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last two decades. Geophysical data reveal a complex tectono-magmatic evolution involv-
ing Late Cretaceous plume-related volcanism, crustal thickening, rifting, and subsequent
subsidence. The structural framework of the plateau is dominated by the Cruzeiro do Sul
Rift, which plays a central role in controlling sedimentation, magmatism, and seawater
circulation. Oceanographic studies demonstrate that the interaction between the southern
branch of the South Equatorial Current and the complex topography of the RGR generates
intense internal tides and bottom currents, strongly influencing sediment transport and
benthic habitats. Biological investigations indicate that the RGR hosts diverse deep-sea
communities, including sponge grounds, cold-water corals, and associated fauna, whose
distribution is tightly linked to geomorphology and hydrodynamics. Ferromanganese
crusts occurring on the plateau preserve valuable geochemical records of oceanographic
and redox conditions, although their spatial distribution, thickness, and metal budgets
remain incompletely constrained. Despite major advances, significant knowledge gaps
persist regarding crustal structure, sedimentary evolution, ecosystem functioning, and min-
eral formation processes. This review highlights these uncertainties and outlines research
priorities necessary to improve understanding of oceanic plateaus and deep-sea systems in
the South Atlantic.

Keywords: Rio Grande Rise; deep-sea mining; ferromanganese crusts; ocean governance;
South Atlantic; critical minerals; biodiversity conservation; continental shelf

1. Introduction

The Rio Grande Rise (RGR) is the largest oceanic plateau in the South Atlantic and
represents a unique natural laboratory for scientific investigation, environmental conserva-
tion, and the assessment of strategic mineral resources. Located between 28° and 34° S, the
RGR stands out for its geological complexity, ecological richness, and geopolitical relevance
(Figure 1) [1].

Scientific interest in the region dates to the pioneering international expeditions in the
1970s and 1980s, most notably the Deep-Sea Drilling Project (DSDP) Leg 72, which drilled
Site 516 and revealed a nearly complete sedimentary sequence overlying Cretaceous-aged
basalts [2-4]. These findings inaugurated a longstanding debate on the crustal nature of
the RGR, whether oceanic or continental, and laid the foundation for subsequent tectono-
magmatic and paleoceanographic models of the South Atlantic [5-7].

Since then, the RGR has attracted increasing attention from geoscientists, oceanogra-
phers, biologists, and policymakers. Research has revealed a complex tectono-magmatic his-
tory [8,9], a largely unexplored deep-sea biodiversity [10-13], and the occurrence of metal-
rich ferromanganese crusts with global relevance for critical mineral supply [11,14-18]. At
the same time, significant uncertainties persist regarding the governance and sustainability
of potential deep-sea mining activities [1,19-21].

These advances, supported by new geological and geophysical datasets generated
by international research initiatives in the South Atlantic, including surveys conducted
within the framework of the EMERGE (Multidisciplinary Study of Emerging Strategic
Minerals and Mining Risk Assessment in the Rio Grande Rise) project, have substantially
expanded the available information on the region. This progress makes it necessary to
integrate and critically assess the existing data to clarify current interpretations, identify
remaining uncertainties, and provide a coherent scientific framework for understanding
deep-sea geological processes, ocean circulation, and associated biogeochemical cycles at
the Rio Grande Rise.
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Figure 1. Regional setting and bathymetry of the Rio Grande Rise. (A)—Regional setting of the
Rio Grande Rise in the South Atlantic, highlighting its position relative to the Brazilian continental
margin, the Walvis Ridge, and major bathymetric domains. The Rio Grande Rise constitutes the most
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extensive oceanic plateau in the South Atlantic and is a key target for integrated geological, biological,
and mineral studies. JCS = Jean Charcot Seamounts; SPP = Sao Paulo plateau; TC = Tristan da
Cunha; G = Gough; CSR = Cruzeiro do Sul Rift; MFZ = Meteor Fracture Zone; VC = Vema Channel;
WR= Walvis Ridge. The purple line indicates the limit of the Exclusive Economic Zone (EEZ), and
the red line indicates the limit of the continental shelf beyond 200 nautical miles claimed by Brazil
but not yet approved. (B)—Shaded bathymetric map [22] around Rio Grande Rise showing the major
geological features including Cruzeiro do Sul Rift, Vema Channel, Brazil basin, and Argentina basin.
White rectangle highlights the study area displayed in further figures. The colored arrows show the
main currents in the region [23-25].

This review provides a critical synthesis of the current scientific knowledge on the
Rio Grande Rise, focusing on its geological and geophysical evolution, the influence of
physical oceanographic processes on sedimentary and ecological patterns, the structure and
functioning of deep-sea ecosystems, and the formation and geochemical characteristics of
ferromanganese crusts. By integrating existing data, the study identifies major knowledge
gaps and outlines key research directions relevant to future investigations of oceanic
features and deep-sea environments and support informed decisions on conservation,
mineral resources, and ocean governance.

2. Methodology
Methodological Approach

This study adopts a structured narrative review approach aimed at synthesizing
multidisciplinary knowledge on the Rio Grande Rise. The review is based primarily on the
peer-reviewed scientific literature, complemented by key expedition reports and publicly
available datasets that have contributed substantially to the understanding of the region.

Given the heterogeneous and multidisciplinary nature of the available data and the
fact that the research is conducted on the RGR remain spatially restricted and still is of an
exploratory character, with no full environmental assessment having been presented, a
narrative synthesis was considered more appropriate than a quantitative meta-analysis, as
it allows the integration of geological, geophysical, biological, and oceanographic evidence
within a coherent interpretative framework. Bibliographic searches were conducted using
the Web of Science, Scopus, and Google Scholar databases, employing combinations of
keywords such as “Rio Grande Rise”, “South Atlantic oceanic plateau”, “ferromanganese
crusts”, “deep-sea biodiversity”, “oceanic plateaus”, and “South Atlantic tectonics”.

Priority was given to peer-reviewed publications published between 2000 and 2025,
while earlier landmark studies, including those from DSDP Leg 72, were included to
provide historical and geological context. Technical reports from recognized institutions
and international research programs were also considered where relevant.

The selected literature was organized into four thematic domains: geological and
geophysical evolution, physical oceanography and sedimentary dynamics, biodiversity
and ecosystem structure, and ferromanganese crusts and geochemical processes. Within
each domain, emphasis was placed on distinguishing observational evidence from inter-
pretative models and on identifying unresolved questions, while avoiding extrapolations
not supported by published data.

Despite significant advances in the understanding of the Rio Grande Rise, large por-
tions of the plateau remain unsampled, and many interpretations are still based on sparse
geophysical coverage or localized observations. As a result, spatial extrapolations involve
inherent uncertainties, particularly with respect to crustal structure, sediment distribution,
and the continuity of ferromanganese crusts. Consequently, several interpretations pre-
sented in this review should be regarded as provisional and subject to revision as new
data becomes available. These limitations are explicitly acknowledged throughout the
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manuscript, and they underscore the need for additional high-resolution geophysical sur-
veys, expanded sampling efforts, and integrated multidisciplinary investigations to refine
current models and interpretations.

3. Scientific Results
3.1. Geology and Geophysics

The RGR is a series of large oceanic plateaus in the South Atlantic, located approxi-
mately 1000 km offshore southeastern Brazil, extending for nearly 1500 km and rising to
~3800 m above the surrounding abyssal plains (Figure 1). Together with the Walvis Ridge
on the African margin, the RGR forms a prominent volcanic system traditionally linked to
the Tristan-Gough mantle plume and the early phases of Gondwana breakup and South
Atlantic opening during the Late Cretaceous [26,27]. The Tristan-Gough hotspot was active
since 132 Ma (C34) and is related to Parand—Etendeka continental flood basalts [28,29].

The Western Rio Grande Rise (WRGR) constitutes a distinctive geomorphological
feature characterized by a broad plateau whose summit locally shoals to ~600 m water
depth. The plateau reaches maximum dimensions of approximately 420 km (E-W) by
240 km (N-S). It is transected by the Cruzeiro do Sul Rift (CSR), oriented roughly N50W
and exhibiting an average width of ~24 km. Recent geological surveys conducted by the
Geological Survey of Brazil and the Oceanographic Institute of the University of Sao Paulo
have significantly improved the understanding of the surface geology of the RGR [30,31].
Large portions of the plateau are covered by pelagic carbonates, red clays, and extensive
ferromanganese (Fe-Mn) crusts, while volcanic rocks are locally exposed along the flanks
and margins of the CSR [8,28,31-38]. This magmatism was closely associated with the
formation of the Parand-Etendeka Magmatic Province (LIP), constituting a key geological
archive for understanding both the tectonic evolution and the paleoceanographic changes
in the South Atlantic [5,39,40].

Flexural modeling based on gravity data suggests that the crust beneath the RGR
reaches a thickness of up to ~30 km [41], while gravimetric inversions place the Moho at
approximately 28 km [42] (Figure 2). These anomalous values have fueled the longstanding
debate regarding the crustal nature of the RGR, with some authors proposing the presence
of a microplate or a component of continental affinity beneath the plateau [43].

Recent integrated investigations along the Cruzeiro do Sul Rift have provided key
insights into the tectonic framework of the WRGR. High-resolution multibeam bathymetry,
side-scan sonar, magnetic surveys, and targeted dredging revealed basaltic rocks associated
with Fe-Mn crusts, normal faulting, and well-defined magnetic lineaments [9]. These
observations support the interpretation of an actively evolving rift system and underscore
the tectonic importance of the CSR in the overall evolution of the RGR (Figure 3).

A significant advance in the reconstruction of the geological history of the RGR derives
from the identification of extensive deposits of red clays formed by the chemical weathering
of alkaline volcanic rocks under warm, humid conditions probably during the Eocene [38].
These deposits predate thermal subsidence and subsequent deepening of the plateau and
provide robust evidence that parts of the WRGR were emergent or very shallow-water
environments in the geological past.
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Figure 2. Regional geophysical maps of the South Atlantic margin highlighting the Rio Grande
Rise region. (a) Bathymetry from the GEBCO 2025 grid. (b) Total sediment thickness, version 2 [44].
(c) Bouguer gravity anomaly derived from the Earth Gravitational Model EGM2008 [45]. (d) Magnetic
anomaly from the EMAG2 global magnetic anomaly grid [46]. The Sao Paulo Plateau (SPP), West

Rio Grande Rise (WRGR), East Rio Grande Rise (ERGR), and the Vema Channel (VC) are indicated.
A —3000 m bathymetric contour is shown in all panels.

Several types of depressions have been mapped across the summit and flanks of the
plateau, including prominent features interpreted as sinkholes, pockmarks, and mega-
pockmarks [31,47]. Despite recent progress, uncertainties remain regarding the origin,
timing, and evolution of these features, which may be linked to fluid migration, faulting,
and diagenetic processes within the sedimentary cover.

Large areas of the WRGR summit are mantled by pelagic carbonates with thicknesses
exceeding 40 m, as recovered in piston cores [37,48]. Strontium isotope ratios indicate
that carbonate deposition began around ~7 Ma. These carbonates are often indurated and
covered by Fe-Mn crusts [11,14,15,17]. Alternatively, thin layers of loose carbonates display
bedforms and sedimentary structures shaped by bottom currents and tidal flows [34].
Fe-Mn crusts from the WRGR record two distinct growth generations. The older gen-
eration began forming between ~48 and 55 Ma and was later extensively modified by
post-depositional alteration under suboxic conditions, resulting in phosphatization during
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the Miocene (ca. 20-6.8 Ma) [15,49]. Dredging operations have recovered pebbles of gabbro,
granite, and pegmatite with ages ranging from ~400 to 2200 Ma, interpreted as potential
evidence for a continental component in the basement of the RGR [50]. This hypothesis
remains controversial and requires further verification through systematic geophysical
surveys and deep drilling.

East RGR

West RGR

.

]

38° 36° 34° 32° 30° W

Figure 3. High-resolution bathymetry and tectonic framework of the Western Rio Grande Rise,
showing the Cruzeiro do Sul Rift, major structural lineaments, and key sampling sites, including
DSDP Hole 516F. The white dashed line refers to Figure 4. The complex morphology reflects the
tectono-magmatic evolution of the Rise. In the small map, the white line indicates the limit of the
Exclusive Economic Zone (EEZ), and the red line indicates the limit of the continental shelf beyond
200 nautical miles claimed by Brazil but not yet approved.

Ferromanganese crusts on the WRGR have also been the subject of detailed mineralog-
ical, geochemical, and magnetic studies [51-53]. Comparisons between phosphatized and
non-phosphatized crusts reveal significant differences in chemical composition, mineral
phases, and magnetic properties, reflecting variations in redox conditions, phosphate and
carbonate cycling, and mineral growth rates. These characteristics provide valuable insights
into past oceanographic conditions and the economic potential of the deposits [17,53].

Subsurface knowledge of the WRGR is still primarily constrained by a single deep
borehole, DSDP Hole 516F, drilled through ~1270 m of sediment below ~1313 m of wa-
ter column and reaching the basaltic basement at ~2600 m. The transitional basalts are
enriched tholeiitic rocks (E-MORB-type) dated at ~82-88 Ma, consistent with regional
magnetic anomalies. The overlying sedimentary succession, dominated by pelagic car-
bonates, represents one of the most complete records of the Cretaceous to Cenozoic in the
South Atlantic, including a notable increase in pelagic sedimentation during the middle
Eocene and the presence of volcanogenic turbidites dated at ~47 Ma [2,37,39,54]. These
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volcanic features on the WRGR present some analogies with the Eocene magmatic episode
recognized in the Cabo Frio region, between the norther Santos and southern Campos
basins [55-57].

85 Ma
a)[w D P o o E

60 Ma

Cruzeiro do Sul Rift

47 Ma

40 Ma

Paleosoil

Today

0001 2

Crusts

(w) yadag

West RGR East RGR
0 Distance (m) 1200

Figure 4. Conceptual model for the tectono-magmatic and sedimentary evolution of the Rio Grande
Rise from the Cretaceous to the present, integrating the formation of hotspot magmatism, onset
of tectonic rifting, partial emersion during the Eocene, and subsequent subsidence: (a) volcanic
outpouring of oceanic crust; (b) extensional forces caused intense rifting and formation of the Cruzeiro
do Sul Rift; (c) the uplift of significant seamounts that were subaerially exposed, and volcanogenic
material; (d) alteration of volcanic rocks and formation of tropical paleosoil; (e) subsidence and
formation polymetallic crusts.

High-resolution mapping has revealed the complex morphology of the RGR, including
the WRGR plateau, the Cruzeiro do Sul Rift, the Florianépolis Fracture Zone, and the Jean
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Charcot Seamounts. This mapping highlights strong contrasts in substrate type, Fe-Mn
crusts, bioclastic sands, and fine sediments [31].

Despite significant advances, major knowledge gaps persist. The DSDP 516F borehole
remains the only subsurface reference, and the coverage of seismic and magnetic data is
insufficient to discriminate between oceanic and continental crust conclusively [2]. Marine
magnetic coverage is particularly sparse, and existing global magnetic anomaly maps
are dominated by low-frequency modeled fields, limiting their resolving power for the
RGR [50].

The RGR lies within a domain of high magnetic and gravity anomalies, bounded by
the Florianépolis Fracture Zone to the north and the Meteor Fracture Zone (35.55) to the
south. This geophysical pattern bears some similarities to that of Iceland, albeit within a
distinct geotectonic and chronological context. The C34 Chron (~84 Ma) is associated with
a pronounced negative magnetic anomaly crossing the RGR. In contrast, the characteristic
stripped (“zebra”) pattern of seafloor spreading anomalies is weakly developed and mainly
observed east of C34.

Reprocessing of legacy seismic lines and correlation with existing borehole data have
already enabled preliminary seismic-stratigraphic interpretations and the identification of
tectonic and volcanic-sedimentary stages in the evolution of the RGR [58].

In the evolutionary model, five events were identified (Figure 4):

(a) Volcanic outpouring of oceanic crust caused by the Tristan-Gough hotspot, contempo-
raneous with the Parand-Etendeka Large Igneous Province, would have given rise to
the WRGR (Figure 4a; [28,29]);

(b)  Uplift of the central part of the WRGR, extensional forces caused intense rifting and for-
mation of the Cruzeiro do Sul Rift (CSR) extensional pulse which have been active from
the Maastrichtian to the middle/upper Eocene, then, covered by pelagic sedimentation
occurring over the volcanics of the WRGR and ERGR (Figure 4b; [6,58—60]);

(c) Plate accommodation and oceanic opening movements generated a second intense
magmatism phase in the Eocene, which caused the uplift of significant seamounts
that were subaerially exposed, while the active grabens were filled with volcanogenic
material (Figure 4c; [8,28,35,36,38]);

(d) Mounds were formed within the sedimentary package and erosional truncation,
providing evidence that part of the WRGR was exposed above sea level. Subsequently,
the WRGR cooled and submerged, with fault analysis suggesting a period of little
tectonic activity (Figure 4d; [37,39,48,54,58]);

(e) Formation of a dense system of sub-vertical normal faults (Eocene to Recent), classified
as polygonal faults, which may be related to fluid upwelling and the formation
of pockmarks (approximately 500 m in diameter); one hypothesis is that gas or
hydrothermal groundwater vents occur at the base of the sedimentary package, as
revealed by the presence of sub-vertical zones of seismic signal loss and thermal
anomalies (Figure 4e; [9,31]).

There are similarities between the seismic facies of the stratigraphic units interpreted
from the seismic lines of the western portion of the RGR and those from the Brazilian
continental margin; other tectono-depositional similarities occur between the Brazilian
continental margin and the RGR, such as the presence of Eocene volcanic seamounts along
the sedimentary package in both regions.

Samples of alkaline volcanic rocks collected in recent dredging operations were sub-
jected to petrographic analysis, elemental geochemistry, U-Pb zircon dating and Sr-Nd-Pb
isotopic geochemistry [8]. Petrographic, mineralogical, and isotopic data indicate that
these alkaline magmas evolved within a complex transcrustal magmatic system, involving
multiple events of magma recharge and fractional crystallization. The isotopic signatures
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(Sr-Nd-Pb) observed are consistent with Tristan-type enriched mantle sources, suggesting
a genetic link to other volcanic provinces from the Walvis Ridge and Guyot Province.

The continuity of alkaline magmatism from the WRGR toward the Brazilian margin is
suggested by the alignment of the Jean Charcot Seamounts, which remain poorly sampled
and represent a priority target for future geological investigations. The presence of clasts of
Precambrian crystalline rocks of diverse ages was reported by [9]. Dredging carried out
by the Oceanographic Institute of the Universidade de Sao Paulo in subsequent missions
recovered new samples of crystalline rocks and two samples of sedimentary rocks of
Paleozoic age (inferred from the age of detrital zircons). Those crystalline and sedimentary
rocks found on the plateau summit remain one of the most enigmatic observations. Their
rounded morphology, stratigraphic setting, and lack of thermal overprinting argue against
an origin as xenoliths transported by Eocene magmatism. In contrast, explanations such as
dropstones derived from glacial transport are conflicting with regional ocean circulation
patterns. Another option could be that these samples are ballast stones discarded by
transcontinental navigations during the slave trade between the 14th and 19th centuries. In
this context, estimating the age of clast deposition based on the thickness of Fe-Mn oxide
coatings has been proposed as a promising approach.

The confirmation or dismissal of a continental component within the basement of
the WRGR remains a question of significant scientific and strategic relevance that can be
resolved only with a new deep stratigraphic borehole.

3.2. Physical Oceanography of the Rio Grande Rise

Research on the physical oceanography of the Western Rio Grande Rise (WRGR) has
focused on the interaction between large-scale circulation, internal tides, and interactions
with complex topography, which together generate a distinctive hydrodynamic regime in

the southwestern Atlantic (Figure 5). Regional circulation is primarily controlled by the
southern branch of the South Equatorial Current (SEC) at approximately 30°S (sSEC30) [61],
which extends from the surface to depths of about 2500 m and exhibits a core between
roughly 287 and 570 m water depth (Figure 5).
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Figure 5. Schematic representation of the main oceanographic processes affecting the Western
Rio Grande Rise, including the interaction between the southern branch of the South Equatorial
Current (sSEC30), internal tide generation on the Cruzeiro do Sul Rift slopes, and topographic control
on circulation and sediment dynamics (modified from [62]). Solid red arrows represent the main
branches of the sSSEC30, while dashed red arrows indicate secondary branches that can enter the CSR.
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Modeling studies indicate that the sSEC30 does not display a well-defined annual
transport cycle [61]. When this current impinges on the WRGR, it bifurcates, flowing
around the Rise and strongly modulating local circulation patterns [61,62]. This interaction
between mean flow and topography plays a central role in shaping the hydrodynamic
environment of the plateau.

At the regional scale, the WRGR has been identified as one of the main hotspots of
internal tide generation in the southwestern Atlantic [62]. The semidiurnal M2 tidal con-
stituent dominates hydrodynamic variability, with current amplitudes reaching ~0.3 m-s~1.
The baroclinic (internal tide) component is intensified near the seafloor. Internal tides are
generated mainly along the steep flanks of the Cruzeiro do Sul Rift, where barotropic tidal
energy is converted into internal tidal beams that propagate both upward and downward

(Figure 6; [62]).
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Figure 6. M2 tidal velocity amplitude with the M2 tidal beams (characteristic paths, blue lines). This
transect is located along the 35.280W meridian at the WRGR. From [62].

The interaction between internal tides, the mean flow associated with the sSEC30, and
the abrupt topography of the WRGR produces a persistent anticyclonic circulation around the
main topographic highs. This circulation is driven by tidal rectification and the Taylor effect,
and is primarily confined to depths between ~500 and 1500 m. In addition, tidal rectification
generates an intensified near-bottom mean flow, with velocities reaching ~0.2 m-s~ L. Detailed
analyses of the upper ~1600 m of the water column further elucidate the tight coupling
between hydrodynamics, topography, and sedimentary processes on the WRGR.

Overall, the WRGR constitutes an oceanographic system in which barotropic and
baroclinic tides, submesoscale eddies, the sSEC30, and sedimentary processes interact
strongly with complex topography, generating intricate patterns of circulation and mass
transport. Future research priorities include the detailed quantification of interactions
between the sSEC30 and the major topographic features of the WRGR, as well as the
characterization of submesoscale processes, such as the formation, evolution, and decay of
eddies. Improved understanding of sediment transport, resuspension, and dispersal is also
essential to assess how bottom currents shape sedimentary architecture and influence the
exposure, erosion, and burial of ferromanganese crusts, with direct implications for benthic
ecosystems and biogeochemical cycles in the southwestern Atlantic.

3.3. Biodiversity and Ecosystem Dynamics

The euphotic zone (0-200 m) over the RGR is occupied by the warm and saline
Tropical Water of the South Atlantic Subtropical Gyre [63], characterized by low nutrient
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concentrations and, hence, low primary productivity [64,65]. The injection of new nutrients
from deeper layers into the phytoplankton community is restricted due to permanent
stratification and physical stability of the upper water column. Pico- and nanophytoplank-
ton initiate the energy and matter flux of the pelagic ecosystem through predominantly
regenerated production (sensu [66]), especially by the cyanobacteria Prochlorococcus and
Synechococcus [64], atmospheric nitrogen fixation [67], and transfer of dissolved organic
matter to higher trophic levels via biological pump. In addition, most of the particulate
organic matter produced by the phytoplankton in the euphotic zone is remineralized in the
microbial loop by heterotrophic prokaryotes [68,69], particularly by the heterotrophic bacte-
ria Oceanospirillales (Gammaproteobacteria) and SAR11 (Alphaproteobacteria) [64]. A small
fraction of the particulate organic carbon from primary producers is exported to deeper
waters [70], as the primary source of energy in and below the meso- and bathypelagic zones.
Nevertheless, the rise erases the ocean floor from ca. 4000 m to depths shallower than 1000
m and the steep bathymetric gradient surrounding the rise associated with internal waves
promote the uplift of adjacent isopycnals favoring topographic upwelling, which is typical
of seamounts and plateaus [71,72]. This may bring new nutrients to the lower half of the
euphotic zone enhancing biological activity and deep-sea particle export [73]. Dissolved
metals in the water column adsorb onto particulate organic material [74] and are also taken
up by microorganisms [75], which, when exported vertically, represents an important step
in the formation of marine mineral resources [74,76].

The RGR has garnered significant interest due to the discovery of strategic ferro-
manganese deposits. Research in the region is critical not only for elucidating its unique
ecosystems but also for informing responsible ocean stewardship. Recent research has re-
vealed that these ferromanganese crusts of the RGR function not only as mineral resources
but also as complex microhabitats [10-12]. Marine microbiology studies demonstrate that
these crusts host specialized microbial communities playing key roles in biogeochemical
cycles, including ammonia-oxidizing archaea (e.g., Candidatus Nitrosopumilus), nitrite-
oxidizing bacteria (Nitrospirae), methanotrophs, and metal-reducing microorganisms, such
as Betaproteobacteriales and Pseudomonadales. These studies have detected a high number
of unclassified and unknown prokaryotic DNA sequences [10,11,13], indicating a large
proportion of unknown microbial species and hidden functions in the RGR seawater, sedi-
ment, and crusts. Furthermore, scientists have shown that microbial diversity at the Rio
Grande Rise (RGR) clusters into distinct groups according to microhabitat—specifically
sediments, crusts, and geochemistry [11]. This highlights a strong coupling between mi-
crobial processes and crust formation compared with Pacific and other places in Atlantic
Oceans [10,11,13].

The RGR is a large oceanic plateau that stands out from the surrounding abyssal plains
like an oasis in the desert. Shallower sectors of the Rise, typically between ~600 and 1000
m, host a benthic fauna comparable to that of seamounts, with increased concentrations of
organisms along escarpments and steep slopes where stronger currents enhance food sup-
ply (Figure 7). Suspension feeders, such as sponges and cold-water corals, are particularly
abundant at these settings [77,78].

One of the most striking biological features of the RGR is the presence of extensive
gardens formed by the glass sponge Sarostegia oculata, often associated with the zoantharian
Thoracactis topsenti [79,80]. Together, these organisms form branching, coral-like structures
that create complex three-dimensional habitats supporting a wide range of invertebrates
and fishes. In contrast, broad plateau areas typically host sparser fauna, and sediment
accumulation supports infaunal communities. Diverse demersal fishes, including eels,
oreos, and other deep-sea taxa inhabit these habitats.
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Figure 7. (a). Rift wall, populated by suspension-feeders Sarostegia oculata and Iridogorgia sp. (b). A
single S. oculata on the top of Fe-Mn crust pavement, right on the edge of the rift. (c). Shoal of
Oreosoma cf. atlanticus found on the plateau of RGR. (d). Iridogorgia sp. on Fe-Mn crust. (e). Chaceon
sanctaehelenae under a sea anemone (Actiniaria). (f). Columnar basalt formations, indicating the
area was above sea level in the past.

High-resolution benthic habitat mapping further reveals a strong geomorphological
control on biological distribution demonstrating that benthic faunal assemblages vary
systematically with geomorphology and substrate, reinforcing the intrinsic link between
geodiversity and biodiversity on the RGR [12,31]. Plateaus, peaks, escarpments, and
valleys feature distinct substrates—from ferromanganese crusts and bioclastic sands to
fine sediments—each supporting unique faunal assemblages in relation to hydrodynamics.
Exposed hard substrates sustain dense communities of sessile fauna like cold-water corals
and sponges, while soft sediments harbor diverse infaunal communities.

Long-term monitoring initiated in 1998 and conducted by the Oceanographic Museum
of Univali in the State of Santa Catarina, Brazil, has demonstrated the geostrategic and
ecological importance of the RGR as a breeding, nursery, and migratory area for several
species of commercial and conservation interest [81,82]. Since the 1990s, the RGR has
attracted pelagic longline fisheries operating from southern Brazil and Uruguay, as well
as distant-water fishing vessels. Systematic monitoring of fishing landings and onboard
activities revealed two main areas of fishing concentration: one along the outer continental
slope within Brazil’s Exclusive Economic Zone, and another over the central oceanic banks
of the RGR [83,84].

The long-term program was created to monitor the longline fleet using the American
pelagic longline, targeting swordfish (Xiphias gladius), tuna (Thunnus spp.), and blue shark
(Prionace glauca) in the RGR area [85]. Between 1999 and 2010, an average of 15.8 hauls per
trip and 1117 hooks per haul was recorded. During this period, 12 species from 7 families
and 4 orders of Elasmobranchii were recorded, including rare species such as the Antarctic
sleeper shark Somniosus antarcticus and the cookiecutter shark Isistius plutodus. In addition,
other 32 species from 14 families and 6 orders of Actinopterygii were also recorded, many
new to the region [84]. Furthermore, over one thousand sea turtles were registered at
the RGR area, most of them loggerheads (Caretta caretta—979 individuals). Leatherback
turtles were recorded in smaller numbers (27; Dermochelys coriacea), while three hybrids
from loggerhead and most likely with hawksbill turtles (Eretmochelys imbricata) were also
found. All records were made based on incidental capture [86].

Surveys of seabird taxonomic diversity recorded 23 species within the order Procellari-
iformes [87]. The assemblage included several species considered rare or of limited occurrence
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in the southwestern Atlantic, notably the southern royal albatross (Diomedea epomophora), the
northern royal albatross (Diomedea sanfordi), the shy albatross (Thalassarche cauta), the sooty
albatross (Phoebetria fusca), the blue petrel (Halobaena caerulea), and the white-faced storm petrel
(Pelagodroma marina). Furthermore, the surveys documented a significant range extension
for the region with the first recorded observation of the white-headed petrel (Pterodroma
lessoni) [87]. Sightings confirmed the presence of multiple cetaceans, including the Bryde’s
whale (Balaenoptera edeni), the sperm whale (Physeter macrocephalus), the long-beaked common
dolphin (Delphinus capensis), the spotted dolphin (Stenella attenuata), the southern right whale
dolphin (Lissodelphis peronii), and the long-finned pilot whale (Globicephala melas), as well as
an incidental capture of a Risso’s dolphin (Grampus griseus). Furthermore, indirect evidence
suggested the presence of Orcinus orca [85].

The research further identified the area as the primary breeding and/or rearing ground
for the porbeagle shark (Lamna nasus) in the South Atlantic, based on the capture of a high
abundance of neonates and small juveniles. Recently, a large number of organisms from
diverse zoological groups have been discovered, some of which had not yet been described,
including a new species of sea urchin, Araeosoma (Echinothuriidae, Echinoidea) [88], and a
crustacean, Pasiphaea (Pasiphaeidae, Pleocyemata) [89]. Despite these findings, data on the
region’s most basal vertebrate groups remain critically limited [82].

Despite growing knowledge, major uncertainties remain regarding new micro and
macro species, species connectivity, population dynamics, and ecosystem functions and
resilience, particularly in relation to local physical process and long-term environmental
change. Following future accurate studies, the RGR might be defined as a biodiversity
hotspot: “areas featuring exceptional concentrations of endemic species and experiencing
exceptional loss of habitat” [90].

3.4. Present-Day Governance

The RGR occupies a central position in contemporary debates on deep-sea governance
and the environmental implications of marine mineral extraction [1,12,91]. A new con-
cept for use of the Ocean resource is emerging worldwide: the “Blue Economy” as the
sustainable use of ocean and aquatic resources for economic growth, improved livelihoods,
and human well-being, while preserving the health of ecosystems. It aims to balance
economic development with environmental preservation, encompassing sectors such as
fishing, tourism, renewable energy and maritime transport. On one hand, the RGR repre-
sents a strategic frontier for Brazil within the framework of the “Blue Amazon” (Amazonia
Azul), offering potential access to critical mineral resources of global significance [12,92-94].
On the other hand, its fragile and poorly understood ecosystems demand precaution,
interdisciplinary research, and robust institutional frameworks [91,95,96].

These challenges demand urgent responses, but also offer significant opportunities for
advancing scientific knowledge and developing technologies linked to both the exploration
of strategic mineral resources and the protection of fragile and poorly understood ecosys-
tems [91,97-100]. Deepwater mining, although not yet implemented on a commercial scale,
is considered a critical frontier for the energy transition, due to the growing demand for
minerals such as cobalt, nickel, and rare earths [91,101-103].

The Geological Survey of Brazil (SGB, once called CPRM (Companhia de Pesquisa de
Recursos Minerais)), sponsored by the Brazilian government, signed 52 ferromanganese
crust exploration contracts with the International Seabed Authority (ISA) between 2014
and 2018, but subsequently opted to concentrate efforts on the claim for extension of the
continental shelf [1,104-106]. Since 2018, the Brazilian claim for the inclusion of the RGR
within the Extended Continental Shelf (ECS) is being evaluated by the Commission on the
Limits of the Continental Shelf (CLCS), a body of the United Nations Convention on the
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Law of the Sea (UNCLOS) [105,107]. This claim to extend Brazilian sovereign rights over
the seabed beyond the 200 nautical mile limit, based on scientific evidence, considers that
the Rise is a natural extension of its land territory.

While the RGR was previously considered to be situated within areas administered by
the ISA as part of the “common heritage of mankind,” the Brazil’s submission for an ECS
under the UNCLOS [1,21,105,107-110] has led to a more complex legal and institutional
setting for the region.

First of all, in the international sphere we can observe, for example, that interactions
between the ECS and Marine Protected Areas (MPAs) in areas beyond national jurisdiction
(ABN]) illustrate potential conflicts between resources rights and conservation goals [111],
even though no MPA currently exists in the RGR. Secondly, the absence of a comprehensive
national legal framework governing marine mineral exploration and exploitation remains
an important institutional gap [105,108,112,113]. This regulatory situation may limit Brazil’s
strategic position and constrain long-term planning [105,112,114]. Finally, the interaction
between international and national levels deserves particular attention: as ISA continues
to develop its Mining Code to regulate activities beyond national jurisdiction, greater
alignment between domestic legislation and international standards will be increasingly
important [115-117].

4. Discussion
4.1. Governance and Socio-Environmental Impacts

The RGR presents critical governance challenges at the intersection of deep-sea mining,
biodiversity conservation, and national and international law [1,91,118]. The region’s legal
status is in transition, from a contract signed between the ISA and the SGB to a Brazilian claim
of an extended continental shelf before the CLCS. This shift introduces legal complexities that
must be addressed under both national and international law [105,107,119].

Brazil lacks comprehensive domestic legislation governing marine mineral extraction,
creating regulatory uncertainty that hampers strategic planning [105,112,118]. This gap
contrasts with the ISA’s advancing Mining Code and highlights the urgent need for legal
harmonization between national and international standards [47,117,119]. At the same
time, interactions among international regimes can create conflicts between the outer limits
of the continental shelf beyond 200 nautical miles claim—in the case of the RGR—and the
future establishment of MPAS under the Biodiversity Beyond National Jurisdiction (BBN]J)
Agreement [111,120,121].

Environmental concerns are acute given the RGR’s slow-growing, long-lived ecosys-
tems with limited resilience. Deep-sea mining impacts include: (1) irreversible habitat
destruction and substrate removal [122,123]; (2) sediment plumes dispersing metals and
contaminants over extensive areas [124,125]; and (3) anthropogenic noise propagating
hundreds of kilometers through the SOFAR channel, disrupting marine species dependent
on sound [126,127]. Metal toxicity and ecosystem resilience remain poorly understood due
to limited access to deep-sea bioindicator species [122,128].

Brazil’s alignment with the ISA’s 2023 precautionary pause reflects growing recogni-
tion that a robust scientific baseline is essential before commercial decisions [21,129,130].
Socioeconomic dimensions add complexity, as multiple sectors—fisheries, mining and
conservation—compete for ocean space, demanding ecosystem-based management ap-
proaches [20,131].

4.2. Mineral Resources and Economic Potential

The RGR has emerged as one of the most promising regions in the South Atlantic for
marine mineral resources in relation to the CPRM-SGB contract. Nevertheless, publicly
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available information is scarce and focused on specific areas [14,15]. Scientific and economic
interest is primarily focused on Fe-Mn crusts, with secondary attention to phosphate
deposits, and, to a lesser extent, the potential occurrence of polymetallic nodules. These
deposits result from the extremely slow accumulation of Fe and Mn oxides over millions
of years, during which they incorporate metals of high strategic value, including cobalt,
nickel, copper, lithium, tellurium, and rare earth elements, which are critical for the energy-
transition technologies and high-tech industries [14,15,32,76]. Recent surveys demonstrate
that Fe-Mn crusts on the RGR (Figure 8) exhibit exceptionally high enrichments in these
elements, placing the region among the most metal-rich Fe-Mn crust provinces documented
worldwide [17]. Furthermore, phosphorites are widely distributed on the seafloor of
continental shelves and slopes along the western continental margins of the Pacific and
Atlantic Oceans and are commonly associated with Fe-Mn mineralization, representing a

potential source of phosphates, rare earth elements, and yttrium [14,132,133].
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Figure 8. Chemical comparison of major global Fe-Mn polymetallic deposits. For the RGR, we include
the bulk, non-phosphatized and phosphatized phases (modified from [15]). Bars with red (blue) tones

means the major (minor) amount.

Ferromanganese crusts on the RGR consist of fine intergrowths of poorly crystalline
Fe- and Mn-oxide minerals formed under variable oceanic biogeochemical conditions. As
such, they preserve valuable records of past redox conditions, ocean circulation patterns,
and biogeochemical processes, in addition to their economic significance [16,32,51,53].
Hydrogenetic precipitation under oxic conditions favors the formation of vernadite directly
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from seawater, whereas 10 A manganates such as asbolane and lithiophorite precipitate
from porewaters under suboxic conditions. Goethite commonly co-occurs and can form
under both redox regimes [11]. These oxides exhibit strong and selective trace-metal
uptake: lithiophorite and asbolane preferentially concentrate lithium, nickel, copper, and
zinc, whereas vernadite concentrate cobalt, tellurium, and cerium [17,51].

Mineralogical analyses indicate the dominance of vernadite and 10 A manganates,
mineral phases with strong adsorption capacity for cobalt, tellurium, and rare-earth ele-
ments. Geochemical and magnetic studies also confirm the presence of two distinct growth
phases: an older phosphatized layer formed during the Miocene (approximately 20-6.8
Ma) and a younger, non-phosphatized hydrogenetic layer that continues to grow today.
These layers preserve valuable records of past redox conditions, ocean circulation, and
biogeochemical processes, in addition to their economic significance when phosphatiza-
tion usually imply remobilization and enrichment of metals (Ni, Cu, Pt, etc.) by early
diagenesis [16,53].

Geochemical and magnetic studies indicate a clear depth-dependent variability in Fe-Mn
crust composition across the RGR. At shallower depths (approximately 625-850 m), crusts
typically display a two-layer architecture, consisting of a thick phosphatized layer formed
during the Miocene (approximately 20-6.8 Ma) overlain by a thinner, non-phosphatized
hydrogenetic layer that continues to accrete today. This Miocene phosphatization event is
considered to be due to changes in redox conditions as consequence of the formation of an
Oxygen Minimum Zone (OMZ) related to increase in primary productivity [16], resulted in
the substitution and cementation of pelagic carbonates by carbonate fluorapatite, profoundly
modifying mineralogical assemblages, bulk geochemical compositions, and magnetic prop-
erties of the crusts (Figure 9). In contrast, deeper-water crusts (approximately 1500-5000
m) are non-phosphatized because they remained below the Miocene OMZ; they are purely
hydrogenetic and particularly enriched in cobalt, molybdenum, vanadium, and uranium,
with peak enrichments typically occurring between 2000 and 4000 m water depth [14-16].

@ YOUNGER LAYERS GOETHITE
* Composed by poorly crystalline FeOOH and MnOx « Crystallized in older crusts layers
* MnOx main minerals: vernadite and asbolane « Evidences that it concentrates Ti

« Higher concentration of transition metals and REE such as Ni, Co, Ti, Ce, La
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* MnOx modified by post-depositional processes;
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Figure 9. Characterization of a Fe-Mn crust sample from the RGR (modified from [17]).
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Geochemical studies indicate strong spatial variability in metal concentrations, suggest-
ing that local hydrodynamic conditions, substrate exposure time, and oxygen availability
play a key role in controlling crust growth rates and composition [11,16]. The contribution
of microbial mediation to metal oxidation and precipitation is increasingly recognized but
remains insufficiently quantified in the RGR context.

The chemical composition and distribution of Fe-Mn crusts on the RGR is complex and
depends of a series of factors, including biological productivity (phosphatization/redox
changes), oceanographic dynamics (accretion rates/selective enrichment), and the subbot-
tom characteristics [14-16]. However, despite recent advances and geopolitical movements
toward deep sea mining, the scientific knowledge on mineralogical composition and the
spatial distribution of these crusts remains poorly constrained (Figure 10). The data avail-
able today are mainly demonstrating sample quality from specific locations, not a complete
resource assessment. Critical parameters for mining evaluation are entirely absent: there
is no available reconstruction of crust distribution area, average thickness, or consequent
metal resources. Large-scale future research is fundamental to realistic resource assess-
ment of the region. This knowledge gap highlights the need for further high-resolution
mineralogical, geochemical, and geophysical investigations to fully assess the RGR’s re-
source potential. Such efforts are essential not only for optimizing exploration strategies,
but also for ensuring that any future mining activities are informed by robust scientific
understanding and carefully balance economic interests with environmental sustainability.
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Figure 10. Ferromanganese crusts in the Western Rio Grande Rise using Benthic Terrain Model (BTM)
and the Remote Sensing Object-Based Image Analysis (RSOBIA) [31].

A systematic multiphysical survey (e.g., reflection seismics, gravity, magnetic and
electromagnetic surveys) covering the entire RGR (in different azimuth directions) and
extending at least 25% beyond its inferred limits is therefore considered essential. Combined
with gravimetric, bathymetric, and geological datasets, such a survey could provide critical
constraints on the spatial extent of the RGR and its crustal nature. The use of Autonomous
Underwater Vehicles (AUVs), Remotely Operated Vehicles (ROVs) or Deep-Towed Vehicles
is fundamental to recover biological, geological and water samples and data from the
water—sediment surface. Likewise, uncrewed aerial vehicles deployed from oceanographic
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vessels have been proposed as a feasible strategy for acquiring high-resolution airborne
geophysical data over the rise.

4.3. Extraction Methods

From a technological perspective, the exploitation of Fe-Mn crusts remains challeng-
ing. Unlike polymetallic nodules, crusts are strongly lithified and firmly attached to the
basaltic or sometimes sedimentary semiconsolidated substrates, requiring robust cutting
technologies for recovery [134,135]. International test programs have explored deep-sea
mining systems using floating production platforms, vertical riser systems, and seabed
cutting tools [136]. Hydraulic lift systems, which utilize slurry pumps to circulate the
liquid-solid mixture, are well-suited for shallow-water operations. Airlift systems, on the
other hand, are suitable for greater depths. In an airlift system, compressed air is injected
into the riser, reducing the density of the internal fluid column and thereby creating a
pressure differential relative to the surrounding hydrostatic pressure. As a result, the air—
liquid—solid mixture is driven upward through the riser. The high mechanical strength of
Fe-Mn crusts and the environmental sensitivity of deep-sea ecosystems present significant
technological and environmental challenges that must be addressed before any commercial
exploitation can be contemplated [137,138].

There is still no established production system for crusts/nodules, but several arrange-
ments have been proposed and tested. A typical system involves a floating platform, an ore
lift riser to conduct multiphase flow, a water return pipeline, and a seafloor collection/cutting
tool. For the RGR, the floating platform is essential, as the crusts are distributed on the top
of the plateaus (~1000 m) and on the slopes up to ~4000 m, beyond the usual reach of fixed
platforms (~350 m). The subsea system includes the riser (possibly with parallel lines for
lift and water return), a flexible jumper connecting it to the bottom tool, and the cutting
equipment. Future regulations will define whether the water returns to the bottom or if a
closed circuit will be required. In terms of ore lift, hydraulic lift (two-phase flow) is suitable
for shallower depths, while air-lift (three-phase) is recommended for deep water.

The Japan Oil, Gas and Metals National Corporation (JOGMEC) has already tested a
prototype crust cutter in an ocean environment. The increased global demand for critical
minerals, driven by decarbonization policies and the high-tech industry, reinforces the
economic relevance of the South Atlantic. However, there are still significant uncertainties
regarding the commercial viability of deep-sea mining, considering operational costs,
environmental risks, and regulatory uncertainties [139].

4.4. Metallurgical Processing and Strategic Applications

The growing global demand for clean and highly efficient energy technologies has driven
the search for critical elements, such as rare earth elements (REEs), yttrium, cobalt, and nickel,
which are essential in the manufacture of permanent magnets, wind turbines, electric vehicles,
photovoltaic panels, and low-energy LEDs. China’s dominance in global REE production
highlights a significant geopolitical and economic dependence [76,92,140,141]. In this context,
the search for new sources of strategic metals has become a scientific and technological priority.

Although the average REE content in marine crusts is relatively low (~0.25%), their
global reserves are comparable to those of large continental deposits such as Bayan Obo
(China) and Mountain Pass (USA).

Despite the high economic potential of the RGR Fe-Mn crusts, their metallurgical
processing still faces significant challenges [142,143]. Conventional methods used for
REE extraction, such as acid calcination with concentrated H,SO4 (>93% by weight) at
temperatures above 200 °C, require high energy consumption, are highly corrosive, and
produce large volumes of waste [144]. In this context, it is essential to develop alternative
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hydrometallurgical routes, such as selective precipitation or hybrid approaches that inte-
grate selective precipitation and solvent extraction, aiming at the efficient recovery of REEs
and yttrium from the Fe-Mn crusts of the Rio Grande Rise to improve product yield, purity
and environmental sustainability.

4.5. Viability of Deep-Sea Mining and Impacts of Crusts Exploitation from RGR

Ordinarily, to define the viability of deep-sea mining and crusts exploitation from RGR,
we need to compare the economic feasibility of mining polymetallic manganese nodules and
cobalt-rich ferromanganese crusts in a scenario of mutual exclusivity. However, metallurgy
optimization and environmentally sustainable lixiviation are the main factors for this
calculation; nevertheless, prices are not the only drivers. Assessing the viability of deep-sea
mining involves multiple dimensions beyond economics. As [145] noted, legal, political,
technological, and environmental issues are often more critical than economic factors alone.
Importantly, societal perception and acceptance of deep-sea mining world-wide and at
the Rio Grande Rise, which can have a fundamental role in successful development of
the exploration and exploitation projects [146], are not taken into consideration in this
calculation. Moreover, the perception of different groups on the consequences that deep-sea
mining would cause are commonly viewed as highly complex and conflictual at the point
of jeopardizing the entire blue economy. In order to unravel and debate these complex
interactions, a complete and accurate environmental impact assessment with a view to
precisely calculating and, consequently, minimizing the risks is needed. On the other side, a
potential environmental mining disaster caused by deep sea mining would worsen the deep-
sea mining perception, provoking the demise of the entire blue economy. Subsequently,
massive and crucial scientific investments are urgent in order to precisely calculate the
deep-sea environmental impacts (cumulative and synergetic) before undertaking any kind
of deep-sea mining.

The exploitation of these resources involves the use of mineral-collecting robots on
the seabed, surface ore processing, and the re-deposition of drainage water on the seabed
(e.g., [128,147,148]). Ore extraction may cause pollution from noise, vibration, or light, and
from sediment plumes or drainage water containing particles, contaminants, and nutrients
(Figure 11) [96,98,148,149]. This will have significant negative environmental consequences,
such as habitat destruction, crushing of animals by collectors, displacement of swimming
animals to other locations; light, vibration, and sound can cause disorientation; and sediment
clouds can damage filtration organs and induce toxic effects (metals) [123,148-151].

Greater proximity to the extraction site and longer duration of the activity increase the
severity of these impacts on the affected ecosystems, with negative effects on biodiversity,
productivity, carbon sequestration, and ecosystem services such as fishing or genetic
resources [122,123,148,152].

Three main vectors concentrate the concerns [91,99,124,152,153]:

1. Physical disturbance and habitat destruction—mechanical collectors of crusts and
nodules cause irreversible removal of the substrate, burial of organisms, and loss of
unique habitats [122,123,149].

2. Pollution by sediment plumes and drainage—the resuspension of fine particles can
affect filter-feeding organisms and food webs, transporting metals and contaminants
over long distances [122,124,125,149].

3. Anthropogenic noise—in general, sound propagates faster and with less attenuation
in water than in air, thus giving sound the ability to reach great distances in the
marine environment. In deep ocean regions (~1000 m), the SOFAR (Sound Fixing
and Ranging) channel enhances the long-range propagation of low-frequency sound
by minimizing attenuation, allowing noise from mining activities to propagate over
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hundreds of kilometers [126,127,154,155]. Therefore, the noise produced by vessels,
dredging, pumps, and excavation can impact marine ecosystems through the phe-
nomenon of masking or by directly damaging marine species that depend on sound
for communication, orientation, feeding, and reproduction [156]. Despite the grow-
ing threat posed by noise pollution in the deep sea, it is important to highlight the
significant scarcity of data and the absence of standardized methodologies for charac-
terizing reference noise levels and their cumulative effects, especially in the southern

hemisphere [157-159].

The ecotoxicological dimension represents another critical challenge [122,124,128,148].
Little is known about the toxicity of metals released during the exploration of crusts and
phosphorites [122,128,147]. One of the greatest challenges is obtaining bioindicator species
at great depths, hindering studies on resilience and population maintenance [124,128].

ECOLOGICAL CONSEQUENCES
Organs/Toxic Effects
Damage | Filtration

PHYSICAL Anthropogenic
DISTURBANCE/ Noise
HABITAT LOSS

BENTHIC ZONE

Figure 11. Scheme representing the impacts affecting the marine environment in relation to deep-sea
mining operations.
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4.6. Environmental and Socioeconomic Considerations—Future Prospectives

Although this review focuses primarily on the scientific understanding of the Rio Grande
Rise, assessing its mineral resources necessarily requires consideration of environmental
risks and economic feasibility. Ferromanganese crusts occur in ecosystems characterized by
slow biological turnover and limited resilience to disturbance. Mechanical removal of crusts,
sediment resuspension, and noise propagation may produce long-lasting ecological effects,
particularly in habitats dominated by sessile fauna and long-lived organisms.

At the same time, the economic viability of crust exploitation remains uncertain. The
extraction of strongly lithified ferromanganese crusts requires complex cutting technologies,
vertical lifting systems, and metallurgical processes capable of efficiently recovering strate-
gic elements such as cobalt, nickel, and rare earth elements. Operational costs, technological
constraints, regulatory uncertainty, and environmental safeguards therefore represent criti-
cal factors influencing potential future exploitation. Consequently, robust environmental
baselines, detailed resource assessments, and integrated cost—benefit analyses remain es-
sential prerequisites for realistically evaluating any large-scale mining scenario in the Rio
Grande Rise.

There is a pivotal need for more basic science before any commercial decision, because
any miscalculation in the analysis of the impacts and cumulative impacts might jeopardize
the entire risk assessment evaluation [129]. This effort indicates that international regu-
lation is in transition, oscillating between economic interests and global environmental
commitments [130,160,161].

Finally, the socioeconomic dimension cannot be dissociated from the debate [20,124].
The exploitation of the RGR involves the interests of different sectors: fishing, mining,
conservation, and coastal communities [1,12,162]. The conflicts between large-scale longline
fishing, already recorded in the region, and potential mining on the plateau illustrate how
governance decisions must consider multiple uses of the sea, in line with Ecosystem-Based
Management [20,131,163].

Deepwater mineral exploration should not be seen merely as an economic opportunity,
but as an ethical and political test of the capacity of each country within its ECS and the
international community to preserve humanity’s common heritage without compromising
the ecological integrity of the oceans [21,107,130,161,164-167].

Environmental concerns are particularly acute in the context of deep-sea mining. RGR
ecosystems are characterized by slow-growing, long-lived organisms with low reproductive
rates and extremely limited resilience to disturbance. Potential impacts include habitat
destruction, sediment plumes, noise, light, and chemical contamination, all of which
may have long-lasting or irreversible effects. Effective governance, therefore, requires the
application of the precautionary principle, ecosystem-based management, and long-term
environmental monitoring.

Institutions such as environmental agencies play a central role in ensuring that
decision-making is informed by robust scientific evidence [168]. Strengthening institutional
capacity, investing in environmental baseline studies, and fostering transparency and public
engagement are essential components of responsible ocean governance.

However, crucial gaps remain: a thorough understanding of the relationships between
deep-sea biodiversity and the formation of polymetallic deposits; a detailed assessment
of potential conflicts that may arise between fishing activity and mineral exploration; and
realistic analyses that consider the costs, benefits, and risks associated with deep-sea mining
in the Rio Grande Rise.

Advances in high-resolution geophysical databases—seismic, magnetic, gravimetric
and electromagnetic surveys—will be crucial for filling fundamental gaps, testing hypothe-
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ses about the continental crust, and elucidating the architecture of the Cruzeiro do Sul Rift,
producing 4D models of tectono-magmatic evolution that will guide future surveys.

Stratigraphic surveys and multidisciplinary coring campaigns will establish precise
chronologies of the RGR, from the Late Cretaceous to the Recent, calibrating events of
volcanism, phosphatization, and emergence as an island. In parallel, in-depth research
in deep-sea ecology and functional metagenomics will reveal essential metabolic func-
tions of microbiomes associated with ferromanganese crusts and sediments, connecting
invisible processes to the sustainability of ecosystem services and offering biomarkers for
environmental monitoring.

The integration of high-resolution geomorphology, substrate, and fauna will allow the
definition of zones of high ecological value and the construction of transparent criteria for
exclusion, mitigation, and environmental compensation, consolidating a cartography of
habitats and resources as a basis for marine spatial planning. Experimental tests on plumes,
noise, and crust shear, conducted on controlled-impact platforms, will be fundamental to
establishing quantifiable thresholds that guide real-time decisions. Ecotoxicology will advance
in defining mobility and bioavailability limits for metals from a precautionary perspective.

Within this same framework, the economic and social evaluation of non-extraction,
conservation, and mining scenarios should incorporate not only costs and revenues, but
also the value of ecosystem services, economic viability and societal acceptability, allowing
the construction of decision-making panels that support public policies. This scientific basis
needs to be accompanied by a regulatory and operational framework capable of translating
evidence into implementable rules under the United Nations Convention on the Law of the
Sea (UNCLOS) and national law, providing an operational code for the deep sea aligned
with international best practices.

To assess the objective economic viability of large-scale deep-sea mining, a detailed
metallurgical study is also needed to optimize the extraction of each element from each
type of crust. Furthermore, crust production cannot represent only a commodity for the
country’s economy; an effort must be made to utilize these elements in applied forms, with
varying degrees of purity, to obtain concrete improvements through the energy transition.

Finally, the consolidation of a national critical mass will depend on the training of
new generations of scientists and technicians. Field schools, international cooperation
programs, fellowships, and open data platforms and protocols should train specialists
in geosciences, biology, engineering, and social sciences, strengthening a national and
international research network.

5. Conclusions and Perspectives

The Rio Grande Rise constitutes a key natural laboratory for investigating oceanic
plateau formation, deep-sea ecosystem functioning, and the development of ferroman-
ganese crust deposits. This review integrates multidisciplinary evidence accumulated
over the last decades, providing a comprehensive synthesis of current knowledge on the
geological evolution, oceanographic processes, biodiversity patterns, and mineral resources
of the region.

The available data indicate that the Rio Grande Rise formed through a complex inter-
action of plume-related magmatism, crustal thickening, tectonic rifting, and subsequent
subsidence associated with the opening of the South Atlantic. The plateau hosts extensive
ferromanganese crust deposits enriched in strategic metals. At the same time, its complex
geomorphology and hydrodynamic regime support diverse deep-sea ecosystems closely
linked to substrate type and oceanographic conditions.

Despite significant advances, important uncertainties remain. Major knowledge gaps
include the crustal nature and internal structure of the plateau, the spatial distribution and
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thickness of ferromanganese crusts, the total metal resource potential, and the ecological
functioning and resilience of deep-sea communities. Additional uncertainties relate to the
environmental consequences and economic feasibility of potential mineral exploitation,
which remain poorly constrained due to limited geological sampling, sparse geophysical
coverage, and incomplete ecological baseline data.

Addressing these uncertainties will require expanded geophysical surveys, new deep-
drilling campaigns, systematic geological and biological sampling, and integrated multidis-
ciplinary investigations that combine geology, oceanography, geochemistry, and ecology.
Such efforts are essential to refine current interpretations and to improve the scientific basis
for future assessments of environmental risks and mineral resource potential in the Rio
Grande Rise.

Author Contributions: Workshop coordination and conceptualization, L.J., C.U., M.B.H. and
S.L.M.M.; scientific synthesis, L.J.,, C.U., D.G,, S.B.,, NM.B., Ed.S.B., EPB, R.C.,, D.L.d.C, RR.C,
M.A.CJ.,, M.BH,, Vd.AJ,6I1K]., Ld.OJ,EAL,SM., GMM, N.C.CM., WM., EEM., C.C.d.O,,
VH.P,M.CP,AGPP,ER, LC.VR,FE].GS, IL.C.A.dS.,, JMRS, PWS.-N,, PY.G.S., G.T.T,S.T.d.S.,
A.T,RVS, MY. and S.L.M.M,; data compilation and thematic integration, L.J., C.U., D.G., S.B.,
N.M.B., E.d.SB,FPB,RC,DLdC,RR.C, MACJ,MBH, VdA]J],1K]., LdOJ,FAL,SM,
G.MM.,, N.C.CM.,, WM., EEM,, C.C.d.O.,, VH.P,M.CP, AG.PP,ER,LCVR, E].GS., .C.AdS.,
JM.RS., PWS.-N, PY.GS., GT.T,STdS., AT, RVS, MY. and S.L.M.M.; writing—original draft
preparation, coordinated by L.J. and S.L.M.M.; writing—review and editing, L.J., C.U.,, D.G,, S.B.,
N.M.B., Ed.S.B,FEPB,RC,DLdC,RR.C, MACJ., MBH., Vd.A]J,1K].,LdOJ,FEAL,SM,
GMM, N.C.CM, WM, EEM,, C.C.d.O., VHP,M.CP, A.GPP,ER, LCVR, E].GS, I1.C.AdS,
JM.R.S.,, PWS.-N., PY.G.S., G.T.T,, S.T.d.S., A.T.,, R.V.S.,, M.Y. and S.L.M.M. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by Fundacao de Amparo a Pesquisa do Estado de Sao Paulo:
2016/24946-9; Fundagao de Amparo a Pesquisa do Estado de Sao Paulo: 2014/50820-7; Finan-
ciadora de Estudos e Projetos: 01.22.0266.00; PIPAE PRP USP: 2021.1.10424.1.9; Fundacao de Am-
paro a Pesquisa do Estado de Sao Paulo: 2019/22084-8; Fundagao de Amparo a Pesquisa do
Estado de Sao Paulo (Sao Paulo Research Foundation): 2018/00728-8; Fundacao de Amparo a
Pesquisa do Estado de Sao Paulo: 2025/19315-9; Fundacao de Amparo a Pesquisa do Estado de
Sao Paulo: 2022/11983-4 and 2021/08111-2; Fundagao para Ciéncia e Tecnologia (FCT) Portugal
for funding CIMA (UID/00350/2025, https://doi.org/10.54499 /UID/00350/2025) and ARNET
(LA/P/0069/2020, https:/ /doi.org/10.54499 /LA /P /0069 /2020), University of Algarve; Chamada
CNPq N°4/2021-Bolsas de Produtividade em Pesquisa—PQ: 309714 /2021-4; Cientista Nosso Estado—
FAPER]J: E-26/211.224 /2021 and 38/2021; CNPq: 308916/2022-0. CNPq Productivity in Research
Grant (PQ), Call No. 4/2021 (Process No. 314444 /2021-1), entitled “Environmental litigation in the
context of the sustainable management of marine resources”; CAPES, Marine Resources Program, Call
n. 35/2022, project “Governance of the Blue Amazon: interdisciplinary methods in the humanities
and natural sciences” (Process Nos. 88887.714740/2022-00); ATLANTIS (PID2021-1245530B-100).

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors thank the Oceanographic Institute of the University of Sao Paulo
(IO-USP) for scientific and logistical support, as well as all institutions and researchers participating
in the EMERGE Workshops (2024-2025). This work was supported by the Sao Paulo Research
Foundation (FAPESP; grants 2014/50820-7, 2016 /24946-9, and PIPAE 2021.1.10424.1.9) and by the
project “Multidisciplinary Study of New Strategic Minerals and Mining Risk Assessment on the Rio
Grande Rise (South Atlantic)—e-MERG” (Finep Ref. 0013/21). The authors also acknowledge the
partnership of the Centro de Exceléncia para o Mar Brasileiro (CEMBRA), the Fundagao de Estudos
do Mar (FEMAR), Petrobras, and the Marinha do Brasil, particularly through the Secretariat of the
Interministerial Commission for Sea Resources (SECIRM), as well as the Brazilian Continental Shelf

https://doi.org/10.3390/min16040418


https://doi.org/10.54499/UID/00350/2025
https://doi.org/10.54499/LA/P/0069/2020
https://doi.org/10.3390/min16040418

Minerals 2026, 16, 418 25 of 32

Survey Plan (LEPLAC). We further express our gratitude to the scientific teams, students, technicians,
and international collaborators whose contributions enriched this multidisciplinary synthesis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Montserrat, E.; Guilhon, M.; Corréa, P.V.E,; Bergo, N.M.; Signori, C.N.; Tura, PM.; Maly, M.; Moura, D.; Jovane, L.; Pellizari, V.H.;
et al. Deep-sea mining on the Rio Grande Rise (Southwestern Atlantic): A review on environmental baseline, ecosystem services
and potential impacts. Deep.-Sea Res. Part I Oceanogr. Res. Pap. 2019, 145, 31-58. [CrossRef]

Barker, P.E; Carlson, R.L.; Johnson, D.A.; Cepek, P,; Coulbourn, W.; Gamboda, L.A.; Hamilton, N.; Melo, U.; Pujol, C.; Shor, A.N,;
et al. Deep Sea Drilling Project Leg 72: Southwest Atlantic paleocirculation and Rio Grande Rise tectonics. Geol. Soc. Am. Bull.
1981, 92, 294-309. [CrossRef]

Serratt, H.; Girelli, T.].; Da Cruz, M.E; Teixeira, C.D.; Lehn, I.; Rizzi, M.A.M.; Babinski, M.; Toledo, C.L.B.; Peng, P.; Conti, B.;
et al. Unraveling the geological history of the South Atlantic margin: Records of West Gondwana Breakup from South Brazil and
Uruguay margin. Tectonophysics 2025, 910, 230790. [CrossRef]

Barker, PF,; Buffler, R.T.; Gamboa, L.A. A Seismic-Reflection Study of the Rio-Grande Rise. In Initial Reports of the Deep-Sea Drilling
Project; Barker, PE, Carlson, R.L., Johnson, D.A., Eds.; U.S. Government Printing Office: Washington, DC, USA, 1981; Volume 72,
pp- 499-517.

Gamboa, L.A.P.; Rabinowitz, P.D. The evolution of the Rio Grande Rise in the southwest Atlantic. Mar. Geol. 1984, 58, 35-58.
[CrossRef]

Gamboa, L.A.P,; Rabinowitz, P.D. The Rio Grande Fracture Zone in the western South Atlantic and its tectonic implications. Mar.
Geophys. Res. 1981, 4, 247-271. [CrossRef]

Kumar, N. Origin of “paired” aseismic rises: Ceard and Sierra Leone. Mar. Geol. 1979, 30, 175-191. [CrossRef]

Guerra, ]. TM,; Janasi, V.A.; Srivastava, P.; Basei, M.A.S.; Luvizotto, G.L.; Jovane, L. Petrology of the Eocene alkaline volcanism
from the western Rio Grande Rise, South Atlantic Ocean. Front. Earth Sci. 2025, 12, 1527863. [CrossRef]

Sergipe, PP; Louro, V.; Marangoni, Y.R.; De Moura, D.S.; Jovane, L. A study of volcanic rocks and ferromanganese crusts through
marine geophysical methods integration in the north portion of Cruzeiro do Sul Rift in the Rio Grande Rise. Front. Mar. Sci. 2023,
10, 1093108. [CrossRef]

Bergo, N.M.; Bendia, A.G.; Ferreira, ].C.N.; Murton, B.].; Brandini, EP; Pellizari, V.H. Microbial diversity of deep-sea ferroman-
ganese crust field in the Rio Grande Rise, Southwestern Atlantic Ocean. Microb. Ecol. 2021, 82, 344-355. [CrossRef]

Bergo, N.M.; Torres-Ballesteros, A.; Signori, C.N.; Benites, M.; Jovane, L.; Murton, B.J.; da Rocha, U.N.; Pellizari, V.H. Spatial
patterns of microbial diversity in Fe-Mn deposits and associated sediments in the Atlantic and Pacific oceans. Sci. Total. Environ.
2022, 837, 155792. [CrossRef]

Corréa, P.V.E; Jovane, L.; Murton, B.J.; Sumida, P.Y.G. Benthic megafauna habitats, community structure and environmental
drivers at Rio Grande Rise (SW Atlantic). Deep. Sea Res. Part I Oceanogr. Res. Pap. 2022, 186, 103811. [CrossRef]

Gonzélez, FJ.; Medialdea, T.; Schiellerup, H.; Zananiri, I.; Ferreira, P.; Somoza, L.; Monteys, X.; Alcorn, T.; Marino, E.; Lobato,
A.B.; et al. MINDeSEA: Exploring seabed mineral deposits in European seas, metallogeny and geological potential for strategic
and critical raw materials. Geol. Soc. Lond. Spec. Publ. 2023, 526, 289-317. [CrossRef]

Benites, M.; Gonzélez, ]J.; Hein, J.; Marino, E.; Reyes, J.; Millo, C.; Jovane, L. Controls on the chemical composition of ferro-
manganese crusts from deep-water to the summit of the Rio Grande Rise, South Atlantic Ocean. Mar. Geol. 2023, 462, 107094.
[CrossRef]

Benites, M.; Hein, ].R.; Mizell, K.; Jovane, L. Miocene phosphatization of rocks from the summit of Rio Grande Rise, Southwest
Atlantic Ocean. Paleoceanogr. Paleoclimatol. 2021, 36, e2020PA004197. [CrossRef]

Benites, M.; Hein, ].R.; Mizell, K,; Farley, K.A.; Treffkorn, J.; Jovane, L. Geochemical insights into formation of enigmatic ironstones
from Rio Grande Rise, South Atlantic Ocean. Mar. Geol. 2022, 444, 106716. [CrossRef]

Matos, C.S.; Benites, M.; Jovane, L.; Ulsen, C. Chemical-mineralogical characterization of critical elements into ferromanganese
crusts. J. Mater. Res. Technol. 2023, 25, 5633-5649. [CrossRef]

Benites, M.; Hein, J.R; Mizell, K.; Blackburn, T.; Jovane, L. Genesis and evolution of ferromanganese crusts from the summit of
Rio Grande Rise, Southwest Atlantic Ocean. Minerals 2020, 10, 349. [CrossRef]

Guilhon, M.; Singh, P; Christiansen, S.; Turra, A. Revisiting procedural requirements for the assessment of environmental
impacts arising from the different stages of deep seabed mining: Current practices at the International Seabed Authority and
recommendations for improvement. Environ. Impact Assess. Rev. 2022, 96, 106846. [CrossRef]

Guilhon, M.; Xavier, L.Y.; von Pogrell, L.; Singh, P.; Christiansen, S.; Turra, A. Ecosystem-based management through the lenses
of International Seabed Authority stakeholders: Current status, implications, and opportunities for the deep-sea mining regime
in the area. Front. Mar. Sci. 2023, 10, 1139396. [CrossRef]

https://doi.org/10.3390/min16040418


https://doi.org/10.1016/j.dsr.2018.12.007
https://doi.org/10.1130/0016-7606(1981)92%3C294:DSDPLS%3E2.0.CO;2
https://doi.org/10.1016/j.tecto.2025.230790
https://doi.org/10.1016/0025-3227(84)90115-4
https://doi.org/10.1016/0012-821X(81)90193-X
https://doi.org/10.1016/0025-3227(79)90014-8
https://doi.org/10.3389/feart.2024.1527863
https://doi.org/10.3389/fmars.2023.1093108
https://doi.org/10.1007/s00248-020-01670-y
https://doi.org/10.1016/j.scitotenv.2022.155792
https://doi.org/10.1016/j.dsr.2022.103811
https://doi.org/10.1144/SP526-2022-150
https://doi.org/10.1016/j.margeo.2023.107094
https://doi.org/10.1029/2020PA004197
https://doi.org/10.1016/j.margeo.2021.106716
https://doi.org/10.1016/j.jmrt.2023.07.021
https://doi.org/10.3390/min10040349
https://doi.org/10.1016/j.eiar.2022.106846
https://doi.org/10.3389/fmars.2023.1139396
https://doi.org/10.3390/min16040418

Minerals 2026, 16, 418 26 of 32

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Oliveira, C.C; de Lima, R.J.C.; da Luz, G.L.N.; Barros-Platiau, A.F.; Bombaka, H.M.; Jovane, L. Cronica sobre as negociagdes no
ambito da Autoridade Internacional dos Fundos Marinhos (ISA): Rumo ao Cédigo de explotacao? Rev. Direito Int. 2025, 22, 19-30.
[CrossRef]

GEBCO Compilation Group. GEBCO 2025 Grid; NERC EDS British Oceanographic Data Centre NOC: Liverpool, UK, 2025.
[CrossRef]

Hogg, N.G.; Siedler, G.; Zenk, W. Circulation and variability at the southern boundary of the Brazil Basin. J. Phys. Oceanogr. 1999,
29, 145-157. [CrossRef]

Boebel, O.; Schmid, C.; Zenk, W. Flow and recirculation of Antarctic Intermediate Water across the Rio Grande Rise. . Geophys.
Res. Ocean. 1997, 102, 20967-20986. [CrossRef]

Campos, E.J.D,; Ikeda, Y.; Castro, B.M.; Gaeta, S.A.; Lorenzzetti, ].A.; Stevenson, M.R. Experiment studies cir-culation in the
western South Atlantic. Eos Trans. Am. Geophys. Union 1996, 77, 253-259. [CrossRef]

Foulger, G.R. Plates vs. Plumes: A Geological Controversy; Wiley-Blackwell: Hoboken, NJ, USA, 2018. [CrossRef]

Moulin, M.; Aslanian, D.; Unternehr, P. A new starting point for the South and Equatorial Atlantic Ocean. Earth-Sci. Rev. 2010, 98,
1-37. [CrossRef]

Homrighausen, S.; Hoernle, K.; Hauff, F.; Wartho, J.-A.; Garbe-Schénberg, D.; Portnyagin, M.; Werner, R.; Geldmacher, J. Evidence
for compositionally distinct upper mantle plumelets since the early history of the Tristan-Gough hotspot. Nat. Commun. 2023, 14,
4275. [CrossRef] [PubMed]

Rohde, ] K.; Bogaard, P.v.D.; Hoernle, K.; Hauff, E; Werner, R. Evidence for an age progression along the Tristan-Gough volcanic
track from new “’Ar /3 Ar ages on phenocryst phases. Tectonophysics 2013, 604, 60-71. [CrossRef]

Jovane, L.; Hein, ].R.; Yeo, I.A.; Benites, M.; Bergo, N.M.; Corréa, P.V.F,; Couto, D.M.; Guimaraes, A.D.; Howarth, S.A.; Miguel,
H.R,; et al. Multidisciplinary scientific cruise to the Rio Grande Rise. Front. Mar. Sci. 2019, 6, 252. [CrossRef]

Lisniowski, M.A.; Lopes, V.H.R.; Frazao, E.P.; Motta-Neto, C.C.; Harlamov, V.; Ayres-Neto, A. Mapping potential benthic habitats
of the Rio Grande Rise, SW Atlantic. Deep. Sea Res. Part I Oceanogr. Res. Pap. 2025, 226, 104619. [CrossRef]

Benites, M.; Millo, C.; Hein, J.; Nath, B.N.; Murton, B.; Galante, D.; Jovane, L. Integrated geochemical and morphological data
provide insights into the genesis of ferromanganese nodules. Minerals 2018, 8, 488. [CrossRef]

Cavalcanti, ].A.D.; Santos, R.V.; Lacasse, C.M.; Nébrega, M. Potential mineral resources of phosphates and trace elements on
the Rio Grande Rise, South Atlantic Ocean. In Proceedings of the Nearshore Underwater Mining: Critical Commodities for the
Future (44th Underwater Mining Conference), Tampa, FL, USA, 1-6 November 2015.

Del Rey, G.O.; Souza-Neto, PW.; Vieira, L.C.; Del Rey, A.C.; Neto, A.A.; Lisniowski, M.A; Santos, R.V. Exploring subaqueous
bedforms and its relation to hydrodynamics in the Rio Grande Rise, Southwestern Atlantic. Mar. Geol. 2024, 478, 107434.
[CrossRef]

Hoyer, P.A.; Haase, K.M.; Regelous, M.; O’Connor, ].M.; Homrighausen, S.; Geissler, W.H.; Jokat, W. Mantle plume and rift-related
volcanism during formation of the Rio Grande Rise and Walvis Ridge. Commun. Earth Environ. 2022, 3, 142. [CrossRef]

Hoyer, P.A.; Homrighausen, S.; Haase, K.M.; Regelous, M.; Geissler, W.H.; Jokat, W. Major and Trace Element Analyses of Volcanic
Rocks from the Rio Grande Rise and Jean Charcot Seamount Chain, South Atlantic (Version 1.0) [Conjunto de Dados]; Interdisciplinary
Earth Data Alliance (IEDA): Palisades, NY, USA, 2022. [CrossRef]

Silva, C.M.; Ayres Neto, A.; Frazao, E.P,; Cavalcanti, ].A.D.; Lacasse, C.M.; Santos, R.V. Neogene isolated carbonate platform of
the Rio Grande Rise (southwest Atlantic Ocean). J. South Am. Earth Sci. 2024, 145, 105044. [CrossRef]

Srivastava, P.; Murton, B.J.; Sant’aNna, L.G.; Florindo, F.; Bin Hassan, M.; Guerra, ].T.M.; Janasi, V.d.A ; Jovane, L. Red clays
indicate sub-aerial exposure of the Rio Grande Rise during the Eocene volcanic episode. Sci. Rep. 2023, 13, 19092. [CrossRef]
[PubMed]

Florindo, F; Roberts, A.P.; Ricci, C.A.; Villa, G. New magnetobiostratigraphic chronology and paleoceanographic changes across
the Oligocene-Miocene boundary at DSDP Site 516 (Rio Grande Rise, SW Atlantic). Paleoceanogr. Paleoclimatol. 2015, 30, 504-527.
[CrossRef]

Palcu, D.V,; Muraszko, J.R.; Jaqueto, PE; Jovane, L. Birth of a connected South Atlantic Ocean: Constraints from the Rio Grande
Rise-Walvis Ridge gateway. Front. Earth Sci. 2020, 8, 375. [CrossRef]

Ussami, N.; Braitenberg, C.; Molina, E.C. Flexural isostasy, admittance and effective elastic thickness of the lithosphere beneath
the Rio Grande Rise, South Atlantic Ocean. Tectonophysics 2012, 550-553, 235-249. [CrossRef]

Constantino, D.M.; Ussami, N.; Braitenberg, C.; Molina, E.C. Crustal structure of the Rio Grande Rise (South Atlantic) from
gravity and magnetic data. J. South Am. Earth Sci. 2017, 75, 85-91. [CrossRef]

Sager, W.W.; Granot, R.; Johansen, S.E.; Damaske, D.; Brandt, N. A Late Cretaceous microplate in the South Atlantic Ocean.
Geochem. Geophys. Geosystems 2021, 22, €2020GC009390. [CrossRef]

Whittaker, ]. M.; Goncharov, A.; Williams, S.E.; Miiller, R.D.; Leitchenkov, G. Global sediment thickness data set updated for the
Australian-Antarctic Southern Ocean. Geochem. Geophys. Geosystems 2013, 14, 3297-3305. [CrossRef]

https:/ /doi.org/10.3390/min16040418


https://doi.org/10.5102/rdi.v22i2.10250
https://doi.org/10.5285/37c52e96-24ea-67ce-e063-7086abc05f29
https://doi.org/10.1175/1520-0485(1999)029%3C0145:CAVATS%3E2.0.CO;2
https://doi.org/10.1029/97JC00977
https://doi.org/10.1029/96EO00177
https://doi.org/10.1007/s00445-012-0606-0
https://doi.org/10.1016/j.earscirev.2009.08.001
https://doi.org/10.1038/s41467-023-39585-0
https://www.ncbi.nlm.nih.gov/pubmed/37400438
https://doi.org/10.1016/j.tecto.2012.08.026
https://doi.org/10.3389/fmars.2019.00252
https://doi.org/10.1016/j.dsr.2025.104619
https://doi.org/10.3390/min8110488
https://doi.org/10.1016/j.margeo.2024.107434
https://doi.org/10.1038/s43247-022-00349-1
https://doi.org/10.26022/IEDA/112205
https://doi.org/10.1016/j.jsames.2024.105044
https://doi.org/10.1038/s41598-023-46273-y
https://www.ncbi.nlm.nih.gov/pubmed/37925541
https://doi.org/10.1002/2014PA002734
https://doi.org/10.3389/feart.2020.00375
https://doi.org/10.1016/j.tecto.2012.05.007
https://doi.org/10.1016/j.jsames.2017.02.005
https://doi.org/10.1029/2020GC009390
https://doi.org/10.1002/ggge.20181
https://doi.org/10.3390/min16040418

Minerals 2026, 16, 418 27 of 32

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

Pavlis, N.K.; Holmes, S.A.; Kenyon, S.C.; Factor, ].K. The development and evaluation of the Earth Gravitational Model 2008
(EGM2008). J. Geophys. Res. Solid Earth 2012, 117, B04406. [CrossRef]

Maus, S.; Barckhausen, U.; Berkenbosch, H.; Bournas, N.; Brozena, J.; Childers, V.; Dostaler, F.; Fairhead, ]J.D.; Finn, C.; von
Frese, R.R.B.; et al. EMAG2: A 2-arc-min resolution Earth Magnetic Anomaly Grid compiled from satellite, airborne, and marine
magnetic measurements. Geochem. Geophys. Geosyst. 2009, 10, Q08005. [CrossRef]

Ferraz, A.H.; Millo, C.; Giannini, P.C.E; Felipe, T.C.; Pestilho, A.L.S.; Monteiro, L.V.S; Ulsen, C.; Murton, B.J.; Jovane, L. First
geological survey and characterisation of a giant depression in carbonate strata at the Rio Grande Rise (southwestern Atlantic).
Geomorphology 2024, 465, 109406. [CrossRef]

Lacasse, C.M.; Santos, R.V.; Dantas, E.L.; Vigneron, Q.; de Sousa, LM.C.; Harlamov, V.; Lisniowski, M.A.; Pessanha, I.B.M.; Frazao,
E.P,; Cavalcanti, J.A.D. 875r/865r dating and preliminary interpretation of magnetic susceptibility logs of giant piston cores from
the Rio Grande Rise in the South Atlantic. J. South Am. Earth Sci. 2017, 80, 244-254. [CrossRef]

Sousa, LM.C.; Santos, R.V.; Koschinsky, A.; Bau, M.; Wegorzewski, A.V.; Cavalcanti, ].A.D.; Dantas, E.L. Mineralogy and chemical
composition of ferromanganese crusts from the Cruzeiro do Sul Lineament—Rio Grande Rise, South Atlantic. ]. South Am. Earth
Sci. 2021, 108, 103207. [CrossRef]

Santos, R.V.; Ganade, C.E.; Lacasse, C.M.; Costa, LS.L.; Pessanha, I.; Frazao, E.P,; Dantas, E.L.; Cavalcante, J.A. Dating Gondwanan
continental crust at the Rio Grande Rise, South Atlantic. Terra Nova 2019, 31, 424-429. [CrossRef]

Bernardini, S.; Della Ventura, G.; Sodo, A.; Benites, M.; Jovane, L.; Hein, ].R.; Lucci, F. Micro-Raman mapping of critical metals (Li,
Co, Ni) in a rhythmically laminated deep-ocean ferromanganese deposit. Geochemistry 2024, 84, 126014. [CrossRef]

Bernardini, S.; Della Ventura, G.; Mihailova, B.; Sodo, A. The stability of manganese oxides under laser irradiation during raman
analyses: I. Compact versus channel structures. J. Raman Spectrosc. 2025, 56, 95-112. [CrossRef]

Bin Hassan, M.; Koschinsky, A.; da Silva, G.L.X.; Dantas, R.C.; Kuhn, T.; Millo, C.; Kletetschka, G.; Jovane, L. Magnetization
of ferromanganese crusts: Geochemical and magnetic insights from Rio Grande Rise and Tropic Seamount. Geochem. Geophys.
Geosystems 2024, 25, e2023GC011210. [CrossRef]

Bergue, C.T.; Brandao, S.N.; Zerfass, G.d.S.d.A. Palaeoceanographical events from the late Miocene to Pleistocene of the Rio
Grande Rise (south-western Atlantic) as indicated by Ostracoda. J. Syst. Palaeontol. 2019, 17, 1497-1518. [CrossRef]

Gordon, A.C.; Mohriak, W.U.; Stanton, N.; Santos, A.C. Magmatic cycles in Santos Basin (S.E. Brazil): Tectonic control in the
temporal-spatial distribution and geophysical signature. . South Am. Earth Sci. 2023, 121, 104111. [CrossRef]

Mohriak, W.U. Genesis and evolution of the South Atlantic volcanic islands offshore Brazil. Geo-Mar. Lett. 2020, 40, 1-33.
[CrossRef]

Mohriak, W.U.; Nébrega, M.; Odegard, M.E.; Gomes, B.S.; Dickson, W.G. Geological and geophysical interpretation of the Rio
Grande Rise, south-eastern Brazilian margin: Extensional tectonics and rifting of continental and oceanic crusts. Pet. Geosci. 2010,
16, 231-245. [CrossRef]

Praxedes, A.G.P.; de Castro, D.L.; Torres, L.C.; Gamboa, L.A.P,; Hackspacher, P.C. New insights of the tectonic and sedimentary
evolution of the Rio Grande Rise, South Atlantic Ocean. Mar. Pet. Geol. 2019, 110, 335-346. [CrossRef]

Graga, M.C.; Kusznir, N.; Stanton, N.S.G. Crustal thickness mapping of the central South Atlantic and the geodynamic develop-
ment of the Rio Grande Rise and Walvis Ridge. Mar. Pet. Geol. 2019, 101, 230-242. [CrossRef]

O’Connor, ].M.; Duncan, R.A. Evolution of the Walvis Ridge-Rio Grande Rise hot spot system: Implications for African and South
American plate motions over plumes. J. Geophys. Res. Solid Earth 1990, 95, 17475-17502. [CrossRef]

Luko, C.; da Silveira, .C.A.; Simoes-Sousa, 1.; Araujo, J.; Tandon, A. Revisiting the Atlantic South Equatorial Current. J. Geophys.
Res. Ocean. 2021, 126, €2021JC017387. [CrossRef]

Souza-Neto, PW.; da Silveira, I.C.A.; Rocha, C.B.; Lazaneo, C.Z.; Calil, PH. The Rio Grande Rise circulation: Dynamics of an
internal tide conversion hotspot in the Southwestern Atlantic. Prog. Oceanogr. 2024, 224, 103264. [CrossRef]

Stramma, L.; England, M. On the water masses and mean circulation of the South Atlantic Ocean. |. Geophys. Res. 1999, 104,
20863-20883. [CrossRef]

Ferreira, ].C.N.; Bergo, N.M.; Tura, PM.; Chuqui, M.G.; Brandini, EP.; Jovane, L.; Pellizari, V.H. Abundance and microbial
diversity from surface to deep water layers over the Rio Grande Rise, South Atlantic. Prog. Oceanogr. 2022, 201, 102736. [CrossRef]
Sarmiento, J.L.; Gruber, N. Ocean Biogeochemical Dynamics; Princeton University Press: Princeton, NJ, USA, 2006; 503p.
Dugdale, R.; Goering, ]. Uptake of new and regenerated forms of nitrogen in primary productivity. Limnol. Oceanogr. 1967, 12,
196-206. [CrossRef]

Capone, D.G,; Burns, ].A.; Montoya, ].P.; Subramaniam, A.; Mahaffey, C.; Gunderson, T.; Michaels, A.E; Carpenter, E.]. Nitrogen
fixation by Trichodesmium spp.: An important source of new nitrogen to the tropical and subtropical North Atlantic Ocean. Glob.
Biogeochem. Cycles 2005, 19, GB2024. [CrossRef]

Azam, F; Fenchel, T.; Field, ].G.; Gray, ].S.; Meyer-Reil, L.A.; Thingstad, F. The Ecological Role of Water-Column Microbes in the
Sea. Mar. Ecol. Prog. Ser. 1983, 10, 257-263. [CrossRef]

Azam, F; Malfatti, F. Microbial structuring of marine ecosystems. Nat. Rev. Microbiol. 2007, 5, 782-791. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/min16040418


https://doi.org/10.1029/2011JB008916
https://doi.org/10.1029/2009GC002471
https://doi.org/10.1016/j.geomorph.2024.109406
https://doi.org/10.1016/j.jsames.2017.09.034
https://doi.org/10.1016/j.jsames.2021.103207
https://doi.org/10.1111/ter.12405
https://doi.org/10.1016/j.chemer.2023.126014
https://doi.org/10.1002/jrs.6740
https://doi.org/10.1029/2023GC011210
https://doi.org/10.1080/14772019.2018.1536895
https://doi.org/10.1016/j.jsames.2022.104111
https://doi.org/10.1007/s00367-019-00631-w
https://doi.org/10.1144/1354-079309-910
https://doi.org/10.1016/j.marpetgeo.2019.07.035
https://doi.org/10.1016/j.marpetgeo.2018.12.011
https://doi.org/10.1029/JB095iB11p17475
https://doi.org/10.1029/2021JC017387
https://doi.org/10.1016/j.pocean.2024.103264
https://doi.org/10.1029/1999JC900139
https://doi.org/10.1016/j.pocean.2021.102736
https://doi.org/10.4319/lo.1967.12.2.0196
https://doi.org/10.1029/2004GB002331
https://doi.org/10.3354/meps010257
https://doi.org/10.1038/nrmicro1747
https://www.ncbi.nlm.nih.gov/pubmed/17853906
https://doi.org/10.3390/min16040418

Minerals 2026, 16, 418 28 of 32

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

Briggs, N.; Dall’'Olmo, G.; Claustre, H. Major role of particle fragmentation in regulating biological sequestration of CO2 by the
oceans. Science 2020, 367, 791-793. [CrossRef]

Clark, M.R.; Rowden, A.A ; Schlacher, T.; Williams, A.; Consalvey, M.; Stocks, K.I.; Rogers, A.D.; O'Hara, T.D.; White, M.; Shank,
T.M.; et al. The ecology of seamounts: Structure, function, and human impacts. Annu. Rev. Mar. Sci. 2010, 2, 253-278. [CrossRef]
Koslow, A. Seamounts of and the Ecology of Deep-Sea Fisheries. Am. Sci. 1997, 85, 168-176.

Kiriakoulakis, K.; Vilas, J.; Blackbird, S.; Aristegui, J.; Wolff, G. Seamounts and organic matter-Is there an effect? The case of Sedlo
and Seine seamounts, Part 2. Composition of suspended particulate organic matter. Deep. Sea Res. Part II Top. Stud. Oceanogr.
2009, 56, 2631-2645. [CrossRef]

Koschinsky, A.; Hein, J.R. Uptake of elements from seawater by ferromanganese crusts: Solid-phase associations and seawater
speciation. Mar. Geol. 2003, 198, 331-351. [CrossRef]

Hogle, S.L.; Thrash, ].C.; Dupont, C.L.; Barbeau, K.A.; Miiller, V. Trace Metal Acquisition by Marine Heterotrophic Bacterioplank-
ton with Contrasting Trophic Strategies. Appl. Environ. Microbiol. 2016, 82, 1613-1624. [CrossRef]

Hein, J.R.; Koschinsky, A. Deep-ocean ferromanganese crusts and nodules. In Treatise on Geochemistry, 2nd ed.; Holland, H.D.,
Turekian, K.K., Eds.; Elsevier: Amsterdam, The Netherlands, 2014; Volume 13, pp. 273-291. [CrossRef]

Corréa, P.V.E. Benthic Fauna of the Rio Grande Rise, SW Atlantic: Ecology and Implications for Conservation. Ph.D. Thesis,
Universidade de Sao Paulo, Sao Paulo, Brazil, 2022. [CrossRef]

Perez, J.A.A,; Kitazato, H.; Sumida, PY.G.; Sant’aNa, R.; Mastella, A.M. Benthopelagic megafauna assemblages of the Rio Grande
rise (SW atlantic). Deep. Sea Res. Part I Oceanogr. Res. Pap. 2018, 134, 1-11. [CrossRef]

Hajdu, E.; Castello-Branco, C.; Lopes, D.A.; Sumida, P.Y.G.; Perez, ].A.A. Deep-sea dives reveal an unexpected hexactinellid
sponge garden on the Rio Grande Rise (SW Atlantic). A mimicking habitat? Deep. Sea Res. Part II Top. Stud. Oceanogr. 2017, 146,
93-100. [CrossRef]

Kise, H.; Montenegro, J.; Corréa, PV.E,; Clemente, M.V.C.; Sumida, P.Y.G.; Hoeksema, B.W. A taxonomic revision of the sponge-
associated genus Thoracactis Gravier, 10918 (Anthozoa: Zoantharia) based on an integrated approach. Contrib. Zool. 2024, 152,
1-23. [CrossRef]

Soto, ].M.R. A destacada posigao geoestratégica da Elevagao de Rio Grande frente a continua expansao dos espagos maritimos
brasileiros. InfoCirm 2008, 20, 6.

Soto, ]. M.R.; Montealegre Quijano, S. Elevacion de Rio Grande, una importante area de cria del tburén sardinero Lamna nasus en
el Atlantico Sur. In Restimenes del II Simposio Iberoamericano de Ecologia Reproductiva Reclutamiento y Pesquerias—SIBECORP; Inidep:
Mar del Plata, Argentina, 2012; Volume 1, p. 86.

Montealegre Quijano, S.; Chaves, V.; Vooren, C.M.; Soto, ]. M.R. Sobre a ocorréncia, distribuigao e abundancia de tubarodes
Lamniformes no ambiente ocednico do sul do Brasil e 4guas internacionais adjacentes. Bol. Soc. Bras. Ictiol. 2007, 86, 6-8.

Soto, ].M.R.; Montealegre Quijano, S.; Lima, A.T.; Lessa, B.C. Contribuicao ao conhecimento da ictiofauna epipeldgica da Elevacao
de Rio Grande, Atlantico Sul. In Anais do XIV Congresso Latino-Americano de Ciéncias do Mar—Colacmar; Alicmar—Aoceano:
Balneario Camborid, Brazil, 2011; 3p.

Soto, ].M.R.; Montealegre Quijano, S.; Lessa, B.C. Registros de cetdceos efetuados na Elevacao de Rio Grande entre 2001 e 2009. In
Resumos Expandidos do IV Congresso Brasileiro de Oceanografia; Associagao Brasileira de Oceanografia: Rio Grande, Brazil, 2010; 3p.
Soto, ].M.R.; Montealegre Quijano, S.; Parini, C.; Lima, A.T.; Riva, R.S. Contribuigao ao conhecimento das tartarugas marinhas
da Elevacao de Rio Grande, Atlantico Sul. In Anais do XIV Congresso Latino-Americano de Ciéncias do Mar—Colacmar; Alicmar—
Aoceano: Balneédrio Camborit, Brazil, 2011; 3p.

Soto, ].M.R,; Parini, C.; Montealegre Quijano, S.; Lima, A.T. Contribui¢do ao conhecimento da avifauna da Elevagao de Rio
Grande, Atlantico Sul. In Anais do XIV Congresso Latino-Americano de Ciéncias do Mar—Colacmar; Alicmar—Aoceano: Balneario
Camborid, Brazil, 2011; 3p.

Soto, ] M.R.; Lessa, B.C.; Rocha, G.C. Uma nova espécie de ouri¢o Araeosoma (Echinoidea, Echinothuriidae) na Elevacao de Rio
Grande, Brasil, primeiro registro da familia para o Atlantico Sul. In Proceedings of the Resumos do 20° Congresso Latino-Americano de
Ciéncias do Mar/8° Congresso Brasileiro de Oceanografia; Associacao Brasileira de Oceanografia: Balnedrio Camborit, Brazil, 2024;
Volume 1.

Soto, ].M.R,; Lessa, B.C.; Rocha, G.C. Alguns crustdceos de profundidade (Pleocyemata: Caridea e Polychelida) registrados na
Elevagao de Rio Grande, Brasil. In Proceedings of the Resumos do 20° Congresso Latino-Americano de Ciéncias do Mar/8° Congresso
Brasileiro de Oceanografia; Associagao Brasileira de Oceanografia: Balnedrio Camborid, Brazil, 2024; Volume 1.

Myers, N.; Mittermeier, R.A.; Mittermeier, C.G.; da Fonseca, G.A.B.; Kent, ]J. Biodiversity hotspots for conservation priorities.
Nature 2000, 403, 853-858. [CrossRef]

Levin, L.A.; Amon, D.J; Lily, H. Challenges to the sustainability of deep-seabed mining. Nat. Sustain. 2020, 3, 784-794. [CrossRef]
Hein, ].R.; Koschinsky, A.; Kuhn, T. Deep-ocean polymetallic nodules as a resource for critical materials. Nat. Rev. Earth Environ.
2020, 1, 158-169. [CrossRef]

https:/ /doi.org/10.3390/min16040418


https://doi.org/10.1126/science.aay1790
https://doi.org/10.1146/annurev-marine-120308-081109
https://doi.org/10.1016/j.dsr2.2008.12.024
https://doi.org/10.1016/S0025-3227(03)00122-1
https://doi.org/10.1128/AEM.03128-15
https://doi.org/10.1016/B978-0-08-095975-7.01111-6
https://doi.org/10.11606/T.21.2022.tde-15092022-105300
https://doi.org/10.1016/j.dsr.2018.03.001
https://doi.org/10.1016/j.dsr2.2017.11.009
https://doi.org/10.1163/18759866-bja10059
https://doi.org/10.1038/35002501
https://doi.org/10.1038/s41893-020-0558-x
https://doi.org/10.1038/s43017-020-0027-0
https://doi.org/10.3390/min16040418

Minerals 2026, 16, 418 29 of 32

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.
103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

de Moraes, L.G.; Chaves, EB. Exploracao de Minerais Criticos na Amazoénia Azul Como Instrumento da Soberania Brasileira
Sobre seu Territério Maritimo. Bachelor’s Thesis, Escola Superior de Guerra, Brasilia, Brazil, 2024. Available online:
https:/ /repositorio.esg.br/handle /123456789 /2067 (accessed on 20 November 2025).

Vivoda, V. Uncharted depths: Navigating the energy security potential of deep-sea mining. J. Environ. Manag. 2024, 369, 122343.
[CrossRef]

Szab6, L. Deep-sea mining and the sustainability paradox: Pathways to balance critical material demands and ocean conservation.
Sustainability 2025, 17, 6580. [CrossRef]

Wang, J.; Jiang, W.; Wang, C.; Liu, D. Taking precautionary approaches to the governance of commercial deep seabed mining:
Law-making of International Seabed Authority and multi-subject participation. Sustainability 2023, 15, 6414. [CrossRef]

Alam, L.; Pradhoshini, K.P; Flint, R.A.; Sumaila, U.R. Deep-sea mining and its risks for social-ecological systems: Insights from
simulation-based analyses. PLoS ONE 2025, 20, e0320888. [CrossRef] [PubMed]

Leal Filho, W.; Abubakar, I.R.; Nunes, C.; Platje, J.; Ozuyar, P.G.; Will, M.; Nagy, G.J.; Al-Amin, A.Q.; Hunt, ].D.; Li, C. Deep
seabed mining: A note on some potentials and risks to the sustainable mineral extraction from the oceans. J. Mar. Sci. Eng. 2021,
9, 521. [CrossRef]

Miller, K.A.; Thompson, K.F; Johnston, P; Santillo, D. An overview of seabed mining including the current state of development,
environmental impacts, and knowledge gaps. Front. Mar. Sci. 2018, 4, 418. [CrossRef]

5S4, M.P.G.e. Challenges and Opportunities for Ecosystem-Based Management in Seabed Conservation: Case Study on Deep-Sea
Mining in the Area. Ph.D. Thesis, Universidade de Sao Paulo, Sao Paulo, Brazil, 2022. [CrossRef]

Hund, K.L,; La Porta, D.; Fabregas, T.P,; Laing, T.; Drexhage, J. Minerals for Climate Action: The Mineral Intensity of the Clean Energy
Transition; World Bank Group: Washington, DC, USA, 2023. [CrossRef]

International Energy Agency. The Role of Critical Minerals in Clean Energy Transitions; IEA: Paris, France, 2021.

Valero, A.; Valero, A.; Calvo, G. Summary and critical review of the International Energy Agency’s special report: The role of
critical minerals in clean energy transitions. Rev. Metal. 2021, 57, €197. [CrossRef]

Alisson, E. Rio Grande Rise May Have Been a Volcanic Island; Agéncia FAPESP: Sao Paulo, Brazil, 2021; Available online:
https:/ /agencia.fapesp.br/rio-grande-rise-may-have-been-a-volcanic-island /29617 (accessed on 29 November 2025).

Barbosa, J.F.; Andrade, 1.d.O.; de Queiroz, F.A.; da Cunha, G.L.; de Medeiros, T.P. Elevagio do Rio Grande (ERG): Uma Andlise Sobre
o Pleito de Incorporagdo da ERG a Plataforma Continental Além das 200 Milhas Nduticas (Texto Para Discussdo n. 3157); Instituto de
Pesquisa Econémica Aplicada: Rio de Janeiro, Brazil, 2025. [CrossRef]

ICLG. Mining Laws and Regulations—Brazil; International Comparative Legal Guides: London, UK, 2025. Available online:
https:/ /iclg.com/practice-areas/mining-laws-and-regulations /brazil (accessed on 29 November 2025).

Silva, A.P. Brazil advances over the Area: The inclusion of the Rio Grande Rise within the Brazilian outer continental shelf and its
consequences for other states and for the common heritage of mankind. Mar. Policy 2021, 125, 104399. [CrossRef]

Martins, EM.O.; Das Neves, M.]. Exploracao mineral nos fundos marinhos: O pleito brasileiro a Autoridade Interna-
cional dos Fundos Marinhos e a elevagdo do Rio Grande. Rev. Jurid. Unicuritiba 2022, 68, 789-815. Available online:
https:/ /revista.unicuritiba.edu.br/index.php /Rev]Jur/article/view /2305/pdf (accessed on 23 November 2025).

Oliveira, V.S. Elevacdo do Rio Grande: Um estudo acerca de sua localizacdo dentro da PCJ—Brasileira e seus im-
pactos na soberania nacional. Bachelor’s Thesis, Escola Superior de Guerra, Brasilia, Brazil, 2019. Available online:
https:/ /repositorio.esg.br/handle /123456789 /1065 (accessed on 20 November 2025).

United Nations. United Nations Convention on the Law of the Sea; United Nations: New York, NY, USA, 1982.

Hasan, S. Analysing the Impact of Extended Continental Shelf on the Establishment of Marine Protected Areas within Areas
beyond National Jurisdiction. Int. J. Law Politics Stud. 2024, 6, 174-183. [CrossRef]

Moreira, EX.; Agra, M.O.C. A protecao juridico-ambiental relativa as atividades de mineragao na plataforma continental brasileira.
Rev. Direito Econémico E Socioambiental 2021, 12, 74-99. [CrossRef]

de Oliveira, C.C.; Lima, R.A.; Salgueiro, F. Caracteristicas do regime juridico brasileiro de exploracao dos recursos minerais
marinhos: Comparacao da integragao da varidvel ambiental nos setores de petréleo e de minério. In A Fungio do Direito na Gestio
Sustentdvel dos Recursos Minerais Marinhos; Oliveira, C.C., Lanfranchi, M.-P.,, Barros-Platiau, A.F., Galindo, G.R.B., Eds.; Editora
Processo: Rio de Janeiro, Brazil, 2021; pp. 283-375.

Magri, S.C. Proposta de Marco Regulatério Para o Ordenamento Espacial Marinho no Brasil sob Enfoque da Seguranga Juridica.
Ph.D. Thesis, Marinha do Brasil, Tramandai, Brazil, 2024.

International Seabed Authority. Draft Regulations on Exploitation of Mineral Resources in the Area: Text Prepared by the Chair of the
Legal and Technical Commission (ISBA/24/LTC/WP.1/Rev.1); International Seabed Authority: Kingston, Jamaica, 2018.
International Seabed Authority. Draft Regulations on Exploitation of Mineral Resources in the Area: Consolidated Text; International
Seabed Authority: Kingston, Jamaica, 2024.

Lodge, M.W,; Verlaan, P.A. Deep-sea mining: International regulatory challenges and responses. Elements 2018, 14, 331-336.
[CrossRef]

https://doi.org/10.3390/min16040418


https://repositorio.esg.br/handle/123456789/2067
https://doi.org/10.1016/j.jenvman.2024.122343
https://doi.org/10.3390/su17146580
https://doi.org/10.3390/su15086414
https://doi.org/10.1371/journal.pone.0320888
https://www.ncbi.nlm.nih.gov/pubmed/40153411
https://doi.org/10.3390/jmse9050521
https://doi.org/10.3389/fmars.2017.00418
https://doi.org/10.11606/T.21.2022.tde-27012023-172006
https://doi.org/10.1596/40002
https://doi.org/10.3989/revmetalm.197
https://agencia.fapesp.br/rio-grande-rise-may-have-been-a-volcanic-island/29617
https://doi.org/10.38116/td3157-port
https://iclg.com/practice-areas/mining-laws-and-regulations/brazil
https://doi.org/10.1016/j.marpol.2021.104399
https://revista.unicuritiba.edu.br/index.php/RevJur/article/view/2305/pdf
https://repositorio.esg.br/handle/123456789/1065
https://doi.org/10.32996/ijlps.2024.6.5.8
https://doi.org/10.7213/rev.dir.econ.soc.v12i1.27124
https://doi.org/10.2138/gselements.14.5.331
https://doi.org/10.3390/min16040418

Minerals 2026, 16, 418 30 of 32

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Furiati, A.A. Mineracao no mar territorial brasileiro: Limites e perspectivas normativas para a compatibilizacdo com
a protecao do ambiente costeiro. Master’s Thesis, Universidade de Brasilia, Brasilia, Brazil, 2022. Available online:
http:/ /repositorio.unb.br/handle /10482 /45502 (accessed on 26 November 2025).

Oliveira, C.C.; Barros-Platiau, A.F. Brazilian current practice on seabed mining. In Seabed Mining & the Law of the Sea; Campanella,
V.T.,, Ed.; Routledge: London, UK, 2023.

Sosi¢, TM. The Agreement on the Conservation and Sustainable Use of Marine Biological Diversity of Areas beyond National
Jurisdiction. In 40 Years of the United Nations Convention on the Law of the Sea: Assessment and Prospects; Kaminski, T., Karski, K.,
Eds.; Routledge: London, UK, 2025; pp. 206—220. [CrossRef]

Zhou, ]. On the law enforcement of marine protected areas under the BBNJ agreement. Mar. Policy 2026, 186, 107016. [CrossRef]
Hauton, C.; Brown, A ; Thatje, S.; Mestre, N.C.; Bebianno, M.].; Martins, I.; Bettencourt, R.; Canals, M.; Sanchez-Vidal, A.; Coelho,
J.P; et al. Identifying toxic impacts of metals potentially released during deep-sea mining—A synthesis of the challenges to
quantifying risk. Front. Mar. Sci. 2017, 4, 368. [CrossRef]

Van Dover, C.L.; Ardron, J.A.; Escobar, E.; Gianni, M.; Gollner, S.; Jaeckel, A.; Metaxas, A.; Ramirez-Llodra, E.; Smith, C.R.; Thaler,
A.D,; et al. Biodiversity loss from deep-sea mining. Nat. Geosci. 2017, 10, 464—465. [CrossRef]

Amon, D.J.; Gollner, S.; Morato, T.; Smith, C.R.; Chen, C.; Christiansen, S.; Currie, B.; Drazen, J.C.; Fukushima, T.; Gianni, M.; et al.
Assessment of scientific gaps related to the effective environmental management of deep-seabed mining. Mar. Policy 2022, 138,
105006. [CrossRef]

Drazen, ].C.; Smith, C.R.; Gjerde, K.M.; Haddock, S.H.D.; Carter, G.S.; Choy, C.A.; Clark, M.R.; Dutrieux, P.; Goetze, E.; Hauton,
C.; et al. Midwater ecosystems must be considered when evaluating environmental risks of deep-sea mining. Proc. Natl. Acad. Sci.
USA 2020, 117, 17455-17460. [CrossRef] [PubMed]

Duarte, C.M.; Chapuis, L.; Collin, S.P; Costa, D.P,; Devassy, R.P,; Eguiluz, VM.; Erbe, C.; Gordon, T.A.C.; Halpern, B.S.; Harding,
H.R,; et al. The soundscape of the Anthropocene ocean. Science 2021, 371, eaba4658. [CrossRef] [PubMed]

Williams, R.; Erbe, C.; Duncan, A.; Nielsen, K.; Washburn, T.; Smith, C. Noise from deep-sea mining may span vast ocean areas.
Science 2022, 377, 157-158. [CrossRef]

Sousa, C.S.V.; Sun, J.; Mestre, N.C. Potential biomarkers of metal toxicity in deep-sea invertebrates—A critical review of the omics
data. Sci. Total Environ. 2024, 951, 175628. [CrossRef]

Brazil. Brazil Statement on Precautionary Pause (Intervengdo da Delegacio do Brasil no Conselho da Autoridade Internacional
dos Fundos Marinhos, 14 de julho de 2023); International Seabed Authority: Kingston, Jamaica, 2023. Available online:
https:/ /www.isa.org.jm/wp-content/uploads/2023/07 /Brazil.pdf (accessed on 29 November 2025).

Feichtner, I.; Ginzky, H. The struggle at the International Seabed Authority over deep sea mineral resources. npj Ocean. Sustain.
2024, 3, 63. [CrossRef]

Gambino, M.; Cuturi, C.; Guadalupi, L.; Capasso, S. Socio-economic analytical frameworks for marine spatial planning: Evaluating
tools and methodologies for sustainable decision making. Sustainability 2024, 16, 10447. [CrossRef]

Gonzélez, EJ.; Somoza, L.; Hein, ].R.; Medialdea, T.; Ledn, R.; Urgorri, V.; Reyes, J.; Martin-Rubi, J.A. Phosphorites, Co-rich Mn
nodules, and Fe-Mn crusts from Galicia Bank, NE Atlantic: Reflections of cenozoic tectonics and paleoceanography. Geochem.
Geophys. Geosystems 2016, 17, 346-374. [CrossRef]

Hein, ].R.; Koschinsky, A.; Mikesell, M.; Mizell, K.; Glenn, C.R.; Wood, R. Marine Phosphorites as Potential Resources for Heavy
Rare Earth Elements and Yttrium. Minerals 2016, 6, 88. [CrossRef]

JOGMEC—]apan Organization for Metals and Energy Security. JOGMEC Conducts World’s First Successful Excavation of
Cobalt-Rich Seabed in the Deep Ocean (Press Release). 2020. Available online: https://www.jogmec.go.jp/english/news/releas
e/news_01_000033.html (accessed on 6 July 2025).

Okamoto, N.; Shiokawa, S.; Kawano, S.; Sakurai, H.; Yamaji, N.; Kurihara, M. Current status of Japan’s activities for deep-sea
commercial mining campaign. In Proceedings of the OCEANS 2018—MTS/IEEE Kobe Techno-Oceans (OTO), Kobe, Japan, 28-31
May 2018.

Takano, S.; Masanobu, S.; Kanada, S.; Ono, M. Experimental study on void fractions and pressure drops in three-phase flow for
deep-sea mining. In Proceedings of the OMAE 2021 (OMAE2021-60472), Online, 21-30 July 2021.

Kroger, K.; Collins, R.; Wheeler, A ].; Dias, H.; Collins, P.C. The legal landscape for deep-sea mining in the Area: A primer for
practitioners. Elem. Sci. Anthr. 2025, 13, 00072. [CrossRef]

Silva, E.; Viegas, D.; Martins, A.; Almeida, J.; Almeida, C.; Neves, B.; Madureira, P.; Wheeler, A ].; Salavasidis, G.; Phillips, A.; et al.
TRIDENT-Technology based impact assessment tool foR sustalnable, transparent Deep sEa miNing exploraTion and exploitation:
A project overview. In Proceedings of the OCEANS 2023-Limerick, Limerick, Ireland, 5-8 June 2023; IEEE: New York, NY, USA, 2023;

pp- 1-7.
International Seabed Authority (ISA). Status of Deep-Sea Mining Regulations; ISA: Kingston, Jamaica, 2023.

https:/ /doi.org/10.3390/min16040418


http://repositorio.unb.br/handle/10482/45502
https://doi.org/10.4324/9781003492566-21
https://doi.org/10.1016/j.marpol.2025.107016
https://doi.org/10.3389/fmars.2017.00368
https://doi.org/10.1038/ngeo2983
https://doi.org/10.1016/j.marpol.2022.105006
https://doi.org/10.1073/pnas.2011914117
https://www.ncbi.nlm.nih.gov/pubmed/32641506
https://doi.org/10.1126/science.aba4658
https://www.ncbi.nlm.nih.gov/pubmed/33542110
https://doi.org/10.1126/science.abo2804
https://doi.org/10.1016/j.scitotenv.2024.175628
https://www.isa.org.jm/wp-content/uploads/2023/07/Brazil.pdf
https://doi.org/10.1038/s44183-024-00098-y
https://doi.org/10.3390/su162310447
https://doi.org/10.1002/2015GC005861
https://doi.org/10.3390/min6030088
https://www.jogmec.go.jp/english/news/release/news_01_000033.html
https://www.jogmec.go.jp/english/news/release/news_01_000033.html
https://doi.org/10.1525/elementa.2024.00072
https://doi.org/10.3390/min16040418

Minerals 2026, 16, 418 31 of 32

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Sakellariadou, F.; Gonzalez, EJ.; Hein, ].R.; Rincon-Tomas, B.; Arvanitidis, N.; Kuhn, T. Seabed mining and blue growth: Exploring
the potential of marine mineral deposits as a sustainable source of rare earth elements (MaREEs) (IUPAC Technical Report). Pure
Appl. Chem. 2022, 94, 329-351. [CrossRef]

Vysetti, B. Deep-sea mineral deposits as a future source of critical metals, and environmental issues—A brief review. Miner. Miner.
Mater. 2023, 2, 5. [CrossRef]

Balaram, V. Rare earth elements, resources, applications, extraction technologies, chemical characterization, and global trade—A
comprehensive review. In Treatise on Geochemistry; Anbar, A., Weis, D., Eds.; Elsevier: Amsterdam, The Netherlands, 2025; pp.
193-233. [CrossRef]

Pérez, K.; Toro, N.; Mura, M.; Saldana, M.; Madrid, EM.G.; Salazar, I.; Gonzalez, FJ.; Marino, E.; Castillo, J.; Castillo, I; et al.
Modeling the Leaching of Cobalt and Manganese from Submarine Ferromanganese Crusts by Adding Steel Scrap Using Design
of Experiments and Response Surface Methodology. Appl. Sci. 2025, 15, 1155. [CrossRef]

Alves, R.C.; Nascimento, M.; Paulino, J.F.; Afonso, J.C. Selection of a hydrometallurgical process for rare earths extraction from a
Brazilian monazite. Hydrometallurgy 2021, 200, 105556. [CrossRef]

Martino, S.; Parson, L.M. A comparison between manganese nodules and cobalt crust economics in a scenario of mutual
exclusivity. Mar. Policy 2012, 36, 790-800. [CrossRef]

Van Putten, E.; Aswani, S.; Boonstra, W.; De La Cruz-Modino, R.; Das, J.; Glaser, M.; Heck, N.; Narayan, S.; Paytan, A.; Selim, S.;
et al. History matters: Societal acceptance of deep-sea mining and incipient conflicts in Papua New Guinea. Marit. Stud. 2023, 22,
32. [CrossRef]

Guo, X.; Fan, N; Liu, Y,; Liu, X.; Wang, Z.; Xie, X.; Jia, Y. Deep seabed mining: Frontiers in engineering geology and environment.
Int. J. Coal Sci. Technol. 2023, 10, 23. [CrossRef]

Yao, W,; Tian, C.; Teng, Y.; Diao, F.,; Du, X.; Gu, P. Development of deep-sea mining and its environmental impacts: A review.
Front. Mar. Sci. 2025, 12, 1598584. [CrossRef]

Kaikkonen, L.; Venesjarvi, R.; Nygard, H.; Kuikka, S. Assessing the impacts of seabed mineral extraction in the deep sea and
coastal marine environments: Current methods and recommendations for environmental risk assessment. Mar. Pollut. Bull. 2018,
135,1183-1197. [CrossRef]

Gollner, S.; Kaiser, S.; Menzel, L.; Jones, D.O.; Brown, A.; Mestre, N.C.; van Oevelen, D.; Menot, L.; Colaco, A.; Canals, M.; et al.
Resilience of benthic deep-sea fauna to mining activities. Mar. Environ. Res. 2017, 129, 76-101. [CrossRef] [PubMed]

Levin, L.A.; Mengerink, K.; Gjerde, K.M.; Rowden, A.A.; Van Dover, C.L.; Clark, M.R.; Ramirez-Llodra, E.; Currie, B.; Smith, C.R;
Sato, K.N.; et al. Defining “serious harm” to the marine environment in the context of deep-seabed mining. Mar. Policy 2016, 74,
245-259. [CrossRef]

Smith, C.R.; Tunnicliffe, V.; Colago, A.; Drazen, J.C.; Gollner, S.; Levin, L.A.; Metaxas, A.; Nei, M.; Ramirez-Llodra, E.; Van Dover,
C.L,; et al. Deep-sea misconceptions cause underestimation of seabed-mining impacts. Trends Ecol. Evol. 2020, 35, 853-857.
[CrossRef] [PubMed]

Christiansen, B.; Denda, A.; Christiansen, S. Potential effects of deep seabed mining on pelagic and benthopelagic biota. Mar.
Policy 2020, 114, 103442. [CrossRef]

Jesus, S.M.; Rodriguez, O.C. Estimating Excess Noise from Deep Sea Mining: A Simulated Test Case. In OCEANS 2023—Limerick;
IEEE: Limerick, Ireland, 2023; pp. 1-6. [CrossRef]

Williams, R.; Cox, K.D.; Amon, D.; Ashe, E.; Chapuis, L.; Erbe, C.; de Vos, A.; Nielsen, K.A.; Collins, M.S.; Smith, C.; et al. Noise
from deep-sea mining in the Clarion-Clipperton Zone, Pacific Ocean will impact a broad range of marine taxa. Mar. Pollut. Bull.
2025, 218, 118135. [CrossRef]

OceanCare. Deep-Sea Mining: A Noisy Affair; OceanCare: Wadenswil, Switzerland, 2021.

Erbe, C.; Marley, S.A.; Schoeman, R.P.; Smith, ].N.; Trigg, L.E.; Embling, C.B. The effects of ship noise on marine mammals—A
review. Front. Mar. Sci. 2019, 6, 606. [CrossRef]

Harding, S. Anthropogenic Underwater Noise: Impacts on Marine and Coastal Biodiversity and Habitats; Convention on Biological
Diversity: Montreal, QC, Canada, 2020.

Secretariat of the Convention on Biological Diversity. CBD Technical Series No. 99: Review of the Impacts of Anthropogenic Underwater
Noise on Marine Biodiversity and Approaches to Manage and Mitigate Them; Convention on Biological Diversity: Montreal, QC,
Canada, 2022.

Deep Sea Conservation Coalition. Deep-Sea Mining: Growing Support for a Moratorium (Fact Sheet 3); Deep Sea Conservation
Coalition: Amsterdam, The Netherlands, 2023.

Singh, P; Jaeckel, A. Undermining by mining? Deep seabed mining in light of international marine environmental law. AJIL
Unbound 2024, 118, 72-77. [CrossRef]

Rondon-Medicci, M.; Hazin, EH.V.; Hazin, H.; Coelho, R.; Afonso, A.S.; Carvalho, F. Blue shark (Prionace glauca) occurrence and
relative abundance in the western South Atlantic Ocean influenced by spatiotemporal variability, environmental variables and
oceanographic processes. Mar. Environ. Res. 2023, 185, 105842. [CrossRef]

https://doi.org/10.3390/min16040418


https://doi.org/10.1515/pac-2021-0325
https://doi.org/10.20517/mmm.2022.12
https://doi.org/10.1016/B978-0-323-99762-1.00041-3
https://doi.org/10.3390/app15031155
https://doi.org/10.1016/j.hydromet.2021.105556
https://doi.org/10.1016/j.marpol.2011.11.008
https://doi.org/10.1007/s40152-023-00318-0
https://doi.org/10.1007/s40789-023-00580-x
https://doi.org/10.3389/fmars.2025.1598584
https://doi.org/10.1016/j.marpolbul.2018.08.055
https://doi.org/10.1016/j.marenvres.2017.04.010
https://www.ncbi.nlm.nih.gov/pubmed/28487161
https://doi.org/10.1016/j.marpol.2016.09.032
https://doi.org/10.1016/j.tree.2020.07.002
https://www.ncbi.nlm.nih.gov/pubmed/32741648
https://doi.org/10.1016/j.marpol.2019.02.014
https://doi.org/10.1109/OCEANSLimerick52467.2023.10244695
https://doi.org/10.1016/j.marpolbul.2025.118135
https://doi.org/10.3389/fmars.2019.00606
https://doi.org/10.1017/aju.2024.8
https://doi.org/10.1016/j.marenvres.2022.105842
https://doi.org/10.3390/min16040418

Minerals 2026, 16, 418 32 of 32

163.

164.

165.

166.

167.

168.

Sales, G.; Giffoni, B.B.; Barata, P.C.R. Incidental catch of sea turtles by the Brazilian pelagic longline fishery. . Mar. Biol. Assoc.
United Kingd. 2008, 88, 853-864. [CrossRef]

Jaeckel, A. Benefitting from the common heritage of humankind: From expectation to reality. Int. J. Mar. Coast. Law 2020, 35,
660-681. [CrossRef]

Kung, A.; Svobodova, K.; Lebre, E.; Valenta, R; Kemp, D.; Owen, J.R. Governing deep sea mining in the face of uncertainty. J.
Environ. Manag. 2021, 279, 111593. [CrossRef]

Sumaila, U.R.; Alam, L.; Pradhoshini, K.; Onifade, T.T.; Karuaihe, S.T.; Singh, P.; Levin, L.A.; Flint, R. To engage in deep-sea
mining or not to engage: What do full net cost analyses tell us? npj Ocean. Sustain. 2023, 2, 19. [CrossRef]

Wilde, D.; Lily, H.; Craik, N.; Chakraborty, A. Equitable sharing of deep-sea mining benefits: More questions than answers. Mar.
Policy 2023, 151, 105572. [CrossRef]

Lima, R.A.; de Oliveira, C.C. Os limites normativos da inclusao do licenciamento ambiental para uma gestao integrada dos
recursos minerais marinhos. Rev. Direito Ambient. E Soc. 2022, 12, 364-391.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/min16040418


https://doi.org/10.1017/S0025315408000441
https://doi.org/10.1163/15718085-BJA10032
https://doi.org/10.1016/j.jenvman.2020.111593
https://doi.org/10.1038/s44183-023-00030-w
https://doi.org/10.1016/j.marpol.2023.105572
https://doi.org/10.3390/min16040418

	Introduction 
	Methodology 
	Scientific Results 
	Geology and Geophysics 
	Physical Oceanography of the Rio Grande Rise 
	Biodiversity and Ecosystem Dynamics 
	Present-Day Governance 

	Discussion 
	Governance and Socio-Environmental Impacts 
	Mineral Resources and Economic Potential 
	Extraction Methods 
	Metallurgical Processing and Strategic Applications 
	Viability of Deep-Sea Mining and Impacts of Crusts Exploitation from RGR 
	Environmental and Socioeconomic Considerations—Future Prospectives 

	Conclusions and Perspectives 
	References

