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A B S T R A C T   

Marine carbonate sediments have economic value because of their high concentration of calcium minerals and 
important trace elements. However, increasing mining interest in these stocks is threatening unique ecosystems, 
such as rhodolith beds, which provide many ecosystem goods and services. We review the potential of the un-
explored Brazilian deposits and the rising conflicts with other blue economic sectors and biodiversity hotspots. 
The tropical Southwestern Atlantic Ocean, particularly the Brazilian Exclusive Economic Zone, has the largest 
deposit of marine limestone worldwide, which is very attractive to the global industry, with reserves measured at 
more than 1355,157,240 tons of CaCO3 and it is especially useful as a supply for agriculture and animal nutrition. 
This large mining potential raises concerns regarding licenses and potential impacts, especially considering the 
biological and socio-economic importance of extensive rhodolith beds, which may conflict with mining. Addi-
tionally, future dredging activities will take place in vulnerable ecosystems without adequate marine spatial 
planning (MSP). Currently, there is no long-term scientific information on the available carbonate stocks, stock 
recoverability, risks to connectivity with other ecosystems (e.g., coral reefs), and the reduced provision of 
ecosystem services which may affect activities such as artisanal fisheries. In this context, encouraging carbonate 
mining without science-based information and MSP accelerates the unsustainable exploitation of this important 
ecosystem. This activity will contribute to the degradation of tropical marine biodiversity and threaten the food 
security of traditional and vulnerable human communities, which is in opposition to the Sustainable Develop-
ment Goals and reaching the 2030 United Nations Agenda.   

1. Introduction 

Marine carbonate sediments are formed by sand and gravel that 
originate from fragments of calcareous algae, algal nodules, corals, 
mollusks, foraminifera, and benthic bryozoans that have high levels of 
calcium carbonates, magnesium, and other important trace elements [1, 

2]. A large portion of these sediments is formed by rhodoliths, which are 
free-living algal nodules composed partly or completely of 
non-geniculate calcareous red algae, which are considered 
habitat-forming species [3–6]. The use of algae has been known to have 
occurred since at least the 18th century [7,8] and has been successfully 
used by the European civilizations [9], for agriculture and horticulture 
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as a soil conditioner or animal food additive, and in pharmaceutical and 
cosmetic products [10]. Although it is not a new product, in recent 
years, owing to the advent of deeper, low-cost, and modern mining 
technologies, these deposits have gained attention as a source of calcium 
carbonate, especially for uses in agriculture, animal nutrition, the 
cosmetic and medical industries, water treatment, and as a source of 
magnesium and trace elements [1]. All of these uses are growing 
worldwide, consequently increasing the pressure on the stocks, such as 
rhodoliths [1]. 

Rhodolith beds represent an important source of limestone, which 
has attracted the interest of mining companies, especially in shallow 
waters. However, rhodolith beds constitute a complex three- 
dimensional seascape, providing niches and habitat for a diversity of 
biota [11–13], which encompasses infaunal [14,15], epifaunal [15–17], 
and mobile assemblages [18] (Fig. 1). Moreover, rhodolith beds provide 
important ecosystem goods and services, acting as reef nursery areas, 
fishing grounds, and carbon stocks [18–20]. 

Rhodoliths represent one of the largest deposits of carbonate in the 
southwestern Atlantic and worldwide [21]. These areas are under 
pressure because they have economic potential [22–25], especially in 
the poorly-known tropical areas. The ecological and socioeconomic 
importance of rhodoliths conflicts with the industry interest. Carbonate 
mining is a global trend and recently, has grown even more [8]. This is 
due to the advent of modern and low-cost technologies and the scarcity 
of terrestrial carbonate mining resources [26]. 

Rhodolith bed formation depends on the temperature, nutrient 
availability, turbidity, sediment dynamics, and hydrodynamics (e.g., 
waves) to sustain carbonate growth and their vitality [25,27,28]. 
Nevertheless, disturbances, such as mining and dredging activities (e.g., 
clam-shell), can be catastrophic due to environmental changes and may 
lead to habitat destruction by exploitation [29–31]. Therefore, knowl-
edge of the biodiversity and ecosystem services of these seascapes is of 
utmost importance, especially in one of the richest banks worldwide, as 
is the case of the beds in the southwestern Atlantic Ocean. 

Given the context above, this paper discusses the economic potential 
of carbonate mining and the potential conflicts with biodiversity hot-
spots and fisheries resulting from the exploitation of Brazilian 

rhodoliths. First, we discuss historical carbonate mining on the French 
continental shelf and the potential of the Brazilian deposits. This 
comparative perspective of mining in a developed European country can 
be used as an example of the potential consequences of rhodolith bed 
extraction on tropical coasts and in developing countries such as Brazil. 
Second, we highlight the biological and socio-economic importance of 
rhodolith beds, which may conflict with the mining. Then, we conduct a 
solution-based analysis of the urgent policy actions. In this regard, this 
study aims to review an important topic in the fields of the blue economy 
and ocean governance, especially in the context of the the Sustainable 
Development Goals of the 2030 Agenda. 

2. Carbonate exploitation in the French continental shelf 

Free-living or dead calcareous algae are popularly known as Maerl in 
France. France contains one of the largest and thickest deposits world-
wide which is concentrated in Brittany [32,33]. The exploitation of 
limestone in France is quite an old practice and has been widely con-
ducted unsustainably [33]. Although soil enrichment with algae has 
been conducted for a long time [13,33], their exploitation intensified in 
the second half of the 20th century with the advent of technologies and 
the modernization of motorboats and dredges [33]. 

The Glenan bank is the best-documented bank and has an exploita-
tion history of more than 50 years [34–36]. After overexploitation, 
finding living calcareous algae banks is rare [33]. As a result of this 
extraction, the associated macrofauna are no longer recorded in sedi-
ment cores [31]. In another area (the Breton banks), there was a change 
in diversity, with the benthos changing from bivalves and suspension 
feeders to a muddy sand community dominated by omnivores and de-
posit feeders [7,34]. In 2000, the license for extraction in France was 
approximately 500,000 tons per year [37]. 

Rhodoliths are non-renewable resources [34] as they take many 
decades to grow and the extraction rates are not compatible with their 
recovery rates. Consequently, extraction has a detrimental impact on 
habitat formation and the associated biological communities. In the case 
of French extraction, the rhodoliths undergo a wash during their 
extraction; consequently, the fine particles are released, causing impacts 

Fig. 1. The biodiversity that is associated with 
the complex three-dimensional seascape which 
is structured by rhodolith beds in the South 
Atlantic Ocean. (A, B) – Demersal fish associ-
ated with the rhodolith bottom (Bothus sp. and 
Acanthurus chirurgus), (C) - Epilithic macroalgae 
and seagrasses associated with rhodolith nod-
ules, and (D) - A rhodolith nodule showing 
indented morphology housing ascidians 
(Didemnum sp. and Trididemnum sp.) and 
cryptic fauna. 
Source: Marcus Davis Braga and Sandra Vieira 
Paiva.   
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such as the burial of the organisms or inhibition of photosynthesis due to 
increased turbidity [29,33] (Fig. 2). Since these algae are eco-engineers, 
their extraction has caused a reduction in biodiversity [38]. The impact 
of this exploitation led France to ban their extraction from 2011 [39], 
which may have been too late to allow for a full recovery. Rhodolith 
beds are listed in the European Red List of Habitats as vulnerable [40] 
and the Habitats Directive (Annex V); however, they still do not receive 
the attention they deserve considering their importance [33]. The ban 
on extraction in France [8] and parts of the United Kingdom [41] 

reduced pressure on rhodolith beds, but other European seabeds are not 
yet covered by an adequate extraction and exploitation plan [33]. 
Accordingly, they are under pressure and continue to decline [39]. 
Therefore, we could highlight what may happen in Brazil, which harbors 
a higher tropical biodiversity and large, unknown, and unexplored 
nearshore carbonate deposits. 

Fig. 2. Active mining processes, carbonate bottoms, and marine biodiversity hotspots along the Brazilian coast: the Amazonian shelf to the Vitoria-Trindade Ridge. 
This figure highlights active mining processes, marine protected areas, and priority areas for conservation [27,42-47]. Zones A and B refer to the classification system 
from Carannante et al. (1988) [48]. 
*Source - LEPLAC/ Brazilian Navy. 
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3. The potential marine carbonate mining areas in Brazil 

The Brazilian shelf has the largest marine carbonate deposits 
worldwide, including rhodolith beds, which cover areas from the 
northern region (on the Amazon coast), crossing the northeast (tropical 
southwestern Atlantic) to the south of the Brazilian continental margin 
(temperate/subtropical) [48,49] over more than 4000 km. All of these 
regions have heterogeneous seabeds with the potential for the exploi-
tation of carbonate [50–52]; however, most of these deposits are found 
in the North and Northeast regions (Fig. 3) and there are presently only 
low-resolution seafloor maps in large areas (although there are excep-
tions in small sectors as seen in Nascimento Silva et al. [53]; Ximenes 
Neto et al., [54]; Dias et al., [55]; and Morais et al. [56]), which makes a 
detailed understanding of these seascapes and their connectivity diffi-
cult. These typical tropical areas are found in the intertidal zone, 
crossing the shallow-mesophotic reef area (10–150 m deep) to a depth of 
250 m in the rariphotic zone [57]. 

Potential areas for exploitation include the shallow-water and mes-
ophotic rhodolith beds, which are unique seascapes for several reef 
species. It is also important to highlight that two rich areas are included: 
the Amazon Reefs, an ecological corridor between the South Atlantic 
and the Caribbean Sea [58,59], and the Abrolhos Bank, which is the 
richest and largest reef complex in the South Atlantic [21]. Both areas 
include endemics and reef species with socioeconomic importance for 
fisheries [8,21]. Furthermore, the North and Northeast Regions of Brazil 
have high levels of social inequality, poverty, and dependence on re-
sources, such as fishing [60]. In this context, rhodolith beds play an 
important role in the provision of ecosystem services and food security 

[61]. 
The Brazilian continental shelf is formed by three zones (A, B, and C), 

classified according to the type of carbonates that are associated with 
the sediments and environmental conditions [48]. In Zone A (0–15◦ S; 
Fig. 2) both branching coralline algae and green algae (e.g., Halimeda 
spp.) predominate. In Zone B (15–23◦ S; Fig. 2), Halimeda algae are also 
present but the dominant algae are the reef-builders, coralline algae 
[62]. In contrast, in Zone C, in the subtropical/temperate region (23–35◦

S), the carbonate sediment is composed mainly of bioclasts such as 
mollusk shells, foraminifera, crustaceans, and echinoderms [48]. Due to 
this geological feature and biogenic sedimentary pattern, published 
research does not consider Zone C to have great potential for carbonate 
mining [1,8]. Therefore, we will mainly discuss tropical Zones A and B 
(Fig. 2) in this study. 

The northernmost region, Zone A (Fig. 2), especially in the equatorial 
portion [63], has the largest coverage in the extent of known carbonate 
sediments since the 1960 s, consisting mainly of coralline and Halimeda 
algae, with a smaller contribution from mollusks, bryozoans, and fora-
minifera [49,51]. The continental shelf of Maranhão State (Figure 3.1) 
has abundant deposits of carbonate algae sediments, such as the banks of 
Tutóia, São Luis, Tarol, and Autoprofundo. They constitute valuable 
mining deposits [8,42] but are interconnected to the southernmost 
portion of the Amazon reefs [64], one of the largest and understudied 
mesophotic ecosystems in the South Atlantic. 

In Ceará State, the shelf is divided into two areas according to the 
predominant algal type. The first area is located on the east coast 
(Fig. 2), where there is a predominance of Halimeda sand or gravel, 
followed by coralline algae, mollusks, and bryozoans [8,56]. This area 

Fig. 3. The active process highlighting the mining concessions that overlap or are close to the rhodolith beds, marine protected areas, and priority areas for the 
conservation of the tropical marine biodiversity (South Atlantic, Brazil) [27,42-47]. (3.1) Maranhão and Piauí coast; (3.2) Bahia coast; and (3.3) Espírito Santo coast 
(South Atlantic, Brazil). 
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continues towards the Rio Grande do Norte State shelf, where a mixed 
zone of reef algal gravels, coralline algae, Halimeda algae, mollusks, 
foraminifera, and shallow-water and mesophotic reefs thrive [8,53,65]. 
The second area is the west coast, where coralline algae fragments and 
rhodolith nodules predominate, with the secondary accumulation of 
other organisms [8,65]. Therefore, from Maranhão State to Fortaleza 
City (Ceará State; Fig. 2), there is a large concentration of coralline algae 
and nearshore rhodolith beds in the shallow continental shelf [65,66], 
which has increased mining interest due to the lower economic costs for 
exploitation. 

On the Eastern Brazilian coast, especially up to Sergipe State, there is 
a predominance of terrigenous sediments up to 20 m deep [8]. On the 
Bahia State shelf, coralline algae are predominant, especially in the 
rhodolith banks. The south coast of Bahia harbors the Abrolhos Region 
(Fig. 2 and Figure 3.2), which encompasses the largest continuous 
rhodolith bank worldwide, occupying an area of approximately 20, 
902 km2, similar to the area of the Great Barrier Reef in Australia [21]. 
The Espírito Santo coast (Brazilian tropical zone; Figure 3.3) also has 
extensive rhodolith beds, especially in the Vitória-Trindade Chain, 
which is rich in coralline algae [67]. Brazilian CaCO3 deposits are esti-
mated to be the largest worldwide [51,68], with a total of 2 × 1011 tons 
and a current lower estimate of extraction at 96,000–120,000 tons per 
year [69]. However, the reserves of marine carbonates that were 
measured and indicated for exploitation by the National Mining Agency 
are mostly distributed in the Bahia, Espírito Santo, Maranhão, and 
Piauí States [8] (Table 1), with a total of 1355,157,240 tons of CaCO3. 

It is important to note that Northeast Brazil (Zone A; Fig. 2) stands 
out for its abundant deposits and nearshore locations, with carbonate 
purity exceeding 75% [8]. Furthermore, the calcium carbonate in the 
rhodoliths is strategically best for extraction, as these rounded concre-
tions facilitate dredging (e.g., clam-shell and suction) and the cost of 
separation is reduced owing to the low degree of mixing [1]. This rep-
resents a positive aspect from a mining perspective, greatly reducing 
operating costs, which increases profits. The exploitation of such car-
bonates is considered important by the Federal Government, as Brazil is 
a major world producer of agricultural food, but imports 75% of its 
fertilizer inputs [8]. 

Marine carbonates originate from organisms that consist of calcium 
carbonate, whereas terrestrial limestone has a geological origin. Thus, 
they differ in composition and are not completely substitutable [8]. 
Terrestrial limestone has the greatest application in correcting soil pH, 
whereas marine limestone is a high-quality fertilizer that is used to 
reduce the application of chemical fertilizers, increase agricultural 
productivity, and reduce production and importation costs [1,8]. 
Although the use of marine carbonates is recent in Brazil, they can be 
used in high-value industries such as agriculture (e.g., corn, beans, and 
fruits), the production of inputs for animal nutrition, shrimp farming, 
and water treatment [1]. In addition, these marine carbonates can 
represent an export product to Europe, where there is a reduction in 
banks due to long-term extraction, past impacts, and the prohibition of 
marine carbonate mining in France and England [8] which were dis-
cussed in Section 2. 

3.1. The exploitation regulations for Brazilian seabeds 

The extraction and licensing of live rhodoliths (the superficial layers) 
in Brazil is regulated by the normative instruction number 89 of 02/02/ 
2006, which limits extraction to a maximum of 18 tons per company per 
year and is controlled by the Federal Environmental Licensing Agency 
(IBAMA) [70]. The Brazilian National Mining Agency (ANM) is 
responsible for regulating marine exploitation of the subsuperficial layer 
of rhodolith banks, which are considered mineral deposits, that is, 
non-living resources [8]. This criterion of separating the living and 
non-living resources seems to be clear; however, it is problematic 
because there are life forms associated with the subsuperficial rhodolith 
layer, such as live calcareous algae and associated cryptic biodiversity, 
which are not being considered [14]. 

Mineral legislation in Brazil is outdated and does not distinguish 
between mineral extraction in terrestrial or marine areas, which is a 
serious problem because activities in each of the environments have 
their particularities. Law n◦ 227/1967, known as the mining code in 
Brazil [71] and later modified by Law n◦ 9314/1996 [72] and Law n◦

13.575/2017 [73], are the legal instruments that regulate aspects of 
mining. For marine exploitation, it is also necessary to have an exploi-
tation permit that is issued by the ANM. Regarding the environmental 
aspects of exploitation, the IBAMA normative instruction, n◦. 89/2006 
[74], deals with the criteria which allow the exploitation, trade, and 
transport of live seaweed (which in this case includes rhodoliths), that 
which makes up the superficial layers of calcareous deposits, or seaweed 
arriving at the beach which is collected manually by fishers [74]. In the 
case of the subsurface layers, which are considered mineral deposits, 
their exploitation must meet the standards of the National Department 
of Mineral Production (now known as the ANM) according to the IBAMA 
ordinance n◦ 147/1997 and normative instruction n◦ 89/2006 [74,75]. 

Additionally, in terms of the mining activity, the environmental as-
pects that are legally protected are included in Law n◦ 6938/1981, the 
law of the National Environmental Policy [76], which contains the 
foundations of environmental protection in Brazil. Furthermore, IBAMA 
is responsible for licensing activities in the territorial sea, continental 
shelf, and exclusive economic zone, according to National Environ-
mental Council resolution n◦ 237/1997 [77]. The Law n◦ 9605/1998 is 
the law on environmental crimes and states that damage will be 
considered and treated as an environmental crime with indemnity and 
imprisonment penalties [78]. In addition, Law n◦ 9985/2000 [79] and 
n◦ 4340/2002 were instituted by the National System of Conservation 
Units and cover environmental compensation in the case of the licensing 
of undertakings with significant impact [80]. These are legal tools that 
can be used to support marine protection in the case of the licensing of 
projects that may impact rhodolith beds (directly or indirectly). Despite 
this environmental legislation, there is weak implementation of the law 
and Brazil does not punish violators harshly. Furthermore, there is 
currently strong pressure to make laws more flexible in favor of eco-
nomic growth, which would allow for increased impacts on marine 
biodiversity and is the result of the current (2018–2022) Brazilian 
Federal Government dismantling environmental policies [81]. 

Several applications have been filed or are in progress for the 
research and exploitation of these resources (Fig. 3). Moreover, some 
companies have already explored unique seabeds [8]. For instance, the 

Table 1 
Measured and indicated reserves of marine carbonates (tons) from the four states with the biggest CaCO3 concentrations in Brazil - Bahia, Espírito Santo, Maranhão, 
and Piauí (see Figs. 3 and 4 for the geographical locations).  

Mineral reserves (t)   

Bahia State Espírito Santo State Maranhão State Piauí State Total 

Measured 9556,000 296,124,636 670,788,409 42,748,007 1019,217,052 
Indicated 24,292,000 233,279,000 19,312,000 59,057,187 335,940,187 
Total 33,848,000 529,403,636 690,100,409 101,805195 1355,157,240 

Source: Cavalcanti (2020) [8]. 
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most notable extraction activity of carbonates is occurring off the 
Espírito Santo State coast (Figure 3.3). In this state, a company managed 
to collect 73 tons of unprocessed calcareous algae at depths of around 
15.5–28.5 m between 2002 and 2006 [67]. In particular, the 
Vitória-Trindade Seamount Chain (VTC) has attracted economic atten-
tion owing to its large rhodolith beds, despite being one of the most 
important biodiversity hotspots in the South Atlantic [67]. In 2011, the 
environmental licenses for extraction in the Davis Bank in the VTC were 
revoked due to irregularities in the mining extraction, since this 
seamount region is located in international waters [82], and thus the 
mining violated the treaty of the United Nations Convention on the Law 
of the Sea [8]. 

In Maranhão State (northeast Brazil; Figure 3.1), a mining company 
has been operating since 2014, extracting and processing the coralline 
algae for the fertilizer and animal nutrition industry [67] and in 2020 
the company doubled its turnover to 60 million [83,84]. There are 
currently 12 mining concessions on the Brazilian continental shelf 
(Fig. 4), mostly in the Maranhão and Bahia States [8]. Also, the 
exploitation of this resource has been evolving, with an 80% growth in 
the sales value of marine limestone in Brazil between 2013 and 2018 
(Table 2). Considering the extensive stocks which exist in Brazilian 
seabeds (Table 1), there is a high potential for mining expansion and 
gains from the exploitation of marine carbonates in shallower regions 
(Table 2); however, this possible growth will increase the threats to 
biodiversity and the ecosystem services, which are reviewed below. 

3.2. The threats to marine biodiversity and ecosystem services 

Rhodolith beds are ecosystems that are highly vulnerable to activ-
ities such as mining [20]. These banks provide food and a cryptic refuge, 
for example, for fish at early life stages [66]. They also shelter a unique 
biodiversity, including reef fish [12,18], ascidians, sponges [12], poly-
chaetes [14], mollusks [85], corals [12], echinoderms [86], and crus-
taceans [85,87]. Moreover, they act as seed banks for algal propagules 
and the larvae of invertebrates and vertebrates in other interconnected 
ecosystems [88], such as coral reefs [18]. 

Despite the ecosystem goods and services cited above, these sea-
scapes are currently threatened by several processes, including climate 
change impacts, such as acidification, warming [65], and extreme 
events, such as storms and energetic waves [89]. Moreover, overfishing 
by bottom trawling acts in tandem with these impacts to deteriorate the 
health and function of this ecosystem [90,91]. An example of a 
ecosystem function is the importance of rhodoliths for nurseries and 
foraging for spiny lobsters (Panulirus spp.). The Brazilian spiny lobster, 
an important fish resource, is associated with calcareous beds and is the 
main resource for the fisheries sector in the Northeast Region [43,92]. 
The exploitation of these calcareous banks is, therefore, concerning as it 
is in opposition to the sustainable development goals including 1 (No 
Poverty), 2 (Zero Hunger), 8 (Decent Work and Economic Growth), 10 
(Reduced Inequalities), and 14 (Life Below Water). In this region, 

lobsters already suffer from impacts due to flawed fisheries management 
and overfishing [93,94]. Thus, efforts are to restore lobster stocks and 
fisheries sustainability, including the protection of habitats for refuge 
and nurseries, such as rhodolith beds. 

4. Conservation measures to address unsustainable mining of 
calcium carbonate in the Southwestern Atlantic 

4.1. Conservation measures already in place to preserve the rhodolith 
beds 

The science-based knowledge of the biodiversity and ecosystem 
services associated with southwestern Atlantic rhodoliths that was 
reviewed in this article indicates the importance of these seabeds for 
conservation, the risk to the food security and ecosystem services, and 
the biogeochemical cycles which are affected by climate change. These 
seabeds are dynamic in their structure and the growth rate, density, and 
production of CaCO3 are not directly associated [21,27,65]. Therefore, 
the extraction rate is likely higher than the recovery rate of these banks. 
Thus, the extraction of these deposits is unsustainable to sustain over the 
mid- and long-term [8]. The IBAMA uses the precautionary principle to 
deny environmental licenses in vulnerable habitats, such as rhodolith 
beds. A recent example is the denial of offshore oil and gas activities on 
the Amazon coast, which could threaten unique mesophotic reefs and 
interconnected rhodolith beds [59]. 

Rhodolith banks are the main habitat on the flattened tops of some 
seamounts in the VTC; Fig. 2), such as the east Jaseur, Davis, and 
Dogaressa seamounts and on the insular platforms around the Trindade 
and Martim Vaz islands [95]. They are also abundant in the Abrolhos 
Region [96] and Fernando de Noronha Archipelago, which are the best 
known rhodolith banks to date [21,57,95]. These areas are considered 
biodiversity hotspots of high biological and socio-economic importance 
for conservation and human populations [97]. Moreover, most of these 
areas are now inside marine protected areas with heterogeneous levels 
of protection, from multiple-use that allows for carbonate mining (after 
licensing) to no-take zones with the prohibition of fisheries and 

Fig. 4. Research, policy, and conservation actions for the rhodolith beds (Southwestern Atlantic, Brazil).  

Table 2 
The production (ton) and production value (R$) of marine limestone in Brazil 
between 2013 and 2018.  

Year Gross 
production (t) 

Processed 
production (t) 

Production value 
(R$) 

Average selling 
price per ton (R 
$) 

2013 20,045.70 10,986.45 6948,354.00 662.72 
2014 20,595.00 13,597.11 9671,813.50 684.53 
2015 26,662.30 22,152.22 18,561,207.88 767.31 
2016 38,152.41 24,517.49 22,999,303.17 795.17 
2017 40,222.50 35,520.97 36,180,411.71 964.60 
2018 40,815.97 35,294.87 36,239,470.44 1015.93 

Source:Source: Cavalcanti (2020) [8]. 
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carbonate mining. These rhodolith beds are mobile reef environments 
[18,98], emphasizing once again the importance of these seascapes and 
the requirement for urgent and integral protection [85]. 

The Brazilian Northeast Region has extensive algae beds but 
knowledge of their structure, recovery potential, and long-term func-
tioning is insufficient to allow for carbonate mining that is supported by 
science-based decisions [12]. Many Brazilian seabeds are also in meso-
photic areas (over 30 m deep), which makes studying them infeasible, 
owing to the need for more financial resources to afford research vessels 
with more advanced technologies and improved logistics [12]. How-
ever, the extraction of these scarcely known areas will have large-scale 
knock-on effects, such as connectivity between the South Atlantic and 
the Caribbean Sea reef species. Mesophotic rhodolith beds are hotspots 
or oases for biodiversity [99] and are essential for connectivity between 
the West Atlantic reef habitats [18,59,98]. For example, a large popu-
lation of the endangered macroalgae Laminaria abyssalis, a 
habitat-forming species [100], grows on rhodolith nodules in a meso-
photic environment between 45 and 120 m in depth [50]. 

Most of these rhodolith beds are within the continental shelf, where 
multiple uses and conflicting interests already occur, such as oil and gas 
platforms, fishing grounds, bottom trawling areas, submarine cables, 
shipping lines, and renewable energy production [42,101] using 
offshore wind farms [102]. Particularly, in light of mining, this overlap 
has the potential for rising conflicts between these activities and an in-
crease in the pressure on the South Atlantic beds in the coming years. In 
addition, Brazil has no marine spatial planning, which demonstrates a 
risk of multiple impacts on biodiversity and conflicts among different 
economic activities [103]. In the Brazilian socio-economic context, it is 
important to emphasize that artisanal fisheries are responsible for more 
than 50% of national fish production [104] and that mining activities 
increase the risk of food security in socioeconomically vulnerable pop-
ulations that depend on small-scale fisheries (e.g., low-income pop-
ulations) [105]. 

4.2. Research needs and tools 

Rhodolith beds can provide insights into the distribution, biology, 
and ecology of various species [18]. More robust baseline studies are 
needed to predict the short-term and long-term impacts of activities, 
such as mining, on these beds, especially in the face of climate change. 
Technologies such as mixed-gas diving techniques, remotely operated 
underwater vehicle observations, bathymetric mapping, and side-scan 
sonar can help in understanding these environments, especially in the 
shallow and mesophotic beds. Considering that carbonate mining is a 
highly destructive and unsustainable human activity, it must be care-
fully studied to assess its levels of impact, duration, and frequency 
[106]. 

We need to understand which areas are less impacted than others, 
the extent and depth of the deposits, recovery potential, the distance of 
these deposits from the coast, and the associated communities. Studies 
that promote the economic exploitation of rhodolith banks in shallower 
regions are scarce and do not provide science-based support for sus-
tainable extraction without significant social and biological impacts. 
This ongoing extraction in South America is analogous to the risk of 
deep-sea mining to biodiversity, ecosystem function, and related 
ecosystem services and the lack of equitable benefit sharing among the 
global community, now and for future generations [107]. There is a gap 
in the literature on the possibility of exploitation of these carbonates in 
the South Atlantic. Moreover, the impacts on these beds (and inter-
connected habitats such as reefs, seagrass beds, and mangroves) [18,66] 
and the strategies that should be adopted to recover these areas after 
extraction are largely unknown. There are no multidisciplinary and 
long-term studies to support the mining impacts on the southwestern 
Atlantic coastline; whereas similar studies were recently (2016) con-
ducted by Europe (e.g., MIDAS project) to analyze the risks that are 
associated with deep-sea mining [108]. Although it brings short-term 

economic returns for a few enterprises, this type of exploitation is in 
opposition to the Sustainable Development Goals (Agenda 2030). The 
time that is required for extensive studies is insufficient for short-term 
decision-making [109]. 

4.3. Recommended short- and long-term actions 

We highlight short- and long-term policy actions on conservation of 
rhodolith beds such as 1) Science-based environmental impact assess-
ment (EIA) of carbonate mining projects; 2) Long-term environmental 
monitoring in rhodolith beds; 3) Implementation of Area-based man-
agement tools; 4) Marine spatial planning (MSP) along the Brazilian 
coast; 5) Creation of new no-take marine protected aereas (MPAs) to 
protect richest and vulnerable rhodolith beds; 6) Strategic Environ-
mental Analysis (SEAN) to understand the areas available (or not) for 
mining exploitation; 7) Economic valuation of ecosystem services (e.g., 
fisheries) in rhodolith beds; 8) Modelling the dispersion of seafloor 
carbonate mining in exploitation areas; and 9) Evaluation of current 
carbonate stocks and recovering potential along the tropical Brazilian 
coast (Fig. 4). 

The northern Brazil banks, Fernando de Noronha archipelago, and 
the Brazilian northeastern shelf-edge zone were indicated as ecologi-
cally and biologically significant areas by the Convention on Biological 
Diversity and high-priority areas for conservation [97,110] (Figs. 2 and 
3). Rhodolith beds can also serve as stepping stones for many species. 
Therefore, the creation of no-take marine protected areas can be used for 
the preservation of rhodolith beds and as one of the best measures for the 
maintenance of reef biodiversity and ecosystem services, such as arti-
sanal fisheries [111,112]. However, effective conservation actions must 
be integrated with other sectors of the blue economy and society, such as 
the mining industry, universities, and coastal communities, through the 
development of marine spatial planning (MSP). To date, Brazil does not 
have marine spatial planning on a national or regional scale [103]. 
Nevertheless, MSP is essential for preserving areas of ecological and 
socio-economic importance, such as rhodolith beds. 

It is important to consider that since the Rio + 20 Conference, Brazil 
has been committed to the conservation of tropical oceans and is a 
signatory to global goals and agreements, such as the Convention on 
Biological Diversity and the United Nations Sustainable Development 
Goals. Despite these political commitments, there was no moratorium on 
carbonate mining licensing in these vulnerable hotspots in the South 
Atlantic. Therefore, it would be better to use the precautionary principle 
and avoid any carbonate mining (i.e., a moratorium) on the Brazilian 
tropical continental shelf until baseline and long-term oceanographic 
research provide sufficient science-based data to support decision- 
making by multiple stakeholders. This is important to avoid unpredict-
able risks to artisanal fisheries, such as their food security, and to sustain 
the ecosystem services that are worth a billion dollars in the tropical reef 
systems [113]. 

The rhodolith beds are areas of occurrence of socioeconomic 
importance species (Supplementary Information 1 – Table S1), such as 
the species of groupers of the subfamily Epinephelinae - Epinephelus 
morio and Mycteroperca bonaci. These species are important fishing re-
sources, mainly for fishing production in the Brazilian Northeast [114]. 
They are species vulnerable to overfishing, including due to biological 
characteristics of the species itself, such as late maturation and repro-
duction [115], and the destruction of areas where the species occurs, 
such as rhodolith beds. Despite the lack of current economic valuation of 
ecosystem services on rhodolith beds the presence of reef species 
(Table S1) in Brazil [18] and other regions worldwide demonstrates a 
high economic value of their ecosystem services. Similarly, tropical reefs 
have increased in estimated value from around 8000 to around 352,000 
$/ha/yr [113]. Future research need to evaluate the economic valuation 
of the ecosystem services of the rhodoliths to enable a better under-
standing of the socioeconomic gains from their conservation. 

S.V. Paiva et al.                                                                                                                                                                                                                                 



Marine Policy 148 (2023) 105435

8

5. Conclusions and final remarks 

The world’s seabeds are a rich reservoir of mineral resources, and the 
southwestern Atlantic has great potential of carbonate resources in its 
Exclusive Economic Zone. Therefore, exploiting rhodoliths to obtain 
carbonates may seem promising for the mining and agriculture industry, 
since Brazil is one of the top world producers in this activity. Never-
theless, it may have devastating consequences on biodiversity and 
nearshore ecosystem services. Rhodoliths offer numerous ecosystem 
goods and services, including climate regulation, carbon sequestration, 
nutrient cycling, shelter, and protection for several reef species, 
including endemic species, and reproduction and nurseries for species of 
ecological and socio-economic interest. These banks could be more 
economically valuable when conserved rather than exploited, especially 
considering their importance in climate change mitigation and food 
security for artisanal fishers. 
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penais e administrativas derivadas de condutas e atividades lesivas ao meio 
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lavouras de cana, Pesqui. Fapesp. Julho (2012) 62–64. 〈http://revistapesquisa. 
fapesp.br/wp-content/uploads/2012/07/Pesquisa_197-21.pdf?f7d68e〉. 

[83] R. Grisotto, Litoral do Maranhão escondia tesouro de algas marinhas, (2018) 1–9. 
〈https://epocanegocios.globo.com/Empresa/noticia/2018/05/litoral-do-maranh 
ao-escondia-tesouro-de-algas-marinhas.html〉. 

[84] F. Lopes, Oceana eleva produção de exportação, (2020). 〈https://valor.globo.co 
m/agronegocios/noticia/2020/03/13/oceana-eleva-producao-e-exportacao.ght 
ml?〉. 

[85] Pd.C. Veras, I. Pierozzi-Jr, J.B. Lino, G.M. Amado-Filho, A.R. de Senna, C.S. 
G. Santos, R.L. de Moura, F.D. Passos, V.J. Giglio, G.H. Pereira-Filho, Drivers of 
biodiversity associated with rhodolith beds from euphotic and mesophotic zones: 
insights for management and conservation, Perspect. Ecol. Conserv 18 (2020) 
37–43, https://doi.org/10.1016/j.pecon.2019.12.003. 

[86] A.I. Gondim, T.L.P. Dias, R.Cd.S. Duarte, P. Riul, P. Lacouth, M.L. Christoffersen, 
Filling a knowledge gap on the biodiversity of rhodolith-associated 
Echinodermata from northeastern Brazil, Trop. Conserv. Sci. 7 (2014) 87–99, 
https://doi.org/10.1177/194008291400700112. 

[87] C. Sánchez-Latorre, R. Triay-Portella, M. Cosme, F. Tuya, F. Otero-Ferrer, 
Brachyuran crabs (Decapoda) associated with rhodolith beds: Spatio-temporal 
variability at Gran Canaria Island, Diversity 12 (2020), https://doi.org/10.3390/ 
D12060223. 

[88] S. Fredericq, S. Krayesky-Self, T. Sauvage, J. Richards, R. Kittle, N. Arakaki, 
E. Hickerson, W.E. Schmidt, The critical importance of rhodoliths in the life cycle 
completion of both macro- and microalgae, and as holobionts for the 
establishment and maintenance of marine biodiversity, Front. Mar. Sci. 5 (2019), 
https://doi.org/10.3389/fmars.2018.00502. 

[89] A. Lavenère-Wanderley, N.E. Asp, F.L. Thompson, E. Siegle, Rhodolith mobility 
potential from seasonal and extreme waves, Cont. Shelf Res. 228 (2021), https:// 
doi.org/10.1016/j.csr.2021.104527. 

[90] L. Teed, D. Bélanger, P. Gagnon, E. Edinger, Calcium carbonate (CaCO3) 
production of a subpolar rhodolith bed: Methods of estimation, effect of 
bioturbators, and global comparisons, Estuar. Coast. Shelf Sci. 242 (2020), 
https://doi.org/10.1016/j.ecss.2020.106822. 

[91] E. Fragkopoulou, E.A. Serrão, P.A. Horta, G. Koerich, J. Assis, Bottom trawling 
threatens future climate refugia of rhodoliths globally, Front. Mar. Sci. 7 (2021) 
1–11, https://doi.org/10.3389/fmars.2020.594537. 

[92] J. Fausto-Filho, A.F. Costa, Notas Sobre a família Palinuridae no Nordeste 
Brasileiro (Crustacea, Decapoda, Macrura), Arq. Ciências Do Mar. 9 (1969) 
103–110. 

[93] R. Cruz, K.C.A. Silva, S.D.S. Neves, I.H.A. Cintra, Impact of lobster size on catches 
and prediction of commercial spiny lobster landings in brazil, Crustaceana 86 
(2013) 1274–1290, https://doi.org/10.1163/15685403-00003230. 

[94] R. Cruz, J.V.M. Santana, C.G. Barreto, C.A. Borda, M.T. Torres, J.C. Gaeta, J.L.S. 
D. Silva, S.Z.R. Saraiva, I.S.O. Salazar, I.H.A. Cintra, Towards the rebuilding of 
spiny lobster stocks in brazil: a review, Crustaceana 93 (2020) 957–983, https:// 
doi.org/10.1163/15685403-bja10073. 

[95] G.H. Pereira-Filho, G.M. Amado-Filho, S.M.P.B. Guimarães, R.L. Moura, P.Y. 
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