INTRODUCTION

From August to November 2019, large quantities
of crude oil washed onto the coastal regions
of northeastern Brazil. The contamination
impacted coastal environments in nine
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Abstract: In 2019, a massive oil spill impacted coastal ecosystems in eleven Brazilian
states; these ecosystems were diverse with regard to their different geological settings
(sandy beaches, rocky coasts, estuaries, tidal flats, mangroves, and reef systems)
being impacted. Here, we present a temporal analysis on the occurrence of remaining
contaminants on three beaches (Paiva, Itapuama, and Enseada) of the Cabo de Santo
Agostinho City, Pernambuco State. The approach focuses on the systematic mapping of
residues, collection of sediment samples, photographic documentation, and qualitative
microscopic analysis. Grain size, calcium carbonate, and total organic matter content
analyses provided a faciological and energetic characterization of the environment. The
objective was to verify the relationship between the remaining contaminants and the
geological setting. The results showed intense weathering of the remaining oil residues
due to the high energy environment. We found tar balls reworked by seasonal erosion
on the three beaches and no tar residues in shallow subsurface sediments. A large
quantity of tar residues remains on rock surfaces in Itapuama Beach, which bears the
higher permanence of contamination because it is less affected by weathering and
beach erosion. This investigation allowed for an impact assessment of the geological-
morphological characteristics of the beaches.

Key words: beach sediments, environmental disaster, oil spill, Pernambuco State, tropi-
cal coastal environments.

(IBAMA), and civilians. The agent responsible
for the oil spill has not been discovered despite
ongoing investigations carried out by national
and international organizations. The IBAMA
also suggested that the origin of the spill
could have been located 400 to 700 km off the

states in the northeast region and two on the

southeastern coast, Espirito Santo and Rio
de Janeiro. An estimated 1009 locations were
affected (IBAMA 2020) (Fig. 1). In the months
following, oil traces continued to be reported
on the northeastern Brazil coast by the Brazilian
Navy, the Environmental Protection Agency

Brazilian margin, and the oil may have floated
for approximately 40 days until it reached the
coast. Some analyses carried out on the oil
suggest that it has characteristics compatible
with heavy crude oil produced in Venezuelan oil
fields (De Oliveira et al. 2020, De Oliveira Soares
et al. 2020). However, no accidents with tankers
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Figure 1. a) Map showing the distribution of contaminated areas along the Brazilian coastal zone until the end

of 2019 caused by the offshore oil spill (IBAMA 2020, Gongalves et al. 2020), which impacted nine states of
northeastern Brazil (gray) and two states of the southeast margin (brown). The light blue zone marks the exclusive
economic zone. The insert shows the impacted region on the eastern margin of South America. b) The southern
coast of Pernambuco state and the study area is shown by the green rectangle.

carrying such types of oil have been reported.
De Oliveira et al. (2020) used chemical analyses
and multivariate statistics to identify the origin
of the oil and suggested that the material
has chemical characteristics compatible with
some oil types from Venezuela, indicating
that it represents altered crude oil due to the
time it spent at sea or that it was in a product
manufactured with heavy oil produced in this
country. Lourenco et al. (2020) showed that oil
samples collected from various locations on the
Brazilian coast share the same source and that
the chemical signatures were not conclusive to
determine their geologic origin.

Recent estimates claim that more than
5,000 tons of oil were removed from Brazilian
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beaches, mangroves, and coral reefs from August
2019 to January 2020 (Brum et al. 2020). Magris
& Giarrizzo (2020) described the extent of the
oil spill impacts on coastal marine habitats, as
well as a list of threatened coastal species and
socioeconomic impacts. The accident damaged
the economy due to the suspension of touristic
activities and fisheries, which provide the
majority of jobs in the region (Magris & Giarrizzo
2020, Camara et al. 2021).

In the littoral of the Pernambuco state,
the oil affected a region with rich marine
biodiversity, including benthos, fishes, marine
mammals, birds, and a series of complex and
fragile ecosystems, such as mangroves and
seagrass meadows, which were already battered
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by anthropogenic pressure (Araujo et al. 2007).
Latest reports released by the Pernambuco
government claimed that the clean-up operation
of the beaches and rivers in the coastal zone,
resulted in the removal of approximately 1,650
tons of waste (oil mixed with sand and other
materials) since the first oil spots washed up
on Sao José da Coroa Grande beach on October
17" 2019. The government reported a total of 48
locations in littoral areas and eight locations in
rivers/estuaries that were contaminated.

The most affected area in the Pernambuco
state was the coastal region of Cabo de Santo
Agostinho city (Figs.2and 3), where approximately
1,032 tons of waste were removed from the
beaches (Figs. 2a to 2d). This region presents a

2019 OIL SPILL MONITORING IN PERNAMBUCO, NE BRAZIL

great diversity of coastal depositional systems,
such as sandy beaches, rocky shores, tidal flats,
estuarine inlets and channels, mangrove strips,
and pools in beachrocks and reefs (Manso et
al. 2018). The clean-up operation was mainly
carried out by mechanical means of removing
the oil deposited on the beaches, which was
mixed with sediments and seagrass (Fig. 2).
Figure 2 shows the intense work performed by
volunteers to remove the pollutant from the
studied beaches immediately after its arrival.

In the months following the oil spill, tar balls
continued to be reported along the Brazilian
coast, mainly in July/August 2020, after severe
storms exhumed the deposits buried in the
previous spring. In Pernambuco, government

Figure 2. Record of the pollution
caused by the oil spill event in the
study area (August to November
2019). a) Oil spots, Itapuama Beach.
b) Cleanup work by government
personnel and volunteers in Paiva
Beach. c) Plastic bags containing
oil removed from the beaches. d)
Aerial view of the rocky shores of
Itapuama Beach during the climax
of the oil arrival on the coast. The
topography of the rocky shore is
formed by small beachrocks and
reef pools with sandy substrates in
the foreshore region. e) Emulsified
oil patties percolated through
naturally formed fractures and
joints in the rocks outcropping

in the backshore of Itapuama
Beach. f) Part of the rocky shore of
Itapuama Beach, which is covered
by sediments. Yellow arrow - oil
floating during low tide, white
arrow - oil patties deposited during
a receding tide, red arrow - oil
patties deposited during high tide
in the supratidal zone. White arrow
- oil deposited between the rocks
in the foreshore, red arrow - oil
that overwashed and flooded rock
surfaces outcropping in the upper
part of the foreshore zone.
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officials reported tar residue in Cabo de Santo
Agostinho County, south of Recife, and on the
beaches of Janga and Paulista, to the north. In
Cabo de Santo Agostinho, there were reports
of tar residue on Itapuama beach, encrusted
in the rocks. In addition to the tar balls found
in the subsequent months after the disaster,
many areas of the rocky shores of Itapuama
Beach remain contaminated because the oil had
infiltrated vesicles, fractures and joints in the
rock surfaces (Fig. 2e and 2f).

Tar balls and oil-mineral aggregates
form during the emulsification and weathering
of crude oil and its interaction with minerals
(Kiruri et al. 2013). Marine tar residue represents
weatheredoil conglomerationsfoundin beaches,
transitional systems such as estuaries and the
open ocean surface, and the seafloor (Warnock
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et al. 2015). Marine tar residues can originate
from anthropogenic and natural emissions like
petroleum seeps. The term tar ball is defined as
around aggregate of weathered oil generally less
than 100 mm in diameter. Discrete aggregates
larger than 100 mm are referred to as tar patties.
Large thick deposits of weathered oil that are
partially or completely submerged in water are
referred to as tar mats (Warnock et al. 2015). The
weathering of crude oil involves a combination
of processes such as spreading, evaporation,
dissolution, biodegradation, emulsification,
sedimentation, dispersion, and oxidation, which
leaves a higher concentration of the heavier and
more viscous compounds of the oil. Some tar
marine residues result from the mixing of oil
and sediments, such as quartz-rich sands and
biogenic particles. The mixture with sand causes

Figure 3. Satellite images of the
study area. The larger image
shows the study area between
the southern portion of Paiva
Beach (1), and Enseada dos
Corais Beach (3). The black

and white arrows indicate the
main directions of the winds
and currents, respectively
(Azevédo et al. 2021). Yellow
arrows indicate beachrocks
and orange arrows indicate the
rocky coast of Itapuama Beach
(2). Insert 1) survey profile 1
(red line) and sampling Station
1a (black dot) in Paiva Beach.
Insert 2) survey profile 2 in
Itapuama Beach and sampling
Stations 2a (sediments) and 2b
(rock surfaces). Insert 3) survey
profile 3 and sampling Stations
3a and 3b in Enseada dos Corais
Beach (image source: Google
Earth Pro). Images are from
September, 13, 2019.

9082028 S
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the oil to lose its buoyancy and sink (Warnock et
al. 2015).

In ecosystems severely impacted by oil
spills, originating from accidents with wellbores
and oil tankers, oil residues are still present
several decades after contamination. In the
case of the Exxon Valdez oil spill that affected
Prince William Sound, Alaska, in 1989, recent
studies showed that oil residues were not
weathered or biodegraded. Toxic compounds
from the Exxon Valdez spill have been found
in sediments and water three decades after
the accident (Lindeberg et al. 2018). Similarly,
Bociu et al. (2019) reported the persistence of
tar balls originating from the Deepwater Horizon
oil spill buried in sands of the Gulf of Mexico.
Their experimental investigation showed that
the decomposition of these materials, which
includes toxic compounds, will take at least
three decades.

This investigation aimed to study the
persistence of tar residues in a sector of the
Pernambuco coastal zone formed by three
beaches (Paiva, Itapuama, and Enseada dos
Corais), fourteen months after the detection
of the first tar residues in the studied beaches
(Figs. 1 and 3). This region is located in the
littoral region of Cabo de Santo Agostinho, the
most impacted zone in Pernambuco state (Figs.
1 and 3). Furthermore, this area was selected
because, in this short coastline sector, which is
approximately 7 km long, there are examples of
beach profiles formed by different geological
substrates and hydrodynamic constraints
representing coastal systems commonly found in
northeast Brazil. This research tried to determine
the relationship between the geodiversity of the
small coastline sector affected by the oil spill
and the potential they present to tar residue
permanence. Geodiversity has been defined
as “the natural range (diversity) of geological
(rocks, minerals, fossils), geomorphological
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(landforms, topography, physical processes),
soil and hydrological features. It includes
their assemblages, structures, systems and
contributions to landscapes” (Gray 2013). The oil
spill severely affected the three beaches studied,
and the oil was deposited on sandy beaches
strongly influenced by marine erosion; in small
low tide pools, associated with beachrocks and
reef lines; and on the rocky shore formed by
outcropping of igneous rocks of Cretaceous age
(Figs. 2 and 3).

CHARACTERISTICS OF THE STUDY AREA

Geological setting

The study area is located in the coastal zone
of the Pernambuco Basin (Buarque et al. 2016),
a Cretaceous rift basin of the eastern Brazilian
margin (Matos 1999). The coastal zone is bounded
to south by the Pernambuco shear zone, and to
the north by the Maragogi High (Buarque et al.
2016, Correia Filho et al. 2019). The outcropping
rocksinthe coastalzone comprise conglomerates
and sandstones of the Aptian Cabo Formation;
sandstones, shales and claystones of the Lower
Albian Suape Formation; sandstones, siltstones
and claystones of the Upper Albian Paraiso
Formation; limestones, marls, and calcareous
sandstones of the Cenomanian-Santonian
Estiva Formation; and sandstones, claystones
and conglomeratic sandstones of the Miocene-
Pleistocene Barreiras Formation (Correia Filho
et al. 2019). The basin is also formed by volcanic
and subvolcanic rocks, and one alkali-feldspar
granite formed by post-rift volcanism comprises
the Ipojuca magmatic suite (Nascimento
2003). The volcanic rocks are Upper Albian in
age and include basalts, rhyolites, trachytes,
trachyandesites, and ignimbrites (Nascimento
et al. 2004, 2008). The volcanic rocks occur as
sills and dikes, and are secondarily interbedded
with sedimentary rocks as spills. The littoral
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zone is mainly dominated by Quaternary and
Recent sediment cover: marine sands and clay
are associated with estuaries, mangroves and
tidal flats; Pleistocene and Holocene sandy
terraces formed by paleobeaches (Dominguez et
al. 1990, Mio & Giacheti 2007, Suguio et al. 2011).

Climatic, hydrological and meteoceanographic
constraints

The study area is dominated by a tropical,
hot, and humid climate, with an Am type
monsoon accordingto Koppen (1936). The annual
rainfall ranges from 1900 to 2200 mm.y ', and
the annual temperature varies from 24 to 26 °C
(Alvares et al. 2013), averaging of 25 °C (Koening
et al. 2002). The relative humidity has an annual
average higher than 80%, and the average
annual evaporation is approximately 1770 mm
(Silva 2004). Two distinct seasons characterize
the climate of the region: a dry season from
September to February and a rainy season
(winter) from March to August (Passos et al. 2021).
During the rainy season, it is not uncommon for
precipitation to exceed 400 mm/month, and the
hydrological balance is strongly positive. In the
dry season, when monthly rainfall is less than 60
mm, the evaporation rate exceeds precipitation
(Aradjo et al. 1999). This seasonal rainfall pattern
affects the local hydrological and sedimentary
behavior, as observed by Barcellos et al. (2016)
for the Jaboatao estuarine area, located at the
northern limit of Paiva’s beach. Pardal et al.
(2019) observed an increase in sedimentary
organic matter and mud during winter in the
Capibaribe River estuarine area near Recife city
in a temporal study (2010-2017).

On the other hand, the influence of the
nearby rivers on the hydrodynamics of the
studied beaches is limited due to their low
flow rates, which are directly associated with
the coastal characteristics of the study area.
The transport of sediments occurs from south
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to north (Fig. 2). The Massangana River estuary,
located to the south, is fed by a small coastal
river (catchment area of 102.5 km?) with a
relatively low discharge (< 2 m>s™) (Passos et
al. 2021). The Jaboatao River (catchment area of
413 km?) (Barcellos et al. 2016), is located north
of Paiva Beach and has an average flow of 2.03
m’.s” (AraGjo et al. 1999) (Fig. 3).

The prevailing winds are seasonal
and regular from the ESE-NNE direction
approximately 90% of the time, with a mean
speed varying from 3 to 5 m.s” (Manso et al. 2018,
Azevédo et al. 2021). Tidal behavior in the region
is mesotidal and semidiurnal, with a mean
amplitude ranging from 0.7 m to 2.0 m (Schettini
et al. 2016). Circulation in the coastline area is
controlled by wave-generated currents, which
create a northward longshore drift. The waves
are influenced by the wind'’s local and regional
regimes, and the current along the coast has a
northward trend (Domingues etal.2017). Between
January and April, the maximum significant wave
heights remain below 2 m, mainly in the NE-
ENE direction. From May to August, they remain
above 2 m (Manso et al. 2018), with wave periods
from 5.4 to 14.8 s and have a predominant E,
ESE and SE direction, influenced by the South
Atlantic Polar Anticyclone cold front (Holanda et
al. 2020, Azevédo et al. 2021).

The mesotidal regime dominates the
study region (Manso et al. 2018). Coastal
morphodynamics are strongly influenced by tidal
currents, especially when they are associated
with SE winds and spring tides. This association
produces intense erosive processes throughout
the coastal zone. The current parameters were
measured with an ADCP near the Recife and
Jaboatao coastal regions and recorded average
intensities from 0.09 to 0.23 m.s”, with peaks
reaching 0.64 m.s” throughout the year. The
higher intensities were associated with the rainy
period (winter) and an NNE prevailing direction
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of currents, which causes the seasonal increase
in river flow (Manso et al. 2018). However, the
influence of this increase is limited to the river's
mouth (Barcellos et al. 2020), indicated by the
deposition of mud lithogenic sediments in the
inner shelf adjacent to the local fluvial inlets.

Coastal geodiversity of the study area

The population of Cabo de Santo Agostinho
City is approximately 209,000 people (SUAPE
2018). The region has a variable relief with three
distinct geomorphological landforms: the hilly
domain, colluvium ramps, and the coastal plain
(Neumann et al. 1998); the original vegetation on
the littoral was the Atlantic tropical rainforest,
which was replaced by sugarcane in most of the
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area since the 16" century (SUAPE 2018; Oliveira
et al. 2020). The coastal zone presents great
geodiversity (geological and geomorphological
processes and landforms) with sandy beaches,
estuaries, hypersaline tidal flats, rocky coasts,
mangroves, reefs, pools, and beachrocks.
The studied beaches, Paiva (8°17'S, 34°56'W),
ltapuama (8°18'S, 34°56'W), and Enseada (8°18'S,
34°57'W), form a continuous shore zone on the
Pernambuco central coast, approximately 7 km
long (Figs. 3 and 4), and they present narrow
depositional profiles. This region is 12 km to the
south of Recife city, the capital of Pernambuco
state, and just 12 km northward of the SUAPE
port complex. Paiva and Enseada represent
exposed oceanic beaches (Madruga Filho &

Figure 4. Characteristics of the
studied beaches. a) Picture of
the southern sector of Paiva
Beach, looking toward the
northeast. Dashed yellow lines
show the scarp limit of the most
recent erosive processes. b)
Rocky shore of Itapuama Beach,
looking toward the southeast.
Green arrows indicate small
pools. ¢) Picture of the Enseada
Beach, looking toward the
south-southeast. Blue arrows
indicate the backshore and
foreshore zones. The yellow
arrow indicates beachrocks. d)
and e) Red arrows show scarps
formed by recent erosion and
two beds containing seasonally
deposited heavy minerals
(vellow marker - 30 cm ruler). f)
Rock surfaces in the upper part
of the foreshore of Itapuama
and rocks outcropping where
the foreshore region is covered
by sand. The black drop symbol
indicates tar occurrences found
during the study. Pictures were
taken in March 2021 during low
tide.
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Araljo 2003; Holanda et al. 2020), and both
exhibit an NNE-SSW orientation (Figs. 3 and 4)
and faces in the ESE direction. Itapuama beach,
a geosite (Nascimento et al. 2012), is classified
as a partially sheltered parabolic bay shaped
beach (Lino 2015, Holanda et al. 2020), with an
ESE-WNW orientation and it faces NNE-SSW
(Figs. 3 and 4).

There are no published studies on the
marine sedimentology and morphodynamics
of Enseada Beach or the sedimentological
characteristics of Iltapuama Beach. According to
Madruga Filho & AraGjo (2003), Paiva beach is
composed mostly of fine to coarse siliciclastic
sands that are moderately sorted, with low
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calcium carbonate contents. However, on a local
low tide terrace in the foreshore, the CaCO,
content was higher than 30% (Fig. 4).

The rocky shore of Itapuama Beach is
formed by a large outcrop of hypabyssal trachyte
rocks that were emplaced in the region as a
sill. These rocks have a porphyritic texture with
millimetric phenocrysts of sanidine embedded
in a fine-grained matrix (Nascimento et al. 2004;
2012). These rocks present intensely fractured,
with planes trending E-W and N-S. The surface
of outcrops presents a vesicular texture, with
structures varying from 5 to 30 mm in diameter
(Figs. 5¢c and 5d).

Figure 5. a) Example of a
square trench excavated

to observe the buried
sediments in the sampling
, stations (Fig. 3). The image

: shows the occurrence of

_ two beds enriched in heavy
. minerals, Paiva Beach.

b) Shallow trench (strip)
excavated in Itapuama
Beach. c) Survey and
collection of tar residues at
; sampling Station 2b (Fig. 3),
. Itapuama Beach. d) Example
; of collecting tar residues

= from the rock surfaces,

| Itapuama Beach.
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MATERIALS AND METHODS

The study comprised the following procedures:
1- the mapping and visual inspection of the
beaches, 2- collecting sediments for qualitative
microscopic analysis, 3- a photographic
record of the different residues found, and 4-
sedimentological analyses.

The research involved a qualitative visual
survey on the selected areas during three
sampling campaigns from January to March 2021.
The fieldwork used compasses, scales, pocket
magnifiers, a GPS, switchblades, hammers,
trowels, and shovels. Information provided by
local residents was crucial for selecting the
sampling points. The field campaigns occurred
during low tide due to better exposure of the
beach profiles, including the rocks (trachytes)
and beachrock outcrops (Fig. 4). The search for
tar residues was carried out in rock outcrops,
beachrock surfaces, the bottom surface of
the pools, and areas between the rocks in the
foreshore exposed during the low tides. The
research also performed microscopic analysis
supported by a portable UV light of the rock
samples to characterize the encrusted tar
residues. Analysis of nine samples collected
at Paiva, Itapuama, and Enseada beaches was
performed in the laboratory using a low-cost
device with a 400 nm frequency and 9 watts
of ultraviolet light, as described by Riyis et al.
(2019).

A series of hand-dug trenches were
excavated to verify the occurrence of tar residues
entrained/buried in sediments at four sampling
stations (1a, 2a, 3a and 3b - Fig. 3). Station 2b is
located in the rock outcrops of Itapuama Beach
and was used as a reference site to collect tar
residues in the rock surfaces (Fig. 3). These
trenches allowed an in situ visual analysis of the
sediments in the shallow subsurface and sample
collection for sedimentological analysis. There
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were three types of trenches: 1) 0.40 m square,
0.50 m deep, 2) 1 m long, up to 0.30 m wide, and
up to 0.60 m deep, and 3) 0.40 m square, 1.20
m deep (Fig. 5). Sediments were collected 0.05
m, 010 m, 0.20 m, and 0.30 m below the surface
(Fig. 5) in trenches types 1 and 2 and 0.10 m,
0.50 m, 1.00 m and 1.20 m below the surface in
trenches type 3. The locations of the sampling
stations were chosen to coincide with the parts
of the beaches that were most contaminated
during the 2019 oil spill (Fig. 2). The depth of
the trenches and sediment collection took
into account the average seasonal amount of
erosion and redeposition of sediments in the
beach profiles (Lino 2015, Holanda et al. 2020).
The depth of the trenches was also sufficient
to find reworked and entrained tar residues
in the sediments deposited since the 2019
disaster. The transects shown in the stations
(red lines in Figure 3) represent the position
of the schematic profile used to describe the
relationship between beach morphology and the
temporal effect of contamination. The chosen
transect directions considered only the high
morphological diversity found in the beaches.
Table | shows information about the sampling
stations and sample collection.

Eight sediment samples were collected
for sedimentological analysis from the three
profiles during the March sampling campaign.
Grain size analyses were performed by the
sieving and pipetting method (Muller 1967).
Calcium carbonate (CaCO,) and total organic
matter (TOM) contents were determined by the
weight difference before and after acidification
with 1 N HCl and 1 N H,0,, respectively (Carver
1971). The grain size parameters were determined
according to Larsonneur’s (1977) faciological
classification, Folk & Ward’s (1957) statistical
treatment, and Pejrup’s (1988) hydrodynamic
energy diagram. The organic carbon content was
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calculated based on TOM contents multiplied by
0.58 (Allen 1974).

RESULTS

Tar balls on sandy beaches

During fieldwork, a few tar balls varying from
5 to 30 mm in diameter were found on the
three beaches. The tar balls were found on the
foreshore of the sand beaches and represent a
small amount of the residue when compared to
the volumes of the contaminant that washed
up in 2019 (Fig. 6a, b and c). All tar balls were
found in the foreshore and swash zones during
low tide. Beached tar balls found in Paiva Beach
(January 2021) represent scattered particles
ranging from 5 to 30 mm in diameter, which
washed up with the tidal oscillation and were
possibly remobilized during storms. The material
is somewhat viscous, but most fragments were
hard and crispy. The residue was mixed with
sediments of siliciclastic and biogenic origin
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(Figs. 6¢). Beached tar balls of approximately 10
to 20 mm were also found on Enseada Beach in
January 2021 (Figs. 6d and 6e). This material is
also somewhat viscous and is more consistent
compared to the tar residues found on Paiva
Beach. The residue was mixed with sediments
and showed almost no fluorescence under UV
light. The fragments were rounded and washed
up with tidal oscillations.

Tar balls of approximately 10 to 20 mm
were found near the rocks on the shoreface of
Itapuama Beach (Fig. 6f and 6g). These residues
were found scattered and mixed with biogenic
particles and also trapped in spaces between
the rocks (Figs. 6h). This material has a lower
amount of mineral and biogenic particles and
has a solid-like consistency. It may represent the
remaining residues of the original contaminant,
which became trapped in the rocks (Figs. 7 and
8) and was not entrained in the sediments. Thus,
the degradation process could be different for
these residues than for the tar balls found on

Table I. Sampling station characteristics, location, and type of trenches excavated in the temporal analysis.

Sampling station 1a (Paiva Beach)

Beach)

UTM Coordinates 251 0285219 /

9083711S 9082139S
Position Upper foreshore fokg\slvheorre
Substrate Sand Sand
Trench type 1 Jan a;gzq/\arch Jan aggzq/\arch
Trench type 2 - March 2021
Trench type 3 March 2021 -
Sediment collected
for sedimentological March 2021 March 2021

analysis

2a (Iltapuama

25L 0284983E /

3b (Enseada
Beach)

3a (Enseada
Beach)

2b (Itapuama
Beach)

251 0284987E / | 25L 0285521E / | 25L 0285574E /

9082114S 9080495S 9080478S
Upper Lower

Upper foreshore foreshore foreshore
Trachyte Sand Sand

Jan and March | Jan and March

2021 2021
- March 2021 -
- March 2021 -
- March 2021 March 2021
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the sandy beaches (Enseada dos Corais and
Paiva). These tar balls also did not fluoresce
under UV light (Fig. 9). No stranded tar balls,
or tar patties, were found in the sediments
excavated from the trenches at the sampling
stations or in the backshore or foreshore zones
of the sandy beaches. Sediment analysis with a
portable microscope showed no clear evidence
of tar residue particles, but it requires further
study.

Tar residues encrusted in the rocky shore

Alarge quantity of tar residue remains encrusted
on the surface of trachyte rocks on the rocky
shore of Itapuama Beach (Figs. 7a to 7f).
Encrustation is also present in the backshore
because it is only affected by water erosion
during high spring tides. This effect helped
reduce the degradation of tar residues that are
not exposed to subaqueous conditions. Most
of the remaining tar residues are encrusted in
natural fractures, joints and in the vesicles of
the trachyte rocks (Figs. 7 and 8). As the material
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breaks down the contaminants percolate deep
through the rock joints. After initial degradation,
the aggregate material is mixed with sediments
in the rock fractures and filled vesicles (Figs.
8a-c). The external surface of the tar residue
filling the vesicles and fractures was weathered
and oxidized. The tar that filled the vesicles is
a millimeter-thick film that can be scraped off
with a metal blade (Figs. 7c-f).

Mesoscopic samples collected for analysis
showed that the tar residues deeply percolated
the joints (Fig. 8). The natural enlargement of the
vesicles by meteoric processes created cavities
up to 40 mm in diameter and connections
between the cavities were filled by the tar
residue (Fig. 8). These vesicles within the joints
help to protect the tar residues from subaerial
weathering. The leaching of this material
continues to liberate contaminants for a longer
amount of time than the material exposed on
the sandy beaches.

Scraping off the tar encrusted in the
vesicles revealed that the interior of the film is

Figure 6. Beached tar balls and
residue found on the studied
beaches. 6a to 6¢) Tar residues
ranging from 5 to 30 mm in size
found in the surf zone of Paiva
Beach, January 2021. The isolated
tar fragments were washed up with
biogenic fragments and presented a
viscous consistency. 6d and 6E) Tar
balls, 5 to 30 mm in diameter, found
in the surf zone of Enseada Beach
during low tide, January 2021. The
material is solid and is mixed with
siliciclastic and biogenic particles. 6f
to 6h) Tar balls found in the bottom
of a pool during low tide in the surf
zone of Itapuama Beach, March
2021. The isolated tar fragments
were found with biogenic detrital
particles and trapped in natural
fractures (6h). The locations where
- the tar residues were found are

v indicated in the photos of Figure 4.
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shiny with a viscous consistency; this suggests
a less altered condition of the material as it
is protected in the vesicle cavities (Figs. 9a-
f). Sampled subsurface sediments showed
no evidence of hydrocarbons under UV light,
and only small spots of fluorescence were
observed related to microorganisms and other
particles of organic origin (Figs. 9¢ and 9h).
Analysis of the tar residues scraped from the
trachytes under UV light showed little signature
of light hydrocarbons, which indicates high-
grade degradation of the material (Figs. 9i-k).
Comparative microscopic analysis of the tar
residue scraped from the rocks (Figs. 9c and
9d) and from the tar balls found on the sandy
beaches (9e and 9f) showed that the tar balls
contain less siliciclastic content.
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Sedimentological analysis showed that
the beaches contain lithoclastic sand (AL1b)
facies (Larsonneur 1977), and the texture varies
from fine to medium sands and is moderately
sorted (Folk & Ward 1957). Sediments have low
organic contents and are subjected to very high
hydrodynamics (IvVa) according to the Pejrup
(1988) diagram. These beach sediments are
mostly composed of siliciclastic grains, ranging
from 99.46 to 100.00% (mean: 99.87 + 0.21%).
Gravel and mud particles are only observed
in Itapuama’s beach profile, with 0.44% gravel
and 010% silt at Station 2B (Fig. 3), and 0.03%
gravel and 0.34% silt at Station 2C. Silt was also
observed at Stations 1A and 1B in Paiva's beach
profile, but was extremely low with 010% and
0.03%, respectively (Fig. 3). Clay particles were
absent in all the collected samples.

Figure 7. Tar residues in the trachyte
rocks of Itapuama Beach. a) Oil
residues adhered to the surface of
the rocks and trapped within the
joints and vesicles in the backshore
in December 2019. b) Rock surfaces
in the upper part of the backshore.
¢) Tar residues trapped in vesicles
on a subvertical surface. d)
Horizontal surface with tar residue.
7e and 7f) Tar residue trapped in
rock joints. Photos c to f were taken
in January 2021. White arrows - tar
residue encrusted in fractures and
joints, green arrows - tar residues
encrusted in rock vesicles. The
surfaces are wet due to rain. The
seawater reaches these areas only
during high spring tides.
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The geochemical parameters of sediments,
such as the calcium carbonate content, are low
and vary from 2.9 to 8.4%, averaging of 4.6% +
2.2%, and they are classified as lithoclastic
(Larsonneur et al. 1982). The (TOM) and the
estimated total organic carbon (TOC) contents
(Allen 1974) ranged from 0.43 to 3.30% (mean:
1.39 + 0.85%) and from 0.25 to 1.00% (mean:
0.80 + 0.49%), respectively. These ranges are
low and are typical of highly dynamic beach
face environments. A relatively enriched value
(3.30%) of TOM and TOC (1.00%) was observed at
Paiva Beach (1B station); however, Romankevich
(2013) also considered a low content to be < 2%
TOC.

The sedimentary character of these sandy
beaches is directly related to the nature of the
coastal fluvial terrigenous sediment inputs
and distribution pattern. The prevailing shelf
facies are dominated by sandy-gravelly biogenic
poorly sorted sediments with low organic matter
contents (Barcellos et al. 2020). The quartz-rich
sandy beach facies that predominate these
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shores is the result of the mixing of riverine and
shelf palimpsest sediments that are constantly
reworked by local longshore currents. These
processes keep the sandy siliciclastic deposits
along the coastline and the inner shelf (Manso
et al. 2018), and mixing with terrigenous mud
(Larsonneur 1977) occurs near the river mouths
(Barcellos et al. 2020).

DISCUSSION

The oil spill that affected the northeastern coast
of Brazil revived the apprehension caused by
similar accidents involving oil spills in recent
history, such as the Exxon Valdez tanker in Alaska
in 1989 (Shigenaka 2014) and the Deepwater
Horizon platform in the Gulf of Mexico in 2010
(Parham & Gundlach 2015). Information about
the amount and nature of the contaminant
washed on the Brazilian coast, as well as its
evolution in the environment in the following
years is necessary to better understand the
long-term impact and the lingering effects of

Regolith

Figure 8. Mesoscopic rock sample collected from the outcrops of the backshore of Itapuama Beach in December
2019. a) Image of a joint face. b) The picture shows that the contaminant encrusted the vesicles in the external
surfaces of the outcrops (green arrows - top), ) and percolated through the joints, creating accumulations in their
contacts (white arrows). The whitish part of the sample marks the buried zone (bottom) which has been leached

and altered.
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contamination. This will help to compare Brazil's
oil spill with similar disasters. The present study
provides a qualitative analysis of a small coastal
strip with complex geological-morphological
diversity that was heavily affected by the oil
spill.
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The Exxon Valdez accident liberated
approximately 35,500 tons of crude oil into the
ocean, which mainly reached the Prince William
Sound region and spread over 2,700 km of the
coastline (Nixon & Michel 2018). Thirty-two years
after this accident, studies are continuing to be

Figure 9. 9a and 9b) Photos of the tar
residue adhered within the vesicles

of the sample shown in Figure 8. a)
Surface of the oxidized and weathered
material, and b) the internal view after
the surface of the encrusting residue
was mechanically removed, which

is internally better preserved. The
material covering the rocks is highly
mixed with siliciclastic minerals and
rock fragments. 9c and 9d) Tar residue
removed from the vesicles. 9e and 9f)
Tar balls collected in Enseada Beach,
January 2021 (Fig. 4c). This material is
soft and viscous, and the fragments
possess minor contents of clastic

and biogenic grains. The surface is
less oxidized and weathered than
observed for the tar residue on the
exposed rocks. 9g and 9h) Visible light
and UV light photos of sand samples
collected at Station 3, Enseada

Beach. No fluorescence related to
hydrocarbons was detected, and

only fluorescence related to biogenic
materials was observed. 9i, 9j and 9k)
Images of tar residue removed from
the rocks. Visible light and UV light
images, and contrast processing was
used to highlight the fluorescent areas
detected. The analysis suggests that
the luminescence is related to the high
altered tar residue.
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produced by government agencies and research
institutions and show that environmental
damage persists in the Gulf of Alaska, mainly in
the Prince William Sound region. The persistence
of oil contaminants (toxic compounds) in coastal
environments, even decades after the disaster,
is discussed by Gundlach et al. (1983), Guterman
(2009), Peterson et al. (2003) and Schrope
(2010, 2011). The spill caused oil residue to be
impregnated on the surface of corals, birds, and
mollusks and the massive mortality of some
critical groups. The impregnations caused by
oil blankets on sandy beach sediments can
reappear on the surface decades after the initial
spill (Payne et al. 2008). In just one year of clean-
up work in the Prince William Sound region, the
Exxon Mobil Corporation removed more than
30,000 tons of crude oil (Piper 1993), which cost
more than two billion dollars and involved two
million man-hours (Rice et al. 2007). However,
Wolfe et al. (1994) estimated that less than 20%
of the initial volume that was spilled in that
region was removed. Lindeberg et al. (2018)
confirmed that 26 years after the Exxon Valdez
accident, contaminants are still physically
present. In the case of Alaska, the morphological
and geological characteristics of the coast were
revealed to be critical factors affecting the long
persistence of the contaminant. The oil reached
protected coarse-grained gravel beaches of
William Sound, which present armored stable
substrates. The oil that percolated through the
armored surface and impregnated the sediment
was still present at depths greater than 0.25 min
beaches with stable armor eighteen years after
the accident (Li & Boufadel 2010). Nixon et al.
(2013) pointed to the influence of geomorphic
factors, substrate permeability, low exposure to
waves, and armoring in gravel beaches as drivers
for oil persistence in the subsurface. Lindeberg
et al. (2018), suggested that after 14 years of the
spill, there was little evidence of change in the
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distribution of oiling intensities or the location
of the contaminated zones in the William Sound
beaches. They demonstrated that oil lingers
at 8 of the 9 sites revisited since the accident
and that the permanence of oil sequestered
in sediments and protected from hydrological
washing in low oxygen shallow subsurface
conditions inhibits biodegradation (Lindeberg
et al. 2018). These conditions will certainly cause
the contaminants to persist in the environment
for decades.

The Deepwater Horizon explosion resulted in
the spill of 22,000 tons of oil in the northeastern
Gulf of Mexico and along the shoreline, where it
is estimated that there were 965 km of polluted
sandy beaches. Bociu et al. (2019) performed a
three-year in situ experiment and a survey to
quantify the temporal decomposition of oil-
sediment-agglomerates (tar balls) in Florida
buried in the upper 0.50 m of sandy beaches.
Analysis of the chemical parameters and the
fluorescence response showed that buried
tar balls up to 60 mm in diameter would take
approximately 30 years to decompose. Bociu et
al.(2019) show that tar balls buried deep in beach
sands will decompose through rapid microbial
oil degradation in tidally ventilated permeable
beach sand, what, according to the authors,
emphasizes the role of sandy beaches as aerobic
biocatalytic reactors. Parham & Gundlach (2015)
studied the sedimentary evolution of oil-sand
aggregates of the Deepwater Horizon oil spill on
sandy beaches of the northern Gulf of Mexico.
According to these authors, high wave and tide
conditions resulted in the deposition of oil in
the supratidal zone and burial at depths of up to
1 m, which produced large volumes of oil-sand
aggregates. Effect of higher seasonal (summer)
water level variations and wave energy,
combined with storms and overwash dynamics,
reworked the buried/stranded oil. Subsequent
exposure caused by beach hydrodynamics
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of buried oil-sand aggregates led to its rapid
degradation through in situ weathering and
breakdown under surface, subsurface, and
subtidal conditions. The authors emphasized
that continuous-wave energy/overwash and
weathering will be effective in the breakdown of
long-term remaining residue.

Regarding the ethnology of the diverse types
of sediment-oil aggregates (SOAs) (Gustitus &
Clement2017), we suggest that the material found
in the beaches can be classified as tar residues
(tar balls or tar aggregates), formed due to the
erosion of oiled sands on beaches polluted by
heavy oil (Warnock et al. 2015). However, the
remaining residues may have formed pelagic
tar balls, resulting from the mixture of sunk
oil and its entrainment in sediments that were
subsequently reworked and washed ashore. We
consider the residues adhered to the exposed
rocks as a type of tar residue that results from in
situ mixing with sediments transported by wind
and waves. This encrusting material was not the
result of reworking in the beaches or the effect
of pelagic transported aggregates. This kind of
tar residue is not well described in the literature
and deserves further study.

The finding of dozen beached centimetric tar
balls and the apparent absence of macroscopic
residues (tar patties and sand-oil aggregates)
up to 0.60 m deep in the supratidal and
intertidal sediments suggest that the processes
of weathering and breakdown due to the high-
energy conditions were effective in decomposing
most of the contaminants left behind after the
clean-up operation.

As it is clear from the comparison to
other disasters that occurred in different
marine environments, some parameters, such
as wave energy, morphology, climate and
geodiversity, are key factors that influence
lingering pollution. Processes of erosion-
accretion, which can remobilize large volumes
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of sediment make the residues bioavailable
and expose them to weathering. Yim et al.
(2020) described the rapid recovery of the Hebei
Spirit oil spill on the western coast of South
Korea. The spill released 10,900 tons of three
types of crude oil and contaminated 200 km
of coastline, which severely affected various
ecosystems. The authors showed that after ten
years of monitoring, the concentration of the
oil residue in seawater, sediments, and oysters
rapidly dropped to background levels at 16, 75,
and 33 months, respectively. Damaged benthic
intertidal and subtidal communities recovered
after six years. Yim et al. (2020) showed that high
tidal mixing (~9 m) and an intensive cleanup
operation (~1.2 million volunteers) during the
very initial period of contamination contributed
to rapid recovery, which was 4-5 times faster
than the Exxon Valdez case.

The results of the present study showed
a large degree of homogeneity in terms of the
composition and pattern of facies distribution
across the beach profiles. The study area is
mostly characterized by siliciclastic sands with
heavy mineral grains as observed in Paiva
beach, which agree with the pattern already
described by Madruga Filho & Araljo (2003).
The characteristics are similar on the Enseada
dos Corais Beach, where the profile is sheltered
by beachrock outcrops located on the upper
shoreface (Fig. 4c). It was also found granular
marine components dominated by calcium
carbonate grains and silts in the Itapuama
profile.

In Paiva Beach (1a in Fig. 3) sediments were
collected at the surface and at a depth of 1.2 m
(trench) in the upper foreshore region. This area
was severely affected by the deposition of oil
patties (Fig. 2b) in October 2019. Analysis of these
samples showed that the sediments represent
fine (1A) to medium sand (1B), moderately sorted,
and dominantly lithoclastic (> 99.90% of CaCO,)
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(Larsonneur et al. 1982). Similar faciological
characteristics were reported by Madruga Filho
& Araljo (2003). These authors indicate that the
faciology is directly related to the local wave
energy fluctuations. The analysis of the chemical
composition of the sediments from Paiva Beach
(1.2 to 1.3 m depth) also revealed relatively
enriched values of TOM (3.30%) and TOC (1.00%)
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in the sandy deposits. This unexpectedly high
organic matter concentration could be related
to the subsurface decomposition of oil residue
deposited in 2019 before the deposition of
the sampled sediments (Fig. 10). However, this
conjecture needs a more sophisticated approach
to determine the nature of the compounds
present in these sediments.
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The results allowed us to determine that the
three studied beaches are subjected to similar
wave energy influences dominated by high
hydrodynamics, as indicated by 100% of the grain
size analysis (Pejrup 1988). Holanda et al. (2020)
and Lino (2015) classified Paiva and Itapuama
beaches as moderately to highly vulnerable to
erosion, according to the Coastal Vulnerability
Index (CVI) (Martins et al. 2016). We determined
the same features for Enseada Beach. However,
the relatively sheltered conditions and the
different orientation of Itapuama Beach (Figs. 3
and 4b) are possibly responsible for the higher
CaCO, content and the beached gravelly tar balls
found in the intertidal zone, which suggests
comparatively lower hydrodynamic conditions.

Lino (2015) and Holanda et al. (2020)
described the seasonal profile variation for
Paiva and Itapuama beaches and demonstrated
that these beaches present annual effects of
accretion and erosion with up to 1 m of vertical
variation, especially in the swash zone's low
tide terraces (Fig. 4). Beach erosion increases
in autumn-winter (March to June) due to the
higher wave energy. The studied sand beaches
present convex profile shapes during summer
(December to March) and concave shapes in
winter (Manso et al. 2001). During winter, low
tide terraces form, and in summer, the beach
profiles exhibit an alternation among rhythmic
bar and transverse bar and rip stages (Paiva
Beach) (Holanda et al. 2020). Low tide terraces
also form in Itapuama Beach during winter (Lino
2015).

During the climax of the oil arrival on the
coast, from 17 to 25 October 2019, the beach
profiles were eroded and concave in shape,
created by seasonal sand remobilization (Fig. 10).
During the following summer (December 2019 to
March 2020), the oil residues left were buried by
remobilized sands, and the beach profiles were
convex in shape (Figs. 4a, 4c, and 4d). During
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the subsequent morphodynamic stage of the
annual cycle (July to August 2020), beached
tar balls washed ashore in several localities
following severe storms that hit the littoral
zone. This material, probably buried during the
last spring-summer, was eroded, exhumed and
remobilized by tidal currents.

This monitoring study allowed us to propose
that seventeen months after the beginning
of the spill, most of the residues in the
sandy beaches were degraded by weathering,
influenced by the high-energy hydrodynamic
of the area. We need to emphasize that the
enormous mobilization of volunteers in the
clean-up operations possibly represent a key
aspect for the rapid recovery of beaches, as
highlighted by Wang et al. (2020) and Yim et al.
(2020) on recent oil spills. The energy level and
fast remobilization of sediments represent other
key parameters for fast recovery. Despite the
weathering and breakdown of residues in sandy
beaches, Itapuama’s rocky beach is a different
situation, where a large amount of tar residue
encrusts the rocks. At present, the occurrence
of stranded-buried oil-sand aggregate patties in
these beaches is probably rare, but we cannot
discard this possibility. In the future, the main
riskin the study area is the seasonal exhumation
and redistribution of residues stranded in the
sandy beaches and the leaching of residues in
the rocky shore of Iltapuama Beach.

The information gained from the monitoring
work allowed suggesting a model, consisting of
three temporal stages, that summarizes the fate
of oil residues on the studied beaches (Fig. 10):

Stage 1 - shows the extent of oil
contamination in the intertidal zone influenced
by tidal variation and in the backshore zone
due to overwash. We did not survey the subtidal
zone, and the remaining oil contamination in
this zone and the inner shelf is unclear. The
clean-up operation removed most of the oil that
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washed up on the shore. The oil spill occurred
during the seasonal process of sand erosion on
the beaches (Fig. 10).

Stage 2 - The remaining residues were mixed
with sediment and formed sand-oil aggregates,
which were buried by the subsequent seasonal
process of sand mobilization in the beaches
(accretion) (Fig. 10). The fast weathering and
breakdown were driven by the high permeability
and oxygenation of the substrate.

Stage 3 - This stage represents the first
summer period after the spill. The oil residues
stranded in the sandy beaches were exhumed
and reworked. Beached tar balls are evidence
of the persistence of the contaminants. Large
quantities of tar residues are not expected to
be found on these beaches. However, the tar
residue encrusted in fractures and vesicles of
the rocky beach (Itapuama) are protected from
marine erosion and remain a risk (Fig. 10).

CONCLUSIONS

Qualitative monitoring showed that the
immediate and massive clean-up operation
supported by volunteers removed most of the
oil residues on the sandy beaches. This was a
crucial aspect of the rapid recovery observed in
this study. The remaining oil residues that were
mixed with sand resulted in small quantities
of sand-oil aggregates that were buried and
intensely reworked on the beaches, and
eventually exhumed in the seasonal process
of sand remobilization. Fast degradation and
breakdown of these aggregates were due to
the high-energy environment (waves), climatic
parameters, and the high permeability/
oxygenation conditions of the substrates.
Fourteen months after the spill, beached tar
balls are evidence of residue persistence on the
beaches, which will be rapidly reduced in the
next few years. The tar residues formed in the
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rocks of Itapuama beach underwent a different
evolution due to the protection created by the
substrate, and it will probably persist longer
than expected compared to the residues on the
sandy beaches. Morphological characteristics,
geological diversity, and dynamic parameters
were revealed as key factors to critically
understand the fate of oil residues in the
studied beaches, and as demonstrated in other
oil spills.

We suggest that further studies should
be carried out in the subtidal zone and in the
adjacent inner shelf. Collecting sediments of the
surface and subsurface can show the persistence
level of residues in these areas. It is also strongly
recommended to continue investigating the
beaches with new field campaigns of excavation
and monitoring, especially of the contaminants
in the rock surfaces to verify the persistence of
tar residues and aggregates and disseminated
toxic compounds associated with hydrocarbon
degradation. Other studies need to consider the
chemical characterization of the oil residues
found on these beaches to discard confusion
from contaminants produced by ships navigating
near the littoral zone due to the intense traffic
related to the SUAPE Complex port.

Acknowledgments

The first author is grateful to the Conselho Nacional
de Desenvolvimento Cientifico e Tecnologico (CNPq),
for a doctoral scholarship. The authors would like
to thank Daniel Alves, a local resident, for sharing
his knowledge about the site and helping with the
fieldwork. The following organizations are thanked for
their support: Federal University of Pernambuco (UFPE),
the Geotechnical Engineering of Slopes, Plains and
Disasters Group (GEGEP), the GEOQUANTT Lab - DGEO-
UFPE, the Marine Geology Laboratory (LABOGEO-UFPE),
the Geotechnics Lab - EESC-USP and the Fundacao de
Amparo a Pesquisa do Estado de Sao Paulo (FAPESP),
through Grant # 2020/03847-8.

An Acad Bras Cienc (2022) 94(Suppl. 2) €20210513 19 | 23



EDUARDO B. BONTEMPO FILHO et al.

REFERENCES

ALVARES CA, STAPE JL, SENTELHAS PC, GONCALVES JDM &
SPAROVEK G. 2013. Koppen's climate classification map for
Brazil. Meteorol Z 22(6): 711-728.

ALLEN DM. 1974. The relationship between variable
selection and data agumentation and a method for
prediction. Technometrics 16(1): 125-127.

ARAUJO MCB, SOUZA ST, CHAGAS ACO, BARBOSA SC & COSTA
MF. 2007. Analise da ocupagao urbana das praias de
Pernambuco, Brasil. Rev Gestdo Cost Int 7(2); 97-104.

ARAUJO M, MEDEIROS C & RIBEIRO C. 1999. Energy balance and
time-scales of mixing and stratification in the Jaboatao
estuary, NE-Brazil. Rev Bras Ocean 47(2): 145-154.

AZEVEDO L, DUARTE H, MICHIMA P, VELEDA D & KREUGER A. 2021.
Methodology for Maritime Risk Assessment in Ports due
to Meteo-oceanographic Factors: The Case of the port of
Suape, Brazil. Risk Anal 41(10): 1823-1839.

BARCELLOS RL, FLORES-MONTES M), ALVES TM & CAMARGO
PB. 2016. Modern sedimentary processes and seasonal
variations of organic matter in an urban tropical estuary,
Jaboatdo River (PE), Brazil. ] Coast Res (75): 38-42.

BARCELLOS RL, MELO MCSS, SIAL AN & MANSO VAV. 2020.
Sedimentary Organic Matter Characterization on a
Tropical Continental Shelf in Northeastern Brazil. Int |
Geosci 11: 393-479.

BOCIU I, SHIN B, WELLS WB, KOSTKA JE, KONSTANTINIDIS KT
& HUETTEL M. 2019. Decomposition of sediment-oil-
agglomerates in a Gulf of Mexico sandy beach. Scient
Rep 9(1): 1-13.

BRUM HD, CAMPOS-SILVA JV & OLIVEIRA EG. 2020. Brazil oil
spill response: Government inaction. Science 367(6474):
155-156.

BUARQUE BV, BARBOSA JA, MAGALHAES JRG, CRUZ OLIVEIRA
JT & FILHO 0JC. 2016. Post-rift volcanic structures of the
Pernambuco Plateau, northeastern Brazil. } South Amer
Earth Sci 70: 251-267.

CAMARA SF, PINTO FR, DA SILVA FR, DE OLIVEIRA SOARES M
& DE PAULA TM. 2021. Socioeconomic vulnerability of
communities on the Brazilian coast to the largest oil
spill (2019-2020) in tropical oceans. Ocean & Coastal
Manage 202: 105506.

CARVER RE. 1971. Procedures in sedimentary petrology.
John Wiley & Sons Incorporated.

CORREIA FILHO OJ, BARBOSA JA, TAVARES B, DA SILVA HA,
DE ARAUJO MONTEIRO K, FABIN CEG & DA SILVA SM. 2019.
Reativacao Tectonica Quaternaria no Dominio Sul da
Provincia Borborema, NE do Brasil: Integracao de Dados

2019 OIL SPILL MONITORING IN PERNAMBUCO, NE BRAZIL

Morfomeétricos, Geologicos e Geofisicos da Bacia do Rio
Una. Anuario do Instituto de Geociéncias 42(4): 219-237.

DE OLIVEIRA OM, QUEIROZ AFDS, CERQUEIRA JR, SOARES SA,
GARCIAKS, PAVANI FILHO A & MOREIRATT. 2020. Environmental
disaster in the northeast coast of Brazil: Forensic
geochemistry in the identification of the source of the
oily material. Mar Pollut Bull 160: 111597.

DE OLIVEIRA SOARES M, TEIXEIRA CEP, BEZERRA LEA, PAIVA SV,
TAVARES TCL, GARCIA TM & CAVALCANTE RM. 2020. Oil spill in
South Atlantic (Brazil): Environmental and governmental
disaster. Mar Policy 115: 103879.

DOMINGUES EDC, SCHETTINI CAF, TRUCCOLO EC &
OLIVEIRA JCD. 2017. Hydrography and currents on the
Pernambuco Continental Shelf. RBRH 22. https://doi.
0rg/101590/2318-0331.0217170027.

DOMINGUEZ JML, BITTENCOURT ACDSP, LEAO ZMDAN & DE
AZEVEDO AEG. 1990. Geologia do Quaternario costeiro do
estado de Pernambuco. Rev Bras Geoc 20(1-4): 208-215.

FOLK RL & WARD WC. 1957. Brazos River bar [Texas]; a study
in the significance of grain size parameters. | Sediment
Res 27(1): 3-26.

GONCALVES LR, WEBSTER DG, YOUNG O, POLETTE M &
TURRA A. 2020. The Brazilian Blue Amazon under
threat: Why has the oil spill continued for so
long? Ambiente & Sociedade 23. https://doi.
0rg/101590/1809-4422as0c20200077vu2020L51D.

GRAY M. 2013. Geodiversity: valuing and conserving abiotic
nature. 2" ed., Wiley Blackwell, Chichester, UK.

GUNDLACH ER, BOEHM PD, MARCHAND M, ATLAS RM, WARD DM
& WOLFE DA. 1983. The fate of Amoco Cadiz oil. Science
221(4606): 122-129.

GUSTITUS SA & CLEMENT TP. 2017. Formation, fate, and
impacts of microscopic and macroscopic oil-sediment
residues in nearshore marine environments: A critical
review. Ver Geoph 55(4): 1130-1157.

GUTERMAN L. 2009. Exxon valdez turns 20. Science
323(5921): 1558-1559. 10.1126/science.323.5921.1558.

HOLANDA TF, GONCALVES RM, LINO AP, PEREIRA PS & SOUSA
PHGO. 2020. Classificacao das variacoes morfodinamicas
e processos costeiros, praia do paiva. Rev Bras Geom 21:
235-251.

IBAMA - INSTITUTO BRASILEIRO DO MEIO AMBIENTE E
DOS RECURSOS NATURAIS RENOVAVEIS. 2020. Access in:
26/04/2020. Available in: <https://www.ibama.gov.br>.

KIRURI LW, DELLINGER B & LOMNICKI S. 2013. Tar balls from
Deep Water Horizon oil spill: environmentally persistent

An Acad Bras Cienc (2022) 94(Suppl. 2) €20210513 20 | 23


http://lattes.cnpq.br/3645486282001832
http://lattes.cnpq.br/7650623212552389
http://lattes.cnpq.br/3645486282001832
http://lattes.cnpq.br/1937720114661455

EDUARDO B. BONTEMPO FILHO et al.

free radicals (EPFR) formation during crude weathering.
Environ Sci & Technol 47(9): 4220-4226.

KOENING ML, ESKINAZI-LECA E, NEUMANN LEITAO S & MACEDO
SJD. 2002. Impactos da construcao do Porto de Suape
sobre a comunidade fitoplanctonica no estuario do rio
Ipojuca (Pernambuco-Brasil). Acta Bot Brasilica 16(4):
407-420.

KOPPEN W. 1936. Das geographische system der klimat.
Handbuch der klimatologie 46.

LARSONNEUR C. 1977. La cartographie des dépots meubles
sur le plateau continental francais: méthode mise au
point et utilisée en manche. Journal de Recherché
Océanographique 2: 33-39

LARSONNEUR C, BOUYSSE P & AUFFRET JP. 1982. The
superficial sediments of the English Channel and its
western approaches. Sedimentology 29(6): 851-864.

LI H & BOUFADEL MC. 2010. Long-term persistence of oil
from the Exxon Valdez spill in two-layer beaches. Nature
Geoscience 3(2): 96-99.

LINO AP. 2015. Variabilidade morfodinamica de curto-
termo de uma praia de mesomaré. Dissertacao de
Mestrado. Universidade Federal de Pernambuco.
(Unpublished).

LOURENCO RA, COMBI T, DA ROSA ALEXANDRE M, SASAKI ST,
ZANARDI-LAMARDO E & YOGUI GT. 2020. Mysterious oil spill
along Brazil's northeast and southeast seaboard (2019-
2020): Trying to find answers and filling data gaps. Mar
Pollut Bull 156: 111219.

LINDEBERG MR, MASELKO J, HEINTZ RA, FUGATE CJ & HOLLAND L.
2018. Conditions of persistent oil on beaches in Prince
William Sound 26 years after the Exxon Valdez spill. Deep
Sea research part Il: Topical studies in Oceanography
147: 9-19.

MADRUGA FILHO JD & ARAUJO TCM. 2003. Caracteristicas
Sedimentologicas da Praia do Paiva, Municipio do Cabo
de Santo Agostinho-PE. In: IX Congresso da Associacao
Brasileira de Estudos do Quaternario, Il Congresso do
Quaternario dos Paises de Linguas Ibéricas, Il Congresso
sobre Planejamento e Gestao da Zona Costeira dos
Paises de Expressao Portuguesa, Recife. Anais do IX
Congresso da Associacao Brasileira de Estudos do
Quaternario, p. 01-03.

MAGRIS RA & GIARRIZZO T. 2020. Mysterious oil spill in the
Atlantic Ocean threatens marine biodiversity and local
people in Brazil. Mar Pollut Bull 153: 110961.

MANSO VAV, TOLDE EE, MEDEIROS C & ALMEIDA LESB. 2001. Perfil
Praial de Equilibrio da Praia de Sirinhaém, Pernambuco.
Rev Bras Geog 2(1): 45-49.

2019 OIL SPILL MONITORING IN PERNAMBUCO, NE BRAZIL

MANSO VAV ET AL. 2018. Pernambuco. In: Dieter Muehe
MMA (Ed), Panorama da Erosao Costeira no Brasil,
Pernambuco. 12 ed., Brasilia: Biblioteca do Ministério do
Meio Ambiente, v. 1, p. 345-380.

MARTINS KA, DE SOUZA PEREIRA P, LINO AP & GONGALVES RM.
2016. Determinagao da erosao costeira no Estado de
Pernambuco através de geoindicadores. Rev Bras Geom
17(3).

MATOS RMD. 1999. History of the northeast Brazilian rift
system: kinematic implications for the break up between
Brazil and west Africa. In: Cameron NR, Bate RH & Clure
VS (Eds), The oil and gas habitats of the South Atlantic.
Geol Soc Spec Pub 153: 55-73.

MIO GD & GIACHETI HL. 2007. The use of piezocone tests
for high-resolution stratigraphy of Quaternary Sediment
Sequences in the Brazilian coast. An Acad Bras Cienc 79:
153-170.

MULLER G. 1967. Methods in sedimentary petrology, 283 p.

NASCIMENTO MAL. 2003. Geologia, geocronologia,
geoquimica e petrogénese das rochas igneas cretacicas
da provincia magmatica do Cabo e suas relacoes com as
com as unidades sedimentares da Bacia de Pernambuco
(NE do Brasil). Tese de Doutorado, Programa de Pos-
Graduagao em Geodinamica e Geofisica, Centro de
Ciéncias Exatas e da Terra, Universidade Federal do Rio
Grande do Norte, 236 p.

NASCIMENTO MAL, MEDEIROS VD & GALINDO AC. 2008.
Magmatismo ediacarano a cambriano no Dominio Rio
grande do Norte, Provincia Borborema, NE do Brasil.
Estudos Geologicos 18(1): 4-29.

NASCIMENTO MAL, SOUZA ZS, SA EFJ, CRUZ LR, FRUTUOSO
JUNIOR LJ & GUEDES IMG. 2004. Relacoes estratigraficas da
provincia magmatica do Cabo, Bacia de Pernambuco,
Nordeste do Brasil. Estudos Geologicos 14: 3-19.

NASCIMENTO MAL, FERREIRA, RV & WILDNER W. 2012. Litoral sul
de Pernambuco (PE). Geoparques do Brasil: propostas.
CPRM, Rio de Janeiro, p. 647-686.

NEUMANN VH, MEDEIROS C, PARENTE L, NEUMANN LEITAO S
& KOENING ML. 1998. Hydrodynamism, sedimentology,
geomorphology and plankton changes at Suape area
(Pernambuco-Brazil) after a Port Complex Implantation.
An Acad Bras Cienc 70: 313-323.

NIXON Z & MICHEL J. 2018. A Review of distribution and
quantity of lingering subsurface oil from the Exxon
Valdez oil spill. Deep-Sea Research Part Il 147: 20-26.

NIXON Z, MICHEL J, HAYES MO, IRVINE GV & SHORT J. 2013.
Geomorphic factors related to the persistence of

An Acad Bras Cienc (2022) 94(Suppl. 2) €20210513 21| 23


http://lattes.cnpq.br/6153301729260915
http://lattes.cnpq.br/1011676535042810
http://lattes.cnpq.br/7650623212552389

EDUARDO B. BONTEMPO FILHO et al.

subsurface oil from the Exxon Valdez oil spill. ) Coastal
Res 69 (10069): 115-127.

OLIVEIRA TRS, SANTOS L, EICHLER PPB, BARKER CP & BARCELLOS
RL. 2020. Benthic foraminifera of tropical estuarine-
lagoonal-bays system, in the suape harbor, Brazil: a case
study. ) Foram Res 52(1): 4-20.

PARDAL EC, DE ARRUDA XAVIER D, DE OLIVEIRA IMV, MONTES
MDJF & BARCELLOS RL. 2019. Variedade sedimentologica
e geoquimica em um sistema estuarino tropical
sob influéncia antropica no nordeste brasileiro (Rio
Capibaribe-PE). Pesquisas em Geociéncias 46(3).

PARHAM PR & GUNDLACH E. 2015. Sedimentary Evolution of
Deepwater Horizon/Macondo Oil on Sand Beaches of
the Northern Gulf of Mexico, USA. Open J Ocean Coast
Sci 2(1): 34-47.

PASSOS T, PENNY D, SANDERS C, DE FRANCA E, OLIVEIRA T, SANTOS
L & BARCELLOS RL. 2021. Mangrove carbon and nutrient
accumulation shifts driven by rapid development in a
tropical estuarine system, northeast Brazil. Mar Pollut
Bull 166: 112219.

PAYNE JR, DRISKELL WB, SHORT JW & LARSEN ML. 2008. Long
term monitoring for oil in the Exxon Valdez spill region.
Mar Pollut Bull 56(12): 2067-2081.

PEJRUP M. 1988. The triangular diagram used for
classification of estuarine sediments: a new approach.
Tide-influenced sedimentary environments and facies.
Reidel, Dordrecht, p. 289-300.

PETERSON CH, RICE SD, SHORT JW, ESLER D, BODKIN JL, BALLACHEY
BE & IRONS DB. 2003. Long-term ecosystem response to
the Exxon Valdez oil spill. Science 302(5653): 2082-2086.

PIPER R. 1993. The Exxon Valdez oil spill = Final Report:
State of Alaska response. Anchorage, Alaska Dep. of
Environ. Conservation, LCCN 93-072684.

RICE SD, SHORT JW, CARLS MG, MOLES A & SPIES RB. 2007. The
Exxon Valdez oil spill. Elsevier, In: Long term ecological
change in the Northern Gulf of Alaska, p. 419-520.

RIYIS MT, DE JESUS LS, ARAKAKI E & GIACHETI HL. 2019. Varredura
vertical de amostras de solo com LNAPL utilizando
dispositivo de baixo custo com luz ultravioleta. Aguas
Subterraneas 33(3): 247-257.

ROMANKEVICH EA. 2013. Geochemistry of organic matter in
the ocean. Springer Sci & Business Media.

SCHETTINI CAF, MIRANDA JBD, VALLE-LEVINSON A, TRUCCOLO
EC & DOMINGUES EC. 2016. The circulation of the lower
Capibaribe Estuary (Brazil) and its implications for the
transport of scalars. Br ) Ocean 64: 263-276.

2019 OIL SPILL MONITORING IN PERNAMBUCO, NE BRAZIL

SCHROPE M. 2010. The lost legacy of the last great oil spill.
Nature 466: 304-305

SCHROPE M. 2011. Oil spill: Deep wounds. Nature News
472(7342): 152-154.

SHIGENAKA G. 2014. Twenty-five years after the Exxon
Valdez oil spill: NOAA’s scientific support, monitoring,
and research.

SILVA EP. 2004. Caracterizacao Geo-Ambiental e estudo da
variabilidade espaco- temporal de processo erosivo no
Parque metropolitano Armando de Holanda Cavalcanti
- Cabo de Santo Agostinho — PE/Brasil. Dissertagao de
mestrado apresentada a pos-graduagao em Geociéncias
da Universidade Federal de Pernambuco - CTG. Recife/
PE. (Unpublished).

SOARES MO, TEIXEIRA CEP, BEZERRA LEA, ROSSI S, TAVARES T &
CAVALCANTE RM. 2020. Brazil oil spill response: Time for
coordination. Science 367(6474); 155-155.

SUAPE. 2018. Agenda Ambiental Local do Porto de Suape.
Access in: 25/05/2019. Available in: <http://www.suape.
pe.gov.br/images/meio_ambiente/agenda _ambiental/
AGENDA_AMBIENTAL_LOCAL_SUAPE_2018.pdf>.

SUGUIO K, BEZERRA FH & BARRETO AM. 2011. Luminescence
dated Late Pleistocene wave-built terraces in
northeastern Brazil. An Acad Bras Cienc 83: 907-920.

WANG Y, LEE K, LIU D, GUO J, HAN Q, LIU X & ZHANG J. 2020.
Environmental impact and recovery of the Bohai Sea
following the 2011 oil spill. Environ Pollut 263: 114343.

WARNOCK AM, HAGEN SC & PASSERI DL. 2015. Marine tar
residues: a review. Water, Air Soil Pollut 226(3): 1-24.

WOLFE D, MICHEL J, HAMEEDI MJ, PAYNE JR, GALT JA, WATABAYASHI
G & RICE S. 1994. The fate of the oil spilled from the Exxon
Valdez. Environ Sci Technol 28(13): 560A-568A.

YIM UH ET AL. 2020. Rapid recovery of coastal environment
and ecosystem to the Hebei Spirit oil spill's impact.
Environ Int 136: 105438.

How to cite

BONTEMPO FILHO EB, COUTINHO RQ, BARBOSA JA, BARCELLOS RL,
GIACHETI HL & RAMOS GMS. 2022. Temporal monitoring of contamination
in three sandy beaches from the 2019 oil spill near Cabo de Santo
Agostinho, Northeastern Brazil. An Acad Bras Cienc 94: €20210513. DOI
10.1590/0001-3765202220210513.

Manuscript received on April 21, 2021;
accepted for publication on January 3, 2022

EDUARDO B. BONTEMPO FILHO'
https://orcid.org/0000-0001-9473-5478

An Acad Bras Cienc (2022) 94(Suppl. 2) €20210513 22 | 23



EDUARDO B. BONTEMPO FILHO et al. 2019 OIL SPILL MONITORING IN PERNAMBUCO, NE BRAZIL

ROBERTO Q. COUTINHO?
https://orcid.org/0000-0003-0471-3908

JOSE ANTONIO BARBOSA®
https://orcid.org/0000-0001-8754-6310

ROBERTO L. BARCELLOS"
https://orcid.org/0000-0003-1304-4603

HERALDO LUIZ GIACHETP
https://orcid.org/0000-0001-7999-0956

GERMANO MARIO S. RAMOS?
https://orcid.org/0000-0003-0991-8929

'Universidade Federal de Pernambuco, Programa de
Pos-Graduacao em Engenharia Civil/PPGEC, Centro de
Tecnologia e Geociéncias, Campus Recife/ UFPE, Rua
Académico Hélio Ramos, s/n, 50740-530 Recife, PE, Brazil

’Universidade Federal de Pernambuco, Departamento
de Engenharia Civil, Centro de Tecnologia e
Geociéncias, Campus Recife/UFPE, Rua Académico
Hélio Ramos, s/n, 50740-530 Recife, PE, Brazil

*GEOQUANTT, Pesquisa em Geociéncias,
Departamento de Geologia, DGEO-UFPE, Av. da
Arquitetura, s/n, 50740-550, Recife, PE, Brazil

“Universidade Federal de Pernambuco, Departamento
de Oceanografia, Campus Recife/UFPE, Av. da
Arquitetura, s/n, 50740-550 Recife, PE, Brazil

Universidade Estadual Paulista, Faculdade de
Engenharia de Bauru, Departamento de Engenharia
Civil e Ambiental, Campus de Bauru, Av. Eng. Luiz
Edmundo C. Coube, 1401, 17033-360 Bauru, SP, Brazil

Correspondence to: Eduardo Barcelos Bontempo Filho
E-mail: edu_bomtempo@hotmail.com

Author contributions

Bontempo Filho, EB conceived the research, wrote the
manuscript, performed lab analysis and fieldwork; Coutinho,
RB conceived the research, discussed the results, revised the
manuscript; Barbosa, JA conceived the research, wrote and
revised the manuscript, performed lab analysis and fieldwork,
Barcellos, RL performed fieldwork and lab analysis, wrote and
revised of the manuscript; Giachetti, HL conceived the research,
lab analysis, discussed the results and revised the manuscript;
Ramos, GMS performed fieldwork and lab analysis, and revised
the manuscript.

[@)sy |

An Acad Bras Cienc (2022) 94(Suppl. 2) €20210513 23 | 23


mailto:edu_bomtempo@hotmail.com

