
Contents lists available at ScienceDirect 

Marine Pollution Bulletin 

journal homepage: www.elsevier.com/locate/marpolbul 

Baseline 

Environmental disaster in the northeast coast of Brazil: Forensic 
geochemistry in the identification of the source of the oily material 
Olívia M.C. de Oliveiraa,b, Antônio F. de S. Queiroza,b, José R. Cerqueirab, Sarah A.R. Soaresa,b,  
Karina S. Garciab, Aristides Pavani Filhoc, Maria de L. da S. Rosad, Caroline M. Suzartb,  
Liliane de L. Pinheirob, Ícaro T.A. Moreirae,b,⁎ 

a Geoscience Institute, Federal University of Bahia (UFBA), Street Barão de Jeremoabo, s/n, 40170-290 Salvador, BA, Brazil 
b LEPETRO, Geoscience Institute, Federal University of Bahia (UFBA), Street Barão de Jeremoabo, s/n, 40170-290 Salvador, BA, Brazil 
c Ministry of Science, Technology and Innovation - MCTI, Brasília, DF, Brazil 
d Federal University of Sergipe (UFS), Department of Geology, Av. Marechal Rondon, s/n Jardim Rosa Elze, Aracaju, SE, Brazil 
e Department of Environmental Engineering, Polytechnic School, Federal University of Bahia (UFBA), Street Prof. Aristídes Novis, 2, Federação, 40170290 Salvador, BA, 
Brazil  

A R T I C L E  I N F O   

Keywords: 
Petroleum 
Forensic geochemistry 
Oil spill 
Stable carbon isotopes 
Heavy oil 

A B S T R A C T   

The characterization of petroleum or its products spilled in the environment in relation to its source rocks is an 
important tool to assist in the resolution of issues of environmental impact and legal responsibility since it 
clarifies the possible region or the producing country of that type of petroleum. This article analyzes the ap
plication of analytical techniques for petroleum geochemistry to identify the type and origin of oily material 
collected from beaches in Northeast Brazil in 2019. Samples of the oily material collected on the beaches in the 
states of Bahia and Sergipe were analyzed and for comparison purposes, samples of crude oils produced in Brazil, 
Middle East, Nigeria and Venezuela were also analyzed. The analytical results showed that the oily material that 
reached the beaches has geochemical characteristics compatible with those of the Venezuelan oil, indicating it 
was severely weathered or a product made with heavy oil produced.    

The stages of the oil production chain (exploration, production, 
transport, refining, storage and distribution) can cause oil leaks, for 
example, oil spills, accidents at refineries, oil tankers and platforms, or 
during the cleaning of vessel tanks, among others. According to ITOPF 
(2019) the number of major spills (with the launch of > 700 thousand 
tons) in the world has been reduced in recent decades due to the de
velopment of new control technologies. Even so, there is still a risk that 
leaks will occur, given that in 2018 alone, 116,000 tons of oil were 
spilled into marine waters worldwide. 

The catastrophe that occurred in the second half of 2019 on the 
coast of Brazil is an example of recurring events involving the oil spill 
with a major impact on the environment and the socioeconomic sector. 
In this accident, 2880 km of area extension were affected with > 200 
tons of oily material removed from coastal environments in a period of 
approximately five months, being considered the largest length of 
contaminated coast in the world recorded in 30 years (IBAMA, 2019). 
These incidents ratify the importance of applying forensic geochemistry 
in identifying the type and origin of the spilled material and proposing 

solutions to problems of environmental crimes. 
Anthropic impacts on nature are of incalculable magnitude, this 

without assessing the environmental cost related to the effect on animal 
species, plants, microorganisms, and the short and long term damage 
due to the recalcitrance of some of the heaviest components of oil 
(Kanjilal, 2015; Rekadwad and Khobragade, 2015; Turner et al., 2014;  
Fingas, 2011; Stout and Wang, 2007; Peters et al., 2005). Estuarine and 
mangrove ecosystems are most affected in the long term after an oil 
spill, causing damage to biological organisms and requiring the appli
cation of more complex remediation techniques (Rios et al., 2017;  
Miranda et al., 2016; Moreira et al., 2015; Silva et al., 2014; Goncalves 
da Silva et al., 2013; Moreira et al., 2013; Ferreira et al., 2011; De Brito 
et al., 2002). 

