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Methodological proposal for characterization of marine geodiversity
in the South Atlantic: Vitoria-Trindade Ridge and adjacent areas,
Southeast of Brazil

Maria Adelaide Mansini Maia® *; Jodo Wagner de Alencar Castro”

ABSTRACT

Knowledge of marine geodiversity aids in the understanding of geological processes that operate in the marine domain. These
processes are responsible for the creation of landscapes, interference in ocean current patterns and sediment deposition, forma-
tion of mineral deposits, triggering of geological hazards and biodiversity development, among other aspects. Marine geodi-
versity surveys enable an integrated perspective of the dynamics and geological processes occurring in the continental margins
and sea basins. They can provide essential information regarding the suitability and limitations of this region during considera-
tions of numerous possibilities for use.

This study was aimed at developing a regional-scale model for characterizing marine geodiversity in the Vitéria—Trindade
Volcanic Seamount Ridge and its adjacent marine areas in the South Atlantic off the coast of southeastern Brazil. The adopted
methodology involved defining marine geodiversity compartments in a geographic information system environment by inte-
grating and analyzing spatial variables obtained from bathymetric, geological, and geophysical data as well as by using infor-
mation available from the literature, government databases, and research institutions. Five representative aspects of geodiver-
sity in the study area were defined, namely, scientific, environmental, economic, academic, and geotouristic characteristics.
From this analysis, 13 key areas with peculiar aspects of geodiversity, geoheritage, and potential use were selected for further
analyses. For the selected areas, records of scientific and educational interest about the geological history of the opening of the
South Atlantic Ocean and formation of the Brazilian continental margin were reviewed and potential areas of use aimed at
geotourism and mineral exploration were examined. Restrictions on use related to geologic hazards and anthropogenic actions
as well as the legal, technological, and financial aspects arising from the occupation of these spaces were discussed.

The information obtained aims to support the actions of the Brazilian government for marine spatial planning with regard to
the exploitation of resources and geoconservation of the unique aspects of the geological history of Brazil and the most suscep-
tible habitats. This work also serves as an orientation framework for future surveys of geodiversity in other marine regions.

Keywords: Geoheritage, Marine landscapes, Geographic information system, Land management, Brazilian Exclusive Eco-
nomic Zone.
RESUMO

Proposta Metodologica para caracterizacdo da geodiversidade marinha no Atldntico Sul: Cadeia Vitoria-Trindade e dareas
adjacentes, sudeste do Brasil.

O conhecimento de geodiversidade marinha torna possivel a compreensdo dos processos geologicos que atuam no dominio
marinho, responsdveis por gerar paisagens, interferir nos padroes de circula¢do das correntes ocednicas e da deposi¢cdo
sedimentar, formar depdsitos minerais, desencadear fenomenos causadores do risco geologico e subsidiar ao desenvolvimento
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da biodiversidade, dentre outros aspectos. Levantamentos da geodiversidade marinha possibilitam uma visdo integrada das
dinamicas e processos geoldogicos ocorrentes nas margens continentais e bacias ocednicas, podendo oferecer informagoes
fundamentais quanto as adequagoes e limita¢oes desse meio perante as multiplas possibilidades de uso. O presente trabalho
teve como objetivo desenvolver um modelo, em escala regional, para caracterizagdo da geodiversidade marinha, tendo como
drea-piloto a Cadeia de Montes Vulcanicos Submarinos de Vitoria—Trindade e dreas adjacentes, situada no Atlantico Sul,
sudeste do Brasil. A metodologia adotada compreendeu a defini¢do de compartimentos da geodiversidade marinha, em
ambiente de sistema de informag¢do geogrdfica, através da integragdo e andlise de varidveis espaciais resultantes de dados
batimétricos, geologicos, geofisicos e de uso e ocupagdo, disponiveis na literatura e em bancos de dados governamentais e de
instituicdo de pesquisas. Foram definidos 5 compartimentos representativos da geodiversidade da drea de estudo, os quais
foram atribuidos valores cientificos, ambientais, econoémicos, educativos e geoturisticos. Dessa andlise, resultou a seleg¢do de
13 dreas-chaves representativas de aspectos peculiares da geodiversidade marinha e do patriménio geoldgico e potencial de
uso a elas associado. As dreas selecionadas incluem registros de interesse cientifico e educativo sobre a historia geologica da
abertura do Oceano Atlantico Sul e formagdo da Margem Continental Brasileira, areas potenciais de uso voltadas ao geo-
turismo e aproveitamento mineral. Foram abordadas restri¢ées ao uso relacionado ao risco geoldgico, agdes antrdpicas;
aspectos legais, tecnoldgicos e financeiros decorrentes da ocupagdo desses espacos. As informagoes obtidas visam subsidiar
as agoes governamentais brasileiras para o ordenamento do territorio marinho quanto ao aproveitamento de seus recursos e
geoconservagdo dos aspectos singulares da historia geoldgica brasileira e dos habitats mais suscetiveis. Constitui dessa
forma um orientativo para futuros levantamentos da geodiversidade em regioes marinhas.

Palavras-chaves: Patrimonio geologico, Paisagens marinhas, Sistema de Informag¢do Geogrdfica, Planejamento territorial,
Zona Economica Exclusiva Brasileira.

1. Introduction
1.1. Framework

The term “geodiversity” emerged in the 1990s as a
counterpart to “biodiversity,” and it defines the abiotic
component of nature (Gray, 2004, 2008). Over the fol-
lowing years, the concept of geodiversity has been in-
creasingly used, which has helped it to take on the same
importance as the concept of biodiversity. However, in
the marine realm, there have been few studies related to
geoheritage and geoconservation. Relevant research to
date has been restricted to coastal areas and submerged
portions of oceanic islands and the adjacent seafloor
(Nunes et al., 2007; Felton, 2010; Booth & Brayson,
2011; Kaskela et al., 2012; Lima et al., 2014).

The term marine geodiversity refers to the abiotic vari-
ety of nature in the seabed; this abiotic variety is a re-
sult of geological processes such as tectonism, mag-
matic volcanism, sedimentary deposition, and modifica-
tion by marine geomorphological processes.

Studies on geodiversity focusing directly on the seabed
are relatively recent; such studies have been conducted
in the Baltic Sea, Gulf of Finland, and in seas off the
United Kingdom. In general, such studies are intended
to document relationships between biodiversity and
geodiversity and to identify areas where both marine
biotic and abiotic aspects have to be protected (Rovere
et al., 2010; Gordon & Barron, 2011; Burek et al.,
2012; Brooks et al., 2012).

1.1.1. Geodiversity approach in the Brazilian territory

In Brazil, the application of the concepts of geodiversity
and geoheritage and the corresponding methodology is

in the consolidation phase. Studies that have been con-
ducted in this region have focused on the physical envi-
ronment of the continental, coastal, and island portions
in order to promote territorial management policies by
government agencies and support the work of research
institutions and researchers dedicated to geoheritage,
geoconservation, and geotourism issues (Schmitt &
Mansur, 2001; Nascimento et al., 2008; Mansur & Car-
valho, 2011).

The most relevant initiatives are as follows:

* registration of geological sites at the worldwide
level by the Brazilian Commission on Geological
and Palaeobiological Sites (Comissdo Brasileira dos
Sitios Geologicos e Paleobiologicos—SIGEP) (sigep.
cprm.gov.br);

* Geological Paths Project of Rio de Janeiro State
(Projeto Caminhos Geologicos), which works for
the promotion and preservation of geoheritage
through educational signboards (www.caminhos
geologicos.rj.gov.br);

* Geological and Paleontological Site Project of
Parana State (Projeto Sitio Geologico e Paleon-
tologico do Parand) (Www.mineropar.pr.gov.br);

* Geological Monuments Project of Sdo Paulo State
(Projeto Monumentos Geologicos do Estado de Sao
Paulo) (www.igeo logico.sp.gov.br);

» Geoparks Project (Projeto Geoparques), which is
conducted by the Geological Survey of Brazil
(Servigo Geologico do Brasil/Companhia de Pes-
quisa de Recursos Minerais—CPRM) and aims to de-
scribe and identify areas with potential for future
geoparks in the Brazilian territory (www.cprm.gov.
br); and
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* Geodiversity Surveying Program (Programa de Le-
vantamento da Geodiversidade), which is conducted
by the CPRM in all Brazilian states and border areas
(Www.cprm.gov.br).

In Brazil, Maia et al. (2012) were the first to propose an
approach based on the “marine geodiversity” theme. In
their work, a preliminary view of the physiographic
subdivisions and the geological characteristics of the
Vitéria—Trindade Volcanic Seamount Ridge and its ad-
jacent region were presented. In a study on the geocon-
servation of Trindade Island, Pires ef al. (2013) stressed
the importance of the island and its significant heritage
value because of the rarity of the rocks and volcanic-
magmatic structures present there.

1.2. Objective

This study aims to characterize the marine geodiversity
in the Vitoria - Trindade Ridge and adjacent marine ar-
eas at a regional scale (1:2,500,000) by means of geo-
processing techniques made possible by a Geographic
Information System (GIS). Key areas with aspects rele-
vant to geodiversity are first identified, and then analy-
ses of the main geoheritage aspects and their potential
for use are presented.

2. Study area
2.1. Location

The study area extends to about 740,000 km?, and it
covers the Vitdria - Trindade Ridge and other physi-
ographic features in the 200 nautical miles of the Bra-
zilian Exclusive Economic Zone (EEZ) and an area
proposed by the Brazilian government for the expansion
of the Brazilian Legal Continental Shelf Brazilian. The
Vitéria - Trindade Ridge is located in the South Atlantic
between the latitudes of 20° 29" —20° 32’ S and the lon-
gitudes of 29° 17" —29° 21" W; it lies along the coast of
Espirito Santo State, Brazil (Figure 1).

2.2. Vitéria—Trindade Ridge

The Vitdria - Trindade Ridge consists of approximately
30 seamounts and submarine banks (Besnard bank,
Champlain seamount, Vitéria seamount, Congress bank,
Montague seamount, Jaseur seamount, Colimbia bank,
Davis bank, Dogaressa bank, Columbia sea-mount, and
other unnamed elevations) that are morphologically
recognized as volcanic buildings, and at least 17 are
submerged volcanoes with heights exceeding 2,500 m
(Motoky et al., 2012). The outcropping portion is lo-
cated at the western end of the ridge about 600 m above
sea level; this area corresponds to Trindade Island
(10.2 km?) and the Martin Vaz Archipelago (0.3 km?).

Some studies indicate that the origin of the Vitéria -
Trindade Ridge was associated with Cenozoic tec-

tonomagmatic activities that occurred during South
American plate displacement under the action of a man-
tle plume that is currently located under Trindade Island
and the Martin Vaz Archipelago (Thomaz Filho & Rod-
rigues, 1999; Skolotnev et al, 2011). Alves et al
(2006) relates the Vitoria - Trindade Ridge origin to the
Vitéria—Trindade Fracture Zone, through which magma
from the mantle might have ascended to the surface.

3. Methodological proposal

The Brazilian Continental Margin (BCM) and adjacent
areas have been surveyed by the Brazilian Government
for the purpose of extending maritime legal domains.
The existing studies are generally on a regional scale
and pertain to a specific theme, mainly related to the oil
industry in the areas of marginal sedimentary basins.
Hence, little is known about the Brazilian Ocean Basins
(BOB).

In the absence of systematic information on the physi-
cal environment in the study area, a proposal was made
to construct a regional-scale marine geodiversity char-
acterization model through bibliographic compilations
and integration of environmental, bathymetric, geologi-
cal, and geophysical data including data used in GISs.
In order to exemplify the geodiversity of the study area,
which ranges from shallow portions of the BCM to the
ultra-deep water regions of the BOB, key areas that rep-
resent this geodiversity, geoheritage, and associated po-
tential use were evaluated.

This work proposal was divided into five main stages,
as shown in Figure 2, and the stages were as follows:
(1) literature review and general data acquisition; (2)
organization of data in the GIS; (3) generation of prod-
ucts and auxiliary analyses; (4) definition of marine
geodiversity compartments; and (5) valuation of geodi-
versity and selection of key areas.

3.1. Literature review and data acquisition

Databases from government and research institutions as
well as information available on the internet were con-
sulted (see Supporting Information). The acquired data
were derived from the main survey programs already
carried out by the Brazilian Government in the Brazil-
ian Legal Continental Shelf area over the last 40 years;
these programs included REMAC (Reconhecimento
Global da Margem Continental Brasileira [Global
Recognition of Brazilian Continental Margin]), LE-
PLAC (Plano de Levantamento da Plataforma Conti-
nental Brasileira [Surveying Plan of the Brazilian Con-
tinental Shelf]), and REMPLAC (Programa de Avalia-
¢do da Potencialidade Mineral da Plataforma Conti-
nental Juridica Brasileira [Program for Evaluating the
Mineral Potential of the Brazilian Legal Continental
Shelf]).
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Figure 1 - Location of the study area. The names of locations are from Undersea Feature Names Gazetteer and Nautical
Charts of the Directorate of Hydrography and Navigation (DHN), Brazil.

Figura 1 - Localizagdo da drea de estudo. Toponimos retirados das Cartas ndauticas da Diretoria de Hidrologia e Nave-

gagdo (DHN).

3.2. Organization of data in the GIS

Since data from various sources and corresponding to
different acquisition dates, formats, scales, and carto-
graphic projections were used, systematization of data
procedures became necessary for the subsequent orga-
nization of the information in the GIS. The GIS organi-
zation and other functions were performed using ESRI
ArcDesktop GIS (ArcMap, ArcScene, 3D Analyst
Tools, Data Management Tools, Spatial Analyst) and
Global Mapper (Version 12) programs.

The map projection used was the Geographic Coordi-
nate Projections System and Universal Transverse Mer-
cator (World Geodesic System 1984-WGS84 datum),

which has a central meridian with a source latitude of
0° and a source longitude origin of 33°W corresponding
to Greenwich. The 1:2,500,000 scale was chosen for
data integration since it allows for the analysis of the
information within the GEBCO_08 data spatial resolu-
tion (see Supporting Information).

3.3. Generation of products and auxiliary analyses

In the GIS environment, geoprocessing techniques were
applied and spatial data analysis was performed (e.g.,
information overlays, classifications, topological re-
search, data interpolations via ArcGIS/Spatial Analyst
Tools) on the acquired information to generate auxiliary
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Figure 2 - Methodological procedure adopted in drawing up the sea geodiversity characterization model of the study
area. Procedure stages: 1) bibliographic consultation and data acquisition (blue); 2) data organization in the geo-
graphic information system (GIS) (gray); 3) generation of products and auxiliary analyses (yellow); 4) definition
of sea geodiversity compartments (green); and 5) valuation of geodiversity and selection of key areas (brown).

Figura 2 - Procedimento metodoldgico adotados na elaborag¢do do modelo para caracteriza¢do da geodiversidade
marinha da drea de estudo. Etapas do procedimento: 1) consulta bibliogrdfica e aquisi¢do de dados (azul); 2)
organizagdo dos dados em SIG (cinza); 3) geracdo de produtos e andlises auxiliares (amarelo); 4) defini¢do dos
compartimentos da geodiversidade marinha (verde); e 5) valorag¢do da geodiversidade e sele¢do das areas-chaves

(sépia).

thematic products that could be used to define geodi-
versity compartments such as those shown in Figure 2d):

Numerical Terrain Model (NTM): Obtained from the
continuous surfaces of interpolated depth data from
the GEBCO_08 Atlas. This model made it possible
to obtain observations of seabed topography and
other relief features associated with it.

The composition and distribution pattern of sedi-
ments and outcropping seabed materials: Owing to
the absence of a regular sampling grid covering the
entire area of study, a decision was made not to use
traditional statistical analysis techniques for charac-
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terizing sedimentary deposits (e.g., measures of cen-
tral tendency, measures of dispersion). However,
analyses of the relationships between the character-
istics of the elements on the seabed (composition
and granulometry) and the sampling depths allowed
us to establish meaningful information regarding the
distribution pattern of surface sedimentary deposits.

Identification of marine landforms and marine geo-
logical structures: These landforms and structures
were identified through bibliographic consultation
and interpretative analyses of NTM products and
available seismic profiles.
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3.4. Definition of marine geodiversity compartments

Geodiversity compartments were used in this study to
identify the geological environments and landscapes
that constitute marine surfaces resulting from geologi-
cal and geomorphological processes.

The compartments of marine geodiversity were defined
according to geomorphological aspects (positioning in
relation to marine physiographic region), geological
(geologic age, geological environment and type of sub-
strate) and marine landforms (underwater relief and
oceanic geological structures). Criteria and parameters
are shown in Table 1.

The physiographic regions were defined based on the
physiographic provinces proposed by Franga (1979)
and Palma et al. (2008) for the Brazilian Atlantic mar-

gin. The regions were delimited through geomor-
phological interpretation techniques based on the analy-
sis of visual morphology (shape, texture, and rough-
ness) and morphometric (depth, slope, and amplitude)
aspects through NTM data. Note that such limits reflect
exclusively the geomorphological features of the terrain
and may not match the legal limits established by the
United Nations Convention on the Law of the Sea —
UNCLOS.

3.5. Valuation of geodiversity and selection of key
areas

According to Brilha (2005), geoheritage is related to
geodiversity elements (minerals, rocks, soils, fossils,
and geoforms) and outcropping resulting from either
natural geodiversity processes or human intervention.

Table 1 - Features and parameters used to define marine geodiversity compartments in the study area.

Tabela 1 - Caracteristicas e pardmetros utilizados na defini¢do dos compartimentos da geodiversidade marinha da drea de

estudo.
GEOMORPHOLOGICAL AS- GEOLOGICAL ASPECTS MARINE LAND-
PECTS FORMS
Marine Physiographic Region Geologic Geological Envi- Types of Substrate | Underwater relief and
Age ronment Oceanic Geological
Structures
Continental Shelf of Espirito | Mesozoic Shallow water ma- | Biochemical Or- Biogenic
Santo (252 j[O‘ rine (up to 400 m ganic « Complexes reefs
* Depth between 60 and 80 m 66 million deep) * Organic  carbonate
«Flat surface with mild slopes | Y&ars ago) sediments  (algae
(<0.3°) and corals) Erosive/Depositional
Continental Slope of Espirito Deepwater marine * Pelagic deposits « Buried channel (pa-
. (carbonate vases) p
Santo Cenozoic (between 401 and ) . . leochannel)
i * Bioclastic deposits
*Depth  between 60-80 and | (66 million | 1,500 m deep) * Submarine bank
3,200 m years ago « Canyons and incision

* Uneven surface with mild to
moderate slopes (3° to 25°)

Continental Rise of Espirito
Santo

* Depth: 3,200 to 4,800 m

* Uneven surface with smooth to
steep slopes (2° to 14°). Locally
upgraded forms of steep slopes.

to present)

Ultra-deep  waters
marine (more than
1,500 m deep)

Volcanic/Magmatic

* Eruptions and
Brazilian Abyssal Plain strokes  associated
* Depth: 4,800 to 5,300 m with submarine vol-
* Flat surfaces with mild slopes canoes

* Volcanic  strokes

(0.2° to 5°). Locally upgraded
forms of moderate to steep
slopes.

South Atlantic Mid-oceanic
Ridge (West Flank)

* Depth: >5,300 m

* Uneven surfaces with moderate
to steep slopes (7° to 25°). Lo-
cally upgraded forms of steep
slopes.

associated with the
magma ascent zone
of the mid-oceanic
ridge

Detritus

e Gravitational flow
deposits and mass
movement

* Turbidity  deposits
and other bottom
currents

Authigenic

* Evaporats deposits
* Polymetalic nodules

Volcanic

 Alkaline
* Tholeiitic

* Fans and turbidite
channel

* Plateau

* Abyssal plains

Volcanic

* Volcanic buildings

Structural

* Fracture zones

* Valleys and fault
scarps

* Salt deformation
(domes and basins
structural style)
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The geoheritage is assigned as an individual criterion
that is distinctly different from scientific, pedagogical,
cultural, touristic, and other points of view. In this
work, a descriptive approach was adopted to study the
values and uses of marine geodiversity because of the
need to raise intensive queries regarding the inventory
and quantification of geoheritage mainly in the oceanic
region.

The geoheritage of key areas representing the relevant
aspects of the geodiversity in the Vitéria - Trindade
Ridge and adjacent areas was nominated based on the
concept of geodiversity values established in studies
conducted in continental environments, and these were
adapted in the present study for application in the ma-
rine domain as the following categories: intrinsic, aes-
thetic, cultural, economic, functional (potential use),
educational, and scientific (Gray, 2004; Brilha, 2005).
The adjustment was made based on the geological con-
text and the potential and restrictive aspects of use. The
geological context was obtained through bibliographic
analysis and data reinterpretation collected during the
data acquisition phase.

The categories of values adopted in this study cover as-
pects related to the following themes:

(1) Scientific and educational interest in the geologi-
cal history of the opening of the South Atlantic
and formation of the brazilian continental margin
- Examples Cenozoic geological history associ-
ated with variation in sea level during the Qua-
ternary Period; Examples of mesozoic-cenozoic
geological history associated with the Brazilian
marginal sedimentary basins; Examples cof eno-
zoic geological history associated with tectono-
magmatic events on the Atlantic ocean; Exam-
ples of mesozoic-cenozoic geological history
associated with the opening of the South Atlantic
Ocean

(2) Geotouristic potential - Geological heritage regis-
tered by Brazilian body (SIGEP)

(3) Mineral potential - Deposits and mineral occur-
rences

(4) Functional aspects and support of biodiversity -
Peculiar ecosystems

(5) Use-restrictive — geological (Hazard), anthropic
(environmental degradation from infrastructure
installation and predatory extraction), legal (pro-
tected areas and other areas subject to specific
legislation), and technological and financial.

4. Results

The geodiversity of the Vitoria - Trindade Ridge and
marine adjacent areas is a result of the interaction of
tectonic, volcanogenic, and sedimentary Mesozoic and
Cenozoic events and reworkings by marine geomor-

phological processes conditioned mainly by eustatic sea
level variations during the Quaternary period. Such
events and processes are responsible for the great di-
versity of marine landscapes that depict the geological
history of the planet related to seafloor spreading, the
opening of the Atlantic Ocean, and formation of the
BCM since the separation of the South American and
African plates, which has been occurring from the Cre-
taceous period up to the present day.

The topography of the seabed in the study area is ir-
regular, with depths ranging between 0 and 6,272 m be-
low sea level, and several elevations can be observed at
the seabed. Depths between 4,100 and 5,800 m are pre-
dominant; in the depth range of 3,500 and 4,800 m, a
set of isobaths projected towards the African continent
occurs for about 980 km, which corresponds to the
Vitéria - Trindade Ridge base and other underwater
elevations.

From the physiographic point of view, the following
marine regions can be identified from the coastline to-
wards the offshore region (see Supporting Information):

Continental shelf of Espirito Santo (CSES)

The shelf extends for 30 to 210 km from the current
coastline towards the open sea to the shelf break, and
this region ranges in depth from 60 to 80 m. It features
a flat surface with soft slopes that are marked by topog-
raphic gaps between 10 and 20 m. The main feature of
this compartment is the significant enlargement of the
shelf to the north, which corresponds to the southern
portion of the Abrolhos Bank. According to Almeida
(2000), this enlargement was caused by intense Ceno-
zoic volcanic manifestations associated with the contri-
butions of river deposits in the north—central portion of
the area. From the 30 m isobaths, in the NTM products,
linear subvertical structures with varied widths are ob-
served, which are interpreted as paleochannels. Such
structures extend across the entire CSES towards the
CSLES (see below).

Continental slope of Espirito Santo (CSLES)

The slope comprises a narrow area less than 30 km
wide and delimited at the 3,200 m isobath. It comprises
wavy to heavily wavy surfaces with mild to moderate
slopes. The slope is interrupted by submarine ravines
and canyons associated with the effects of bottom cur-
rents.

Continental rise of Espirito Santo (CRES)

The rise represents the most extensive physiographic
domain of the study area, and it extends for about 1,000
km to the 4,800 m isobath. The rise presents a great di-
versity of forms from extensive flat surfaces to de-
formed areas in the shape of domes and basins formed
by the movement of evaporite deposits (Sdo Paulo Pla-
teau) and by volcanic mounts (Vitoria - Trindade Ridge
submerged portion) and other isolated seamounts.
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Bragzilian abyssal plain (BAP)

The plain extends for 200 and 400 km to the 5,300 m
isobath. It features a plane surface controlled by sea-
floor topography and structures occur in uplifted areas
constituting abyssal hills. The Vitéria - Trindade Ridge
land portion is also present here.

South Atlantic mid-oceanic ridge (SAMOR)

The ridge occurs in the study area for about 200 km
from the 5,300 m isobath, which corresponds to the
western flank of the ridge. The landforms present solid
structural control and form valleys and ridge crests as-
sociated with fracture zones, with average amplitude of
250 m.

The surface of the seabed is composed of shallow water
marine sedimentary deposits of ultra-deep deposits
formed during Cenozoic events and rocks from Ceno-
zoic volcanomagmatic events. Cenozoic deposits cover
the oldest sedimentary rocks and Mesozoic—Cenozoic
volcanic rocks in the Espirito Santo and Campos Basins

and the oceanic crust, whose age varies from 65 to 134
million years (Maia, 2013). The total thickness of this
sedimentary sequence ranges from 500 to 5,500 m, with
the thinnest rocks located south of the Vitoria - Trin-
dade Ridge in the BAP region and along the western
flank of the SAMOR, while the thickest occur in the
region corresponding to the Espirito Santo Basin.

4.1. Marine geodiversity compartments of the Vité-
ria — Trindade Volcanic Seamount Ridge and ma-
rine adjacent areas: key areas and potential use

Based on the adopted methodological procedures, were
identified 5 compartments of geodiversity and its sub-
divisions (Table 2), described according to the geologi-
cal characteristics of outcropping materials at the ocean
floor, submerged landforms and oceanic geological
structures in the area.

Relevant aspects were selected through key areas, as
described below, in terms of geoheritage and potential
uses (Figure 3).

Table 2 - Corresponding to the area of marine geodiversity compartments mapped in the study area (Total Area:

739,226.977 km?).

Tabela 2 - Area correspondente aos compartimentos da geodiversidade marinha mapeados na drea de estudo (Area Total:

739,226.977 km?).

Geodiversity Compartments

Area (km?)

1. Cenozoic marine deposits from
shallow waters in the continental
shelf of the Espirito Santo and

1.1. Modern bioconstruction

14,849.882 - 2.008%
(continental shelf: 9,295.458 - 1.257%;
oceanic submarine banks: 5,554.424-0.751)

oceanic submarine banks

1.3. Terrigenous deposits

1,976.483 - 0.267%

1.4. Bioclastic deposits

16,667.956 - 2.254%

2. Cenozoic marine deposits from
shallow to deep water in the con-
tinental slope of the Espirito
Santo

rine mass movements

2.1. Deposits from debris flow and subma-

4,222.437-0.571 %

3. Mesozoic-Cenozoic marine de-

3.1. Pelagic and fine terrigenous deposits

219,905.883 - 29.748%

posits from deep to ultra-deep

water in the Continental rise of deposits

3.2. Tubiditic channel and submarine fans

34,912.258 - 4.722%

Espirito Santo

3.3. Authigenic deposits (evaporite)

1,550.516 - 0.209%

3.4. Authigenic deposits (polymetallic nod-
ules and crusts)

2,227.010 - 0.301%

4. Cenozoic volcanism in the con-
tinental rise of the Espirito Santo
and Brazil abyssal plain

4.1. Lavas and sodium-alkaline intrusions,
and sedimentary deposits of the emerged por-
tion of the Vitdria - Trindade Ridge (Trin-
dade Island and Martim Vaz Archipelag)

13.005 - <0.0001%

4.2. Ultrabasic-alkaline volcanic intrusions in
the submerged portion of Vitdria - Trindade
Ridge

5,9247.306 - 8.014%

4.3. Volcanic intrusions of unknown genesis

3,846.283 - 0.520%

5. Mesozoic-Cenozoic marine de-
posits from ultra-deep waters
and volcanism in the Brazil
abyssal plain and South atlantic
mid-oceanic ridge

5.1. Pelagic deposits associated with basaltic
rocks

379,807.958 - 51.378
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Figure 3 - Marine geodiversity compartments of the Vitoria—Trindade Ridge and adjacent areas.

Figura 3 - Compartimentos da geodiversidade marinha da Cadeia Vitéria—Trindade e areas
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4.1.1. Cenozoic marine deposits from shallow waters
in the continental shelf of the Espirito Santo
and oceanic submarine banks

This compartment corresponds to Cenozoic shallow
waters deposits and marine landscapes formed in the
CSES region and adjacent submarine Vitoria - Trindade
Ridge banks. The deposits were formed by bioconstruc-
tions e and fluvial discharge action, then reworked by
wave action and tides along the Quaternary:

(1.1) Modern bioconstruction: corresponds to com-
plexes of coral reefs and bryozoans consisting of a se-
ries of marine organisms with calcareous skeletons or
algae that generally develop on the volcanic substratum.
Calcareous algae, rodolites, and bryozoans occur, and
these are associated with bioclastic sedimentation com-
prising sludge, sand, and biodetritic gravel, which con-
tains fragments of corals, gastropods, and calcareous
shells of bivalves;

(1.2) Terrigenous deposits: consist of continental sedi-
ments that have been deposited and reworked in the
shallow marine environment. Mud associated with the
outfall of the Doce River Delta and sandy fluviomarine
sediments are present; and

(1.3) Bioclastic deposits: mostly composed of bioclastic
sediments, with calcium carbonate levels greater than
70%, and they are represented by sands and gravels
formed from fragments of coralline algae, bryozoans,
mollusks, and benthic foraminifera.

Geodiversity relevant aspects:

Key area A - Reefs in the southern portion of the
Abrolhos Bank

These reefs correspond to the southern portion of the
most extensive reef complex in the South Atlantic
Ocean (Ledo, 2002); it is similar in area to the Great
Barrier Reef in Australia. The Abrolhos Marine Na-
tional Park is located about 200 km north of the study
area; this park was classified by SIGEP as a geobiologi-
cal site. It is comprised of sources of calcium carbonate
and magnesium that are used as biofertilizers and are
employed worldwide in agriculture and civil construc-
tion. Economic exploitation in this region is currently
barred by Brazilian governmental bodies as a measure
to protect the local ecosystem. These environments are
sensitive to sea-level oscillations and thus constitute an
important marker of the changes along the Brazilian
coast, especially at the end of the Holocene during the
last regressive phase (Ledo, 2002). They are unique
ecosystems from geomorphological and biological
points of view and are important for maintaining marine
biodiversity that can absorb carbonic gas diluted in the
sea and turn it into limestone. They are directly influ-
enced by the composition of bedrock and terrestrial
sediment supply, and importantly, they represent one

example of the functional relation between geodiversity
and biodiversity.

Key area B - Reefs above oceanic submarine banks

Almeida (2002) describes the presence of coral reefs
on the submerged tops of the Vitoria - Trindade Ridge
(Besnard Bank, Vitéria Seamount, Montague Sea-
mount, and Davis Bank), that were made plane by ma-
rine erosion during the phase where the exposure of the
tops occurred when the sea level reached about 120 me-
ters below current sea level at the last glacial period
during the Quaternary. Between 2008 and 2011, cal-
careous algae in the region (Davis Bank) were exploited
for use as agricultural inputs. An authorization for mine
exploration estimated to have covered a region of
around 150 thousand hectares was overturned by the
Brazilian Government under the claim that the reserva-
tion was beyond the Brazilian EEZ and reached into
international legal waters (Cavancanti, 2011).

Key area C - Marine granular deposits

According to Cavalcanti (2011), the Brazilian continen-
tal shelf represents the most extensive carbonate deposi-
tion environment in the world. In the study area, it is
comprised of bioclastic deposits arising from the break-
down of shells of organisms and coral reefs spread all
over the CSES. In terrain deposits, sands and quartzo-
feldspathic gravels are predominant, which are com-
monly associated with heavy minerals (ilmenite, rutile,
monazite, and zircon); these deposits occur mainly near
the mouth of the Doce River and near the southern
coast of this region (Palma, 1979). They are used in
civil construction and beach widening projects. The ex-
ploitation of such deposits depends on grants provided
by environmental and regulatory agencies, which aim to
protect the surrounding coral reefs among other impor-
tant elements.

Key area D - Submerged portion of the Doce River
Delta

There are several marine deltaic systems on the Brazil-
ian coast; one of them is the Doce River Delta, the main
delta in southeastern Brazil. Its submerged portion ex-
tends over an area of 200,000 km®. The Doce River
Delta stands out as an unique coastal landscape, with a
progradation zone associated with the outfall of the
Doce River, whose evolution is related to variations in
the sea level through the Quaternary (Sunguio ef al.,
1982). The delta is composed of landscapes peculiar to
the transition region between the continental and marine
geodiversity. Deltas influence the composition and dis-
tribution of sedimentary deposits, which work as barri-
ers to the development of bioconstructions in the CSES.

Key area E - Continental shelf paleochannels

Quaternary changes in sea level resulted in the forma-
tion of channels (paleochannels) in the Brazilian shelf
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that were excavated during episodes of low sea level
(Pleistocene) and buried by the Holocene sediments
during episodes of sea level rise (Franga, 1979). The
path of these channels suggests connectivity with the
continental drainage system, with topographical expres-
sion up to the CSES edge, where they interconnect with
the canyon systems of the continental slope (Maia,
2013). One of the most prominent channels, which
stretches out to the continental slope, is located off the
city of Vitoria; it is named the Vitéria Channel. Re-
sources such as heavy minerals, diamonds, and gold as-
sociated with paleochannels are exploited economically
in various parts of the world such as New Zealand,
South Africa, and Japan (Cavalcanti, 2011). Palmas
(1979) describes the occurrence of heavy minerals as-
sociated with paleochannels in the CSES, especially in
the area of the Doce River Delta and in the southern
portion of the study area. The exploitation of potential
deposits in the area is subject to legal and environ-
mental issues and factors such as financial and techno-
logical resources.

4.1.2. Cenozoic marine deposits from shallow to deep
water in the continental slope of the Espirito Santo

This compartment corresponds to Cenozoic shallow,
deep and ultra-deep waters deposits and marine land-
scapes located in CSLES. The deposits comprise sedi-
ments from the continental shelf transported by turbid-
ity currents, chaotic deposits from gravitational flows
(debris flows and turbidity currents), and depositional
events of short duration (drops of rock, crawl, marine
landslides, and collapses) from the slope itself: (2.1)
Deposits from debris flow and submarine mass move-
ments: The upper portion of these deposits is composed
of sandy-muddy sediments containing gravel and bio-
debris associated with materials from the flow of mud
and debris transported offshore. In the lower portion of
the deposits, sandy-muddy sediments are predominant,
with gravel and detrital material comprising bioclastic
and coral fragments and material from the superficial
portion of the sedimentary package.

Geodiversity relevant aspects:

Key area F - Systems of canyons and submarine inci-
sions in the slope edge

In general, the continental slope is disrupted by canyons
and incision marine landforms, by which the sediments
reach the deepest regions of the ocean. It constitutes re-
gions of high susceptibility to the development of geo-
logical processes associated with submarine mass
movement and flow of debris. Such processes take
place, mainly, from a high gradient of chaotic sediment
accumulation and the action of geotrophic currents
along the submarine slope. Accordingly, care should be
taken in this region while implementing infrastructure
and developing exploitation activities connected to the

oil industry. Some of these geomorphic features were
described by Schreiner et al. (2009) and identified by
Maia (2013) in the south—central portion of the study
area through an analysis of bathymetric data; among
these features, the Regéncia, Vitoria, Rio Doce, and
Watu Norte e Watu Sul canyons and Regéncia ravine
system stand out.

4.1.3. Mesozoic-Cenozoic marine deposits from deep
to ultra-deep water in the Continental rise of
Espirito Santo

This compartment corresponds to deep and ultra-deep
waters deposits and marine landscapes located in
CRES. These deposits are resulted from several geo-
logical processes that occurred through the Mesozoic—
Cenozoic periods:

(3.1) Pelagic and fine terrigenous deposits: Pelagic
deposition (carbonate vases) was predominant and it
associated with deposits from continental sediment dis-
charges by turbidite currents and authigenic processes.
Represented by sandy-muddy and biogenic sediments
that have been reworked by the bottom flow. Ash, vol-
canic fragments, palagonite (altered volcanic ash),
manganese micronodes, magnetite, and mica are pre-
sent. The coarse fractions contribute up to 10% of the
total volume and comprise a wide variety of planktonic
and benthic foraminifera. The bioelements include
ooze, marl, foraminiferal sand, sponge spicules, echi-
noid shells, and fish teeth, which are associated with
terrigenous sediments with predominant mica and fine
quartz sand,

(3.2) Tubiditic channel and submarine fans deposits:
deposits formed by turbidite flows through a system of
channels and submarine fans. They occur in various re-
gions of the continental rise, and particularly in the
southwestern and southern regions of the Vitéria -
Trindade Ridge. In general, they are characterized by
sandy and sandy-muddy deposits associated with detri-
tal materials (bioclasts and lithoclasts). The coarse frac-
tion is composed of mainly planktonic foraminifera,
pteropods, and gastropods. Mineral elements consist
essentially of grains of quartz, mica, and heavy miner-
als. Hydrogen sulfide was detected in these sediments;
(3.3) Authigenic deposits (evaporite): occur in the form
of small diapiric outcropping near the shoreline and
form conspicuous salt domes (more than 5,000 m thick)
at depths greater than 300 m (Mohriak, 2008); and

(3.4) Authigenic deposits (polymetallic nodules and
crusts): polymetallic nodules and crusts (iron manga-
nese) that are widely distributed on the seabed;

Geodiversity relevant aspects:
Key area G - Evaporite deposits

The formation of Aptian evaporite deposits represents
one of the major geological events that occurred during
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the Cenozoic in the sedimentary coastal basins of Bra-
zil; these saline deposit movements have been reported
to extend up to the recent period (Mohriak, 2008). In
the Campos Basin, these deposits are associated with
the discovery of oil fields known as pre-salt oil and gas
fields. The displacement of evaporites led to intense
structural deformation of the ocean floor and gave rise
to geological domes and basins (synclines and anti-
clines) characteristic of the Sdo Paulo Plateau area.
They consist of rock salt associated with potassium, sul-
fur, sulfide, and vanadium, which is commonly used as
an agricultural input. The deposits located in CSES,
near the mouth of the Doce River, have been the subject
of research and mining prospects. The exploitation of
these rock salt deposits may decrease the dependence of
Brazil on fertilizer imports.

Key area H - Systems of turbidites and submarine fans
in the Sdo Paulo Plateau

This represents one of the largest turbidite systems from
the Brazilian shelf, and it is formed of extensive net-
works of meandering channels and turbidite fans on the
irregular seabed in the northern segment of the Sado
Paulo Plateau. The turbidite systems of the Doce River
and Watu are examples of the central region in the
study area (Schreiner ef al., 2009). They constitute ar-
eas subject to intense sedimentary transport, where the
main oil and gas exploration wells are located in the
Espirito Santo and Campos Basins.

Key area I - Columbia sea channel

According to Faugeres et al. (2000) and Motoki et al.
(2012), the Columbia Channel may be the largest and
main distal turbidite system that developed in the Pa-
leocene along basement structural grabens; its forma-
tion was the result of actions by contour currents influ-
enced by the Vitéria - Trindade Ridge. In the study
area, the portion of this channel that can be mapped is
located south of the ridge, extending to the southeast;
this region is approximately 150 km long, 20 km wide,
and its thickness, though not determined yet, is specu-
lated by authors to be about 1 km.

Key area J—Polymetallic deposits

According to Palmas & Pessanha (2000), climatic oscil-
lations and the participation of benthic organisms in
sediment changes leading to the formation of microen-
vironments represent important conditioning factors in
the formation of these deposits. They occur in the form
of polymetallic nodules of various compositions (man-
ganese, copper, nickel, and cobalt) that cover the CRES
seabed and form a polymetallic crust on top of the
Vitéria - Trindade Ridge seamounts (Palma, 1979). Co-
balt-rich crustal materials and polymetallic nodules
have been identified in the Vitoria, Montague, Jaseur,
and Davis Banks in the Vitoria - Trindade Ridge

(CPRM, 2008); however, the technical and financial
feasibility for extraction of these deposits needs to be
verified through further study. In particular, thorough
studies are necessary to detail economically viable de-
posits belonging to the Brazilian EEZ. Countries such
as Japan, the United States, Russia, Germany, France,
Korea, the United Kingdom, and China have shown in-
terest in these deposits (Calvalcanti, 2011). Recently,
Brazil received authorization from the International
Seabed Authority (ISA), a United Nation’s agency, to
evaluate the economic potential of mafic cobalt-rich
deposits in the Rio Grande Elevation, which is located
about 1,000 km south of the study area.

4.1.4. Cenozoic volcanism in the continental rise of
the Espirito Santo and Brazil abyssal plain

This compartment is composed of rocks and landscapes
generated by tectonomagmatic activity giving rise to the
Vitéria - Trindade Ridge, during the Cenozoic along the
CRES and BAP:

(4.1) Lavas and sodium-alkaline intrusions, and sedi-
mentary deposits of the emerged portion of the Vitoria -
Trindade Ridge (Trindade Island and Martim Vaz Ar-
chipelag): The Trindade Island consists of sodium-
alkaline volcanic rocks (phonolite, nephelinite, and
grazinites), pyroclastic deposits, and volcanic conduit
spills (Almeida, 2002). The Holocene stratigraphic
units occupy a small area on the Trinidade Island (dune
fields, beaches, landslides, algal reefs, and slope depos-
its) (Castro, 2010); geochemistry indicated bimodal
magmatism with a strong Pb anomaly similar to that
observed on the submerged portion of the Vitoria -
Trindade Ridge (Hansen et al., 1998, cited in Almeida,
2002); dating carried out by Cordani (1970) revealed
ages between 3.7 and 1.1 + 0.5 Ma (K/Ar). The Martim
Vaz Archipelago consists of undersaturated alkaline
volcanic rocks (ankaratrite, tambuschite, phonolite, and
perquinite) (Castro & Antonello, 2006);

(4.2) Ultrabasic-alkaline volcanic intrusions in the sub-
merged portion of Vitoéria - Trindade Ridge: studies in
the submerged portion of the ridge are scarce; samples
dredged in the central portion of the Vitéria—Trindade
Ridge (Columbia Seamount, Jaseur Seamount, Doga-
ressa Bank, and Davis Bank) reveal rocks of ultrabasic-
alkaline composition (picrite and ancaramite). Dating of
the rocks in the upper portion of the volcanic sequence
suggests a U-Pb age of 29.8 + 6.6 Ma (Fodor & Hanan,
2000; Skolotnev et al., 2011). In bottom dredging in
Davis and Dogaressa banks revealed the presence of
carbonate formations that have been dated Miocene
(19-24 Ma) (Skolotnev et al., 2011); and

(4.3) Volcanic intrusions of unknown genesis: corre-
sponds to intrusions into the seabed, the composition
and age are indeterminate due to the absence studies.
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Geodiversity relevant aspects:

Key area K—Seamounts and submarine volcanic
banks of the Vitoria-Trindade Ridge

This region plays an important role in providing envi-
ronmental services and support to the biodiversity of
the South Atlantic. It constitutes a physiographic barrier
that diverts Brazil's maritime flow and favors the emer-
gence of important resurgence areas in coastal south-
eastern Brazil (Silveira et al., 2000). According to Gas-
parini & Floeter (2001), the proximity between the top
of the elevations (about 25 km distance between them)
and the shallow deposits (less than 150 m) makes
Vitéria - Trindade Ridge a “springboard” for coastal
species to reach oceanic areas far from the coast, thus
leading to economically exploited fishing. The use of
volcanic rocks rich in potassium silicate as fertilizers
through a powdered rock technique is an active area of
research in Brazil. Thus, resources from volcanic
seamounts may have potential for application in agri-
culture in the future. However, owing to mining in the
oceanic areas, the legal, environmental, technological,
and economic aspects of these deposits have to be fur-
ther evaluated. Motoky et al. (2012) describe the occur-
rence of landslides along the slopes of these volcanic
seamounts.

Key area L—Trindade Island and the Martim Vaz Ar-
chipelago

Trindade Island was discovered in 1501 by Portuguese
navigators and was recognized by the Brazilian Com-
mission of Geological and Paleontological Sites as a
marine geoheritage site. It is considered the most recent
volcanic manifestation above the sea in the South At-
lantic. According to Almeida (2002), it represents an
area of relevant interest for researches on the origin and
differentiation of magmas in the oceanic crust. On
Trindade Island, preserved volcanic structures that are
rare in Brazilian territory (necks, radial dikes, and ash
cones) can be observed along with extremely undersatu-
rated alkaline associations representing various stages of
magmatic differentiation and scenic beauties (beaches,
reefs, dunes, peaks, incised valleys, plateaus, and ero-
sive processes) (Castro, 2010; Pires et al., 2013). Trin-
dade Island and Martin Vaz Archipelago do not have
touristic infrastructure, and Trindade Island is currently
occupied by the Brazilian Navy, which has an observa-
tion post for national security purposes and to support
scientific research. The Oceanic Islands constitute a
special ecosystem of rich biodiversity resulting from the
geographic isolation, and this provides suitable condi-
tions for the existence of endemic species. As a result of
the occupation by Azorean settlers on Trindade Island
in the 18th century, herds of domestic animals were in-
troduced, and these along with coastal systems proc-
esses caused erosion on the slopes and the development
of gullies and landslides (Castro & Antonello, 2006).

4.1.5. Mesozoic-Cenozoic marine deposits from ultra-
deep waters and volcanism in the Brazil abyssal
plain and South atlantic mid-oceanic ridge

This compartment corresponds to Mesozoic volcanic
rocks associated with Cenozoic marine deposits from
ultra-deep waters and marine landscapes located in
SAMOR. During ocean floor expansion through the
SAMOR, extravasation of tholeiitic basalts known as
mid-oceanic ridge basalts or MORB, which are respon-
sible for the formation of the oceanic crust, occurred.
The deposition of pelagic and volcanoclastic sediments
was associated with basalts that formed the new oceanic
crust:

(5.1) Pelagic deposits associated with basaltic rocks:
consist of calcareous slate and clay turbidites reworked
by an underflow on older sedimentation and even the
outcropping of rocks from the oceanic crust, which are
represented by tholeiitic basalts. The deposits consist of
yellowish-brown pelagic clay, which is suggestive of
slow deposition conditions, along with stains, manga-
nese nodules, volcanic ash, mica, manganese lenses,
and occasionally, quartzose fine sand. The carbonate
content is low or absent (<2%). In the coarse fraction,
manganese nodules and palagonite are common. Even-
tually, quartz granules, mica, and more rarely, frag-
ments of sedimentary rocks are observed. Bioelements
include fish teeth, sponge spicule fragments, echinoid
spicules, planktonic foraminifera, diatoms, and radio-
larians.

Geodiversity relevant aspects:

Key area M—Fracture zones of the western flank of
the mid-ocean ridge in the South Atlantic

They represent features extending in an approximately
W-E direction and are diagonal to the SAMOR accre-
tion area of the oceanic crust. Such structures are asso-
ciated with the rupture and separation of the South
American and African lithosphere plates, which oc-
curred in the Mesozoic (Almeida, 2002).

Fracture zones are represented on the surface as crests
and structural valleys (inactive fracture zones), as seen
in the continental portion in the form of the Alto do
Vitdria that separates the sedimentary basins of Campos
and Espi-rito Santo (Alves et al., 2006; Schreiner et al.,
2009).

This region represents one of the few areas in Brazil
under the SAMOR physiographic domain, and it is
classified in the literature as the Santa Helena, Martin
Vaz, Rio de Janeiro, and Vitoria-Trindade fracture zones
in the Vitdria - Trindade Ridge (CPRM, 2008). The geo-
logical environment is favorable to the formation of po-
lymetallic sulfide deposits related to hydrothermal vents.
It is located in ultra-deep waters, and mineral exploita-
tion would depend on financial and technological re-
sources.
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Table 3 summarizes the geoheritage and aspects of use
of the key areas that represent relevant Vitoria - Trin-
dade Ridge geodiversity compartments and marine ad-
jacent areas.

5. Discussion and final considerations

This study proposes a regional-scale model to charac-
terize marine geodiversity on the seabed. The model
was based on information available in literature and on
the reinterpretation of bathymetric, geological, and
geophysical data. Such an approach was adopted

mainly because of the lack of systematized information
on this type of physical medium, and it was adapted di-
rectly to geodiversity characterization procedures. The
application of this model to the Vitéria - Trindade
Ridge and adjacent areas has proved satisfactory for the
macroscale characterization of the diversity of the geo-
logical features and marine landforms.

The Vitoria - Trindade Ridge and adjacent areas display
unique aspects of marine geodiversity that are of na-
tional and international importance. These features are
related to the evolutionary processes of the South

Table 3 - Geoheritage and aspects of use of the key areas representing the geodiversity of the Vitéria—Trindade Ridge and ad-

jacent areas.

Tabela 3 - Patriménio geoldgico e aspectos de uso das dreas-chaves representativas da geodiversidade da Cadeia Vitoria—

Trindade e areas adjacentes.

Thematic Category of Geodiver-
sity Values

Geoheritage and Potential Use

Marine Geodiversity: Key Areas

I — Scientific and educational inter-
est in the geological history of the
opening of the South Atlantic and
formation of the brazilian continen-
tal margin

» Examples cenozoic geological history associ-
ated with variation in sea level during the Quater-
nary Period

A,B,D,E,F, H,

+ Examples of mesozoic-cenozoic geological his-
tory associated with the Brazilian marginal sedi-
mentary basins

A,B,D,E F,G,H,

» Examples cof enozoic geological history asso-

II — Geotouristic potential

ciated with tectonomagmatic events on the Atlan- | K, L
tic ocean

» Examples of mesozoic-cenozoic geological

history associated with the opening of the South G, M
Atlantic Ocean

* Geological heritage registered by Brazilian AL

body (SIGEP)

* Special marine landform

A,B, D,E,F, G, H,L, K, L

III — Mineral potential

* Deposits and mineral occurrences

A,B,C, E,F, G,J, K

IV — Functional aspects and sup-

port of biodiversity * Peculiar ecosystems A,B, D, K, L
* Geological: Hazard F, G, H K L
 Anthropic: environmental degradation from A

V — Use-restrictive aspects

infrastructure installation and predatory extraction

» Legal: protected areas and other areas subject
to specific legislation

A,B,C,D,E, G, J, K

 Technological and financial

B,C,D,E, G, J, K

Note: A - Reefs in the southern portion of Abrolhos Bank, B - Reefs above oceanic submarine banks, C - Marine granular deposits, D -
Submerged portion of Doce River Delta, E - Continental shelf paleochannels, F - Systems of canyons and submarine incisions in the slope
edge, G - Evaporite Deposits, H - Systems of turbidites and submarine fans in the S&o Paulo Plateau, I - Columbia seachannel, J - Polymetal-
lic deposits, K - Seamounts and submarine volcanic banks of the Vitoria-Trindade Ridge, L - Trindade Island and the Martim Vaz Archipel-
ago, and M - Fracture zones of the western flank of the mid-ocean ridge in the South Atlantic
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Atlantic Ocean surge, BCM implementation, and sea
level fluctuations throughout the Quaternary. Notable
examples of Brazilian geodiversity of scientific, geot-
ouristic, economic, and educational interest were identi-
fied. These included submarine volcanic mounts, frac-
ture zones associated with the mid-oceanic ridge,
evaporite movement through the sedimentary package,
paleochannels, deltas, canyons, turbidite systems, min-
eral deposits (biogenic limestone, marine granulated,
and polymetallic rock salt), and areas susceptible to
mass movements along submarine slopes as a result of
geological processes (i.e., hazards).

Some supporting relationships between geodiversity
and local biodiversity were identified. For example, the
most important reef formation in the South Atlantic de-
veloped on a platform that was extended by volcanic
effusions in the northern portion of the study area (Ab-
rolhos Bank). Additionally, the development of biocon-
structions on elevated areas of the Vitéria - Trindade
Ridge favor the appearance of corridors for coastal spe-
cies that can use them, because of their shallow depth
and proximity to ridge banks and seamounts, to travel
long distances from the coast.

Overall, this manuscript is intended to aid in the genera-
tion and dissemination of knowledge about Brazilian
marine geodiversity and to provide support for addi-
tional studies aimed at the evaluation, conservation,
utilization, and management of abiotic marine re-
sources. Furthermore, the proposed characterization
model can be applied to other regions of the Brazilian
continental shelf and adjacent areas.

The information obtained through geodiversity surveys,
when paired with biotic, social, and legal information,
can play an important role in seabed planning activities,
thus facilitating geoconservation and the management

of conflicts of interest. It also constitutes the first step
for selecting representative areas to study Earth’s geo-
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