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Abstract

This article presents a synthesis of information about the massive oil spill in Brazil (2019/2020). The event affected 11 states;
however, the majority of the oil residue was collected (~ 5380 tons) near nine states (99.8%) in northeastern Brazil. This spill
was not the largest in volume (between 5000 m? and 12,000 m3) recorded in tropical oceans, but it was the most extensive
(2890 km). This spill develops an overwashed tar that remains mostly in the undersurface drift (non-floating oil plume) below
17 m of depth while on the continental shelf. Ten ecosystems were impacted, with potentially more severe effects in mangroves
and seagrasses. Certain negative effects are still understudied, such as effects on tropical reefs and rhodolith beds. A total of
57 protected areas in seven management categories were affected, most of which (60%) were characterized as multiple-use
regions. The spill affected at least 34 threatened species, with impacts detected on plankton and benthic communities. Acute
impacts were reported on echinoderms, coral symbionts, polychaetes, and sponges with evidence of oil ingestion. Socioeco-
nomic impacts were detected in food security, public health, lodging, gender equality, tourism, and fishing, with reduced sales,
prices, tourist attractiveness, gross domestic product, and employment. Moreover, chemical contamination was detected in
some states by toxic metals (Hg, As, Cd, Pb, and Zn) and polycyclic aromatic hydrocarbons (acenaphthalene, fluoranthene,
fluorene, naphthalene, and phenanthrene). This summary aims to aid in the design of science-based strategies to understand
the impacts and develop strategies for the most extensive spill observed in tropical oceans.
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Introduction: the underrated and mysterious
oil spill in the South Atlantic Ocean

2021). Recently (2019/2020), the Brazilian coast endured
a mysterious oil spill that affected 11 states and approxi-
mately 2890 km of its tropical coastline (Escobar 2019; Dis-

Oil spills generate short- and long-term impacts that require
science-based policy to mitigate damage and enable recov-
ery of the affected areas (Beyer et al. 2016; Nunes et al.
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ner and Torres 2020; Magris and Giarrizzo 2020; Soares
et al. 2020a, b). An aspect of this event that has been widely
recognized in the scientific literature is the late, weak, and
uncoordinated action of the Brazilian federal government in
combating social, public health, and environmental emer-
gencies (Brum et al. 2020; Goncalves et al. 2020; Pena et al.
2020; Soares et al. 2020a, b; Sissini et al. 2020). Scientific
denialism, fake news, misinformation, and reductions in sci-
entific and environmental budgets were factors affecting the
efficiency of national actions to mitigate and compensate
for the impacts of the spill (Barbosa et al. 2021; Goncalves
et al. 2020; Lemos et al. 2020; Soares et al. 2020a, b). Some
Brazilian States, after experienced some difficulties, have
exhibited integrated coordination with non-governmental
organizations, the military, civil society, universities, and
Brazilian municipalities and searched, as much as possible,
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to provide science-based actions during the disaster. The
geographic extension of the incident and the social, eco-
nomic, and ecological impacts standout the 2019/2020 event
as the worst environmental disaster in Brazilian history and
the most extensive ever recorded in the tropical oceans
(Magalhaes et al. 2021; Soares et al. 2020a, b).

Although information regarding this mysterious oil spill
has grown rapidly between 2019 and 2021, the data collected
remains largely unknown to administrative agencies, stake-
holders, non-governmental organizations (NGOs), govern-
ments, and the private sector. It is increasingly difficult for
specialists and the general public to stay current with the
expanding volume of information published, despite signifi-
cant concern by the media, society, and other stakeholders
regarding the ecological and socioeconomic impacts of this
large-scale event. Moreover, the government’s actions con-
sidering the discussions regarding the remaining fossil fuel
exploitation and potential impact on ocean biodiversity and
climate change are necessary due to the COP-26 agreements.
In this framework, a cohesive review is crucial and timely.

Therefore, this discussion article seeks to present synthetic
knowledge in order to improve awareness of the impacts of
oil spills on the SW Atlantic Ocean. This summary aims to
aid in the design of science-based strategies to understand the
impacts and develop remediation strategies for the most exten-
sive oil spill observed in tropical oceans. First, we discuss the
origin and source of the spill, followed by the ecological and
socioeconomic impacts of this disaster. Finally, we discuss
the core questions for future research and government actions.