In spill events, oil can be physically and chemically altered by biotic 
and abiotic factors called weathering processes (Yang et al., 2013;  
Anderson and Hess, 2012; Stout and Wang, 2007; Prince and Clark, 
2004; Wang and Fingas, 1995). The weathering of oil in marine en
vironments, or involving water as a means of physical contact, covers 
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processes such as adsorption, biodegradation, dispersion (horizontal 
and vertical), dissolution, emulsion, scattering, evaporation and photo- 
oxidation (Ho et al., 2015; Reyes et al., 2014; Anderson and Hess, 2012;  
Fingas, 1996; Price, 1995). These factors modify or degrade petroleum 
compounds, such as hydrocarbons and other substances that compose 
them (Al-Majed et al., 2012; Fingas, 2011; Lobão et al., 2010; Andersen 
et al., 2008; Peters et al., 2005; Philp et al., 2002; Price, 1995; Wang 
and Fingas, 1995). 

Once accidents occur, the identification of the type of spilled oily 
material and its origin begins, using the results of chromatographic and 
isotopic analyses. Petroleum biomarkers and stable carbon isotopes are 
tools that allow defining the origin of each oil, which is unique for each 
type of oil. Biomarkers are molecular fossils derived from compounds 
present in living organisms, which undergo little change during the 
generation process and remain present in oil, helping to establish its 
origin. Among the most studied are branched alkanes (isoprenoids, such 
as pristane and phytane), cyclic (terpanes, steranes, etc.) and aromatic 
compounds (retene, cadalene, methyl phenanthrene, etc.). The isotopic 
composition of carbon is the result of the physical-chemical conditions 
of the environment in which the organic matter that gave rise to oil 
lived (Fingas, 2011; Wang et al., 2009; Peters et al., 2005). 

The objective of this study was to identify the geological origin of 
the oily material that reached the coast of northeastern Brazil, helping 
to elucidate the environmental responsibility of the disaster and con
tributing to the emergency actions for its mitigation. 

Seven samples were collected on the beaches along the coast of the 

State of Sergipe and two samples in the municipality of Conde, the first 
contaminated coastal region on the coast of the State of Bahia (Fig. 1), 
under the same protocol conditions. The collected samples had visual 
physical characteristics (viscosity, color and odor) of oil. All collected 
material was analyzed by liquid chromatography, gas chromatography, 
gas chromatography coupled to mass spectrometry and isotopic ratio 
mass spectrometer at Center of Excellence in Petroleum Geochemistry, 
Energy and Environment at Geosciences and Physics Institutes, Uni
versity of Bahia, Brazil. 

To identify the possible origin of the oil spilled in the sea, the results 
were compared with the data from the oil samples of the LEPETRO Oil 
Bank, which has different types of oil produced in Brazil, which were 
generated by source rocks of sedimentary paleoenvironments lacustrine 
fresh water, lacustrine saline water, Albian marine and Turonian 
marine (Mello et al., 1988) and in the world. Oil samples from the 
Middle East, Nigeria and Venezuela were selected and analyzed, since 
the tankers that transport oil from these countries have their routes 
through the Atlantic Ocean, passing through the northeast region of 
Brazil, an area of great influence of the Equatorial Marine Current, 
whose waters are directed to Brazil (Talley et al., 2011). 

The first analytical step consisted of the physical separation of the 
oily material from sand and sea water, using an open chromatographic 
column (30 × 2 cm) filled with 12 g of sodium sulfate PA (Merck, 
Darmstadt, Germany), previously calcined in muffle (SP-1200, SPLabor, 
São Paulo, Brazil) at 400 °C for 4 h. 10 g of sample was added and 
percolated through the column using 100 mL of dichloromethane 

Fig. 1. Location map of oil samples collected on the coast of the states of Sergipe and Bahia.  
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(Merck, Darmstadt, Germany). Then it was evaporated on a rotary 
evaporator (R-201/215, BÜCHI, Flawil, Switzerland) and transferred to 
a 20 mL vial. For the analysis of the total oil (fingerprint), approxi
mately 20 mg of sample was weighed and dissolved in 0.4 mL of di
chloromethane. The analyses were performed in a gas chromatograph 
with flame ionization detector (GC-FID 7890B, Agilent Technologies, 
Santa Clara, California, United States) using capillary fused silica 
column DB-1 (15 m × 0.25 mm × 0.25 μm), temperature oven 40 °C 
for 2 min and heating rate of 10 °C/min to 300 °C, remaining for 
12 min; injector and detector temperature at 300 °C, with helium as 
carrier gas, at 1 mL/min, constant flow and injection volume 1 μL. 

For the analysis of saturated biomarkers, the samples were fractio
nated using an open column (30 × 2 cm) filled with 4 g of silica gel (60 
mesh size, Merck, Darmstadt, