air are better understood, it is possible to assess current 
environmental quality, highlight the types and causes 
of degradation, where it is occurring and what can be 
done to recover or mitigate the problem. 

PREVENTION OF NATURAL DISASTERS

Since humans first inhabited the Earth some six 
million years ago, they have been vulnerable to risks 
from geological phenomena, such as volcanic eruptions, 
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Figure 13.27 – Area partially degraded by artisanal mining (São 
João da Chapada, MT)

Figure 13.28 – Erosion caused by upward arching of the  
Earth’s crust

Figure 13.29 – Erosion caused by deforestation and lack of 
adequate drainage (Rio Branco, AC). Photograph: Amilcar Adamy

Figure 13.30 – Desertification in Gilbués (PI), where accelerated 
sheet and rill erosion has stripped off the topsoil and caused the 

silting and disruption of the drainage system to the extent that the 
natural vegetation (caatinga) is unable to grow there. Photograph: 

M. E. Dantas.

earthquakes, tsunamis, floods, landslides, erosion (figure 
13.29), mudslides, desertification (Figure 13.30), the 
spread of sand and others. As the population density 
rises in urban and rural areas, these risks not only increase 
statistically, given the alterations made to the natural 
conditions of the environment, but they also lead to 
the loss of human life and economic and environmental 
damage that is often irreparable. The forecasting and 
prevention of natural disasters has therefore been a 
hallmark of the most diverse of civilizations. 

In Brazil as in other countries, population growth, 
especially in the big cities, has put increasing pressure 
on governments to take action in response to the 
escalating numbers of land collapses, subsidences, mass 
movements and floods, which take human lives and 
cause financial losses. The pressure society is exerting 
on the environment, with the unplanned occupation 
of areas unsuited to urban development, is seriously 
affecting the quality of life in our society, especially in 
the large cities. 

Knowledge about the geological and geotechnical 
features of terrains, their fragilities and susceptibilities to 
natural or induced dynamic processes, their propensity 
and capacity to sustain the growing demands of 
urban expansion or the general occupation by man of 
natural spaces, is related to engineering geology and 
geotechnics, as well as land management.

These specia l izat ions engage in speci f ic 
activities, including: the geological and geotechnical 
characterization of terrains; the mapping of areas of 
geological risk; the recording of mass movements (Figure 
13.31);  the recording of geotechnical investigations, 
such as surveys and tests; and the expenditure of 
financial and human effort and resources into generating 
knowledge about the physical environment so that 
natural and man-induced disasters can be prevented 
and more effective land management policies can be 
formulated. 
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Figure 13.31 – Landslide down hillsides in January 2007 (Nova 
Friburgo, RJ). Photograph: Jorge Pimentel.

Figure 13.32 – The flood warning system in Doce river basin benefits thousands of inhabitants (in the bottom right-hand corner, panoramic 
view of Governador Valadares, MG). (CPRM/DEHID).

Systematic measurements of rainfall, river gauging 
for both streamflow and water levels and climate 
analyses can be used in conjunction to predict floods 
a matter of hours, days or even months before they 
happen, depending on the region. Currently, there are 
three flood alert forecasting systems which benefit 1.4 
million people in Doce river basin (MG) (Figure 13.32), 

the Pantanal region of Mato Grosso (Figure 13.33) and 
Manaus (AM) (Figure 13.34).

In order to try and prevent the extensive physical 
damage and human casualties caused by landslides, 
landslide warning systems that give advance warning 
of hours and/or days have been installed in São Paulo, 
Rio de Janeiro and Vitória. Geotechnical mapping data 
are used to correlate the areas at risk of landslides with 
rainfall data and climate analyses. 

ASSESSMENT AND MONITORING  
OF CLIMATE CHANGE

Geoscientsts interested in mapping out the evidence 
of changes in the climate on planet Earth make use of 
a series of geoindicators that measure magnitudes, 
frequencies, rates and trends in geological processes 
and phenomena that occur at or near the Earth’s 
surface and are subject to major variations over periods 
of 100 years or less (BERGER and IAMS, 1996). These 
indicators are based on standardized methods and 
multidisciplinary monitoring procedures that include the 
analysis of geological, geochemical, geomorphological, 
geophysical, hydrological and other data from the Earth 
sciences. The aim is to assess the conditions on the land 
and along the coasts on a global and local level to pick 
up the effects of changes brought about by natural and 
manmade causes within the planetary system. 
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Figure 13.33 – Water level forecasts for up to four weeks in advance (Pantanal, MT: Aquidauana, Barão de Melgaço, Bodoquena, Cáceres, 
Corumbá, Coxim, Ladário, Miranda, Poconé, Porto Murtinho, Rio Negro and Rio Verde de Mato Grosso municipalities, benefiting 350,000 

residents) (CPRM/DEHID). 

Figure 13.34 – Forecast of maximum water level for 75, 45 and 15 days, benefiting 57,000 people (Manaus, AM) (CPRM/DEHID).
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Figure 13.35 – Soil becoming desertified in the north-east of Brazil 
(CPRM/DEHID)

The geoindicators that can be used for this 
purpose are: formation and reactivation of dunes; wind 
erosion; chemical composition and growth patterns 
of corals; relative sea level and coastline; water levels 
and salinity of lakes; water current patterns; river 
morphodynamics (channel pattern and morphology, 
streamflow, sediment load, silting, fluvial erosion); 
extent, desertification (Figure 13.35), structure and 
hydrology of wetlands; quality of surface and ground 
waters; chemical composition and level of groundwaters 
in the unsaturated zone; karst activity; quality and erosion 
of soils and sediments; landslides; seismicity; sediment 
sequences and composition; subsurface temperatures; 
and the appearance and/or extinction of species.

GEOCONSERVATION AND GEOTOURISM

According to Trainini (2003), “in Brazil there is a long 
tradition of exploiting the country’s main natural features 
[for tourism], such as Vila Velha in Paraná, the Iguaçu falls, 
Bonito in Pantanal, its karst caves, etc. However, even 
in these places there is scant information provided for 
tourists about the geological significance of these features, 
resulting in a less fulfilling experience for visitors. Simply 
indicating the geological history of a landscape can add 
real value to the experience and enhance its potential to 
draw in tourists and generate income.”

Silva (2004) comments that “abandoned and/or 
deactivated mines, which are often seen as environmental 
liabilities and problems, should be protected and 
considered as mining heritage so they can become 
excellent tourist attractions.”

Today, the amount of geoconservation-related 
geotourism has expanded around the world, especially in 
Europe and North America. In line with this trend, Brazil 
is also seeing its geotourism potential expand rapidly. 

The most popular tourist sites are geological features 
(Sugar Loaf and Pedra da Gávea in Rio Janeiro; Dedo de 
Deus peak in Órgãos mountain range; Cabo Frio in Rio de 
Janeiro state; or Vale dos Dinossauros (“Dinosaur Valley”) 
in Rio Grande do Norte), geoparks, outcrops, waterfalls, 
caves, fossil sites, as well as numerous deactivated and 
abandoned mines, thermal springs, landscapes, nature 
trails, etc. (Figures 13.36 and 13.37).

These activities are important for the conservation 
of features that bear witness to the evolution of the 
Earth’s evolution and for divulging the importance of 
the Earth sciences, while also creating jobs and income 
for local residents. 

Other geodiversity features, such as the dune fields 
in Maranhão (Lençóis Maranhenses), have deservedly 
become world famous for their exotic, natural beauty 
(Figure 13.38). 

Caves are another geological feature of great 
interest to tourism, whether for leisure activities or for 
finding out more about Brazilian anthropology. One of 
the most important places for caves in Brazil is Serra da 
Capivara National Park, which houses Museu do Homem 
Americano and hundreds of caves with a wealth of rock 
art (Figures 13.39 and 13.40).

EDUCATION

Our accrued knowledge of the origins of the 
planet, the co-evolution of the living and non-living 
environment, the external geological forces acting on 
the Earth’s surface with its layer of biological activity, 
and the internal transformations triggered by the 
internal dynamics of the planet must be included in 
the educational curriculum from the earliest years. It is 
only in this way that the need for the preservation and 
sustainable use of the natural environment – sustainable 
development per se – can be fully understood from its 
geological perspective across space and time. 

Another issue of relevance to society is raising the 
general public’s awareness as to the occupation of areas 
at risk of landslides and flooding. Several institutions 
working in the Earth sciences have prepared educational 
leaflets which they hand out to residents living in high-
risk areas (Figures 13.41 and 13.42).

GOVERNMENT POLICY

Knowledge of the whole gamut of geodiversity 
can provide crucial information for land planning and 
management. The most important themes for this 
purpose are the behaviour of terrains in response to 
the demands of human population growth and other 
economic activities, their limitations and potentialities 
with regard to different uses, and areas where there 
are conflicts over land use, such as urban spread, 
energy generation, health, housing, farming, mining, 
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Figure 13.36 – Examples of natural attractions in Brazil that are suited to geoecotourism

Figure 13.37 – Geological Walks project developed by 
the Rio de Janeiro Department of Mineral Resources and 
partners. The panel shows a summary of the geological 
evolution of Cabo Frio (RJ). Photograph: Kátia Mansur.

Figure 13.40 – Rock art (Serra da Capivara National  
Park, PI).

Figure 13.39 – American Man Museum  
(Serra da Capivara National Park, PI).

Figure 13.38 – Crescent-shaped dune fields along the 
coast of Maranhão. Photograph: V. J. Marques.
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Figure 13.42 – Leaflet warning people about activities 
that could trigger landslides or floods (PIMENTEL et al., 

2007)

engineering, emergency services, environmental 
preservation, lands for traditional communities, cities, 
tourism and education. 

However, the reality is that most of the planning 
instruments used in Brazil leave much to be desired when 
it comes to the adequate use of information about the 
geodiversity of the country. 

This is of such concern that it has been raised on 
the global stage by the International Union of Geological 
Science (IUGS), which, alongside UNESCO, established 
2008 as the International Year of Planet Earth. The 
commemorative activities started in January 2007 and 
will continue until December 2009. 

Under the banner, “Earth Sciences for Society”, the 
idea of the initiative is to show the great potential of the 
Earth sciences in building a safer, healthier, sustainable 
society and to encourage society to apply this potential 
more efficiently to its own benefit (Figure 13.43).

It is predicted that in the coming decades the global 
quest for natural resources will continue to grow as 
the world’s population increases. There will be a rise in 
demand for food, water, energy, metals and housing as 
urban growth and environmental degradation continue 
unabated in developing countries.

The degradation of the Earth’s natural resources 
shows that the pace of economic growth is now 
unsustainable, especially the models introduced by the 
western powers since the industrial revolution (especially 

the USA) and more recently in “emerging” countries, 
especially China. Indiscriminate exploitation leads to the 
depletion of reserves or the irreversible deterioration of 
these natural resources, since natural renewal processes 
cannot keep pace with the speed at which raw materials 
and foods are consumed and degradation takes place. 

Land management, based on ecological-economic 
zoning, is a technical management tool for technological, 
political, legal and educational purposes that enables 
society to take the wisest decisions to preserve the 
processes and mechanisms by which natural resources 
are renewed, conserving sustainable environmental 
conditions for future generations. It should therefore 
be planned on clear, solid foundations that take account 
of historical geodiversity variables, social and economic 
factors and philosophical values such as holism, ethics 
and environmental sustainability. 

It is clear, then, that geodiversity, especially when 
involving the work of geologists, agronomists and 
geographers, is crucial for providing the means and 
methods for optimizing the management of natural 
resource uses, ensuring they are compatible with 
their ecological limitations and taking account of 
environmental variables in land management processes. 

The professionals involved in this are engaged 
in multiple lines of research, including geochemical 
monitoring of the quality of foodstuffs and the 
availability of drinking water; the supply of traditional 

Figure 13.41 – Leaflet informing the local 
residents about the suitability of building 

housing on hillsides (FIDEM, 2006)
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Figure 13.43 – The ten themes that geoscientists regard as being of relevance to society (BERBERT, 2008).

and alternative energy sources; the availability of minerals 
and agricultural inputs at lower cost; the prevention of 
natural disasters; the assessment of climate change; 
and the design of land planning and management 
instruments. 

Geodiversity is a rich source of knowledge that is 
crucial for establishing and implementing public policies 
on a local, state-wide and national level.
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Figure 14.1 – Position of continents during different geological 
eras according to the theory of plate tectonics

Figure 14.3 – The process described in the previous figure 
was responsible for separating the South American and African 

continents and forming a mid-ocean ridge (the Mid-Atlantic Ridge).

Figure 14.2 – The separation of continents begins with convection 
currents formed by the heat deep inside the planet which push the 

blocks in opposite directions

INTRODUCTION

Given the large area of land Brazil covers and its long, 
complex geological history which, in the light of plate 
tectonics (Figures 14.1, 14.2 and 14.3), bears witness 
to multiple geological and tectonic events involving the 
fragmentation, segmentation, collision or subsidence 
of tectonic plates and therefore of landmasses, the 
geology of this country is one of the most complex 
and varied in the world. As everything that exists on 
the land surface is in one way or another the outcome 
of geology, the terrains in Brazil are extremely varied 

and contrasting when it comes to the potential for and 
restrictions on their use and occupation. Understanding 
and taking account of these peculiarities in planning and 
environmental management decision-taking processes 
for particular regions and sectors of the economy is 
a prerequisite for preventing serious environmental 
problems, which can be very complex and costly to 
resolve if not entirely irreversible. 

In order to contribute to this knowledge, CPRM-
Serviço Geológico do Brasil (CPRM/SGB) has conducted a 
variety of studies in different parts of Brazil. These include 
geoenvironmental zoning studies performed by its São 
Paulo office (SUREG/SP) to provide data to be used in land 
planning and environmental management in the states 
under its jurisdiction (São Paulo, Paraná and Mato Grosso 
do Sul). These studies showed that in one way or another 
there is a direct correlation between the potentialities 
and limitations of particular sites or regions for different 
land uses and the variations in their geology. It was also 
concluded that each geological feature is related to a 
variety of other features that should be taken account of 
in the planning decisions they affect; this co-existence of 
features was found to be so consistent that it could be 
extrapolated to any region with the same characteristic. 
For instance, there are different regions of Brazil that are 
all underlain by quartz-rich rock, and these all share the 
same features in that they have low shearing resistance 
and high resistance to chemical weathering and form 
sandy, nutrient-poor soils. As a consequence, these 
terrains are likely to contain hard, highly fractured rocks 
that are liable to break off in blocks along excavation 
faces and are very abrasive and resistant to rotary drilling. 
Their residual soils are highly permeable, naturally erosive 
and acidic and have low natural fertility, low water and 
nutrient retention capacity, poor pollutant degradation 
capacity, etc. Using this rationale, many other inferences 
can be drawn depending on the objective in mind. 

The same logic can be applied to local geological 
variations where terrains are underlain by a single rock type, 
and to regional variations that characterize different major 
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Figure 14.4 – Area covered by Geosystem 1

Plate tectonics is a set of concepts that explains the geological complexities of the Earth as being the outcome of the convergence 

and divergence of tectonic plates. These concepts originate from the hypothesis of continental drift postulated by Alfred Wegener 

(1912), which states that today’s continents, which are now separated by seas and oceans, formed a single landmass called Pangaea 

some 200 million years ago. According to the theory, Pangaea was itself the outcome of the suture of several older continents which 

were quite different in number from today’s continents, occupied different positions on the Earth’s surface, and went through 

various processes of fragmentation, separation and suture throughout their evolution. According to the theory of plate tectonics, 

continents are fragmented and move apart or together depending on convection currents (Figure 14.2) formed near the base of 

the lithosphere by the movement of hot matter from the deepest regions of the Earth. When this hot, molten rock rises close to 

the surface, it comes into contact with the rigid lithosphere; it then loses heat, slides sideways and descends again in a continuous, 

circular movement. It follows the same pattern as water when it is heated: the hotter water rises and the colder water descends. 

This is the process that keeps South America and Africa moving apart from each other on each side of the mid-ocean ridge at a 

rate of a few centimetres a year (Figure 14.3). As each of these events takes place and at different stages of their evolution, lakes, 

seas and oceans are formed or extinguished, forming mountains or vice versa. Different types of rocks are formed and pre-existing 

rocks turn into other rocks that are quite different from what they were originally through a process of metamorphism. Although 

the land today encompassed by Brazil is relatively calm, it has witnessed several episodes of intense tectonic activity, testament to 

which are the huge diversity of terrains it contains which have widely contrasting potentialities and limitations when it comes to 

their use and occupation.

geosystems (Figure 14.4), most of which are underlain by a 
complex association of rocks with very different, contrasting 
physical, chemical and textural features. 

Taking this assumption as a starting point and 
investigating the particularities from large enough 
areas to influence the geoenvironmental characteristics 
of whole regions, Brazil’s geology was split into seven 
major geosystems.

The aim of this chapter is to set out the different 
geological features of each of these geosystems 
(domains), as well as their potentialities and limitations 
for civil construction, agriculture, water resources, 
pollution, tourism potential and mining.

UNCONSOLIDATED OR SLIGHTLY 
CONSOLIDATED PHANEROZOIC 
SEDIMENTARY COVER (1) 

This sedimentary cover underlies much of 
Brazilian territory (Figure 14.4). It corresponds 
to the more recent terrains where the rocks 
and relief are still being eroded, unlike the 
other geosystems described below. These 
terrains are therefore still in a process of 
formation, as they correspond to lowlands 
where the eroded debris from neighbouring 
higher ground is being deposited and 
transported by rivers, floodwaters, winds and, 
along the coast, the action of the sea. These 
areas include the floodplains bordering on 
rivers (Figure 14.5), the plains along the coast, 
the large swampy regions (e.g. the Pantanal, 
Bananal island), and the huge areas of flat 
wetland in the Amazon, to mention the most 
representative examples. 

Potentialities and Limitations

Civil Construction

When planning any civil construction 
work, it should be understood that the 
geological features of this geosystem have a 
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Figure 14.5 – Floodplains bordering Ribeira de Iguape river (Ribeira valley, SP)

Figure 14.6 – Differential erosion of sediments in Pantanal basin (MS). The lower 
stratum is a layer of fine sand; the upper layer is somewhat laterized coarse sand.

more negative than positive influence on such activities. 
The reasons for this are set out below.

• The substrate is made up of uneven, horizontal 
layers of sand, silt, clay and gravel of different thicknesses. 
The thickness of the sedimentary package varies from a 
few metres in small floodplains to hundreds of metres 
in the big swampy areas and huge wetland plains of 
the Amazon. In other words, the materials in each bed 
have very different grain sizes, mineral content and 
geomechanical and hydraulic properties that change 
abruptly from one bed to the next. This means that 
the geotechnical properties vary greatly on the vertical 
plane, where the abrupt changes from one 
stratum to the next form geomechanical 
discontinuities that make excavation faces 
cut through these rocks more prone to 
erosion and instability (Figure 14.6).

• The sediments are only slightly 
consolidated. In many sites, the morphology 
is propitious for the sediments and soils 
to retain high levels of water and be rich 
in organic matter (hydromorphic soils). 
Materials of this kind have a very limited 
bearing capacity and are collapsible. This 
means that any structure built on them – 
which would be environmentally inadvisable 
– will be likely to suffer from frequent 
subsidence and cracking as well as the 
negative effects of the moisture level in the 
soil, which remains very high throughout 
most of the year (Figure 14.7).

• When water courses reach terrains 
from this geosystem, they quickly lose energy 
and start to deposit more sediment than they 
transport. This means that silting processes 
are well-developed and accelerated and 
care should be taken to prevent inducing 
an increase in the sediment deposition rate. 

• This geomorphology across most of 
the geosystem is propitious for the discharge 
of groundwaters at several sites or the 
existence of a shallow water table. As a 
result, any underground civil construction 
work involving excavation is particularly 
problematic as it will be prone to rapid 
flooding, leaving any structures under water 
or standing on waterlogged, corrosive soil 
(Figure 14.8).

• Roads have to be built on raised 
landfills, which is not environmentally 
correct (Figure 14.9) and is very costly, since 
material for the landfill has to be transported 
long distances from borrow areas. Also, the 
construction of landfills tends to further 
reduce the rate of surface runoff, which is 
already poor. 

• Interspersed with the sediments, there are often 
layers of soft, highly plastic, waterlogged clays. If these 
are decompressed when excavation work takes place, 
they can trigger mudflows, a phenomenon in which 
this soft material migrates towards the excavated area, 
raising the likelihood of the earth collapsing in its vicinity. 

• It is also common for the sediments to be 
interspersed with layers of clays that are either highly 
plastic and sticky or very rigid and hard, or else with 
many cutans. There are also often gravels made up of 
a random mix of cobbles, blocks and boulders of hard, 
abrasive rocks with diverse geotechnical characteristics. 
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Figure 14.7 – Floodplain being landfilled for urban development 
(Greater Curitiba)

Figure 14.8 – Example of construction work at a site with a shallow 
water table

Figure 14.9 – Road building in this geosystem impacts on the 
already limited levels of surface runoff: the landfills form barriers 
that increase the likelihood of long-term flooding, not caused by 
rivers bursting their banks but by the impoundment of rainwater. 

Such roads should have gutters and drains to channel the rainwater 
runoff over areas with these characteristics (Pariquera-Açu, SP).

Figure 14.10 – Example of gas leaking into the pipes for a building 
on land with a layer rich in organic matter 

Figure 14.11 – Leak of pollutant in areas where the water  
table is shallow 

These layers hamper excavation work and rotary drilling, 
and also have very varied geotechnical properties. 

• There are sometimes layers containing high levels 
of organic matter that may release methane. This is 
harmful to human health, highly flammable, very mobile 
and can ignite spontaneously. Methane can get into 
the tubing and pipes attached to buildings, creating 
situations where there is a real risk of a fire or even a 
violent explosion taking place (Figure 14.10).

Petrol Station

• Acid is released from the organic matter in 
the soil. Wherever the climate is rainy, the combined 
action of the water from the rain and the proximity 
of the groundwater to the surface makes it likely for 
any underground object to be quickly damaged by 
corrosion. The quality of materials used for underground 
constructions should therefore be carefully monitored, 
especially if they are to carry or store pollutants (e.g. 
pipelines, fuel tanks, etc.). If there is a leak, the risk of 
the contaminant coming into direct contact with the 
groundwater is high (Figure 14.11).
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Figure 14.12 – Alluvial plains of Barigui river  
(Greater Curitiba, PR).

Figure 14.13 – Pantanal with Paraguay river at its high  
flood level (MS)

• These terrains do not contain hard rocks that 
can be used as aggregates. This raises the cost of any 
construction work in areas where these sediments 
underlie large surface areas, such as the Pantanal in 
Mato Grosso or the Amazonian wetlands, because the 
aggregates have to be transported over long distances. 

• The geomorphological features are propitious for 
the formation of pools of water (Figure 14.12) and for 
rivers to flood often and for long periods of time over 
broad expanses of land (Figure 14.13).

Agriculture

The influence of the geology of this geosystem 
on agriculture is both positive and negative, for the 
following reasons:

• There are large sections of land with poor surface 
and subsurface drainage, or that tend to form pools 
of water that take a long time to drain, or that have 

near-surface groundwaters and points of groundwater 
discharge, or that are covered with waterlogged soils, 
or that are subject to flooding (Figure 14.14).

• These areas are not suitable for crops with deep 
roots (which may rot) or crops that need to be treated 
with agrochemicals because the toxins will easily 
penetrate the groundwater and contaminate it (Figure 
14.15).

• It is often necessary to dig deep trenches to 
improve the soil drainage. This is not environmentally 
correct as it has a negative impact on the surface and 
ground water dynamics. The wetlands and flooded areas 
that are the hallmark of Geosystem 1 are important for 
maintaining the flow of water courses, the humidity 
of the air, and for recharging aquifers. This is why no 
measures should be taken to drain water from these 
areas. 

• The soil in this geosystem tends to hold high levels 
of water for most of the year, which is propitious for the 
proliferation of many kinds of insects, fungi and bacteria. 
However, it is not suitable for crops that are susceptible 
to pests, such as most leafy vegetables.

• The geomorphological features are such that 
patches of saline soils can form, which are totally 
unsuitable for agriculture. Many parts of the Pantanal 
share this feature.

• The relief and drainage patterns tend to 
concentrate rather than disperse land- and air-borne 
pollutants. In other words, these are the terrains where 
agrochemicals take longest to disperse and degrade.

• The soils often contain very high levels of organic 
matter. When they do, they become extremely acidic and 
have to be treated with large quantities of dolomitic 
limestone. If this soil improver is not available within 
a reasonable distance, their use for agriculture may be 
compromised. 

• In temperate climes, the geomorphological 
features are propitious for the temperature to rise 
quite high in summer and drop low in the winter, with 
the possibility of ground frost. This is common on the 
floodplains in the mountainous regions of the south and 
much of the south-east (Figure 14.16).

• One positive feature is that in the midst of the 
swamps and wetlands, there are patches of land (terraces) 
that are at a higher elevation than the floodwaters. These 
can be used for growing crops, since the likelihood 
of erosion is practically non-existent, the land can be 
worked easily with motorized machinery, and they are 
generally covered with soil that is rich in organic matter. 
These soils are not only naturally fertile, but they are very 
porous and have a high nutrient retention capacity, i.e. 
they respond well to fertilizers. 

It can be concluded from the characteristics set out 
above that any use of this geosystem for agriculture 
should be very well planned and priority should be given 
to organic farming. 
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Figure 14.14 – Area with near-surface groundwaters and 
groundwater discharge points

Figure 14.15 – Banana plantations tend to use a wide variety of 
strong agrochemicals (Ribeira valley, SP)

Figure 14.16 – Ground frost on an alluvial plain in Greater Curitiba (PR)

Water Resources and Pollutants

The geological features of this geosystem make it 
very important for its water resources and very vulnerable 
to any source of pollution. 

• The morphological, lithological and structural 
features of this geosystem are propitious for the retention 
of rainwater over for long periods of time. As most of the 
surface is covered with very permeable soils with a high 
water retention capacity, these terrains are important for 
recharging groundwaters. 

• As these are lowlands, the rainwater that 
infiltrates the surrounding higher ground flows down 
into them, replenishing the rivers, which in turn recharge 
the groundwaters. These are therefore areas where 
groundwaters are both recharged and discharged 
(Figures 14.17 and 14.18).

• The sediments underlying these areas contain 
large, thick beds of unconsolidated sand and gravel, both 
of which are highly porous and permeable and are almost 
always close to the surface, especially in the floodplains 
and coastal plains. These form high-potential granular 
aquifers with good lateral hydrodynamic homogeneity; 
they cover large areas and are cheap and easy to exploit. 

It can be concluded that this geosystem is very 
important for recharging groundwaters and maintaining 
the streamflow of water courses and is an important 
source of fresh water for many regions. However, when 
the water is exploited a few negative factors should be 
taken into account:

• At many sites, the water circulates between layers 
that are rich in organic matter. This may make the water 
very acidic and give it a bad odour. 

• In the areas of this geosystem that extend along 
the coastline, the groundwater may be brackish because 
of the influx of seawater. 

• The relief and drainage features of 
these terrains are more liable to concentrate 
soil-borne and air-borne pollutants than 
disperse them. If they are contaminated, they 
can be very complex and costly to remediate 
(Figure 14.19).

• The groundwater flows horizontally in 
all directions between the beds of sand and 
gravel, which have a very limited capacity 
to immobilize and degrade pollutants. As 
such, pollution from any source, no matter 
how isolated it may be, may easily spread 
in all directions over long distances. This is 
why water should not be consumed from 
shallow, artisanal wells if there are sources 
of pollution in the region (Figure 14.20).

• The water courses and floodwaters 
flowing from the neighbouring higher 
ground lose their energy quickly when they 
reach this geosystem, where they become 



212

GEODIVERSITY OF BRAzIL

Figure 14.17 – Area delineated by geosystem 1 in Mangaratiba (RJ)

Figure 14.18 – Example of how groundwaters are normally 
recharged and discharged in Geosystem 1 

Figure 14.19 – Slow-flowing rivers have a limited capacity to 
disperse and degrade pollutants (Sete Barras, SP)

Figure 14.20 – A bucket well excavated in a floodplain in Ribeira 
valley (SP) in the middle of a banana plantation where a wide variety 

of agrochemicals is used

slow-flowing, poorly oxygenated with low turbulence 
and have a low self-cleansing capacity. This means that 
if pollution gets into a water course in this geosystem, 
it takes a long time to disperse and degrade. 

• If pipelines and tanks are installed that store 
pollutants, there is a good chance they will be buried in 
or stand on soil that is rich in organic matter. The highly 
corrosive acids released from this material can quickly 
damage such structures. 

In view of this information, it is necessary for 
strict technical standards to be observed whenever 
a potential source of pollution is introduced to this 
geosystem.

Tourism Potential

With its specific morphological and structural 
features, this geosystem harbours some of the most 
beautiful and important ecosystems in Brazil, especially 

the Pantanal, Marajó island and the broad plains of the 
Amazon. These regions have a fine, dense, complex 
water network with plant species that are adapted to 
the alternating wet and dry periods. For this reason, 
they form a perfect habitat for a huge variety of land- 
and water-living animal, bird and plant species. This 
geosystem also encompasses all the coastal plains with 
their beautiful beaches and form important interface 
ecosystems between marine and terrestrial environments 
and river floodplains (Figures 14.21, 14.22 and 14.23).

Mineral Potential

This is a geological and geomorphological 
environment that can be exploited for several minerals.

• The dynamics of the water courses are propitious 
for the formation of heavy mineral placer deposits, which 
are deposited by the action of rivers. The most important 
of these are the deposits of gold, cassiterite and diamonds.
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Figure 14.21 – Water courses in the Amazonian plains

Figure 14.22 – Landscape contrasting the flat lowlands from 
Geosystem 1 and the mountainous relief underlain by ancient, 

deformed rocks (Ribeira valley, PR)

Figure 14.23 – Pantanal vegetation (Amolar mountain range, MS).
Figure 14.24 – Peat harvesting in the Paraíba do Sul river floodplain 

(São José dos Campos, SP)

• This geosystem is suitable for the exploitation 
of different kinds of sand, clay, gravel and peat (Figure 
14.24).

• In the more inland parts of the coastal plains 
there are deposits of industrial sand and there are also 
radioactive heavy minerals (monazite sand) associated 
with the sands along the shoreline, as identified along 
the coast of Espírito Santo.

SLIGHTLY TO MODERATELY 
CONSOLIDATED PHANEROZOIC 
SEDIMENTARY COVER (2)

This domain is found across much of Brazil. The 
sediment originates from debris which, at not very 
distant geological times (around 55 million to two million 
years ago) was deposited in small and large depressions 
that formed as a result of large geological faults which 
uplifted and subsided parts of the Brazilian continental 
crust when the South American and African continents 
were separated (Figure 14.25).

As these depressions were developed, they turned 
into lakes into which different kinds of sand, gravel, clay 
and silt were deposited from rivers and rainwater flowing 
down from the neighbouring highlands.

As time went by, the lakes silted up and ceased to 
exist. The sediments that were deposited in them now 
underlie terrains which, according to the geological 
literature, belong to the Curitiba, São Paulo, Taubaté, 
Resende, Solimões, Parecis, Urucuia sedimentary basins 
and others. The sediments from the Barreiras group that 
occur along a long, narrow stretch of land along the 
continental margin also have these features. 

In virtue of their geological past, the areas 
highlighted in Figure 14.25 are all underlain by irregular 
horizontal beds or lenses of widely varying thicknesses 
made up of different kinds of sand, clay, silt and gravel 
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Figure 14.25 – Area covered by Geosystem 2

that are generally slightly to moderately consolidated. As 
a result, this geosystem has several characteristics that 
should be taken into account when planning decisions 
are made for different kinds of land use and occupation.

Potentialities and Limitations

Civil Construction

The main geotechnical implications of this geosystem 
for the purposes of civil construction are:

• This geosystem is underlain by uneven beds of 
material with different grain sizes and compositions. 
Therefore, if deep excavation is required for civil 
construction, there is a good chance that materials with 
very varied mechanical and hydraulic behaviour will be 
exposed. This raises the likelihood of destabilization, 
erosion and water inflows along excavation faces (Figure 
14.26).

• As the sedimentary basins were formed by 
geological faults, the thickness of the sedimentary 
package can vary from a few hundred metres (e.g. 
Curitiba, São Paulo, Taubaté and Rezende basins and 
the Barreiras formation) to thousands of metres in the 
large basins (e.g. Solimões and Urucuia).

• In Curitiba, São Paulo, Taubaté and Rezende 
basins, the sedimentary package varies in thickness from 
a few metres to over a hundred metres. When deep 
excavation or drilling has to be done, it is likely that the 

basin’s substrate will be reached, which will 
have totally different geotechnical properties 
from the sediment in this geosystem.

• The sediments are often interspersed 
with extremely plastic, sticky, hard clays and 
layers of siltites with many cutans. These 
materials are a hazard for excavation and 
rotary drilling: the equipment gets clogged 
up and the cutans make the drill bit slip. 

• It is common for there to be layers 
sediments containing expansive clays. These 
sediments and their respective residual 
soils will, if exposed to moisture variations, 
become collapsible and break up into small 
pellets. Any underground structures in these 
soils are likely to get warped or cracked. Also, 
if this material is exposed to oscillations of dry 
and wet conditions, it can become as erosive 
as unconsolidated sand (Figures 14.27, 14.28 
and 14.29).

• The sedimentary packages also contain 
beds of sand and gravel with very varied grain 
sizes and geomechanical properties.

• As the sedimentary beds contain 
material with very different compositions, 
the texture of the residual soils can vary 
from clayey to sandy, especially in the areas 

where the relief is more accentuated and the valleys 
are deeper.

• As the beds are horizontal or sub-horizontal, the 
relief is normally made up of gentle, broad peaks with 
slightly steeper sides. There are low-lying areas with an 
almost flat relief that occupy the land between these 
elevations. The rainwater collects in these lower areas, 
forming permanent or temporary groundwater very 
near the surface (Figure 14.30). These areas also often 
contain layers of waterlogged, soft clays that are prone 
to mudflows if they are decompressed by excavations. 
There are sometimes also transported soils that are rich 
in organic matter (Figure 14.31). These soils have a low 
bearing capacity and are extremely acidic and thus very 
corrosive. The quality of materials used for underground 
constructions should therefore be carefully monitored to 
prevent underground structures from being damaged 
by corrosion.

• These terrains often contain lateritic crusts, 
especially in the Amazon and central west region, which 
are aluminium-rich, acidic, corrosive and often very hard 
(Figure 14.32).

• It is common for the sediment to contain beds of 
conglomerates made up of a random mixture of cobbles, 
blocks and even boulders of different kinds of rocks, 
most of which are quartz-based and therefore very hard 
and abrasive. This is material with very unpredictable 
geomechanical behaviour that often hampers excavation 
work and rotary drilling (Figure 14.33).
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Figure 14.26 – The instability and erosion of the cliffs along the 
north-eastern coast, underlain by sediments from the Barreiras 

formation, is caused by the low level of consolidation and 
alternation of lithologies with very different geomechanical  

and hydraulic properties (Porto Seguro, BA).

Figure 14.27 – Interesting geotechnical feature common to the 
sediments in Curitiba basin: although the base of the slope is 

underlain by clayey sediments, these sediments also contain shrink-
swell clay minerals, making the lower part far more prone to erosion 

than the upper part, which is underlain by sandy sediments  
(Greater Curitiba, PR).

Figure 14.28 – Erosion caused by the exposure of the clayey 
sediments from the Guabirutuba formation in Curitiba basin, which 

contain expansive clay minerals (Greater Curitiba, PR).

Figure 14.29 – Area with erosion caused by expansive clay minerals 
in association with sediments from the Solimões formation (AC).

Figure 14.30 – Area of Geosystem 2 in Boa Vista (RR), where the 
relief is propitious for the formation of lagoons and the water table 

is very shallow. This is also common in other parts of Curitiba  
basin (PR)

Figure 14.31 – In Greater Curitiba (PR), in the area defined as 
Geosystem 2, soils rich in organic matter are exploited and sold  

for gardening 
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Figure 14.32 – The upper part of this raised amphitheatre is underlain by laterite, 
forming an iron crust that is more erosion resistant than the material overlying it 

(Curral mountain range, MG).

Figure 14.33 – Conglomerate made up of cobbles and blocks of quartz-rich rocks 
(Eldorado Paulista, SP).

• In this geosystem, there are no hard rocks that 
can be used as aggregates (crushed rock). This makes 
any construction work in the Amazon considerably more 
expensive as the aggregates have to be transported such 
long distances.

• In regions underlain by sediments from the 
Urucuia group and Parecis basin, the sediments are 
mostly quartz-rich. These sediments tend to be densely 
fractured in several directions and form extremely erosive, 
permeable sandy soils.

• One advantage is that the morphology, lithology 
and structure of this geosystem tends to favour the 
formation of gentle reliefs with low susceptibility to 
erosion and natural mass movements. Additionally, there 
is a predominance of materials that can be relatively easily 
excavated just using simple cutting tools and machines.

Agriculture

The influence of the geological features of this 
geosystem on agriculture is both positive and negative, 
for the following reasons:

• Throughout the geosystem, most of the lithologies 
release little in the way of nutrients as they alter. This 
means that the natural fertility of the soils is mostly low.

• As the substrate is formed of uneven, horizontal 
beds of sand, clay, silt and conglomerates of varying 
thicknesses and textures, the aptitude of the residual 
soils for agriculture depends heavily on which of these 
sediments predominates and occupies the upper 
part of the sedimentary package and what the local 
relief is like. There are some regions where the soil is 
predominantly clayey, while in others it is sandy and 

in others the soil texture is patchy, varying 
from sandy to clayey across distances of 
just a few metres. 

• In the regions where the soil is mostly 
sandy, as in the Urucuia group, the soils have 
limited natural fertility, are very susceptible 
to erosion, acidic, overly permeable, have a 
low water storage capacity, a low nutrient 
retention capacity and very limited capacity 
to assimilate organic matter. These are also 
terrains with a limited availability of surface 
water. Taking all these features into account, 
these areas are therefore not suited to short-
cycle agriculture, shallow-rooted crops that 
need much water or the frequent tilling of 
the soil.

• In regions where silt and clay 
sediments predominate, such as in Curitiba 
basin, the soils are clayey or a mixture of 
clay and silt, releasing large quantities of 
aluminium. These are soils with low natural 
fertility that are very acidic and tend to 
become compacted and impermeable if 
they are often tilled using heavy machinery 
or trodden down by cattle. When clayey 
soils are subject to continuous, heavy loads, 
they tend to form a very hard, almost 
impermeable layer beneath the surface 
layer. During wet seasons, the upper layer 
slides over this lower, compacted layer. As 
the top layer is lighter and more porous, 
it tends to get waterlogged and is easily 
stripped off by sheet erosion (Figure 14.34). 
However, clayey soils do have good nutrient 
retention capacity, are very porous and 
have good water retention capacity. This 
means that they are able to provide water 
for crops for a long time during dry periods, 
assimilate organic matter well and respond 
well to fertilizers, retaining nutrients well. 
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Figure 14.34 – Localized erosion where clayey soil has been 
repeatedly trodden down by cattle

Figure 14.35 – Example of a granular aquifer

Therefore, provided the relief is suitable and the soils are 
well managed and improved, these terrains have good 
agricultural potential.

• Something else that must be taken into account is 
that the geomorphology of this geosystem makes it likely 
for patches of lateritic soil to be formed, especially in the 
Amazon and the central west. Not only is the natural 
fertility of these soils low, but they are also extremely 
acidic, respond poorly to fertilizers and are often very 
hard and stony.

• One advantage is that as the sedimentary layers 
are horizontal, the reliefs are mostly subdued, which 
reduces their erodibility and permits the use of heavy 
machinery. This kind of relief is also propitious for the 
existence of low-lying areas covered with transported 
soils rich in organic matter, as seen in much of Curitiba 
basin. These soils have high natural fertility and are very 
porous and highly chemically reactive, which means that 
when they are treated with fertilizers they 
retain the nutrients well. 

Water Resources and Sources  
of Pollution 

The main points are:
• The environments from this geosystem 

often contain layers of sand and conglomerates 
with good water storage and circulation 
capacity over a wide area and have good 
lateral hydrodynamic homogeneity. In other 
words, they form granular aquifers where it 
is very likely that if the flow rate of one well 
is good, it will be good for other wells at the 
same depth (Figure 14.35).

• These areas have the potential to 
harbour confined aquifers. In other words, 

the sand and conglomerate beds may be interspersed 
with poorly permeable layers and therefore be protected 
from contaminants, with the potential to form excellent 
quality freshwater aquifers. However, the recharge rates 
of these confined aquifers will be very slow, which is 
a factor that should be borne in mind when they are 
exploited, because if they are overused the wells may 
dry up (Figure 14.36).

• The morphological and structural characteristics 
are propitious for the occurrence of patches of soil 
that are rich in organic matter. As these soils are very 
permeable and porous, they are important for the 
hydrology of the geosystem, especially in regions where 
there is a predominance of silt and clay sediments, as 
is the case in Curitiba and São Paulo basins. They act 
like sponges, soaking up and storing a large quantity 
of rainwater and helping to improve the groundwater 
replenishment potential while also minimizing the 
problems arising from the rapid runoff common on the 
silt- and clay-rich terrains. This is why these soils should 
be preserved and not paved (Figure 14.37).

• The vulnerability of the groundwater to 
contamination by surface pollutants varies from low in 
the regions where there are outcrops of clay and silt to 
high in the areas where the surface layers are made up of 
sand and conglomerates. This is because these sediments 
are extremely permeable and have a very limited capacity 
to retain and degrade pollutants. Therefore, where these 
sediments are outcropping and there is residual soil of 
this nature, special care must be taken to prevent leaks 
from potential sources of pollution. 

• Another negative aspect to take into account 
is the fact that given the geosystem’s morphology, 
lithology and structure, water courses do tend to be 
slow-flowing, poorly oxygenated and with low levels of 
turbulence, which makes them bad at diluting pollutants. 
If a pollutant gets into these waters, it will take a long 
time to be dispersed. 
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Figure 14.36 – Confined aquifer

Figure 14.37 – Much of this geosystem is covered with a thick mantle  
of organic soil (Greater Curitiba, PR).

Tourism Potential

One attraction associated with the sediments of the 
Barreiras group is the fine cliffs along the north-eastern 
coastline. The Barreiras group is also the source of fine, 
different coloured sands that are used in craftwork that 
is typical from the region. 

In Urucuia, erosion processes favoured by the 
morphology and lithology of the area have sculpted 
landscapes of great beauty that contain many rivers with 
waterfalls, rapids and natural pools. Meanwhile, in the 
Amazonian Solimões formation, the geomorphology 
has resulted in the formation of broad plains dissected 
by a dense, complex system of rivers with their specific 
ecosystems. 

Mineral Potential

This geosystem is often used for the exploitation of 
different types of sand, clay and gravel. The part of the 

Solimões basin included in this geosystem 
also contains deposits of hydrocarbons, 
bituminous schist, asphaltic sandstone, 
barite, gypsite, rock salt and anhydrite.

UNFOLDED PALAEOZOIC AND 
PROTEROZOIC SEDIMENTARY 
OR VOLCANIC-SEDIMENTARY 
COVER (3)

This sedimentary cover underlies much 
of Brazil and originates from various kinds 
of debris such as sand, gravel, clay, silt, 
organic matter and, to a lesser extent, 
volcanic lava and chemical precipitates which 
were deposited in large, deep sedimentary 
basins formed at different times during the 
evolution of the Earth (Figure 14.38).

These basins formed as a consequence 
of geological faults which caused the uplift 
and subsidence of large sections of the 
continental crust. The long evolution of 
these basins, covering over 400 million years, 
means that there are materials deposited 
in them that come from the most varied of 
climatic and depositional environments, such 
as continental, fluvial, marine, desert and 
volcanic. As a result, they were filled with a 
huge variety of materials. With the passage of 
time, these materials became consolidated into 
rocks. The sands formed sandstone, the clays 
formed argillites and shale, the silts formed 
siltites, the gravel formed conglomerates, and 
the chemical precipitates formed limestones. 

As an outcome of this geological history, 
these basins are underlain by horizontal 

layers of rocks with widely varying compositions. The 
behaviour of the terrains varies greatly, depending on 
which sediments prevail, occupy the upper portion of 
the sedimentary package or crop out in a given area. This 
affects their potentialities and limitations for different 
uses and occupations. 

Potentialities and Limitations

Civil Construction

The following features should be borne in mind 
before any kind of civil construction is contemplated for 
areas from this geosystem. 

• The substrate of these terrains has geotechnical 
characteristics that tend to vary and contrast greatly on 
the vertical plane, while they are relatively homogeneous 
horizontally. Therefore, if any deep excavation or drilling 
has to be done, especially in the areas highlighted in 
Figure 14.39, there is a good chance that irregular 
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Figure 14.38 – Area of Geosystem 3

Figure 14.39 – Regions where silt-clay sediments predominate  
and crop out and where there are considerable vertical variations  

in the lithological composition 

layers of materials with very different 
geomechanical and hydraulic properties will 
be encountered with abrupt changes from 
one bed to the next (Figure 14.40). These 
sudden interfaces can lead to instability, 
erosion and the appearance of water along 
excavation faces. 

• There is a predominance of finely 
laminated silt-clay sediments (Figure 14.41) 
in the regions highlighted in Figures 14.39 
and 14.47, and also a prevalence of 
sediments containing expansive clay minerals 
(Figures 14.42, 14.43 and 14.44), which 
break up and become highly erosive and 
unstable if they are exposed to alternating 
wet and dry conditions. These areas should 
therefore not be exposed along excavation 
faces or in earthfill services. 

The top parts of the slopes shown 
in Figures 14.42, 14.43 and 14.44 are 
underlain by sandstone. The lower sections 
are underlain by silt-clay sediments. Although 
they are clay-rich, these lower portions are 
marked by erosion (Figure 14.42), which is 
not what might be expected. This is because 
the clay layers contain clay minerals that 
swell and shrink when they are exposed 
to alternating wet and dry conditions. This 
makes them break up into small pellets, 
which are more erosive and can cause major 
instability along excavation banks, especially 
if the more consistent horizons overlying the 
layers of clay have been stripped off (Figure 
14.43). When a whole slope is made up of 
shrink-swell clays, it will become unstable 
because the continuous breaking up of the 
surface will alter the slope geometry (Figure 
14.44).

• There are often layers of extremely 
plastic, hard clays and layers of siltites with 
many cutans. These materials are a hazard 
for excavation and rotary drilling: the 
equipment gets clogged up and the cutans 
make the drill bit slip or get stuck.

• The residual soil from silt-clay 
sediments is clayey. it is easily suspended 
when dry (Figure 14.45) and becomes very 
sticky and slippery when wet. Wherever 
soil of this kind prevails, no large-scale 
construction work should be planned that 
involves excavation or earth moving during 
periods of prolonged rainfall, otherwise the 
machinery will get clogged up and the access 
routes will become slippery and rutted. 

• One situation that causes environmental 
damage and harm to human health that is 
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Figure 14.40 – Horizontal, parallel 
bands formed by sediments with different 

compositions (Irati formation, SP)

Figure 14.41 – Finely laminated shale, which easily breaks up and becomes unstable 
along excavation faces (Irati formation, SP).

Figure 14.42 – Sediments from Aquidauana formation (SP)

Figure 14.43 – Differential erosion between a layer 
of sandstone (top) and a siltite bearing expansive clay 

(Presidente Prudente formation, SP)

Figure 14.44 – Instability along an excavation bank underlain by sediment 
from the Santo Anastácio formation (SP) 
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Figure 14.45 – Dust lifted along an access road built on terrain underlain by  
silt-clay sediment (Aquidauana formation, SP)

Figure 14.46 – Excavation face with exposed limestone at the 
base and silt-clay sediments on top: two materials with completely 
different geomechanical and hydraulic properties. The existence of 
limestone indicates that at some time in the past the sedimentary 

basins were part of a marine environment. 

related to terrains underlain by silt-clay sediment has to do 
with the dust lifted into the air by vehicles driving along 
access roads to sugarcane plantations. As many access 
roads are required for this crop and it is harvested during 
the dry season, a large amount of dust is lifted into the 
air by the farm vehicles and remains in suspension for 
a long time. This, in conjunction with the smoke from 
the burning, makes the air in these regions virtually 
unbreathable. 

• The areas shown in Figure 14.47 contain silt-clay 
sediments that are interspersed with bands of limestone 
of different thicknesses (Figure 14.46). Limestone 
is formed from carbonates, which easily dissolve in 
rainwater. This means that these rocks often contain 
cavities of varying sizes. Where they are thick and 
outcropping, there is a high risk of the earth suddenly 
collapsing. The positive aspect of these rocks is that their 
physical and chemical characteristics make them good 
for use as aggregates. Also, they form plastic, clayey soils 
of a good bearing capacity that are highly chemically 
reactive, only slightly permeable, withstand erosion well 
and remain stable along excavation banks. The residual 
soils in these areas are therefore good for use as borrow 
material and as barriers for certain elements. 

• In much of the geosystem there are outcrops 
of large, thick packages of quartz sand sediments, 
represented by many kinds of sandstone. These 
sediments are rich in quartz, which is very hard and 
abrasive and very resistant to physical and chemical 
weathering. Therefore, if excavation has to be done, it 
is likely that at some point in these terrains there will 
be sites where the sandstone will be very resistant to 
cutting and progress will be slow, especially if rotary 
drills are being used: quartz quickly wears down drill 
bits (Figure 14.48).

• The shear resistance of quartz-rich rocks is low, i.e. 
they break easily when subject to stress. This means that 

in many places the rocks have dense lattices of cracks, 
which enable water to percolate and sometimes cause 
blocks to break off along excavation faces (Figure 14.49).

• Quartz sand sediments form extremely permeable, 
friable soils that are susceptible to erosion (Figures 14.50, 
14.51 and 14.52).

• Many of the regions where these sediments crop 
out are covered with thick, unconsolidated layers of sand 
that are extremely friable and subject to liquefaction, 
i.e. they can act like quicksand, especially when they 
are made up of spherical grains of quartz, like the soils 
derived from aeolian sandstones (Figure 14.53). Because 
of this, whenever roads are built, strict technical criteria 
must be followed to channel and curb the energy of 
rainwater and protect the land against erosion (Figure 
14.54). 

•  The re  i s  t he  pos s ib i l i t y  o f 
pseudosinkholes forming in quartz-sand 
terrains. These are depressions that form on 
the surface because the sand has migrated 
or is migrating to an underground water 
course. These pseudosinkholes are formed 
over caves or underground rivers, which 
is why these areas should not be built on. 
Likewise, before any structure that will exert 
any stress on the vicinity of these areas is 
built, detailed geotechnical studies should be 
undertaken in conjunction with geophysical 
surveys to identify the existence of cavities, 
since these make the land liable to cave in 
(Figures 14.55 and 14.56).

• In terrains where quartz sand 
sediments prevail, there are often also bed 
of conglomerates made up of cobbles, blocks 
and boulders of different kinds of rocks, 
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Figure 14.47 – Areas where the sediments are interspersed with limestone

Figure 14.48 – Areas where there are quartz sand sediments,  
some of which are outcropping

Figure 14.49 – Densely fractured aeolian sandstone 
(Botucatu formation, Águas da Prata, SP)

most of which are hard and abrasive. This 
material is hard to excavate and drill and has 
extremely heterogeneous geomechanical 
and hydraulic characteristics. 

One positive geotechnical aspect is 
that sand-rich rocks are good sources of 
loam.

Agriculture

The main geological features of this 
geosystem that influence its agricultural 
potential are as follows. 

• As the beds are horizontal and 
are not deformed, the relief tends to be 
gentle and the use of mechanized farming 
equipment is feasible on most of the slopes.

• As the variations in rock type are on 
the vertical plane, the soil texture is fairly 
homogenous in the flatter terrains, varying 
from clayey to sandy in the areas where the 
relief is more accentuated and the drainage 
valleys are deeper. 

• Silt-clay sediments prevail and crop 
out in much of the geosystem (Figure 
14.39). Independent of any other variables 
that may influence the soil’s features, these 
sediments contain expansive clay minerals 
and form very clayey soils that release few 
minerals and high levels of aluminium. 
The upside of this is that as the residual 
soils in these terrains are clayey, they are 
very porous, have low permeability and 
good element retention capacity. They 
also have a good water retention capacity, 
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Figures 14.50 and 14.51 – Erosion processes induced 
by the concentration of rainwater down an excavation 

face and in earth moving activities in sandy terrains 
from the Marília formation (SP). In sand-rich terrains, 

excavation and earth moving services should be avoided 
during rainy periods. From the outset, work of this kind 
should incorporate measures to channel the rainwater 

and protect the land against erosion.

Figure 14.52 – Erosion processes induced by the 
concentration of rainwater along roads built in a square 

grid pattern down the slope of a hillside in sandy 
terrain. To prevent this problem, land in such areas 

should not be split into regular, square-shaped plots so 
that deep excavations do not have to be made and the 
rainwater is not concentrated in one direction. Instead, 

the roads should run parallel to the contour lines. 
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Figure 14.53 – Unpaved roads on deep, sandy 
soils are problematic: the weight of the vehicles 

compresses the soil, while the unconsolidated sand 
forms ridges that vehicles can get stuck in (area of 

sandstone in Botucatu formation, SP).
Figure 14.55 – Pseudosinkhole associated with sandstone from the Furnas 

formation (Greater Curitiba, PR)

Figure 14.56 – Itambé cave formed in 
the sandstone of Botucatu formation 

(Altinópolis, SP)

Figure 14.54 – Well designed road for an area with sandy soils, with gutters to channel the 
rainwater and drains along the edges (highway between Brotas and Jaú, SP).

which means they can store water for plants for a long 
time even during dry periods. They also absorb organic 
matter well and retain nutrients well from fertilizers. The 
drawbacks are that clay-rich soils become compacted, 
impermeable and highly erosive if they are often tilled 
using heavy machinery or trodden down by cattle. When 
this occurs, they tend to form a highly compacted, 
impermeable layer beneath the surface layer. During wet 
seasons, the upper layer slides over this lower, compacted 
layer and is easily stripped off by sheet erosion. Also, the 
residual soil from silt-clay sediments tends to contain 
surplus aluminium, i.e. it is very acidic. It can also become 

as erosive as sandy soils when weakly developed if it is 
poorly managed, as it will contain shrink-swell clays 
(Figure 14.57).

• In some areas, the sediments are interspersed 
with limestone bands (Figure 14.47). These rocks also 
form clayey soils, so when it comes to their texture, the 
implications are the same as for the residual soils of the 
silt-clay sediments. One difference is that limestones 
release several nutrients when they alter, especially 
calcium and magnesium, forming alkaline soils that are 
very chemically reactive. As such, the residual soils in 
these terrains are very naturally fertile, resistant to erosion 
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Figure 14.57 – Erosion scars in weakly developed soils formed from argillites 
containing expansive clay minerals, caused by exposure to alternating dry  

and wet conditions

Figure 14.58 – Patches of erosion in areas of sandstone from the Botucatu 
formation (Cajuru, SP) induced by unsuitable farming practices are very common 

in the area containing sandy sediments. Most of the erosion is triggered by 
deforestation and the channelling of rainwater at the top of drainage valleys, 
where trees are important for reducing the erosive potential of the soil. This is 

why these forests should be preserved, as set forth in forest protection legislation 
(Forest Code).

and have a good nutrient retention and organic matter 
assimilation capacity. Provided the relief is favourable 
and the soils are correctly managed and improved, 
the regions highlighted in Figure 14.47 have excellent 
agricultural potential from a geological perspective. 

• In these areas (especially in the areas marked in 
Figure 14.48), there are large, thick packages of quartz 
sand sediment. In these cases, the geological implications 
for their agricultural potential are more negative than 
positive, for the following reasons:

– These sediments form extremely sandy, friable soils 
that are not naturally fertile and are mostly extremely 

permeable, erosive, acidic and have a low water and 
nutrient retention capacity. This means they respond 
poorly to fertilizers and dry out quickly. These terrains 
also have a limited availability of surface water and are 
subject to arenization and the formation of large gullies 
(Figure 14.58). They are therefore unsuited to large-scale 
agriculture, especially for shallow-rooted crops and 
short-cycle agriculture, where the soil has to be tilled 
often. Any agricultural enterprise in the areas marked in 
Figure 14.48 should comply with strict technical criteria, 
especially when it comes to leaving the forest cover intact 
along the upper reaches and banks of drainage channels. 

Water Resources and Sources  
of Pollution

One important hydrological feature 
that affects the whole geosystem is the 
presence of granular aquifers (Figure 14.35). 
As the geosystem contains horizontal beds 
of sediments of different thicknesses that 
have widely contrasting hydrodynamic 
features, the hydrological potential and risk 
of groundwater contamination is equally 
variable, depending on which rock type 
predominates and crops out in the region 
in question. 

• In the regions where there is a 
predominance of fine sediments (Figure 
14.39), they are not very permeable and 
only slightly fractured, while the residual 
soil is clay-rich and also poorly permeable. 
When it rains in these regions, very little of 
the water infiltrates into the subsoil, while 
most runs off quickly into the drainage 
channels. These areas are therefore not good 
for recharging aquifers and have few sources 
and water courses and a limited potential 
for sustaining good confined aquifers. The 
water courses in these terrains also have 
widely oscillating streamflows which depend 
primarily on the weather: when it rains, the 
flow rate increases rapidly, but almost as 
soon as it stops raining the flow rate also 
drops fast. This makes the plant cover in 
the areas where there is a predominance 
of silt-clay sediments particularly important 
because it retains rainwater for longer and 
therefore improves the infiltration potential. 
One positive aspect is that in some sites 
the layers of silt and clay are interspersed 
with layers of sand and conglomerates 
with good levels of permeability and good 
water storage capacity. Also, the risk of any 
groundwater being contaminated by sources 
of pollution on the surface is low, as the silt-
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Figure 14.59 – Granular and fissured aquifer

Figure 14.60 – Areas with outcrops of aeolian sandstone

clay sediments, the limestones and the soils derived from 
them are poorly permeable and have a good capacity to 
retain, immobilize and degrade pollutants. 

• The regions highlighted in Figure 14.47 all 
contain limestone rocks, which can form underground 
cavities that fill with water, forming karst aquifers. 
The hydrogeological potential of this kind of aquifer is 
very unreliable. The water availability depends on the 
thickness of the bands of limestone, the local climate 
and whether the wells actually reach the water-bearing 
cavities or fracture zones. The vulnerability of this 
groundwater to contamination can vary from high, 
where the limestone crops out, to low, where the soil 
cover is thick, as limestone soils have a good capacity to 
immobilize and degrade pollutants. 

• In the areas where there are large, 
thick packages of quartz-sand sediments, 
either cropping out or not (Figure 14.48), 
there is the potential for groundwater to 
be stored and circulated in the faults and 
fractures these rocks often contain or in the 
voids between the quartz grains. In these 
terrains, aquifers can exist that are both 
granular and fissured (Figure 14.59). The 
composition of these areas is propitious 
for good-quality underground aquifers to 
form, and when they do, as the layers are 
horizontal and thick, they may extend great 
distances both horizontally and vertically. 
This means that if one well has a good flow 
rate, there is a good chance that others will 
too, even if they are sunk at some distance. 

• The sandstone with the highest 
potential for harbouring excellent water 
deposits is aeolian sandstone formed in 
desert environments. This kind of sandstone 
underlies much of this geosystem (Figure 
14.60), including the rocks that make up 
Guarani aquifer (Figure 14.61), which has 
excellent hydrodynamic characteristics 
and has morphological, lithological and 
structural features that make it one of the 
largest and best quality reserves of fresh 
water in the world. 

• The potential for the existence of 
surface waters in this geosystem is low. With 
their high permeability, sandstone terrains 
tend to contain few water courses. Most of 
the water that emerges in springs quickly 
infiltrates the permeable sandy subsoil 
again. Also, it is common for water courses 
to get completely silted up because the 
soils are so erosive. On the upside, the high 
permeability of these terrains means that the 
groundwater is replenished in abundance 
(Figure 14.62). 

• The vulnerability to contamination of the 
groundwaters in these areas is very high, especially as 
the sandstones are mostly only slightly consolidated and 
highly permeable, forming quartz-sand soils that are 
also highly permeable with a low capacity to immobilize 
and degrade pollutants. Because contaminants can 
also infiltrate the dense lattices of fractures these rocks 
contain, quickly reaching the groundwaters, these are 
terrains where special care should be taken to control 
potential sources of pollution (Figure 14.63).

Tourism Potential

The action of different erosion agents on the thick, 
horizontal beds of rock in this geosystem has resulted in 
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Located in the central south-eastern part of South 

America, Guarani aquifer covers 1.2 million km² 

across Brazil (840,000 km²), Paraguay (58,500 km²), 

Uruguay (58,500 km²) and Argentina (255,000 km²). 

In Brazil, it occupies land in the states of Goiás, Mato 

Grosso do Sul, Minas Gerais, São Paulo, Paraná, Santa 

Catarina and Rio Grande do Sul. The aquifer is formed 

of a thick package of sandstone deposited in a desert 

environment by fluvial processes and primarily by 

aeolian processes during the Triassic and Jurassic, i.e. 

some 200 to 130 million years ago. It is so special 

because of its excellent hydrodynamic features. Over 

90% of its total surface area is covered with over 

1,500 m of basalt, which is included here as part 

of Geosystem 4. As this bed of basalt is thick and 

poorly permeable, it acts like a blanket, protecting 

the aquifer from contamination and keeping the 

groundwaters within its confines. However, this layer 

of igneous rock also prevents the aquifer from being 

replenished across most of the region it occupies. This 

is why the areas where there are sandstone outcrops 

are so important for recharging the groundwaters. 

The majority of these are in São Paulo state, where 

most of the 10% of the outcropping part of the 

aquifer occurs. Figure 14.61 – Area covered by Guarani aquifer (marked in blue):  
the largest cross-border confined freshwater aquifer in the world

Figure 14.62 – A water course that has totally silted up, associated with  
the sandstone from the Marília formation (SP)

Figure 14.63 – Waste dumped on sandstone from 
the Botucatu formation; this is a recharge area  
for the Guarani aquifer (upper Cajuru river, SP)
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Figure 14.64 – Striking, erosion-sculpted forms in Diamantina 
plateau, underlain by sediments from the Tombador formation 

(Lençóis, BA)

Figure 14.65 – Erosion sculptures in Vila Velha (PR), underlain by 
sandstone from the Furnas formation

Figure 14.66 – Rock sculptures formed by erosion in Sete Cidades 
(PI): a magnificent natural monument made of Devonian outcrops 

from the Parnaíba sedimentary basin

Figure 14.67 – Erosion faces of Mount Roraima (RR), which is 
mostly underlain by very old sandstone (over two billion years old) 

from the Roraima supergroup

Figure 14.68 – Eroded forms in Guimarães plateau (MT), mostly 
underlain by Devonian sediments from the Furnas formation

some of the most beautiful landscapes in Brazil (figures 
14.64, 14.65, 14.66, 14.67, 14.68 and 14.69): sheer 
rock faces, deep canyons and caves, curious erosion 
sculptures, water courses running over the bedrock 
through deep, V-shaped valleys with steep scarp faces, 
forming magnificent rapids, waterfalls and natural pools. 
This geological environment also contains layers of fossil 
remains of major scientific significance. 

Mineral Potential 

The area defined by this geosystem is favourable 
for prospecting:

• Phosphates, bituminous schist, evaporites, oil, 
gas and coal.

• Many kinds of sand and clay, including kaolin 
(Figure 14.70).

• Stone for flooring, some of which is refractory, 
associated with the quartz-sand areas. The silt-clay rocks 
are associated with slate and other rock types that form 
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Figure 14.69 – Waterfalls and rapids along the Fumacinha trail 
(Diamantina plateau, BA)

Figure 14.70 – Reserves of kaolin associated with Alter do Chão 
formation (Manaus, AM)

Figure 14.71 – In Paraná, quartzose and silicified sandstones from 
the Furnas formation are quarried for use as refractory rocks and 

floorings.

Figure 14.72 – The dark part of this quarry face is a layer  
of dolomitic limestone from the Irati formation that is used  
as a soil improver. The lighter upper part is made up of clay 
sediments from the Corumbataí formation that are used for 

ceramics (SP).

thin, flat, parallel sheets that can be used as flooring 
(Figure 14.71).

• Diamonds, associated with the beds of 
conglomerates, as found in Diamantina plateau (BA).

• The limestones highlighted in Figure 14.47 are 
exploited for many different purposes (Figure 14.72).

EXTRUSIVE AND INTRUSIVE CENOZOIC 
AND MESOZOIC VOLCANIC ROCK (4)

In past geological ages, the land that forms Brazil 
today was witness to intense volcanic activity which gave 
rise to the rocks that underlie Geosystem 4 (Figures 14.73 
and 14.79). This activity took place during two different 
periods that were both related to the separation of the 
South American and African continents. 
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Figure 14.73 – Area of Geosystem 4, where volcanic eruptions  
took place

Figure 14.74 – Trindade island: outcome of Cenozoic volcanic 
activity

Figure 14.75 – The spectacular landscape at Aparados da Serra 
(RS), underlain by basalt flows, was possible thanks to the thickness 

of the layer of volcanic rock.

The more recent period of volcanic activity was 
during the Cenozoic (Tertiary), which started 65 million 
years ago. At this time, several ocean islands along 
the Brazilian coast were formed, such as Fernando de 
Noronha, Trindade (Figure 14.74), Penedo de São Pedro 
and São Paulo.

The earlier period of volcanic activity was at the 
end of the Mesozoic, between 150 and 65 million years 
ago, and was one of the biggest periods of volcanic 
activity in the geological history of the Earth. It began 

when the South American and African continents, which 
had formed into a single landmass, Gondwana, about 
200 million years ago, started to move apart from one 
another. 

At the beginning of this process, huge, deep cracks 
opened up, through which for many millions of years 
vast quantities of magma infiltrated, most of which was 
alkaline and very fluid. Much of this magma reached the 
surface through successive eruptions that covered large 
areas of South America with a layer over 1,500 m thick 
of volcanic lava, stretching in a large, unbroken area 

from Mato Grosso to Paraguay, Uruguay and 
Argentina (Figure 14.75).

Part of the magma also crystallized 
at depth in the form of small veins (Figure 
14.76), a series of small, circular intrusions, 
and also in the form of typical volcanoes 
(Figures 14.77, 14.78 and 14.79).

In the case of the magma from volcanic 
activity, the rocks that underlay the flanks 
of the volcanoes have already been eroded; 
the rocks that are now outcropping are 
the ones that actually crystallized at great 
depth at the base of the volcanic cone. As 
volcanoes spew out magma of different 
chemical compositions and this crystallizes 
at different depths and at different speeds, 
volcanic terrains are generally underlain by 
a huge variety of rocks of different colours, 
textures and mineral and chemical content. 

Meanwhile, the extrusive magmatism 
occurred in the form of a succession of 
eruptions of very fluid lava, most of which 
was basic and some of which was acidic and 
intermediate. As it was fluid, the magma 
spread across large areas of land that are now 
part of Brazil and crystallized in horizontal 
layers of varying textures (Figure 14.80).
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Figure 14.76 – The dark part is a rock that originated from the basic magma 
which crystallized in a small crack through which the lava that gave rise to the 

basalt lava flows emerged

Figure 14.77 – Remains of a large volcanic crater at 
Poços de Caldas, covering land in Minas Gerais and 

São Paulo

Figure 14.78 – Extinct volcano of Tunas do Paraná: 
the remains of three craters are still visible 

Figure 14.79 – Sites where magma emerged through volcanoes or where it 
crystallized at depth in the form of plutonic intrusions

Potentialities and Limitations

Civil Construction

The main geotechnical implications 
of Geosystem 4 for the purposes of civil 
construction are:

• No matter how the magma crystallized 
or what its composition was, all the rocks 
underlying this geosystem tend to alter in 
different and quite peculiar ways, leaving 
blocks and boulders in the midst of the soil, 
which can hamper underground construction 
services in many parts of this geosystem 
(Figures 14.81 and 14.82). Even when the 
soil is deep and strongly developed, there is 
a good chance it will still contain blocks and 
rounded boulders of rocks that are very hard 
to cut or drill. These are sometimes widely 
spaced and sometimes occur in clusters 
(Figure 14.83). They should not be exposed 
along excavation faces, and foundations 
should not be partially supported by them. 
The danger is that they may shift in position, 
destabilizing the structure. In order to 
prevent this, geotechnical surveys should be 

undertaken in a fine grid before any work 
begins. 
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Figure 14.80 – Exposed face showing rock of 
different compositions and textures from two 
volcanic eruptions. The upper part is a highly 

fractured dacite. The lower part is a slightly fractured 
vesicular basalt. This difference is due to the different 
compositions of the magma and the time it took to 
cool and crystallize. The finer, more fractured rock is 

the one that cooled more quickly. 

Figures 14.81 and 14.82 – Most of the rocks underlying this geosystem alter into 
spheres with concentric layers that break off like the skin of an onion. The blocks 

and boulders are therefore rounded in shape and are known locally as “pedra 
capote” (literally “coated stone”) (Castro, PR).

• The rocks are mostly basic, which 
initially form expansive clay minerals that 
shrink and swell when they are exposed 
to alternating dry and wet conditions. 
These rocks can therefore not be used as 
aggregates for constructions where the 
temperature and humidity levels are likely to 
oscillate greatly. Also, the weakly developed 
residual soils are collapsible and very 
susceptible to erosion if they are exposed to 
alternating wet and dry conditions (Figure 
14.84).

• The residual soils from these rocks 
are mostly clay-rich. The drawback is that 
they get very sticky and slippery when wet, 
and when dry they are easily suspended, 
forming dust that stays in the air for long 
periods. For this reason, large-scale, long-
term construction work involving excavation 
and earth moving should not be started 
during prolonged rainy periods otherwise 
the machinery will get clogged up and 
the access routes will become impassable. 
On the plus side, strongly developed clay 
soils are not overly permeable, have good 
compaction capacity, are fairly resistant 
to erosion and are quite stable along 
excavation faces. They are therefore a good 
borrow material. 

• Extrusive volcanic rocks such as those that underlie 
the areas highlighted in Figure 14.77 normally have a 
high-density lattice of open cracks in all directions and 
with very varying dips (Figure 14.85). For this reason, 
blocks often break off along excavation banks and 
water can percolate through them, which means special 
care should be taken with any construction services 
involving excavation and any structures that might leak 
contaminants. Also, at the interface between the rock 
from one lava flow and another, the discontinuity in the 
geomechanical and hydraulic properties can destabilize 
excavation faces (Figure 14.80).

• The areas marked in Figure 14.73 can also contain 
basalt with many vesicles of hugely varying dimensions 
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Figure 14.83 – Blocks and boulders from the extinct volcano at 
Tunas do Paraná

Figure 14.84 – Differential erosion in a soil derived from basalt. 
The lower, more erosive part is underlain by a weakly developed 
soil containing expansive clays which swell and shrink with the 

change in the moisture levels, making the soil break up into small 
pellets that erode in much the same way as unconsolidated sand. 
The upper part, which is far less erosive, is made up of a strongly 

developed soil that will assure good stability along excavation faces 
(Fernandópolis, SP).

Figure 14.85 – Basalt rocks bearing open, vertical cracks formed 
during the fast cooling of the magma (Cascavel, PR)

Figure 14.86 – Vesicular basalt

(from millimetres to metres in size), which may or may 
not be filled with other minerals (especially quartz and 
calcite) and interconnected. These rocks have extremely 
varying geomechanical and hydraulic properties: they 
can be very permeable, and if they are subject to heavy 
loads, especially when partially altered, any structure 
built on them may crack and there may even be small 
collapses (Figure 14.86).

Agriculture

The main geological features that influence the 
agricultural potential of this geosystem are as follows:

• Most of the rocks in this geosystem form clay 
minerals, releasing many different chemicals, especially 
calcium, magnesium, iron, sodium, potassium and high 

levels of aluminium, which, at the beginning of the 
alteration process, results in the formation of expansive 
clays. 

• One advantage is that these residual soils are 
naturally fertile. They are also very porous, so they 
have a good water retention capacity, storing water for 
plants even over long, dry periods, and also have a good 
capacity to retain elements and assimilate organic matter, 
i.e. they respond well to fertilizers. Interestingly, it is 
these basalt rocks that underlie much of this geosystem 
that gave rise to the well-known “purple earth” which 
is found in some parts of the south and south-east and 
is regarded as one of the best soils in the world (Figure 
14.87).

• One disadvantage is that as the residual soils are 
clayey, they can become compacted, impermeable and 
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Figure 14.87 – Purple earth: a residual soil derived from basalt

Figure 14.88 – Sheet erosion caused by the use of heavy machinery 
for sugar cane plantations in areas with residual soil derived from 
basalt in Ribeirão Preto (SP). Not only does this practice cause the 
erosion of excellent quality soil, it also reduces the already limited 

capacity of these basalt terrains to absorb the rainwater. 

extremely susceptible to erosion if they are often tilled 
using heavy machinery or trodden down by cattle. When 
these soils are subject to continuous, heavy loads, they 
tend to form a very hard, impermeable layer beneath the 
surface layer. When there is heavy rainfall, the upper layer 
slides over this lower, compacted layer. As the top layer is 
lighter and more porous and permeable, it tends to get 
waterlogged and is easily stripped off by sheet erosion. 
When these clay soils are weakly developed, they tend 
to contain expansive clay minerals. These can become 
highly erosive when they are not protected by vegetation 
and are exposed to alternating dry and wet conditions. 
Therefore, even though they are clayey and not naturally 
erosive, the soils from this geosystem will become very 
susceptible to erosion if they are not managed correctly 
(Figure 14.88).

• Weakly developed clay soils are not very permeable. 
The best irrigation method is therefore drip irrigation, 
as with any other method most of the water will not 
infiltrate into the soil and will end up running into 
the drainage channels. Another drawback is that the 
strongly-developed soils derived from basic rocks tend 
to be very laterized, which makes them rich in iron and 
aluminium. In this case, they may be very acidic. 

In view of the considerations set out above, it is 
reasonable to conclude that the influence of geological 
factors on the agricultural potential of this geosystem 
is more positive than negative. Therefore, provided the 
relief is appropriate, these terrains can be used intensively 
for many different kinds of farming. 

Water Resources and Sources of Pollution

The volcanic activity that produced the basalt 
terrains highlighted in Figure 14.77 was extremely 
important for the water resources of South America, 

especially Brazil. When this activity took place, much of 
Brazil was a huge desert, where the winds deposited 
a bed of sand with excellent hydrodynamic properties 
over 400 m thick. This desert was then covered with 
material from volcanic eruptions, which crystallized 
into poorly permeable rocks. The effect of having this 
layer of poorly permeable rock on top of highly porous, 
permeable sand (Figure 14.89) was that a structure was 
formed with excellent hydrodynamic properties, known 
as the Guarani aquifer (Figure 14.62): one of the largest, 
best and most important reserves of underground fresh 
water in the world. 

• Extrusive and intrusive igneous rocks generally 
contain a dense lattice of open cracks in different 
directions and at different dips. These form fissured 

aquifers that have a good potential for storing 
and circulating groundwater. However, the 
water availability in them tends to be very 
unreliable: it depends on whether the faults 
and fractures are dense and interconnected 
and whether the well penetrates them. This 
means that one well may have a good flow 
rate while another one right beside it may 
be dry.

• In the case of lava flows, the potential 
depends on the part of the flow the well 
reaches. The best potential is in the parts 
closest to the surface, since this is where 
there are more open fractures (these tend 
to close up in the central parts). There may 
be rocks that are highly permeable and 
porous due to the existence of empty vesicles 
(cavities formed by trapped gas), which are 
often interconnected, forming space for 
groundwater to be stored and circulate. 
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Figure 14.89 – The darker, upper portion of this rock face is 
underlain by basalt; the lower, reddish part is made up of sandstone 

from the Guarani aquifer.
Figure 14.90 – Iguaçu falls on the border of Paraná, Brazil,  

with Argentina

Figure 14.92 – Saltão 
waterfalls (Itirapina, SP).

Figure 14.91 – Fortaleza canyon (Aparados  
da Serra, RS)

Figure 14.93 – Volcanic island of Fernando  
de Noronha (PE)

• Another important feature is the fact that these 
rocks tend to form poorly permeable clay-rich soils. 
These terrains are therefore not good for recharging 
groundwaters and the plant cover in them is particularly 
important for improving the water infiltration capacity.

• The vulnerability of the groundwaters to 
contamination from surface sources of contamination 
varies from high (where there are rock outcrops) to low 
(where there is thick soil cover). Pollutants can infiltrate 
through the fractures and quickly reach the groundwater 
without being degraded. This means that wherever 
there are rocky outcrops special care should be taken 
to prevent leaks from sources of pollution. Meanwhile, 
the soils formed from these rocks are clayey, poorly 
permeable and have a high capacity to immobilize and 
degrade pollutants. 

Tourism Potential

The basalt terrains formed from volcanic activity 
have morphological and structural features that enabled 

the formation, by erosion, of some of Brazil’s finest and 
most important tourist attractions (Figures 14.90, 14.91 
and 14.92).

In most of the areas where there was volcanic 
activity, the relief is mountainous, often forming eye-
catching natural landscapes with water courses running 
over the bedrock to form fine waterfalls, rapids and 
natural pools (Figure 14.93).

Also, many of the volcanic terrains have hydrothermal 
springs, some of which have water with medicinal 
qualities. Some of these have become major tourist 
attractions, such as Poços de Caldas (MG) with its famous 
sulphur-rich waters which reach the surface at 45.5ºC.

Mineral Potential

The magmatic activity that gave rise to this 
geosystem was of great mineral importance. The magma 
outflows and plutonic intrusions carried a broad range 
of mineral assets, especially copper, apatite, magnetite, 
bauxite, uranium, rare earth elements, nickel, chromium, 
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Figure 14.94 – Quarry of basic rock associated with an extinct volcano  
in Tunas do Paraná

Figure 14.95 – Geodes with amethyst crystals up to two metres 
long have been found in northern Rio Grande do Sul. They were 

formed when silica migrated to bubbles of gas trapped in the upper 
parts of the lava flows as the lava cooled rapidly. These geodes 

mostly contain crystals of amethyst, agate, white and/or pink quartz, 
onyx, jasper, calcite, apophyllite, zeolite, opal, gypsum and barite. 

kaolin, niobium, titanium and phosphatic rocks. They 
are also sources of different rocks with excellent physical 
and chemical properties for use as aggregates and 
ornamental rocks (Figure 14.94).

There are major deposits of amethyst and agate 
geodes in the basalts in Rio Grande do Sul, which 
harbours one of the highest concentrations of these 
gemstones in the world (Figure 14.95). There are also 
copper ore deposits, and at many locations basalts, 
rhyolites and dacites are quarried for crushed stone.

PROTEROZOIC METASEDIMENTARY AND 
VOLCANIC METASEDIMENTARY COVER 
THAT IS TECTONICALLY DEFORMED, 
FOLDED AND METAMORPHOSED IN 
DIFFERENT WAYS (5)

This domain covers a good part of Brazil (Figure 
14.96). It originates from several kinds of sand, gravel, 
clay, chemical and carbonate precipitates and, to a lesser 
extent, volcanic lava that was deposited in seas and 
oceans a very long time ago, certainly more than 570 
million years ago. Wherever tectonic plate boundaries 
were divergent, these seas and oceans were formed 
and spread, while they closed in zones where the plates 
converged. 

As a result of these compressive forces, the material 
they contained in horizontal layers was deformed (Figure 
14.97), formed mountains (Figures 14.98 and 14.99) and 
was extinguished. As the rocks folded, the materials were 
heated to different temperatures. With the combined 
action of heat and pressure, they metamorphosed and 
took on quite different characteristics from those they 
had originally. The sands turned into metasandstones 
or quartzites; the clays turned in mica-rich rocks, which 
are today represented by different kinds of phyllites and 

schists; the carbonate precipitates turned into meta-
limestones and so forth. 

As a result of its geological history, Geosystem 5 is 
underlain by a huge variety of rocks with the most varied 
of compositions, deformation patterns and textures. 
These rocks can equally well occur in the form of unevenly 
interspersed fine strata or lenses or in isolation in the 
form of thick layers. This gives this geosystem some 
special potentialities and limitations when it is used and 
occupied by man. 

Potentialities and Limitations

Civil Construction
The main geotechnical implications of 

Geosystem 5 to be taken into account when 
planning any civil construction activities are 
set out below. 

• In most of the land covered by 
Geosystem 5, the geotechnical features vary 
and contrast a great deal on the horizontal 
and vertical planes, especially in the regions 
marked in Figure 14.100, because of the 
diverse rock types and the fact that the 
sequences are complexly folded. As a result, 
the geotechnical characteristics of the 
substrate, soil and relief can vary considerably 
from one region to another and even from 
one location to another. This means that 
in most of the geosystem, a representative 
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Figure 14.96 – Area of Geosystem 5

Figure 14.97 – Example of a complexly folded 
phyllite, one of the rock types that is particularly 

common in Geosystem 5. They are the outcome of 
the metamorphism of ancient layers of clay that were 

deposited in a marine environment. 

Figure 14.98 – Beginning of a divergent boundary that forms 
a rift, which may spread further, opening a sea or ocean. At this 

embryonic phase of a marine environment, there is intense tectonic 
and magmatic activity. This means that alongside the sediments 

being deposited on the bottom of the rift, a lot of volcanic lava is 
also deposited. 

Figure 14.99 – Example of what takes place to the layers that 
are deposited at a divergent boundary that changes to become a 

convergent boundary

picture of the vertical and horizontal features cannot be 
obtained by individual or localized surveys. 

• There are some areas, especially those marked in 
Figure 14.100, where the rocks are highly tectonically 
deformed, complexly folded and have a high-density 
lattice of faults, fractures, joints and other geomechanical 
and hydraulic discontinuities that enable the percolation 
of fluids and can destabilize excavation faces. This 
must be taken into account whenever underground 
construction work is contemplated (Figure 14.101).

• The dip of the rock strata, especially in the areas 
highlighted in Figure 14.100, may vary from site to site 
on the horizontal and vertical planes, which hampers 
any work involving deeper excavation and the cutting 
of excavation faces. If the faces are badly positioned in 
relation to the dip of the strata, they will be particularly 
prone to instability.

• Due to the intense folding in the areas marked 
in Figure 14.100, the relief is mostly accentuated and 
incised by high density drainage channels and high 
density elevations with steep gradients. This makes them 
naturally vulnerable to erosion and major natural mass 
movements (landslides). Whenever civil construction 
work is done along long, straight lines, deep excavations 
have to be cut to offset the slopes and large volumes of 
earth have to be moved.

• In the areas marked in Figure 14.102, the rock 
deformations were not so intense so the rocks are not 
so folded or tectonically deformed. This case is different 
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Figure 14.100 – Areas where tectonic activity was most intense and there  
is a high degree of lithological variation

Figure 14.101 – There are many areas in this geosystem with a complexly folded 
and faulted rock substrate, such as this limestone from the Açungui group  

(Ribeira valley, SP).

hydraulic discontinuities in the rocks and the relief tends 
to by asymmetrical, meaning that it is formed of relatively 
gentle peaks with scarped edges (Figure 14.107) that 
are normally covered with thick talus deposits that are 
inherently unstable formed of a random mixture of soils 

with blocks and boulders that have broken 
off from the hillsides. 

• It is quite common, especially in the 
areas marked in Figure 14.103, for there 
to be silt and clay metasediments whose 
mineral content is basically made up of 
strongly oriented micas of sericite, biotite or 
muscovite. These rocks have a schist-like or 
phyllitic texture and normally have closely-
spaced planar surfaces with concentrations 
of mica minerals forming planes of fissility. 
These planes make the rock more susceptible 
to erosion and will cause slabs to break off 
along excavation faces, especially when they 
are partially altered or when the face is cut 
along the same angle as the dip of these 
planes (Figures 14.104 and 14.105). In 
these terrains, special care should therefore 
be taken not to cut very deep excavations or 
expose sediment of this kind on excavation 
faces or in earth-moving activities without 
taking appropriate stabilization measures. 

• Silt and clay metasediments are 
highly plastic, which means their form 
changes irreversibly when they undergo 
stress. This is why schists and phillites are 
normally strongly folded and often underlie 
very accentuated, normally mountainous 
reliefs with a high drainage density and 
high potential for natural mass movements 
(Figures 14.106 and 14.107).

• The soils that derive from schists 
may contain preserved remains of mica 
bands when they are weakly developed, in 
which case they will almost certainly contain 
expansive clay minerals. Soils of this kind are 
highly erosive and collapsible and should 
therefore not be used as borrow material 
(Figure 14.108).

• Independent of the other variables 
influencing the soils, mica rocks will invariably 
form clayey soils that are very sticky and 
slippery when wet and are easily suspended 
when dry. Wherever these soils prevail, no 
large-scale construction work should be 
planned that involves excavation or earth 
moving during rainy periods or prolonged 
dry periods. During the wet periods, the 
machinery will get clogged up and the access 
routes will become slippery and rutted. 
During the dry periods, the problem will be 

from the previous case in that the rock strata are mostly 
horizontal or sub-horizontal. This makes the geotechnical 
and hydraulic features somewhat more homogeneous 
on the horizontal plane, but still very varied on the 
vertical plane. Also, there are fewer geomechanical and 
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Figure 14.102 – Areas where the rocks are less deformed

Figure 14.103 – Areas where there is a predominance of silt  
and clay metasediments

Figure 14.105 – Schematic diagram showing what 
happens when a slope is excavated along the same 

line as a rock’s plane of fissility 

Figure 14.104 – Slabs of phyllite broken off along an 
excavation face, Açungui group (Greater Curitiba, PR).

the large amount of dust that will rise off the 
unsurfaced roads.

• In many places, especially the areas 
highlighted in Figure 14.100, there are often 
thick beds of thin, interspersed layers or 
lenses of rocks with different compositions 
and textures (Figure 14.109). The sudden 
changes between one rock type and the 
next (Figure 14.110) form geomechanical 
and hydraulic discontinuities that make 
mass movements more likely, excavation 
faces more unstable and raise susceptibility 
to erosion.

• Especially in the areas marked in Figure 
14.111, there are layers of quartz-bearing 
metasediments of varying thicknesses made 
up of different kinds of meta-sandstones and 
quartzites. These have low shear resistance, 
which means they will break rather than 
fold if they are subject to stress. This is why 
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Figures 14.106 and 14.107 – Mountainous relief with frequent natural mass 
movements underlain by schists and phyllites from the Açungui group  

(Ribeira valley, PR).

Figure 14.108 – Residual soil derived from a phyllite 
showing different degrees of development: partially 
altered mica bands in the C horizon (Bateias, Campo 

Largo, PR).

Figure 14.109 – Sequence formed of thin layers with different compositions 
(Açungui group, Itapirapuã Paulista, SP)

Figure 14.110 – Morraria do Urucum, an asymmetric relief underlain by slightly 
deformed and undeformed horizontal layers of sandstone from the Urucum 
formation and iron-manganese formations from the Santa Cruz formation 

(Corumbá, MS)

it is common in these terrains for the rocks 
to be densely fissured in many directions. 
Water easily percolates through these 
fissures and blocks are prone to break off 
along excavation faces (Figures 14.112 and 
14.113).

• The soil derived from quartz and 
sandstone is very erosive, extremely 
permeable and susceptible to liquefaction, 
meaning that it sometimes behaves like 
quicksand. 

• Quartz is a very hard, abrasive material 
that withstands chemical and physical 
weathering very well. This is why at many 
sites there may be quartz-rich rocks that 
are very indurated and hard to cut or drill, 
wearing down drill bits quickly. 

• The geotechnical advantages of this 
are that metamorphosed quartz such as this 
has a high bearing capacity and withstands 
compression and physical and chemical 
weathering well. As the soils derived from 
it are quartz-rich, they are good for use in 
loam, dust control agents, sand and inert 
material. 

• In the regions set out in Figure 14.114, 
there are bands of different thicknesses of 
meta-limestones. An important geotechnical 
feature of these terrains is that these rocks 
are made from carbonates, which dissolve 
easily in rainwater (Figures 14.115, 14.116 
and 14.117). Also, limestones alter in quite 
different ways to form alkaline, clayey soils, 
especially when they have been tectonically 
deformed. This has positive and negative 
implications. 

• Some of the geotechnical drawbacks 
of this are the fact that these terrains 
contain a complex, branching system of 
underground rivers and caves that can vary 
in size from a few centimetres to kilometres. 
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Figure 14.111 – Areas where there are quartz-rich rocks

Figure 14.112 – Densely fissured quartzite from the 
Açungui group (Ribeira valley, PR).

Figure 14.113 – Densely fissured quartzite from the 
Tombador formation (Diamantina plateau, BA).

Figure 14.114 – Areas containing metalimestones 

These cavities can sometimes cave in (land collapse) and 
they can also store natural gases or gases from fluids 
tainted with grease, fuel, etc. that reach 
them through infiltrated surface water. 

• Many of these caves are connected to 
the surface by sinkholes (Figures 14.118 and 
14.119) and drainage sinks of water courses, 
which are also where flows of groundwater 
and surface water meet. These sites are 
therefore at high risk of suddenly caving in 
and are very vulnerable to contamination. 
This is why nothing should be built on or in 
the vicinity of such areas at the risk of the 
structure suddenly collapsing. 

• In limestone terrains, the depth of 
the substrate tends to be very variable. Even 
when the soil is strongly developed, it may 
be interspersed with randomly scattered 
pieces of totally fresh, hard rock (Figures 
14.120 and 14.121).

• As the soil formed from limestone is 
clayey, it gets very sticky and slippery when 
wet; when it is dry, it is easily suspended 
and forms clouds of dust. These factors 
hamper any construction work that involves 
excavation or earth moving during periods 
of prolonged rainfall, causing the machinery 
to get clogged up.
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Figures 14.115, 14.116 and 14.117 – Cavities form in limestones because calcium carbonate dissolves easily in rainwater. As it infiltrates 
through the soil it becomes acidic and thus corrosive, and as it penetrates the cracks that limestones tend to contain it gradually dissolves the 
carbonate. The dissolved mineral then joins the flow of groundwater and so the cracks widen, join up and even form caves, which can be very 

small or extremely large, some of which are connected to the surface through sinkholes and drainage sinks.

Figures 14.118 and 14.119 – House built near sinkholes: this is not recommended since the risk of areas like this caving in is very high 
(Almirante Tamandaré, PR).

Figure 14.120 – Outcrop of limestone in the midst of strongly 
developed soils is a feature of limestone terrains that greatly 

hampers excavation work and underground construction work, in 
this case in the Açungui group (Greater Curitiba, PR).

Figure 14.121 – At this quarry of metalimestone rock from the 
Açungui group, several vertical fractures can be seen that are filled 
with soil along the quarry face. It is through these fractures that 

rainwater infiltrates, altering the rock heterogeneously. 
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Figure 14.122 – The different colours of the soils in this region are 
due to the different rocks. The red soil comes from metalimestone; 
the yellow is residual soil derived from phyllite. Both have a clayey 
texture. The difference is that the soil from the limestone layer is 

alkaline and has good natural fertility while the soil from the phyllite 
is acidic and is not naturally fertile. This kind of juxtaposition is 

commonplace in this geosystem.

Figure 14.123 – Residual soil from a silt and clay metasediment 
from the Açungui group (Ribeira valley, PR): the yellow colouring 

indicates that it has a high aluminium content.

Some of the advantages of these terrains are:
• The physical and chemical properties of limestones 

make them suitable for use as aggregates.
• The soils derived from these rocks are only 

slightly aggressive, and are plastic, poorly permeable, 
have good compaction capacity and are very chemically 
reactive. They are therefore quite erosion resistant, fairly 
stable along excavation faces and are excellent for use 
as borrow material, including as barriers for chemical 
retention. 

In view of the geotechnical features set out above, 
whenever any civil construction services are to be 
undertaken within this geosystem, detailed geotechnical 
surveys should be undertaken based on a large number 
of geotechnical surveys using a dense survey grid and 
samples taken at different depths. In limestone areas, it 
is important for geotechnical studies be accompanied by 
geophysical studies capable of identifying and mapping 
out any cavities, which raises the cost of planning and 
executing construction projects. 

Agriculture

The lithological heterogeneity of this geosystem 
means that it contains soils with very varied physical and 
chemical properties (Figure 14.122). This means that the 
suitability of the soils for agriculture varies greatly from 
one region to another and even from one location to 
another, depending on which rock type is predominant 
and exposed on the surface. 

• In the areas where silt and clay metasediments 
prevail and crop out (Figure 14.103), it is important to 
note that independent of any other variables that may 
influence the arability of the soil, the soils will contain 
clay minerals, little in the way of nutrients and large 
quantities of aluminium. The advantage is that these 
soils have a high clay content, making them very porous, 
which means they have a good water retention capacity 
so they can store water for plants for a long time even 
during dry periods. They also absorb organic matter and 
retain nutrients well, meaning that they respond well 
to fertilizers. However, these soils also tend to have low 
natural fertility and high levels of aluminium and are very 
acidic (Figure 14.123), so they often need to be treated 
with high loads of dolomitic limestone. Clayey soils are 
also easily compacted and become very impermeable if 
they are often worked using heavy machinery or trodden 
down by cattle. When this occurs, they tend to form 
a highly compacted, impermeable layer beneath the 
surface layer. During wet seasons, the upper layer slides 
over this lower, compacted layer and as it is lighter and 
more permeable, it tends to get waterlogged when it 
rains and is easily stripped off by sheet erosion.

In view of the characteristics set out above, it is 
fair to say that the arability of the terrains highlighted 
in Figure 14.103 will depend more on the relief and 

the degree of development of the soil than any other 
factor. Wherever the relief is suitable and the soils are 
strongly developed the land can be used for any kind of 
agriculture, provided due care is taken to manage and 
improve it. 

• In the areas where quartz-rich metasediment 
predominates and crops out (Figure 14.111), the most 
important factors are the high resistance of these 
rocks to weathering and the fact that they release 
little in the way of nutrients when they form residual 
quartz sand soils (Figure 14.129). These soils are highly 
erosive, normally have low levels of natural fertility, are 
excessively permeable and have a very limited capacity 
to retain nutrients. They are therefore hard to improve 
as they retain very little organic matter, respond poorly 
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Figure 14.125 – Soil derived from a meta-limestone with a topsoil 
rich in organic matter (Itaiacoca, PR)

Figure 14.124 – The soils formed from quartzite are extremely 
sandy and totally unsuited to agriculture (Tunas do Paraná, PR).

Figures 14.126 and 14.127 – Crops planted around and over sinkholes in a meta-limestone terrain in Greater Curitiba (PR). This kind of 
farming is not environmentally appropriate. In farming areas, a broad swathe of land should be kept with natural vegetation around any 

sinkholes or drainage channels. This helps prevent contaminants from reaching the sinkholes and getting through these to the groundwaters. 
The only kind of agriculture that is suitable for limestone areas with sinkholes is organic farming. 

to fertilizers and lose water quickly (low water retention 
capacity). Also, the reliefs are mostly very accentuated 
and the soils are normally weakly developed and very 
rocky or stony. 

• This makes the areas highlighted in Figure 14.111 
unsuitable for large-scale agriculture, especially for 
shallow-rooted crops or ones that need a lot of water, 
fertile soils or frequent tilling. 

• In the terrains where meta-limestone rocks 
predominate and crop out (Figure 14.114), the main 
features that affect their use for agriculture are the 
fact that limestone forms clayey, alkaline soils of high 
chemical reactivity that release several elements, chiefly 
calcium and magnesium. Additionally, limestone terrains 
may contain sinkholes (Figures 14.126 and 14.127) and 
drainage sinks. 

• The positive aspects of these terrains are that the 
soils derived from limestone are not naturally erosive, are 
highly porous and have a good water storage capacity, 
keeping water available for a long time even during 
dry periods. They are also very fertile and have a good 
capacity to retain nutrients and assimilate organic matter 
(Figure 14.125).

• The drawbacks are caused by the clayey nature 
of the soils, as they will become very compacted and 
impermeable if they are often subject to heavy loads. 
In this respect, they are similar to the soils derived from 
silt and clay metasediments. Also, the sinkholes and 
drainage sinks provide a direct link between the surface 
and ground waters and also allow agrochemicals to 
infiltrate rapidly into the groundwater without being 
degraded. 
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Figure 14.128 – The meta-limestone terrains with a subdued relief in Greater 
Curitiba are widely used for agriculture. 

Figure 14.129 – In fissured aquifers, the groundwater reserves are very varied and 
will depend on whether the well penetrates fracture zones. For this reason, one 

well may have an excellent flow rate while another may be dry. 

It can therefore be concluded that provided due 
care is taken to prevent agrochemicals from reaching 
sinkholes and water courses and the relief is suitable, 
meta-limestone terrains have excellent agricultural 
potential (Figure 14.128).

Water Resources and Sources of Pollution

Across the whole of this domain, because of the 
intense levels of tectonic deformation and metamorphism 
that the rocks underwent, the groundwater tends to be 
stored and circulate more in faults, fractures and other 
structural discontinuities than in the pores in the rocks 
per se, forming fissured aquifers (Figure 14.129). In this 
kind of aquifer, the water availability is not homogeneous 
as it depends on the existence and density of the 

fissures in the rock, which in turn depends on the rock’s 
composition and structure. As this varies greatly, the 
surface and ground water potential and the vulnerability 
of the terrains to sources of groundwater pollution will 
vary from one place to another, ranging from very high 
to very low because of the coexistence of rocks with 
extremely diverse hydrodynamic properties. 

• In the terrains with predominantly silt and clay 
metasediments (Figure 14.103), the most important 
hydrological characteristics are caused by the 
predominance of rocks with low permeability that do not 
normally contain many faults or fractures that could trap 
water. This means that their water storage and circulation 
capacity tends to be low. These metasediments also 
form soils with low permeability and the reliefs are 
generally very accentuated with high density drainage 

channels (Figure 14.130) and quick surface 
runoff. Under such conditions, the chance 
of recharging groundwater is very limited, 
as when it rains most of the rainwater 
runs off into the drainage channels and 
little infiltrates underground. There are 
therefore very few springs, while the few 
existing perennial water courses undergo 
major, sudden streamflow oscillations as 
the weather changes: when rainfall ceases, 
the flow rate drops greatly and very fast. 
This makes these terrains unlikely to contain 
good groundwater deposits, and also means 
that special care should be taken to preserve 
plant cover, which is crucial for retaining 
rainwater longer and thereby improving 
infiltration rates. One plus is that the clayey 
soils have a good capacity to retain and 
degrade pollutants, which means the risk of 
groundwater contamination is low. 

• In the regions where there is a 
predominance of quartz-rich metasediments 
(different kinds of quartzites and meta-
sandstones (Figure 14.116)), the rocks 
contain high-density lattices of open faults 
and fractures in all directions and with 
different dips. This has positive and negative 
hydrological implications. On the upside, 
these faults and fractures are sometimes 
interconnected, in which case they are good 
for storing and circulating groundwater 
(Figure 14.131). It is because of this that 
these terrains often have several springs 
and water courses that maintain a good 
streamflow throughout the year (Figure 
14.132). Also, in the quartz-rich rocks the 
groundwaters tend to serve as drinking 
water. One drawback, though, is that as the 
cracks in the rocks are open and high density, 
they can provide a route for pollutants 
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Figure 14.130 – Relief typical of the areas underlain by silt and clay 
metasediments (Açungui group, Ribeira valley, SP).

Figure 14.131 – Quartzite with a dense lattice of fractures in 
different directions, making the secondary permeability  

and porosity of the rocks high (Castro, PR)

Figure 14.132 – Fine spring at the foot of a quartzite crest 
associated with the volcanic metasedimentary sequences from  

the Açungui group (Greater Curitiba, PR)

to infiltrate quickly into the groundwater 
without being degraded. Also, the quartz-
rich soils formed from these rocks have a very 
limited capacity to immobilize and degrade 
pollutants, which leaves the groundwaters 
very vulnerable to contamination. Special 
care should therefore be taken with any 
potential source of pollution. 

• In the terra ins  under la in by 
metalimestones (Figure 14.114), the 
groundwaters infiltrate into cavities formed 
when the limestone is dissolved (Figures 
14.115, 14.116 and 14.117), where they are 
stored and circulate, forming karst aquifers. 
The soil derived from these rocks is clayey; 
it is poorly permeable and has and a high 
capacity to retain elements. 

• A drawback of this is that karst 
aquifers recharge and discharge quickly. In 
other words, rainwater infiltrates quickly and 

in abundance, but can also flow out quickly through 
underground rivers. 

• The potential of these aquifers is very variable, 
depending greatly on the local climate and whether the 
well penetrates the fracture zones or reaches a cavity 
containing water. This means that one well may maintain 
an excellent flow rate at one place while another well 
nearby could be dry. 

• As underground caves may store groundwater, it 
is important for its exploitation to be carefully planned. 
If a cave is drained quickly, the pressure inside it will 
suddenly drop and it will cave in, causing the surface 
to collapse. Also, if too much water is pumped out, the 
water table may drop too low and the surface water 
courses may dry up. 

• Groundwaters associated with metalimestone 
terrains may contain very high carbonate levels, forming 
hard water which can be harmful to health. When this 
water is used, it forms scale on the inner walls of piping 
and causes them to clog up. 

• When any drilling is done in metalimestone 
terrains, there is the possibility that an underground 
cavity will suddenly be reached and parts of the drill 
assembly may break off. In such cases, it is very difficult 
to recover them. 

• The groundwater in these terrains is mostly 
replenished through sinkholes (Figure 14.133), drainage 
sinks and fractures. However, this same route can also 
be taken by pollutants, which can quickly reach the 
groundwater or even underground rivers, spreading them 
across great distances and causing region-wide problems 
of potentially major proportions (Figure 14.134). For 
this reason, the vulnerability to contamination of 
groundwaters at and around sinkholes is very high. No 
sources of potential pollution should be introduced to 
these areas and special care should be taken to prevent 
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Figure 14.133 – The circular depression in this terrain is a small sinkhole 
associated with the metalimestone terrains in Itaiacoca (PR). Sinkholes can vary 

from a few metres to tens of metres in diameter.

Figure 14.134 – Diagram of how groundwater can be contaminated by a source 
of pollution on or near a sinkhole

Figure 14.135 – Rubbish dump including several 
metals in a metalimestone terrain in Greater 

Curitiba (PR), posing a major threat of groundwater 
contamination

contaminants from reaching water courses 
(Figure 14.135).

• One advantage is that the soils derived 
from metalimestones are clayey, poorly 
permeable, highly chemically reactive and 
have a good capacity to immobilize and 
degrade pollutants. This means that where 
the soil is deep and at a good distance from 
water courses and sinkholes, the risk of 
groundwater being contaminated by surface 
sources of pollution is low. 

Any exploitation of the water and any 
installation of sources of contamination on 
metalimestone terrains should be preceded 
by detailed regional hydrogeological studies 
that should include geophysical surveys 
capable of detecting underground cavities. 

Tourism Potential 

The wide range of lithologies and the intense 
tectonic deformation the Proterozoic metasedimentary 
and volcanic metasedimentary sequences underwent 
means that several regions of Geosystem 5 have great 
potential for tourism. 

• The relief throughout most of the geosystem 
is mountainous, forming landscapes of great natural 
beauty (Figures 14.136 and 14.137).

• In the regions where there are limestone rocks, 
distinctive karst landscapes have formed (Figure 14.138), 
many containing a large number of magnificent caves 
(Figures 14.139 and 14.140) and rivers with crystalline 
waters (Figure 14.141).

• The different tectonic deformations 
and presence of interspersed rocks with 
different capacities to withstand chemical 
and physical weathering are propitious for 
the existence of many water courses in this 
geosystem, forming attractive rapids, water 
falls and natural pools (Figure 14.142).

Mineral Potential

The geological history of this geosystem 
makes it favourable for the prospecting of 
several mineral assets, including lead, silver, 
copper, iron, gold, manganese (Figures 
14.143 and 14.444), phosphate, barite 
and fluorite. Brazil’s most important iron, 
manganese and gold deposits are in these 
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Figure 14.136 – The fine, diversified mountainous relief underlain 
by the volcanic metasedimentary sequences of the Açungui group 

(Ribeira valley, PR): in the background, a succession of high quartzite 
crests with tourism potential that has not yet been fully harnessed. 

Figure 14.137 – Amolar mountain range, with its quartzite 
rocks, stands alone in the midst of the Pantanal (MS). The contrast 

between the mountains and the plain with its mirror of waters 
forms a landscape of outstanding beauty. 

Figure 14.138 – Mountainous relief of Betari valley (SP) underlain 
by sequences including metalimestones from the Açungui group.

Figure 14.139 – Gruta Azul (Bonito, MS), a cave formed in the 
metalimestone from the Corumbá group

Figure 14.140 – Splendid entrance to Morro Preto cave: the most 
ornate cave entrance in the world (Ribeira valley, SP).
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Figure 14.141 – Prata river: metalimestone terrains 
 in Jardim (MS)

Figure 14.142 – Waterfall in Perau  
(Ribeira valley, PR)

Figure 14.143 – Morraria do Urucum iron  
mine (MS)

Figure 14.144 – Iron-manganese formations from Urucum (MS)
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Figure 14.145 – Regions where there are greenstone belts comprising volcanic 
metasedimentary sequences 

Figure 14.147 – Quarry of marble known as “Bege Bahia” (Bahia 
Beige), outcome of the decalcification of the limestones from the 

Bambuí group with later redeposition.
Figure 14.146 – Quartzite quarry for use as flooring (Pico do 

Gavião mountains, São Thomé das Letras, MG)

terrains, including the mines from Quadrilátero Ferrífero 
(MG); Navio mountains (AP); Serra Pelada, Tapajós and 
Carajás (PA); and Crixás (GO), which are associated with 
a greenstone belt comprising volcanic metasedimentary 
rocks, with the differentiating feature that they include 
magnesium-rich basic and ultrabasic volcanic rocks 
(Figure 14.145).

Aside from metal minerals, this geosystem also 
has high potential for the prospecting of non-metal 

minerals. For instance, quartzites are exploited in several 
regions (Figure 14.146), and metasediments containing 
clay minerals are also mined for multiple purposes. 
Limestones are of particular interest for the manufacture 
of cement and lime, as ornamental rocks (Figure 14.147) 
and for soil improvement (Figure 14.148), to mention 
just a few uses. 

Mineral potential is an important factor to be taken 
into account when planning decisions are made. Mineral 

exploitation should be given precedence over 
land uses, with the exception of preservation, 
since mineral assets do not occur where one 
wants them to but where nature deposited 
them.

GRANITIC ROCKS (6)

Much of Brazil is underlain by granites 
(Figure 14.149) that derive from magma of 
very different compositions that crystallized 
during different geological eras and in widely 
varying tectonic environments. The granites 
in Brazil are therefore very varied and are 
categorised as pre-tectonic, syntectonic, late 
tectonic or post-tectonic depending on the 
time and tectonic environment in which they 
crystallized or were deformed.

Most of the outcrops of pre- and 
syntectonic granites are in the areas marked 
in Figure 14.150. They are intensely deformed 
and recrystallized and have a preferential 
orientation throughout the rock masses 
(Figure 14.152). The areas highlighted in 
Figure 14.151 are underlain by late tectonic 
and post-tectonic granites. The late tectonic 
granites can be identified by the fact that 
the grains are randomly oriented in the 
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Figure 14.148 – Quarry of dolomitic limestone from 
the Açungui group used for the manufacture of soil 

improvers (Greater Curitiba, PR) 

Figure 14.149 – Areas covered by Geosystem 6

Figure 14.150 – Areas with a predominance 
 of pre- and syntectonic granites

inner parts of the rock masses, but strongly 
oriented in the parts nearer the edge. The 
post-tectonic granites are not deformed and 
have randomly oriented grains, meaning 
they are isotropic throughout the rock 
masses (Figure 14.153).

Potentialities and Limitations

Independent of the tectonic environment 
in which they crystallized, all the granites 
share some common features that affect the 
potentialities and limitations of these terrains 
in terms of their occupation and use by man:

• Mineral composition with a high 
proportion of sodic or potassic feldspars 
(between 50% and 70%); quartz (20-30%); 
lower percentages of iron-manganese 
minerals, especially biotite and hornblende; 
and other accessory minerals in still smaller 
proportions.

• They contain a predominance of 
feldspar and quartz, both of which are 
moderately to highly resistant to physical 
and chemical weathering. 

• The residual soils derived from granite 
rocks have textures that can be clayey, silty 
or sandy. 

• The terrain underlain by granite is 
normally accentuated. 

Civil Construction

The main geotechnical implications 
of this geosystem when planning and 
undertaking civil construction activities are: 

• Soils formed from granites are highly 
erosive and are easily destabilized when 
exposed on excavation faces, especially when 
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Figure 14.151 – Area with a predominance of late 
and post-tectonic granites

Figure 14.152 – Deformed pre-tectonic granite with 
preferentially-oriented grains that is cut through by 

a randomly-oriented vein from a post-tectonic phase 
(lighter parts)

Figure 14.153 – Pre-tectonic granite with randomly-
oriented grains

Figures 14.154 and 14.155 – Erosion caused by the exposure of weakly 
developed soil from granite on an excavation face and in a landfill  

(Ribeira valley, SP).

they are weakly developed. In such cases, 
they should not be used for borrow material 
in civil construction work that does not 
involve waterproofing measures and could 
be exposed to heavy rainfall (Figures 14.154 
and 14.155). Erosive processes caused by 
the exposure of weakly developed granite 
soils along excavation faces and in landfills 
are a problem common to all the roads build 
on granite terrains. The eroded material 
tends to silt up water courses and consumes 
huge investments in constant maintenance 
work, which deepens the bed of the roads 
and increases the surface area exposed to 
erosion. When roads have to be built on 
granite terrains, deep excavations should 
be avoided and special care should be taken 
to channel rainwater. This is particularly 
important because once erosion processes 
take root in terrains with highly erodible 
materials like weakly developed granite soils, 
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Figure 14.156 – Granite boulders in 
the middle of the soil are a particular 

problem when these terrains are 
developed (Piedade, SP).

Figure 14.157 – Because of the way 
soils are formed from granite, there are 
often blocks and boulders interspersed 

in the soil in this geosystem  
(Piedade, SP).

Figure 14.158 – Example of what often happens in granite terrains, especially 
when the granite is post-tectonic

Figures 14.159 and 14.160 – Blocks and boulders easily roll downhill if they are exposed along excavation faces or on slopes with slightly 
higher gradients. For this reason, nothing should be built at the foot of these hillsides, as can be seen in the granite terrains of Ribeira valley (PR).

they tend to be exacerbated quickly if no prompt action 
is taken to mitigate them. 

• However, these weakly developed granite soils 
can be used in loam, especially when they still contain 
some feldspar crystals.

• The soils formed from granite, especially post-
tectonic (undeformed) granite, almost always contain 
blocks and boulders. These can appear randomly in 
isolation (Figure 14.156) or can be clustered together 
in large numbers (Figure 14.157). This means that the 

depth of the bedrock in such terrains can 
vary greatly from shallow to very deep 
over a horizontal distance of a few metres. 
This can hamper excavation, drilling and 
underground work and make it more 
costly, since the hard rocks will often have 
to be detonated to break them up. Also, 
if the foundation of a structure is partially 
supported by such blocks or boulders, there 
is the danger that they could shift in position 
and destabilize the whole structure (Figure 
14.158).

• The relief in granite terrains is usually 
accentuated and with concave slopes. These 
are naturally susceptible to major mass 
movements, which can include blocks and 
large boulders rolling downhill. For this 
reason, nothing should be built at the foot 
of these hillsides because of the high risk 
of a mass movement taking place without 
warning (Figures 14.159 and 14.60).

• Granitic rocks, especially late and 
post-tectonic granites, tend to be highly 
fractured (Figures 14.161 and 14.162), 
especially at the edges of the rock masses. 
Water percolates easily through these areas 
and blocks will break off from them along 
excavation faces. This means that any 
underground construction work should be 
handled with care, especially when potential 
sources of pollution are involved. 
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Figures 14.161 and 14.162 – Granites from Ribeira valley (PR): the spacing between the fractures varies from a few centimetres to hundreds 
of metres. Rainwater infiltrates into these cracks, where it is stored and gradually alters the granite, with blocks and boulders sometimes 

breaking off and mixing in with the soils.

Figure 14.163 – Pre-tectonic granite 
that is highly deformed and stretched in a 

preferential direction. This indicates that the 
granite crystallized or recrystallized under 

high temperatures and pressures.

Figure 14.164 – Gully running parallel to 
the foliation plane in a partially deformed 

granite in Greater Curitiba (PR). If rainwater 
runoff is parallel to the foliation plane in a 

deformed granite, the impact of the erosion 
can be as great as it is in sandy terrains.

Figure 14.165 – Post-tectonic granite 
with an isotropic texture, meaning that the 
grains are randomly oriented, which gives 

them good textural homogeneity both 
horizontally and vertically (Granito  

Galvão, ES).

• The high erodibility of the soils and the generally 
accentuated relief in granite terrains combine to make 
them more erosive and raise the likelihood of mass 
movements, some of which involving rockslides with 
blocks and large boulders.

• Pre-tectonic and syntectonic granites tend to 
contain a high proportion of mica minerals, and are 
deformed and stretched in a preferential orientation, 
especially at the edges of the rock masses (Figure 
14.163). These form areas that are very hydraulically and 
geomechanically anisotropic: the bands of preferentially-
oriented mica crystals form planar surfaces that assist 
the percolation of fluids, weathering processes, the 
destabilization of excavation faces and erosion processes, 
especially when the granite is partially altered (Figure 
14.164).

• One geotectonic advantage is that post-tectonic 
granites are isotropic (Figure 14.165), geomechanically 

and hydraulically homogeneous on a horizontal and 
vertical plane, have a good level of cohesion and a high 
bearing capacity. 

These features, along with the low primary porosity 
of granites in general, make post-tectonic granites the 
best ones for withstanding compression and physical and 
chemical weathering. This makes them excellent sources 
of crushed rock and foundation rock. 

Agriculture

In planning decisions involving the use of this 
geosystem for agriculture, it is important to bear in 
mind that:

• Independent of their tectonic origins, all granites 
form soils with a high clay content. The advantage of this 
is that the soils in all these terrains are highly porous and 
have a good chemical retention capacity. This means that 



255

GEODIVERSITY: POTENTIALITIES AND LIMITATIONS FOR DIFFERENT FORMS OF LAND USE  
AND OCCUPATION – Antonio Theodorovicz e Ângela Maria de Godoy Theodorovicz

Figure 14.166 – Soil developed from a post-tectonic granite from Ribeira valley 
(PR). It contains no iron-magnesium minerals, so its natural fertility is low.

Figure 14.167 – The lower portion of this slope is made up of a soil from Três 
Córregos granite (Ribeira valley, PR), which contains reasonable levels of iron-
magnesium minerals and is therefore more fertile than the soil shown in the 

previous figure. 

they retain nutrients and assimilate organic matter well 
when treated with fertilizers. They also have good water 
retention capacity, so they can store water for plants for 
a long time even during dry periods.

• The soils’ natural levels of fertility are variable 
(Figures 14.166 and 14.167). As these are feldspar-rich 
rocks, and the feldspar may be sodic or potassic, the 
soil may be rich in either sodium or potassium but poor 
in other elements. The soils’ fertility is greatly improved 
when the level of iron-manganese minerals increases. 
However, as these are secondary minerals, the soils tend 
to have low to moderate natural fertility. 

• Independent of their origin and composition, all 
granites release a lot of aluminium into their residual 
soils. As this is a low-mobility element, the residual soils 
tend to be acidic. The strongly-developed soils may 
contain excessively high aluminium levels which can be 
hard to counteract. 

• The natural erodibility of granite soils depends 
greatly on their degree of development. When the 
soil is weakly developed (Figure 14.164) it tends to be 
very prone to erosion, especially when formed from a 
granitoid with preferentially-oriented grains. When the 
soil is strongly developed, the erodibility varies from 

moderate to low. Meanwhile, induced 
erosion depends on how they are managed, 
because all soils that derive from granites, 
whether developed or not, no matter what 
their origin, contain a high proportion of 
clay. This means they can become very 
compacted and impermeable if they are 
often tilled using heavy machinery or trodden 
down by cattle. When these soils are subject 
to continuous, heavy loads, they tend to 
form a very hard, compacted, impermeable 
layer beneath the surface layer. When there 
is heavy rainfall, the upper layer slides over 
this lower, compacted layer. As the top layer 
is more porous and permeable, it tends to 
get waterlogged and is easily stripped off by 
sheet erosion. 

It can therefore be concluded that the 
erodibility and chemical composition of soils 
derived from granites depends greatly on the 
composition of the parent material and their 
degree of development. The advantage is 
that provided the soils are properly improved 
and handled and the relief is suitable, 
these terrains can be used for agriculture, 
especially for long-cycle crops such as fruits 
(Figure 14.168).

Water Resources and Sources of 
Pollution

Whenever there are plans to use the 
groundwater in this geosystem and/or any 
potential source of pollution is introduced, 
the following points should be taking into 
account.

• Granites have low primary permeability 
and porosity, but may have high secondary 
permeability or porosity because of open 
faults or fractures (Figures 14.161 and 
14.162) which are normally of different 
densities. This allows for the formation of 
fissured aquifers (Figure 14.129), although 
the availability of groundwater in them tends 
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Figure 14.169 – Example of how pollutants can infiltrate into areas 
where the granite soil is shallow and there are outcrops of granite. 

Figure 14.170 – In the background, a mountainous relief underlain 
by Graciosa granite (Greater Curitiba, PR).

Figure 14.171 – The effect of differential erosion in granites 
sometimes results in eye-catching natural sculptures, such as  
Dedo-de-Deus peak in Órgãos mountain range (Guapimirim,  

Teresópolis, RJ).

to be very unreliable, depending on the climate, the 
existence and density of any open faults or fractures, 
whether these are interconnected and whether the well 
penetrates them. This means that even in rainy areas, one 
well may have a good flow rate while another beside it 
may be dry. Late and post-tectonic granites are the ones 
that are most likely to contain open fractures, especially 
at the edges of the rock masses (Figure 14.161).

• Given the good potential for groundwater storage 
in faults and fractures, it is common in granite terrains, 
especially those with an accentuated relief where there 
is heavy rainfall for part of the year, for there to be many 
springs that keep up a good flow rate the whole year 
round. These terrains therefore provide a good flow of 
surface water and are important for maintaining the 
regularity of the flow of water courses. 

• The vulnerability of this geosystem to groundwater 
contamination varies from low to very high depending on 
the thickness of the soil cover. Soils formed from granites 
have a high clay content, which makes them poorly 
permeable and gives them a good capacity to retain and 

Figure 14.168 – In Ribeira valley (PR) the granite terrains are widely 
used for citric fruit cultivation

degrade pollutants. This means that wherever the soil 
is thick and strongly developed, the vulnerability is low. 
However, if the soil is shallow or only weakly developed 
or there are granite outcrops, the vulnerability is very 
high. Pollutants can infiltrate into the rock through its 
faults and fractures and quickly reach the groundwater 
without being degraded (Figure 14.169).

Tourism Potential

As granites are made up of minerals that are 
moderately to highly resistant to physical and chemical 
weathering, the terrains they underlie usually form the 
most mountainous reliefs in any given region, many of 
which are of great natural beauty (Figures 14.170 and 
14.171). There also tend to be a wealth of water courses 
flowing over the bedrock or in between blocks and 
boulders, forming attractive rapids, waterfalls and natural 
pools (Figures 14.172, 14.173 and 14.174). Also, the 
particular way they alter can lead to the formation of eye-
catching natural sculptures (Figures 14.171 and 14.175).
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Figures 14.172 and 14.173 – When rivers flow through granite terrains, they 
often form fine rapids such as this section of Ribeira de Iguape river flowing over 

Três Córregos granite (Ribeira valley, PR).

Figure 14.174 – Itaóca granite (Ribeira valley, SP).

Figure 14.175 – Pedra do Elefante (Granito  
Piedade, SP).

Mineral Potential 

The magmatic activity that formed Brazil’s many 
different granites was of great importance to the country 
because:

• They are outstanding sources of different kinds of 
ornamental rocks (Figures 14.176 and 14.177), crushed 
stone and building stone.

• The soils formed from partially altered granites 
are widely used for loam.

• In the Amazon, there are many occurrences of 
granites with cassiterite (tin), columbite-tantalite and 
topaz and rare metals (Zr, Nb, Ta, Y, REE).

• When the granites were formed, the magmatic 
activity was accompanied by hydrothermal fluids bearing 

different metals, particularly copper and gold. Many of 
these fluids themselves turned into pegmatites, which 
are major sources of feldspar, kaolin and quartz. There 
are also pegmatites with micas, beryl, lithium, tantalum 
and columbite minerals and different gemstones. 

MIGMATITIC GNEISSES (7)

These rocks form the substrate in many parts of 
Brazil (Figure 14.178). They are the products of very 
old rocks that underwent the effects of several periods 
of tectonic activity involving high temperatures and 
pressures. Over their evolutionary history, these rocks 
melted and remelted, were penetrated by younger 
magma (Figures 14.179, 14.180 and 14.181) and 

underwent major ductile deformation (in a 
sub-solid state). As a result, they are made up 
of a mixture of lithologies of widely varying 
ages, origins and physical, chemical and 
textural properties (Figures 14.179, 14.180 
and 14.181). In Brazil, there are some 
migmatitic gneisses that are the outcome 
of the total or partial melting of old igneous 
rocks, and there are others that derive from 
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Figures 14.176 and 14.177 – Granite being quarried for use as an 
ornamental rock and building stone (Greater Curitiba, PR).

Figure 14.178 – Terrains underlain by migmatitic gneisses (Geosystem 7)

the melting of old sedimentary or volcanic sedimentary 
sequences. This gives Geosystem 7 some quite particular 
features in terms of its limitations and potentialities for 
use and occupation by man.

Potentialities and Limitations

Civil Construction

The most important geotechnical features of the 
whole of this geosystem underlain by migmatitic gneisses 
are as follows:

• These rocks are mechanically and hydraulically 
anisotropic, both laterally and vertically. The characteristics 
of the substrates, soils and reliefs of the terrains in this 
geosystem vary widely from one region to another and 
often from one location to another (Figures 14.179, 
14.180 and 14.181).

• The rocks are normally highly tectonically deformed, 
which means they contain many geomechanical and 
hydraulic discontinuities represented by fault planes, 
fractures, lithological differences, deformations of the 
bands, or even the existence of bands with different 
concentrations of strongly-oriented micas (biotite). These 
discontinuities allow water to infiltrate the rock and 
also make them liable to have blocks break off along 
excavation faces (Figure 14.182).

• These rocks withstand weathering differently. 
When the residual soil from these rocks is only weakly 

developed, it often contains pieces of 
rocks at different states of alteration. This 
makes erosion faces more likely to become 
unstable, while any area of where there is 
concentrated rainfall on these soils is prone 
to major erosion processes (Figures 14.183, 
14.184, 14.185 and 14.186).

• These rocks sometimes contain 
bands of minerals which, at the beginning 
of the alteration process, form expansive 
clay minerals: clays that swell and shrink 
according to the level of moisture in the soil. 
This makes these soils highly erosive and very 
problematic for any underground structures, 
as changes in the weather conditions will 
cause the soil to shrink or swell and damage 
these structures. 

• The depth of the bedrock in migmatitic 
gneiss terrains can vary from shallow to 
very deep over short horizontal distances. 
Even where the soil is deep, there is a high 
likelihood of its containing scattered blocks or 
boulders of bedrock (Figure 14.185), which 
hamper and raise the cost of excavation work 
and underground civil construction. 

• The soil formed from migmatitic 
gneisses contains a high clay content, 
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Figures 14.179, 14.180 and 14.181 – Examples of migmatitic gneisses: the darker sections are rich in strongly-oriented sheet minerals, 
generally biotite, and are vestiges of older rocks that were subsequently melted; the lighter parts are the younger quartz and feldspar, which 

derive from the granitic fluids formed during the melting process. This difference means that these rocks alter differentially and have very 
varied geomechanical properties (Ribeira valley, SP).

Figure 14.182 – Excavation face for Régis Bittencourt highway (SP) underlain  
by gneiss with two prominent planar surfaces where the rock is liable to break  

off in blocks

Figure 14.183 – Erosion caused by the exposure of 
migmatitic gneises that have been partially altered, 
forming soils that have the same mineral structure 

or contain expansive clay minerals (Régis Bittencourt 
highway, Greater Curitiba, PR).

making it only slightly permeable, moderately plastic and 
with a good compaction capacity. However, clayey soil 
also gets very sticky when wet and is easily suspended 
when dry, forming a lot of dust. 

• As migmatitic gneisses are so tectonically deformed 
and their soils are poorly permeable, this geosystem tends 
to contain very accentuated reliefs (Figures 14.187 and 

14.188) that are generally incised by a high density 
drainage network. This makes them naturally susceptible 
to mass movements and water erosion, rapid surface 
runoff, and the formation of floodwaters with the 
potential to destroy man-made structures. 

When soils formed from migmatitic gneisses are 
strongly developed, they are sometimes collapsible, 
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Figure 14.184 – If rainwater runs off parallel to the 
foliation planes of altered migmatitic gneisses, the erosion 

processes may be as great as those that occur on sandy 
soils, as seen in this area of Greater  

Curitiba (PR).

Figure 14.186 – Landslide down an excavation face in a migmatitic 
gneiss terrain: a common problem in this geosystem  

(Bocaiúva do Sul, PR).

Figure 14.185 – The characteristic residual soil derived from 
migmatitic rocks, containing blocks and boulders of bedrock, 
is common in this geosystem. It should not be exposed along 

excavation faces, and if any buildings are to be constructed, care 
should be taken to ensure that the foundations do not stand 

on these blocks and boulders as they could shift in position and 
destabilize the building. 

Figure 14.187 – One of the relief forms that is common in this 
geosystem: concave slopes are more prone to erosion and mass 

movements, since they tend to concentrate the energy of surface 
and ground water.

meaning that when they are infiltrated by fluids under 
stress their structure may suddenly alter, resulting in a 
loss of bearing capacity. Structures built on them will 
be liable to cracking and other serious structural faults. 

In view of the features set out above, before 
any construction work is done in this geosystem, 
detailed geotechnical studies should be undertaken in 
conjunction with sampling campaigns in a fine grid at 
different depths. Geotechnical tests at random points 
will not be representative of conditions on the horizontal 
or vertical plane. 

When the land is being organized for development 
purposes, it should not be split into regular, square-
shaped plots separated by roads. Rather, the roads 
should follow the contour lines so that deep excavations 
are not required that would channel the energy of the 
rainwater and strip off the protective topsoil, despite its 
being less erosive, exposing the lower horizons. 
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Figure 14.188 – Erosion scars induced by deforestation and cattle trampling 
the residual soil formed from migmatitic gneisses: this is a big problem in areas 
turned over to pasture, especially where these rocks underlie accentuated reliefs. 
Areas of erosion like these are the source of a large quantity of debris, which can 
silt up water courses completely. Also, in areas with such high gradients as these, 
cattle tend to move parallel to the contour lines. As these are very close together, 
much of the land is turned into highly compacted, impermeable cattle paths. The 
rainwater is unable to penetrate the soil in these areas and runs off in floodwaters 

with high erosion potential. Areas like this should be fenced off to allow  
the vegetation to grow back. 

Figure 14.189 – Erosion scars caused by the continuous use of 
heavy machinery on clay formed from migmatites (Greater  

Curitiba, PR).

Agriculture

The main features that affect the agricultural 
potential of this geosystem are:

• The residual soils in this geosystem have a high 
clay content. The advantage of this is that they are only 
slightly permeable and highly porous, which makes them 
good for retaining elements: when they are treated with 
fertilizer, they retain the nutrients and assimilate the 
organic matter well. They also have a good water storage 
capacity, making water available for plants for a long time 
even during dry periods. However, when clayey soils are 
subject to continuous, heavy loads, they tend to become 
compacted and impermeable (Figure 14.189); when 
they dry out they get very hard and quite impermeable, 
severely limiting the effectiveness of sprinkler irrigation.

• The erodibility of the soils can vary from low to 
high depending on how developed they are and how 
they are managed. The strongly developed soils are 
naturally resistant to erosion, while the weakly developed 
soils are highly erosive. However, regardless of how 
developed they are, all the soils become highly erosive if 
they are constantly worked with heavy machinery (Figure 
14.189) or trodden down by cattle. In these situations, 
they become compacted and impermeable and can be 
as erosive as a sandy soil. 

• These rocks alter differentially, which means that 
the residual soils may have very different physical and 

chemical properties, especially when they 
are weakly developed (Figure 14.190); the 
arability of the soil is also very variable for 
this reason.

• Migmatitic gneisses are rich in 
minerals that release aluminium when they 
are weathered. This means that the soils may 
contain very high levels of this element that 
is toxic to plants, especially when they are 
strongly developed. 

Overall, the influence of migmatitic 
gneisses on the agricultural potential of this 
geosystem is more positive than negative. 
Provided the relief is suitable and the soils 
are properly managed, these terrains can be 
useful for agriculture.

Water Resources and Sources of 
Pollution

Whenever the groundwater is to be 
exploited and/or any potential source of 
pollution is introduced to this geosystem, 
the following points should be taking into 
account:

• Rainwater infiltrates migmatitic 
gneisses through its faults, fractures and 

other structural discontinuities, where it is stored. These 
form fissured aquifers (Figure 14.129) that have an 
unreliable storage and circulation capacity, depending 
on the local climate, whether there is a dense lattice 
of open faults and fractures and whether these are 
interconnected. Even in areas with high rainfall, one well 
may have a good flow rate while another beside it may be 
dry. Something worth noting is that the partially altered 
material from migmatitic gneisses can sometimes form 
good surface aquifers as it has a good water storage and 
circulation capacity. 
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Figure 14.190 – Residual soil derived from a para-migmatite, formed by the 
partial melting of a volcanic sedimentary sequence. The colours are different 

because of the different compositions of the materials in this kind of migmatite. 
The physical and chemical properties of each of these materials are quite diverse, 

which makes the arability of the soils very variable from one area to the next, 
ranging from very good to very poor. The reddish bands are rich in ferromagnesian 
minerals, which release many nutrients; the whitish bands are granites, which are 

poor in nutrients; the yellowish bands are calcium silicates, which release large 
quantities of calcium. 

Figure 14.191 – Given the low primary permeability of migmatitic gneisses, 
the poor permeability of the residual soils and the intense tectonic deformation 
they were subject to, the relief in most of the terrains underlain by them is very 

accentuated, generally mountainous, as seen in this landscape from Ribeira valley 
(SP). Even where the relief is more subdued, the terrains still have high density 

drainage channels. 

• The primary permeability of these rocks is low 
and they form soils with a high clay content which 
are also poorly permeable. This means that overall 
this geosystem has low permeability. As a result, the 
terrains are highly accentuated and normally incised 

by high-density drainage channels (Figure 14.191) and 
fast-flowing runoff. When it rains, little water infiltrates 
into the subsoil layers; most runs off quickly into the 
drainage channels, forming floodwaters with high 
erosion potential. These environments are therefore not 

good for recharging groundwaters. They 
contain few springs and the streamflow 
of water courses varies greatly according 
to the weather: the flow rate rises sharply 
when it rains, but when the rain ceases 
the streamflow drops quickly, too. For this 
reason, special care should be taken not to 
pave these areas excessively or cut down 
the trees and vegetation as the plant cover 
is extremely important for retaining the 
rainwater, improving the infiltration capacity 
and minimizing the problems associated 
with rapid surface runoff. 

• The vulnerability of the groundwaters 
to contamination varies from low to high. 
Wherever the soil is deep, the risk is low since 
the residual soils in this area have a high clay 
content and are therefore poorly permeable 
and also have a good capacity to immobilize 
and degrade pollutants. However, wherever 
the soil is shallow or the bedrock is exposed, 
there is a high risk of contamination: 
pollutants can percolate through the many 
faults and fractures these rocks tend to 
contain and reach the groundwater quickly 
without being degraded. 

Tourism Potential
As migmatitic gneisses alter in very 

different ways in virtue of the intense tectonic 
deformation they underwent, the landscapes 
in this geosystem are very varied and often 
very beautiful. These include the whole of the 
Brazilian coastline where there are spectacular 
relief forms, and many rivers flowing over the 
bedrock forming fine rapids, waterfalls and 
natural pools (Figures 14.192 and 14.193).

Mineral Potential 

The melting processes that formed these 
migmatitic gneisses and their subsequent 
erosion throughout their historical evolution 
have tended to disperse rather than 
concentrate metals in the rock masses. These 
terrains therefore have low metallogenic 
potential. 

As for their non-metal potential, some of 
the rocks have physical and chemical properties 
that make them suitable for aggregates, 
building stone and ornamental rocks. 
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Figure 14.193 – Fast-flowing rapids associated with the migmatitic gneiss  
terrains of Ribeira valley (SP).

Figure 14.192 – Most of the spectacular landscape of Rio de Janeiro and the fine 
mountainous relief along the coast of Brazil is underlain by migmatitic gneisses. 

In Rio de Janeiro, Sugar Loaf and Corcovado are underlain by para-gneisses, 
formed from the partial melting of very old sedimentary or volcanic sedimentary 

sequences, which turned into magma that then crystallized and formed gneiss. As 
these gneisses withstand weathering better than the neighbouring rocks, they are 
better preserved. It is this differential erodibility that is behind the formation of this 

fine scenery. 
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