Methodology

A qualitative analysis of the published literature on Brazilian
oil spills was performed in two steps. First, the terms “oil
spill,” “mysterious oil spill” AND/OR “Brazil,” “2019/2020,”
“2019,” “South Atlantic,” “Southwestern Atlantic,” “Crude
oil,” “Environmental disaster,” “oil spilled,” “Brazilian oil
spill” were searched in academic online search engines
(Google Scholar, Science Direct, Web of Science, and Sco-
pus). Second, the results of the literature search were sorted
according to four main topics: oil and source of origin, eco-
logical impacts (ecosystems and species), and socioeconomic
impacts. No time-scale boundaries were imposed. To identify
articles missed during the first step of selection, we also con-
sulted the references cited in each relevant article and review
(Goncalves et al. 2020; Lourengo et al. 2020; Magris and
Giarrizzo 2020; Soares et al. 2020a, b; Estevo et al. 2021;
Campelo et al. 2021; Craveiro et al. 2021; Soares et al. 2021;
Zacharias et al. 2021a, b). All papers with an English title
and abstract were manually screened for content, and the
remaining papers were downloaded and examined individu-
ally. A total of 33 published articles (2019-2021) met our
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established criteria. For analyses of the quantities of oil col-
lected in the Brazilian states and the marine protected areas
affected by the spill, the data were extracted from IBAMA
(2019) and Soares et al. (2020Db).

Oil and source of origin: an unsolved puzzle

The regions mainly affected (~99.88% of the oil spilled)
were the nine states in the Northeast of Brazil which have an
economy (e.g., services, aquaculture, and tourism) focused
on the coastal region (eight nearshore state capitals), tradi-
tional communities highly vulnerable to disasters such as
artisanal fishers, maroons (quilombolas), and indigenous
people, as well as the highest levels of social inequality in
the country (Camara et al. 2021; Mendes et al. 2021).

The oil spill first arrived along the coast in August
2019, with the last reported large slicks occurring during
the COVID-19 (Sars-Cov-2 virus) pandemic in June 2020
(Magalhdes et al. 2021) and July 2021 (Bahia state). The
greatest incidence of events occurred between August 2019
and December 2019, with the largest oil volume and num-
ber of sites (~998) affected (Soares et al. 2020b). However,
after more than 2 years, it is still possible to find petroleum
residue in sandstone reefs (Fig. 1) or on the dunes. This
diffuse source of hydrocarbons is difficult to remediate and
may be neglected, causing it to affect the environment for
an indeterminate time.

5379 tons of oil residue (usually mixed with beach
sand) was collected on the Brazilian tropical coastline over
this period, particularly in the Alagoas and Pernambuco
states (~78% of oil collected). The first work after the acci-
dent showed considerable levels of PAHs such as: naphtha-
lene, phenanthrene, fluoranthene, fluorene, and acenaphtha-
lene in seawater, fish, and massunins (bivalve). On the other
hand, metals such as Hg, As, Cd, Pb, and Zn were found
only in seawater, at levels above those recommended in the
Brazilian resolution (Soares et al. 2021).

Recent analyses have indicated that the oil found along
the entire Brazilian coast has the same origin because of
its similar characteristics (solid tar, denser than seawater,
with stable or meso-stable emulsion formation from weath-
ering processes) (Lourengo et al. 2020; Kelvin et al. 2021).
There is no scientific literature modeling oil transport, but
the most probable spill location is ~ 700 km off the Brazilian
coast (Lessa et al. 2021, Soares et al. 2020b; Zacharias et al.
2021a). The oil subsequently moved closer to the continental
shelf by the force of the southern branch of the South Equa-
torial Current and was guided northward by the North Brazil
Current and then southward by the Brazil Current. Coastal
upwelling conditions advected the oil from the slope onto
the outer and mid-shelf below 17 m depth in some locations
as wave action brought it to the coast (Lessa et al. 2021).
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Fig. 1 Four present-day (2021) intertidal sandstone reefs at Ceara coast (northeastern Brazil). Even after 2 years of oil arrival (2019), the oil
residue (indicated by arrow) remains still impregnated on the rocks. Photographs from July to November (2021)

The original hypotheses regarding the origin of this
mysterious oil spill were as follows: (1) It came from natu-
ral sources (e.g., asphalt seep sites) in Brazil or Africa; (2)
the oil spilled from platforms in Brazil or Africa; (3) the
oil spilled (intentionally or not) from ships in transit off
the Brazilian coast; and (4) the oil came from shipwrecks
(recent or old) (Escobar 2019; Soares et al. 2020a, b). Geo-
chemical and biomarker analyses of sedimentary basins
indicated that the oil originated from Venezuelan sedimen-
tary oil basins (e.g., Ayacucho oil, from Naricual Forma-
tion in Venezeluan Eastern basin); therefore, hypotheses
1 and 2 were discarded (Lourenco et al. 2020; Oliveira
et al. 2020; Carregosa et al. 2021; Zacharias et al. 2021a,
b). Currently, hypotheses 3 and 4 remain with ongoing and
intense debate.

The Federal Police concluded the investigation into the
mysterious oil and named the company, the commander and
the chief engineer of a Greek-flagged ship named respon-
sible for dumping the material on the Brazilian coast. In
its final report, the police calculate minimum damage of
R$ 188 million for the federal government and also prepare
a report on the total amount that will consider other fac-
tors such as damage to fishing communities and tourism
(Federal Police 2021). Recently, Zacharias et al. (2021a)
used weathering equations from the Spill, Transport, and
Fate Model to assess this disaster. They concluded that the
spilled volume was considerably smaller than that of a full
tanker (5000—12,500 m*) and suggested that the spill may
have occurred due to buoyancy problems on the tanker (hull
rupture or engine failure), causing it to continuously release
its cargo. They provided evidence of leaking (or dumping)
from an unidentified vessel of a size between Panamax and
Suezmax carrying Venezuelan oil. In the scenario of a slow
leak, a tanker could travel long distances discharging small

volumes of oil below the water surface, unseen by Brazil-
ian and international authorities (Zacharias et al. 2021a, b).

Another possible hypothesis is leakage from sunken ves-
sels (bottom-puff spill) due to corrosion that exists in the
oceanic region (outside the Economic-Exclusive Zone-EEZ),
mainly from the last decades, implying that natural corro-
sion on iron structures can cause leakage (Johnson et al.
20006). In the last decade, shipwrecks have been recognized
as a threat to the marine environment due to oil and other
materials and the uncertainty of the probability and time of
release (Landquist et al. 2013; Ventikos et al. 2013). More
than 500 shipwrecks from World War II are known to exist
in the South Atlantic Ocean, including some oil tankers with
Venezuelan oil, but their environmental risk and vulnerabil-
ity (Monteiro et al. 2020) have not been assessed, casting
them as unheeded time bombs for future oil spills (Soares
et al. 2020c). The lack of transparency from the Brazilian
Federal Government in assessing this complex puzzle and
the absence of a unified national boat surveillance system
and vessel tracking strategy along the extensive EEZ (5.7
million km?) has made it difficult to assess both remaining
hypotheses (3 and 4) (Soares et al. 2020a, b; Zacharias et al.
2021a, b). In addition, the oil traveled for a long distance
in subsurfaces suffering severe weathering before reaching
the sandy beaches and other regions of the Brazilian shore
(Oliveira et al. 2020).

Zacharias et al. (2021b) tested four different hypotheses
about this mysterious and extensive oil spill. Three of the
hypotheses (superficial oil slick, bottom-puff spill, and
on-route spill) could not represent the spreading along the
entire Brazilian coast seen in 2019 (Soares et al. 2020a, b,
¢), according to their simulations. These results indicate that
the under-surface drift was more important in the extensive
spread than a possible initial distribution of the oil by the

@ Springer



19872

Environmental Science and Pollution Research (2022) 29:19869-19877

vessel movement (Zacharias et al. 2021b). This does not
imply that the oil spill occurred with the ship stopped, or in
only one site; rather, it indicates a new spill scenario along
the tanker’s path with non-floating oil could be included.
In this scenario (non-floating oil plume), the oil tanker was
partially loaded with Venezuelan Orimulsion or another
non-floating oil (complex industrial mixture), or deliber-
ate application of dispersants to hide the source of the spill
(Zacharias et al. 2021b). In other words, the spill develops
an overwashed tar that remains mostly in the undersurface
drift (Lessa et al. 2021; Zacharias et al. 2021b). Therefore,
the common methods of remote sensing (Rajendran et al.
2021) did not help in determining the source area of the oil
spill, which makes a detailed analysis of these hypotheses
difficult.

Ecological impacts: protected areas, tropical
ecosystems, and species

The oil spill affected at least 57 coastal and marine pro-
tected areas (MPASs) on the Brazilian coast (Ladle et al.
2020; Soares et al. 2020a, b). The Conservation Units (Uni-
dades de Conservacdo — UC in Portuguese) are protected
areas that are included in two management groups in Bra-
zil: strictly protected areas (or no-take/full protection) and
sustainable-use protected areas (or direct and multiple uses)
(Table 1). This oil spill affected at least seven distinct cate-
gories of MPAs, three of full protection: Biological Reserve,
National Park, and Wildlife Refuge; and four Multiple-Use
areas: Area of Ecological Interest, Private Natural Herit-
age Reserve, Environmental Protection Area, and Extrac-
tive Reserve (Soares et al. 2020b). Most of the affected

MPAs were environmentally protected areas (34), followed
by extractive reserves (9), parks (8), private natural herit-
age reserves (3), biological reserves (1), areas of ecological
interest (1), and wildlife refuges (1). However, it is important
to note that these numbers are likely underestimated because
they were collected approximately a year prior to this review
(Soares et al. 2020b) and other affected MPAs may be dis-
covered to have been impacted by oil contamination with
future research. It is important to highlight that pollution
is one of the five main contemporary threats to biodiver-
sity. In this regard, two review studies exhaustively assessed
contamination by polycyclic aromatic hydrocarbons-PAH
(Nunes et al. 2021) and tributyltin (Castro et al. 2021a, b)
throughout Latin America and found 53 and 36 contami-
nated MPAs over the last decade. Thus, the high number
of MPAs affected by this single and extensive oil spill (57)
indicates that environmental impacts are difficult to over-
come in the ocean basin. Recent analyses have indicated that
the seawater, fishes, and bivalves presented the main PAH:
naphthalene, phenanthrene, fluoranthene, fluorene, and
acenaphthalene. In this regard, naphthalene was the major
contributor to the total concentration of 16 PAH analyzed
(Soares et al. 2021).

The oil spill affected at least 10 different tropical ecosys-
tems, particularly estuarine water bodies (4929.74 km? of the
area affected), followed by mangrove forests (489.83 km?),
seagrass meadows (324.77 km?), beaches (185.3 km?), tidal
flats (63.64 km?), intertidal hard bottoms such as sandstone
reefs (Fig. 1) (45.95 km?), and shallow-water coral reefs
(9.69 km?) (Magris and Tommaso 2020). Other tropical
ecosystems that were not mapped but presented qualitative
impacts were rhodolith beds (Sissini et al. 2020), mesophotic
reefs, sand dunes, and shrub vegetation areas in sandbanks

Table 1 Collected oil residue
(metric tons), relative frequency

Brazilian state

Collected oil residue  Relative oil amount Numbers of MPAs

(tons) removed (~ %) affected by the spill

(%), and numbers of coastal and

marine protected areas (MPAs) Alagoas 2564.58 47.67%

affected by the oil spill in each

. Pernambuco 1676.26 31.16% 7

Brazilian state
Sergipe 569.35 10.58% 2
Bahia 459.49 8.54% 15
Ceara 39.76 0.74% 8
Rio Grande do Norte 35.18 0.65% 4
Maranhao 13.69 0.25% 5
Piaui 10.46 0.19% 1
Espirito Santo 6.26 0.12% 5
Offshore marine area (Exclusive 3.88 0.07% -

Economic Zone)

Paraiba 0.85 0.02% 5
Rio de Janeiro 0.01 0.01%
TOTAL 5379.76 100% 57

Source: compiled from IBAMA (2019). Data for Brazilian states and offshore marine areas during the

event in 2019/2020
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(restingas in Portuguese) (Soares et al. 2020b). However,
we still do not know the impact on mesophotic reefs or rho-
dolith beds (Sissini et al. 2020). Considering the denser oil
deposited in the Brazilian carbonate continental shelf during
the spill, we can expect negative impacts on these deeper
communities. These quantitative footprints show the extent
to which the oil spill impacted distinct landscapes and sea-
scapes. However, it should be noted that such affected areas
are likely underestimated due to the lack of high-resolution
mapping (1:10,000 scale) of the Brazilian ecosystems along
the extensive tropical coastline (Magalhaes et al. 2021).
Among these affected areas, three are of special ecological
concern: (i) coastal ecosystems between the states of Rio
Grande do Norte and Alagoas (e.g., including the largest
nearshore Brazilian MPA: Coral Coast) because of the large
amount of oil spilled in that region (Table 1); (ii) habitats
within and around the city of Salvador (Bahia state), and (iii)
marine habitats on the Abrolhos Bank and in southern Bahia
(the richest reef complex in the SW Atlantic with high levels
of coral endemism) (Magris and Giarrizzo 2020; Miranda
et al. 2020; Soares et al. 2020b; Magalhies et al. 2021).

Furthermore, the affected areas shelter at least 34 threat-
ened species which are vulnerable to the ongoing oil spill
impacts along the Brazilian coast, including 11 elasmo-
branchs (e.g., Carcharhinus perezi and Carcharhinus poro-
sus, Mobula thurstoni and Mobula hypostoma, Pristis pristis
and Pristis pectinata), 10 fishes (e.g., Epinephelus itajara,
Hippocampus reidi, Megalops atlanticus, Scarus trispino-
sus, and Scarus zelindae), 5 invertebrates (endemic corals
Mussismilia harttii and Mussismilia braziliensis, seastars
Luidia senegalensis and Oreaster reticulatus, and the mol-
lusk Lobatus goliath), 4 migratory birds (i.e., Calidris canu-
tus, Calidris pusilla, Limnodromus griseus, and Charadrius
wilsonia), 3 marine turtles (Eretmochelys imbricata, Chelo-
nia mydas, and Lepidochelys olivacea), and 2 marine mam-
mals (dolphin Sotalia guianensis and manatee Trichechus
manatus) (IBAMA 2019; Magris and Giarrizzo 2020;
Soares et al. 2020a, b).

In addition to this threatened fauna, recent research has
provided information on the impact of spills on plankton
food webs and benthic communities (Campelo et al. 2021;
Cerqueira 2021; Craveiro et al. 2021; Gusmao et al. 2021;
Lira et al. 2021). During the massive oil spill on the Per-
nambuco coast (Table 1), the highest percentage of affected
zooplankton was recorded in the estuarine plume, followed
by the tropical bay and coral reef areas. Traces of ingestion
of oil by Brachyura zoea and Calanoida, Paracalanidae, and
Oithonidae copepods were observed (Campelo et al. 2021).
This analysis also revealed the vulnerability of the larval
phases of crabs and scleractinian corals to this spill, indi-
cating that this disaster also affected the recruitment rates
in benthic ecosystems. This is highlighted by the important
contribution of coral larvae to the reef area, overcoming

the copepods, evidencing a spawning event likely due to
the reproduction of the endangered Mussismilia harttii
(Campelo et al. 2021). This endemic coral is one of the most
important reef-building species that underpins the carbon-
ate growth of these unique coral reefs (Miranda et al. 2020).
Moreover, the coral endosymbiont Symbiodinium glynnii
bioaccumulates oil compounds with concomitant changes
in cellular 813C isotopic values and negative impacts on
physiology and growth rate. The induced fitness reduction
is inherited by generations, indicating changes of the genetic
material, presumably caused by mutagenic PAHs from this
extensive oil spill (Miiller et al. 2021).

Acute impacts were found on echinoderms (Cerqueira
2021), polychaetes (e.g., Branchiosyllis), and sponges
(Craveiro et al. 2021; Lira et al. 2021) with evidence of
ingestion of oil stains and droplets. Craveiro et al. (2021)
evaluated the effects of the oil spill on algae-associated
(Jania capillacea and Penicillus capitatus) communities in
shallow-water reefs on the Pernambuco coast. Their results
detected a simplification of communities (reduction of spe-
cies richness and abundance) after oil arrival, while oppor-
tunistic and stress-tolerant organisms flourished; for exam-
ple, the polychaete Branchiomma luctuosum and the isopod
Janaira gracilis increased tenfold after the disaster. After
two months, the benthic communities restructured to near
pre-disaster levels, although polychaete diversity remained
low (Craveiro et al. 2021). In this regard, a significant reduc-
tion in the polychaete population following the oil spill was
found (Lira et al. 2021). The contamination of polychaetes
with oil increased mortality, causing a significant reduc-
tion in the Branchiosyllis populations associated with the
sponge Cinachyrella sp. Another case of simplification of
benthic communities was found on the Bahia coast. Gus-
mao et al. (2021) describe the occurrence of the crustacean
Chthamalus bisinuatus colonizing oil stains on intertidal
beachrocks one year after the first records. This barnacle
was the only sessile benthic suspension feeder on oil stains,
and the adult specimens indicate resistance to oil toxicity
(Gusmao et al. 2021). Despite these acute impacts regis-
tered, Craveiro et al. (2021) highlighted the importance of a
more detailed and long-term analysis to evaluate the chronic
effects on intertidal rocky reefs.

Socioeconomic impacts

Preliminary evaluations indicated that at least 869,349 peo-
ple (365,657 related to tourism and 503,692 artisanal fishers)
were affected by this spill (Magris and Giarrizzo 2020) and
that traditional fishers were the most impacted social group.
Further analysis indicated that there was a significant effect
on the seafood trade, including a strong decline in sales and
prices. Estevo et al. (2021) argued that sales decreased by
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more than 50% for all types of fishing on the Alagoas coast,
negatively impacting local income generation. The same pat-
tern was observed on the Pernambuco coast by Aratjo et al.
(2020). They described a decline of at least 60% in the trade
of deep-sea fish species (mackerel, red snapper, and gold-
fish) and approximately 50% in cultivated species (salmon
and shrimp) compared to previous market prices. Both stud-
ies (Araujo et al. 2020; Estevo et al. 2021) were conducted in
the Brazilian states highly exposed to the oil spill (Table 1).
Although the entire fishing community is affected, collectors
of shellfish, oysters, and charru mussels (Aragjo et al. 2020)
in highly impacted mangrove estuarine areas (Magris and
Giarrizzo 2020) felt the consequences more strongly, and
since most of these jobs are held by women, this highlights
the gender equality impacts induced by this spill.

These traditional human communities, which are already
vulnerable to environmental and social risks, have their
financial subsistence, food security (e.g., protein provision),
public health, and cultural sustainability threatened by the
oil spill (Aratjo et al. 2020; Pena et al. 2020; Estevo et al.
2021). Fishers interviewed by Estevo et al. (2021) described
health impacts, including skin diseases and diarrhea out-
breaks after direct oil exposure. Biomonitors and biomark-
ers are used to evaluate the health effects of environmental
degradation from this mysterious oil spill in Brazil (Almeida
et al. 2021). Exposure to crude oil likely induced multiple
health issues (e.g., lethargy, bristly hair, locomotion diffi-
culty, muscular mass alterations, and changes in weight of
the kidneys, liver, and spleen). Furthermore, the exposure
resulted in mutagenic damage to bone marrow blood cells
and behavioral and morphological alterations, which are
usually dose-dependent (Almeida et al. 2021). These results
highlight the possible impacts on marine animals and the
health of human communities due to the contamination by
PAH and toxic metals (Soares et al. 2021). Indeed, due to
the absence of coordinated actions by the federal govern-
ment (Brum et al. 2020; Soares et al. 2020b), fishing col-
ony members collaborated with local communities, NGOs,
and universities to remove oil and monitor beaches during
the critical periods in several affected regions (Pena et al.
2020). These groups undertook such actions to protect their
welfare (Estevo et al. 2021); however, these community-
led responses have risked the health of many fishers (Pena
et al. 2020) involved in the oil mechanical removal without
adequate personal protective equipment (Soares et al. 2020a,
b; Estevo et al. 2021).

The most in-depth and large-scale socioeconomic
analysis was performed by Camara et al. (2021). The
results of the socioeconomic vulnerability study were
mapped; 53,472 establishments, including public institu-
tions, companies, tourist attractions, and leisure points,
were included. Among them, the highest impact levels
(30,918) were seen in economic sectors related to food
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(35.3%), accommodation (17.4%), tourism and leisure
(3.8%), shops (0.7%), and general services (0.7%), which
include real estate, travel and tourism services, water
transportation, and aquaculture. Finally, establishments
with lower vulnerability were supermarkets (16.9%), gen-
eral services (15%), religious institutions (5.9%), esthetic
services (2.2%), and automotive services (2.1%). The state
of Bahia was the most socioeconomically affected in the
Northeast region, reaching an index 55.6% higher than
the second most affected region (Pernambuco coast). This
measurement of the vulnerability index revealed a wide
regional variation among the northeastern states. This
finding was related to the geographic extension of each
state, the effectiveness of actions to fight oil patches, the
level of dependence on the blue economy, and social fac-
tor deficiencies (Camara et al. 2021). The socioeconomic
vulnerability did not correspond to the areas/states most
affected by oil (Table 1), and this pattern indicates that
the place where oil arrives and the communities and eco-
nomic development existing in the affected area are more
relevant than the quantity of oil encountered (Soares et al.
2020b). To this effect, Ribeiro et al. (2020) described that
the coastal areas of Piaui, Rio Grande do Norte, and Ceara
were severely affected in terms of gross domestic product
and employment due to activities directly affected by this
oil spill, such as fishing and tourism.

In addition, Brazil is the second most affected country
(deaths) by COVID-19, with more than 620,000 human
deaths, exacerbated by a lack of coordination and denial-
ism by the federal government to act on controlling the
pandemic (Castro et al. 2021a, b). In this context, the
COVID-19 pandemic aggravated the negative effects of the
oil spill since impact analysis and monitoring activities of
research groups were halted due to the lockdown decrees
(Magalhaes et al. 2021). In addition, COVID-19 generated
negative cumulative and synergistic impacts on important
economic sectors such as hotels, services, and tourism
that were already losing revenues because of the oil spill
(Camara et al. 2021; Ribeiro et al. 2020). Another group
affected by the combination of the oil spill and COVID-19
were traditional human communities engaged in fishing
and shellfish collection that had already faced a decline
in seafood consumption during the oil spill (Aradjo et al.
2020; Estevo et al. 2021), as they were isolated from the
capture and sale of seafood due to COVID-19 (Magalhdes
et al. 2021). The COVID-19 pandemic should not serve
as a justification for the lack of response from the Brazil-
ian government on the origin and impact of oil on the
economy, food security, and health of tropical ecosystems,
but should serve as a warning for the need to assess cumu-
lative impacts and for the urgent investment in research
and environmental policies in the ongoing United Nations
Decade of Ocean Science (2021-2030).
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Conclusions and future directions

In conclusion, this synthetic review article provides up-to-
date information on this devastating event, one of the worst
cases of oil spill impacts worldwide. The affected tropical
ecosystems and traditional Brazilian communities should
receive strong support in the ongoing years with the mid-
and long-term effects (psychological, ecological, cultural,
public health, social, and economic) of oil contamination
(Soares et al. 2020a, b; Magalhdes et al. 2021). August
2021 marks the two-year somber anniversary of the event
and, unfortunately, with no solid responses on the oil ori-
gin, proper attention to the socio-environmental damage,
and adequate investment in research and public policies to
analyze and mitigate impacts. Moreover, this oil spill high-
lights the latent demand for innovative technical and sci-
entific solutions to problems such as the mysterious case
described. The absence of conclusive results on this disaster
(see “Oil and source of origin: an unsolved puzzle” section)
does not only highlight political and governance weaknesses
(Brum et al. 2020; Soares et al. 2020a, b) but also an absence
of reliable predictive and integrated modeling tools (Lessa
et al. 2021) such as advances in computational modeling
tools and remote sensing techniques.

Monitors and co-management measures must be imple-
mented to minimize the public health, ecological, and soci-
oeconomic effects of this extensive spill. To elucidate the
magnitude of the disaster and to contribute to the adequate
restoration, we emphasize the urgent need for research
focusing on the following issues: (1) levels and effects of
contamination in tropical food webs; (2) environmental tox-
icity (PAHs — polycyclic aromatic hydrocarbons) from oil
and its residues in populations and ecosystems not evalu-
ated to date (e.g., fishes, oysters, rhodolith beds, and coral
reefs) (Miranda et al. 2020; Miiller et al. 2021; Soares et al.
2021); (3) biomonitors, biomarkers (Almeida et al. 2021),
and microbial remediation of the oil spill (Appolinario et al.
2019; Rodrigues et al. 2020); and (4) monitoring of the acute
and chronic ecological and socioeconomic impacts on tradi-
tional human communities and coastal ecosystems. Finally,
there is a global concern regarding the impacts of mapping,
exploitation, transportation, and uses of fossil fuels in the
threatened world by climate change and the biodiversity cri-
sis. Biodiversity and climate regulation losses considering
blue carbon environments should drive discussions regard-
ing consequences related to new spill events and their global
impacts (Soares et al. 2020a, b, ¢). A global concern should
foster a deep discussion regarding the fate of remaining
global oil reserves considering the current COP 26 agree-
ments and the urgent decarbonization of the economy.
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