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RESUMO

The crude oil spill that occurred in 2019 at the Northeast Brazilian
Coast is considered one of the most severe disasters recorded in
tropical coastal regions. In order to contribute to the understanding
of the impact generated by the disaster, this work linked oil sightings
by the Brazilian Institute of the Environment and Renewable Natural
Resources (IBAMA) with the Coastal Sensitivity Index (CSl) of the
Environmental Sensitivity to Oil Spills Maps (Carta SAO), generating
an overview of the types of coastal environments affected by the oil.
This crossing was carried out through the public vector bases in the
Geographic Information System. The results show that intermediate
beaches, mangroves and Salt Marshes, reefs and tidal flats recorded
more than 50% of sightings with oil residues. At the end of this analysis,
the environments that still had oil records were mangroves and Salt
Marshes, and intermediate, dissipative and gravel beaches. The analysis
allowed us to understand the main environments affected by the
spill along the coast, also indicating the need to adopt mechanisms
that integrate public data to assist in the structuring of oil combat
mechanisms, with actions to combat oil arising from any spills on the
Brazilian coast becoming more effective.

Keywords: marine oil spill; coastal sensitivity index (carta SAO);
geografic information system; sensitivity oil spill maps.

O derramamento de dleo cru que ocorreu no litoral do Nordeste
do Brasil em 2019 é considerado um dos desastres mais severos
registrados em regides costeiras tropicais. Para contribuir para
a compreensdo do impacto gerado pelo desastre, este trabalho
relacionou as avistagens de 6leo do Instituto Brasileiro do Meio
Ambiente e dos Recursos Naturais Renovaveis (IBAMA) com o indice
de Sensibilidade do Litoral (ISL) das Cartas de Sensibilidade Ambiental
a Derramamentos de Oleo (SAO), gerando um panorama dos tipos
de ambientes costeiros atingidos pelo éleo. Este cruzamento foi
realizado por meio da sobreposicdo de bases vetoriais publicas em
sistema de informagdo geografica. Os resultados demonstram que as
praias intermedidrias, manguezais e marismas, recifes e planicies de
maré registraram mais de 50% de avistagens com residuos de dleo.
Ao fim desta analise, os ambientes que ainda apresentaram registros
de d6leo foram os manguezais e marismas e as praias intermediarias,
dissipativas e de cascalho. A analise permitiu compreender os
principais ambientes afetados pelo derramamento ao longo da
costa, indicando também a necessidade de adotar mecanismos
de integragdo dos dados publicos para auxiliar na estruturagdo de
mecanismos de combate ao dleo, tornando mais eficazes as agdes de
combate em eventuais derramamentos na costa brasileira.

Palavras-chave: derramamento de 6leo marinho; indice de sensibilidade
ao derramamento de dleo; sistemas de informagbes geograficas; cartas
de sensibilidade ambiental a derramamentos de dleo.
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Environmental sensitivity analysis of environments affected by the oil spill on the Brazilian coast

Introduction

In 2019, a spill of about 6 tons of crude oil reached more than 3,000
km? of the Brazilian coastline, impacting the integrity of different natural
environments and associated biological communities, as well as econom-
ic activities performed in the landscape (Lessa et al., 2021). According to
government agencies, the cause for this tragic, and also the biggest, oil
spill event is tropical ocean waters still unknown (Lourengo et al., 2020).

The first record of oil at the coast occurred on August 30, 2019, at
Praia Bela, Pitimbu, in Paraiba, and, over the months, the oil slicks were
transported by the Guiana Current and the Brazil Current, reaching the
states of Alagoas, Bahia, Ceard, Maranhfo, Paraiba, Pernambuco, Piaui,
Rio Grande do Norte, Sergipe, Espirito Santo and Rio de Janeiro. A total
of 11 states, 129 municipalities and 14 federal conservation units were
affected by the oil (Ibama, 2020). Handling crude oil waste is even more
complex than common oil, because its high density does not allow it to
be observed from the surface of the ocean, being identified only when it
reaches the continent, including beaches, reefs, cliffs, mangroves (Soares
et al., 2020). So, it is very difficult to estimate the volumes of oil that still
remain submerged in Brazilian waters, and the real magnitude of the oil
spill volume that was dispersed on the coast. Also, the effects of crude oil
residues are long-lasting, and can be potentiated over the years through
the process of magnification of toxins along the trophic chain. The mea-
sure of environmental, social and economic impact is not clear until now.

One of the biggest oil spills in the word happened in April 2010 in
the Gulf of Mexico. The Deepwater Horizon platform exploded, resulting
in 11 deaths and 17 injuries, and, over the next 3 months, approximate-
ly 55,000 barrels of oil were spilled daily, reaching more than 1,500 km
of the Gulf coast, resulting in the largest oil spill in US maritime his-
tory, causing financial losses and behavioral health problems (Bucking-
ham-Howes et al., 2019). In Brazil, accidents with oil spills had already
happened, but never in magnitudes as large as this event in 2019. In 1975,
an Iraqi ship dropped more than 6,000 tons of oil in the Guanabara Bay,
in Rio de Janeiro (Ribeiro et al., 2021); in 1994, almost 3 million liters of
oil polluted 18 beaches on the north coast of Sdo Paulo (Hoff et al., 2022).

In order to understand the impact of oil residues in the coastline
landscape, it is important to understand that environments have differ-
ent degrees of sensitivity to disturbance events, and local characteris-
tics are essential to determine the impact as well (Pinheiro and Silva,
2021). Furthermore, the significance of the impact is verified not only
by the volume of spilled oil, but also by the resilience of the different
types of environments affected.

In this sense, environmental sensitivity mapping tools emerge to
support the development of a response strategy for oil spill contingency
plans in order to reduce the environmental and social consequences of
possible oil disasters (Silva et al., 2019). The sensitivity mapping of the
various types of environments and resources potentially exposed to oil
spills enables the identification of the most sensitive sites, thus provid-
ing a basis for the definition of priorities for protection and clean-up,
in order to plan the best-suited response strategy (IPIECA-IMO-OGP,
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2012). Therefore, during response operations, sensitivity maps will be
used by the decision makers to create effective contingency plans.

The environment ability to deal with any oil spills along the Brazilian
coast was the assessment by the Sensitivity Maps for Oil Spill Response
(Carta SAO) using the Costal Sensitivity Index (CSI) as a tool for the
environmental sensitivity classification. Based on Law 9,966/2000 (Bra-
sil, 2000) which provides for the prevention, control and inspection of
oil pollution in waters under national jurisdiction, the Sensitivity Maps
for Oil Spill Response were prepared for the entire Brazilian coastline
through the Ministry of Environment (Ministério do Meio Ambiente —
MMA). The sensitivity map evaluates the physical characteristics of the
coastline and its ability to control oil deposition, persistence or longevity
in the environment, as well as the extent of biological damage (Oliveira
et al., 2022). Based on abiotic descriptors, the index evaluates the geo-
morphological characteristics related to the exposure relative to wave
and tidal energy, environmental gradient and granulometry, indicating
from them ten classes of different intensities of oil sensitivity.

Assessing the sensitivity of different environments to oil spill collab-
orates for the creation of effective strategies to manage possible incidents,
concentrating efforts in areas with more sensitive environments. But it is
important to understand that different levels of response will be required
depending on the scale of the oil spill, and this will determine the most
appropriate types of maps (IPIECATTMO-OGP, 2012). The Sensitivity
Maps for Oil Spill Response (Carta SAO) have been structured in three
levels of articulation, or scales of scope: Strategic Maps, of regional scale
(1:600,000 and 1:800,000); Tactical Maps, for intermediary scale, covering
the entire coastline of the basin (1:150,000); and Operational Maps, for
local scale present in the Coastal Sensitivity Index (CSI) that describes
environment sensitivity (1:10,000 to 1:50,000) (Soares et al., 2019).

Even though the Sensitivity Maps for Oil Spill Response (Carta
SAO) are a legal cartographic document for oil contingency planning,
and a mandatory document of the National Contingency Plan for Oil
Pollution Incidents (Decree 8157/2013), at the biggest oil spill event that
happened in Brazilian coast they were not used in response operations.

The lack of strategy and tactics over the months and the popula-
tion’s lack of preparation met a general appeal for volunteerism, which
instigated thousands of unprotected fishermen, residents, students,
traders, tourists and surfers to head to the beaches to help in the clean-
ing of oil residues (Pena et al., 2020). Many of them were not aware of
the risks of exposure to the chemicals contained in oil, or how to deal
with the environmental disaster, and did not protect themselves with
proper safety equipment (Araujo et al., 2020).

Another important function of the Sensitivity Maps for Oil Spill
Response (Carta SAO) is to assess the impact of oil on the different
environments. Official government records on the sighting of oil on the
coast, carried out by environmental government agency IBAMA, were
not integrated with these sensitivity maps, and no report on affected
habitats has been officially delivered. Aiming to contribute to this gap,
this work identified the amount of habitats affected by the oil spill by
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crossing the Coastal Sensitivity Index (CSI) from Cartas SAO with the
oil sighting records mapped in situ by IBAMA using the Geographic
Information System (GIS).

Methodological procedures

In order to understand which were the main environments affected
by the oil spill along the Brazilian coastline, the IBAMA oil sighting re-
cords were related, through the Geographic Information System (GIS),
using the ArcGIS 10.2 software, to the CSI (the Coastal Sensitivity In-
dex) of the Sensitivity Maps for Oil Spill Response (Carta SAO), avail-
able through the Ministry of Environment (MMA). The CSI describes
the sensitivity of coastal environments regarding their ability to per-
form self-cleaning and to be less impacted by waste. The description of
each environment by the CSI can be seen in Table 1.

The first stage of data processing consisted of spatializing, through
the website http://www.ibama.gov.br/manchasdeoleo-localidades-atin-
gidas, in a vector file, the records of sightings between August 30, 2019
and January 27, 2020. This spatialization was possible because the geo-
graphical coordinates of the sighting points were collected during field
visits, as well as the characteristics of the oil residues spotted at the
time. The observation of residues was classified into: Oil Slicks, Sparse
Traces of Oil and Oil Not Observed. It should be noted that in the pres-
ent analysis the number of sites affected by the oil was not evaluated,
but rather the absolute number of types of sightings recorded over time
by state and coastal environment.

To survey the number of sightings per environment, the IBAMA
records, already spatialized as vector files, were related to the vector
files of the CSI (the Coastal Sensitivity Index) of the operational Sen-
sitivity Maps for Oil Spill Response (Carta SAO). For data crossing, a
buffer of 2000 meters was created in the CSI line segments, and the
number of sightings within this area was counted using the Spatial
Joint tool. The type and number of sightings were identified through
Selection by Attributes (SQL) (Table 1).

The methodology employed is similar to those used to quantify these
types of environmental disasters, such as the accident in 2017 on the In-
dian coast. More than 196 tons of oil were dumped into the sea, and to
measure the level of the accident the crossing of spatialized data with the
Operational Modeling Environment of the National Oceanic and Atmo-
spheric Administration (NOAA) was used (Prasad et al., 2018).

Results and Discussion

The disaster revealed that since the beginning of the first records
of crude oil on the coast, there was a great institutional lack of prepa-
ration, with little effective actions in the fight against oil (Aratjo et al,,
2020; Brum et al., 2020; Soares et al., 2020). The Sensitivity Maps for
Oil Spill Response (Carta SAO) were not officially mentioned as a strat-
egy to combat oil by any government institution in the country, or even
by the volunteers who participated in the process. This tool was devel-
oped in partnership with the Ministry of Environment (MMA) and
several research institutions, and should have been the official guide for
strategic actions to combat oil, indicating the places that should receive
greater attention, especially for the most sensitive habitats.

The very organization of vector bases for using the Sensitivity Maps
for Oil Spill Response (Carta SAO) in a GIS environment was not stan-
dardized for every coastline and for using the Coastal Sensitivity In-
dex (CSI). Thus, it was necessary to standardize the language in the
attribute tables of the vector files of the different sedimentary basins.
Although the MMA created strict technical standards for structuring
the CSI, there was no guidance to the different research groups that
carried out the charts for harmonizing the metadata for later integra-
tion of the GIS data. Although the vector databases are available on
the MMA website, the lack of integration of data between sedimentary
basins makes it difficult for the community to access the data.

The geo-spatialization of field reports carried out by IBAMA shows
that the first sightings occurred in Parajba in August and, with the

movement of oil by ocean currents, sightings were altered (Figure 1).

Table 1 - Description of coastal environments and CSI classes of the Sensitivity Maps for Oil Spill Response (Carta SAO).
Impermeable substrates of high to medium gradient, exposed: Smooth rocky shores, Cliffs, Artificial Structures.

Impermeable substrates, sub-horizontal, exposed and with medium to low gradient, exposed: Smooth rocky shores, Terraces.

CSI3 Semipermeable substrates with low oil penetration/burial: Medium to fine sand dissipative beaches, Escarpments/Slopes.

Medium permeability substrates; Moderate oil penetration/burial: Coarse sand beaches, Intermediate beaches with fine to medium sand, sheltered.

CSI 5 Medium to high permeability substrates, with high oil penetration/burial; or limestone rock structure: Mixed sand and gravel, or shells and coral
fragments beaches; Terrace or fringe sandstone reefs.

CSI 6 High permeability substrates; high oil penetration/burial: Gravel beaches, limestone debris.

Sub-horizontal, permeable, exposed substrates: Exposed sandy tidal flat; Exposed Tidal Flats.

CSI 8 Impermeable to moderately permeable, sheltered substrates with abundant epifauna.

CSI9 . .
terrace; Sandstone reefs supporting coral colonies.

Semipermeable substrates, flat, sheltered, or reefs with bioconstructional concretions: Sandy/muddy tidal flat; unvegetated wetlands; Muddy low-water

(SB[ Swampy areas with above-water vegetation: Vegetated delta; Flood terraces, swamps, banks of rivers and lakes; Mangrove Salt Marshes.

Source: adapted from Brasil (2004).
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Figure 1 - Distribution of oil residues along the Brazilian coastline, August 2019 to January 2020.
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In September, oil residues were already in the states of Maranhao, Pi-
aui, Ceard, Rio Grande do Norte, Sergipe, Pernambuco, Alagoas and
Bahia. In October, the waste reached Espirito Santo and in December,
Rio de Janeiro. The sightings carried out by IBAMA also increased in
the months with the highest amount of oil on the coast. That is, over the
months there was a differentiated sampling effort, which became more
intense in the months with the highest amount of crude oil on the coast.
This sampling effort per state can be seen in Table 2. With regard to oil
slicks, which are the most intense residues, the month of October had
the highest number of records, followed by November and September.
In December and January the sightings of oil slicks reduced a lot, and in
January there were no oil slicks.

Observing the chronology of waste dispersion (Figure 1 and Ta-
ble 3), it is observed that the coast of Bahia had the highest record of oil
slicks, mainly in October and November. In October, in addition to the
coast of Bahia, slicks also appear in Alagoas, Sergipe, Pernambuco, Ma-
ranhdo and Rio Grande do Norte. And in November, the slicks spread
along the coast reaching seven different states. The coast of Bahia con-
tinued to be the most affected, followed by Sergipe, Alagoas, Ceara, Rio
Grande do Norte, Piaui and Pernambuco. In December, only Bahia and

Maranhao had records of oil slicks.

Table 2 - Chronology of the sampling effort carried out with sightings of oil.

Chronolo Total Qil Slicks Sparse 0il not
&8 | sightings (%) Traces (%) | observed (%)
75 12 38

August

September 1995 1.50 27.90 70.50
October 2857 6.40 51.50 41.10
November 3457 3.40 57.62 39
December 517 1 36.40 63
January 43 65.12 34.90

The sparse traces of oil, on the other hand, had the highest volume
of sightings in the month of November, distributed along the coast of
11 states, even reaching Rio de Janeiro. In December there was a re-
duction to 9 states: Bahia, Alagoas, Maranhao, Sergipe, Espirito Santo,
Piaui, Rio Grande do Norte, Ceara and Rio de Janeiro. And, finally,
in January, the sparse traces reduced considerably, appearing only in
Sergipe, Ceard, Paraiba and Alagoas.

As for the habitats affected by the oil spill, it can be seen that 50%
of the sampling effort was carried out on Intermediate Beaches (CSI 4),
followed by Dissipative Beaches (CSI 3) with 14%, Mangroves and Salt
Marshes (CSI 10) with 13%, Gravel Beaches (CSI 6) with 9%, Mixed
Beaches (CSI 5) with 4%, Exposed Tidal Flats (CSI 7) with 3%, Reefs/
Tide Flats, even as High and Medium Rocky Shores Slope (CSI 9, CSI 2
and CSI 1), with 2%, and Impermeable substrate with abundant epifauna
(CSI 8) with 1%. Thus, according to the sensitivity classification of the
Sensitivity Oil Spill Maps, it can be said that 68% of the sampling effort
was concentrated in habitats of low sensitivity (CSI 1 to 4), 17% of me-
dium sensitivity (CSI 5 to 8) and 14% of high sensitivity (CSI 9 to 10).

However, when we observe which environments presented oil
slicks (Figure 2), it is clear that 23.7% of all impermeable sub-
strates with abundant epifauna (CSI 8) were covered by residues.

W % Presented oil slicks % Sparse traces of oil
62,1
53,6
48,7
36,4 35,2 336 36
31,3 G 29
22,4 23,7

15,2
0,9 1,8 2,5 4 0,6 2,6 1,9 I 3,1
—_ - - | — - - -
Csl1 Csl2 CsI3 Csl4 CsIs Csle CsI7 CsI8 csl9 CSl10

Figure 2 - Percentage of environments affected by oil residues,August 2019
to January 2020.

Table 3 - Chronology of waste dispersion by state, where type S is Oil slicks and type T is Sparse traces of oil.

ates
s [ s [ s [ s s [ v s [ v s [ 7] s ] 7
83 52 344 9 196 38 3

AL

BA 104 690 87 826 1 89

CE 24 30 4 37 4 8

ES! 350 7

MA 12 2 2 36 4 24

PA 9 3 7 7 5

PE 1,288 6 149 1 45

PI 14 6 2 29 7

RJ 3 2

RN 210 1 54 3 70 6

SE 84 20 194 14 415 14 12
648
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Next is Tidal Reefs/Plains (CSI 9) where 15.2% of its extension
was covered by oil slicks. In smaller extensions, oil slicks covered
4% of Intermediate Beaches (CSI 4), 3.1% of Mangroves and Salt
Marshes (CSI 10), 2.6% of Gravel Beaches (CSI 6), 2.5% of Dissi-
pative Beaches (CSI 3), 1.9% of Exposed Tidal Flats (CSI 7), 1.8%
of Rocky Shores of Medium Slope (CSI 2), 0.9% of Rocky Shores of
High Slope (CSI 1) and 0.6% of Mixed Beaches (CSI 5).

Considering the sparse traces of oil, it is noted that 62% of the
Mangroves and Salt Marshes (CSI 10) presented this type of resi-
due, whereas it was present in 53.6% of the Intermediate Beaches
(CSI 4), 48% of the Reefs/Tide Plains (CSI 9), 36.4% of High Slope
Rocky Shores (CSI 1), 36% of Exposed Tidal Flats (CSI 7), 35.2%
of Dissipative Beaches (CSI 3), 33.6% of Gravel Beaches (CSI 6),
31.2% of Rocky Shores of Medium Slope (CSI 2), 29% of Imperme-
able substrate with abundant epifauna (CSI 8), and 22.4% of Mixed
Beaches (CSI 5).

Figure 3 chronologically shows the different types of waste sighting
sorted by environment. In August, the habitats affected were Interme-
diate Beaches (CSI 4), with 7 sightings, and Dissipative Beaches (CSI
3), with 4 sightings. In September oil slicks were found on the coast of
Intermediate Beaches (CSI 4) totaling 11 sightings, Dissipative Beach-
es (CSI 3) with 9 sightings, Gravel Beaches (CSI 6) with 6 sightings,
Mangroves/Salt Marshes (CSI 10) with 2 sightings and Rocky Shores
(CSI 1) with 1. In this same period, sparse traces of oil were recorded in
much higher quantities than slicks. Intermediate Beaches (CSI 4) had
229 sightings, while there were 115 on Gravel Beaches (CSI 6), 81 on
Dissipative Beaches (CSI 3), 38 on Mixed Beaches (CSI 5), 35 on Reefs/

Tide Flat (CSI 9), 28 on Mangroves/Marismas (CSI 10), 12 on Exposed
Tidal Flats (CSI 7), and 10 sightings on Rocky Shores (CSI 1 and CSI 2).

In October oil slicks were sighted in much larger numbers, and
in the following coastal environments: Intermediate Beaches (CSI 4)
with 99 sightings of oil slicks, Gravel Beaches (CSI 6) with 13, Dissipa-
tive Beaches (CSI 3) with 5, Exposed Tidal Flats (CSI 7) with 5, Rocky
Shores (CSI 1 and CSI 2) with 2, and Mixed Beaches (CSI 5) with 1
sighting. The sparse traces of oil had an even more expressive increase
in the month of October. Intermediate Beaches (CSI 4) had the high-
est number of sightings, totaling 942, followed by Mangroves and Salt
Marshes (CSI 10) with 281, Gravel Beaches (CSI 6) with 78, Dissipative
Beaches (ISCL3) with 71, Reefs/Tidal Plains (CSI 9) with 32, Exposed
Tidal Flats (CSI 7) with 19, High Slope Rocky Shores (CSI 1) with 14,
Medium Slope Rocky Shores (CSI 2) with 10, and Impermeable sub-
strate with epifauna abundant (CSI 8) with 6.

In November oil slicks reduced a little, but the sparse traces of oil
increased even more. The environments identified with oil slicks were:
Intermediate Beaches (CSI 4) with 70 sightings, Reefs/Tide Flats (CSI 9)
with 26, Dissipative Beaches (CSI 3) with 14, Mangroves and Salt Marsh-
es (CSI 10) with 7 and Gravel Beaches (CSI 6) with 1 sighting. The envi-
ronments affected by sparse oil traces in November were: Intermediate
Beaches (CSI 4) with 1121 sightings, Mangroves and Salt Marshes (CSI
10) with 345, Dissipative Beaches (ISCL3) with 258, High Slope Rocky
Shores (CSI 1) with 61, Gravel Beaches (CSI 6) with 59, Terraces at low
tide (CSI 7) with 52, Impermeable substrate with abundant epifauna (CSI
8) with 32, Rocky Shores with Medium Slopes (CSI 2) with 28, Reefs/
Tide Flats (CSI 9) with 19, and Mixed Beaches (CSI 5) with 17 sightings.

Figure 3 - Number of sightings of oil in different environments from August 2019 to January 2020.
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In December oil slicks reduced significantly, being observed only
in two classes of CSI, Intermediate Beaches (CSI 4) with 4 and Dis-
sipative Beaches (CSI 3) with 1 record. Sparse traces of oil were also
reduced, and the environments where this type of residue was found
were: Intermediate Beaches (CSI 4) with 86 sightings, Mangroves and
Salt Marshes (CSI 10) with 45, Dissipative Beaches (ISCL3) with 28,
Terraces low tide (CSI 7) with 12, Reefs/Tide Flats (CSI 9) and Gravel
Beaches (CSI 6) with 4, Mixed Beaches (CSI 5), and High and Medium
Slope Rocky Shores (CSI 1 and CSI 2) with 3 sighting records.

In January, there were only records of sightings of sparse traces of
oil, and the affected environments were: Intermediate Beaches (CSI 4)
with 17 sightings, Dissipative Beaches (CSI 3) with 5, Reefs/Tide Plains
(CSI 9) with 3, Beaches of Gravel (CSI 6) with 2, and Mangroves and
Salt Marshes (CSI 10) with 1.

The environments considered by the Sensitivity Maps for Oil Spill
Response (Carta SAO) as the most sensitive to oil spills are Mangroves/
Salt Marshes (CSI 10) and Reefs/Tide Flats (CSI 9). Oil residues were
present in 65.1% of the Mangroves/Salt Marshes, and in 63.2% of the
Reefs/Tide Flats. Both environments at the end of this analysis in Janu-
ary still had oil residues, indicating that the oil spill may have compro-
mised their integrity.

Mangroves and Salt Marshes (CSI 10) are extremely important
environments precisely because they act as a nursery for marine life,
having high levels of biodiversity (Brasil, 2004) and high productivi-
ty (Menghine, 2008). However, the difficulty of restoring mangroves
is highlighted, given the failure in the use of techniques or the small
worldwide representation of areas that are commonly recovered
(Rovai, 2012). Interferences in these environments directly affect the
tidal flats, since they comprise part of the same estuarine system (Go-
defroid et al., 2003), as well as Salt Marshes. In vegetation, oil forms a
kind of wrap around the roots, adversely influencing the absorption
of nutrients and water (Franco et al., 2016). In addition, toxicity caus-
es reduced transpiration and carbon fixation, which may result in the
death of plants (Rosa, 2006).

The ability of mangrove roots to purify oil residues in sediments
and water (Franco et al., 2016; Silva et al., 2016) can help in the process
of self-cleaning of oil residues visible to the naked eye in the vast ma-
jority of mangroves. On the other hand, the soft substrate and the diffi-
culty of access make cleaning impractical; the effort in this sense tends
to introduce the oil into the deeper layers and aggravate the damage
(Brasil, 2004). In January, 2.3% of the sightings in Mangroves and Salt
Marshes (CSI 10) still showed scattered traces of oil.

The restoration of coral reefs is not even considered, but their
relocation is necessary to the detriment of the impacts of human
activities on the places of natural occurrence (Kimura et al., 2008;
Tun et al., 2008), since reversing damage to these habitats is impos-
sible. Large-scale persistent ecological effects included impacts to
deep ocean corals, failed recruitment of oysters over multiple years

and damage to coastal wetlands (Barron et al., 2020). Therefore, sig-

nificant interference in these habitats, mangroves/Salt Marshes and
reefs/tidal flats, also compromise the ecosystem services provided by
them, with these services highlighted among other coastal ecosys-
tems (Menghine, 2008).

Although Reefs/Tide Plains (CSI 9) are less expressive in area
extension than the mangroves, representing only 2% of the analyzed
coastline, a large part of these environments was affected by oil resi-
dues and did not show a decline in oil records as pronounced as the
mangroves. At the end of the evaluated period, 7% of the samples tak-
en in these environments still showed sparse traces of oil. This occurs
precisely because the natural removal of oil in these environments is
extremely slow, and the soft substrate and the difficulty of access make
cleaning this environment almost impossible, where any effort tends
to introduce oil into the deeper layers. In the case of biological reefs,
cleaning is impracticable, and any response actions may exacerbate the
damage (Brasil, 2004).

In environments classified by the Sensitivity Maps for Oil Spill Re-
sponse (Carta SAO) as moderately sensitive (CSI 5, CSI 6, CSI 7 and
CSI 8), oil residues were also observed, and sighting records in these
environments represented 17% of the total sampling carried out along
the coast. In Impermeable Substrates with Abundant Epifauna (CSI 8)
the oil tends to persist for a long time due to the lack of hydrodynamics
capable of removal. In Exposed Tidal Flats (CSI 7) the oil tends not to
percolate in the saturated sandy sediments, being transported along
the coast by tidal currents. It has a tendency to transfer oil into deeper
layers of sediment through trampling or other response actions.

Oil on Mixed Beaches (CSI 5) tends to have high persistence if
there is burial or retention in substrate irregularities. Oil penetration
normally goes up to about 50 cm deep, but in all these environments
there is the possibility of easier cleaning, which is why in January there
were no more records. The exception is Gravel Beaches (CSI 6), which
are easier for oil to percolate, reaching up to about 100 cm. These envi-
ronments are more difficult to remove and oil persistence can be high
(Brasil, 2004), as the smallest particles of waste remain for several years
in the environment (Brum et al., 2020).

The results analyzed in this work indicate that, out of the aforemen-
tioned environments, that is, those classified as moderately sensitive by
the Sensitivity Maps for Oil Spill Response (Carta SAO), Impermeable
substrates with abundant epifauna (CSI 8) were the most affected by
dense oil slicks and Gravel Beaches showed greater persistence of resi-
dues. Of the total sightings carried out in Impermeable substrates with
abundant epifauna (CSI 8), 23.7% were of oil slicks. Gravel Beaches
(CSI 6) had 2.6% of records with oil slicks; Exposed Tidal Flats (CSI 7)
1.9%; and Mixed Beaches (CSI 5) 0.6%.

Sparse traces of oil were more intense in the Terraces at low tide
(CSI7), occurring in 36% of the samplings; followed by Gravel Beaches
with these residues in 33.6% of the samples taken in this environment;
and in 29% of Mixed Beaches (CSI 5). In January, only Gravel Beaches
(CSI 6) still had sparse traces of oil in 4.7% of the records.
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In general, even if in January only one environment had oil res-
idues visible to the naked eye, these results are still worrying, since
in any environment long-term toxicity affects marine life, which is
not immediately killed by the spill: and the oil can be incorporated
into the meat of animals, making it unsuitable for human consump-
tion (Szewcyk, 2006), affecting not only the economy, but endan-
gering public health. In addition, pollution represents one of the
main threats to the maintenance of biodiversity in the marine envi-
ronment (Amaral and Jablonski, 2005) and can make the ecosystem
vulnerable to secondary disturbances, or result in a recovered eco-
system different from the conditions prior to the spill (Ainsworth
et al.,, 2018).

Oil sighting records in low sensitivity environments (CSI 1, CSI
2, CSI 3 and CSI 4) represented 68% of the total samplings. Interme-
diate Beaches (CSI 4) had the highest number of sightings with oil
residues, with 4% of oil slicks and 53.6% of sparse traces of oil. Dissi-
pative Beaches (CSI 3) had 2.5% of sightings with oil slicks and 35.2%
of sightings with sparse traces. And Rocky Shores (CSI 1 and CSI 2)
presented respectively 0.9 and 1.8% of sightings with oil slicks, and 36.4
and 31.3% with sparse traces.

At the end of the analyzed period, there were still oil residues
on Intermediate Beaches (CSI 4), which represented 39.5% of the
sightings carried out in January, and on Dissipative Beaches (CSI
3), representing 11.6% of the total sightings of residues in Janu-
ary. CSI 4 environments are difficult to clean, as the mobility of the
sediment tends to bury the oil residues, which can penetrate up to
about 25 cm in depth. There is a tendency for cleaning equipment
to further mix the oil with the sediment. CSI 3, on the other hand,
has much lower possibilities of oil burial due to the slow mobility
of the sedimentary mass, with oil penetration generally less than
10 cm deep. Cleaning is easier and more necessary at high tide.
The habitats depicted in CSI 2 and CSI 1 have no oil penetration
and have rapid oil removal by wave action. Removal tends to occur
quickly and naturally (Brasil, 2004).

In addition to the impacts on the environment, it is important
to highlight that crude oil contains several toxic chemicals, with car-
cinogenic, non-carcinogenic and mutagenic effects for humans, and
the long-term effects on health, including the development of cancer
and degenerative disorders resulting from such exposure, may result
in a substantial burden of disease in the exposed population (Euzébio
et al., 2019).

Conclusions

This cross-referencing analysis of oil residue sightings with the
Sensitivity Maps for Oil Spill Response (Carta SAO) using Geograph-
ic Information Systems allowed an understanding of the main habi-
tats affected by the spill along the coast. It is estimated that more than
5,000 tons of oil residues have been removed from coastal environ-

ments (Brum et al., 2020) in this event. In general, the coastal envi-
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ronments mostly affected by residues, representing more than 50% of
the records with oil residues, were Mangroves/Salt Marshes (CSI 10),
Reefs/Tide Plains (CSI 9) and Intermediate Beaches (CSI 4). Anoth-
er important observation of this work is that the environments that
still had oil residues in January were Intermediate Beaches (CSI 4),
Dissipative Beaches (CSI 3), Gravel Beaches (CSI 6) and Mangroves/
Salt Marshes (CSI 10).

With the exception of Mangroves and Salt Marshes, all other en-
vironments that presented oil residues receive visitors and have been
explored for tourism in Brazil. The concern about human contamina-
tion by oil, as well as the depreciation of the landscape, could result in
economic losses due to the reduction of tourist activities. However, it is
important to emphasize that all environments without exception incur
possible negative effects on biodiversity and fishery resources. Further-
more, it is important to consider that contamination by hydrocarbons
can persist for several years in the environment without records of vis-
ible oil to the naked eye.

All these factors make the situation serious and require deci-
sion-making towards the conclusion of accountability for environ-
mental and socioeconomic damage, as well as guaranteeing strat-
egies for more efficient future actions in controlling this type of
disaster. As a guideline for combating future oil spills, this work
suggested that it is important to structure mechanisms for transpar-
ency and data integration of Brazilian databases. In this sense, the
development of a WebGIS portal with a record of all government
combat tools, such as the Sensitivity Maps for Oil Spill Response
(Carta SAO), could be an interesting integrating tool to manage re-
cords of all oil spills, and also making these types of events more
transparent for society.

We must remember that the extraction of oil on the Pre-salt layer
already warns of risk to the Brazilian coast (Viglio et al., 2017), and
this event showed the total lack of preparation of the Brazilian govern-
ment in the fight against oil. The data on the consecutive oil spills that
occur on the coast, of course on a smaller scale, are difficult to access,
and often are not even reported by the media. Even with the National
Contingency Plan for Oil Pollution Incidents in Waters under National
Jurisdiction (Decree No. 8127/2013), systematic leaks have occurred
in oil extraction in Brazil. In official notes, the government and the
National Petroleum Agency recognize their structural and logistical
limitations to carry out adequate monitoring of these operations on
the high seas today.

Thus, a transparency approach, making data available in the Geo-
graphic Information Systems, would be fundamental for the conserva-
tion of habitats, biodiversity and all associated goods and ecosystem
services. In addition, this approach establishes continuous surveillance
of this type of event, which currently does not occur. An example of
this is the demobilization of the unified teams involved in containing
the oil from the event that took place in the Northeast and Southeast of
Brazil on March 20, 2020 (Ibama, 2020).
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If this type of integrated data system had already been implement-
ed, this would even facilitate the use of the Sensitivity Maps for Oil Spill
Response (Carta SAO) by all spheres of society, making the organiza-
tion of oil containment actions more organized, precisely meeting the
needs of places with habitats that are more sensitive and more difficult
to self-clean. The Sensitivity Maps for Oil Spill Response (Carta SAO)
available, together with the constant records of all oil spills disclosed in

a public and accessible way through a free WebGIS system, are funda-

mental for the protection of the natural resources of the Brazilian coast
and for the minimization of economic losses and socio-cultural damage.

Therefore, it is understood that continuous environmental moni-
toring of the affected environment must be carried out, and the adop-
tion of transparency and technological measures can aid in the struc-
turing of effective oil combat mechanisms which minimize the negative
ecological, economic and social impacts of any oil spills on the Brazil-

ian coast.
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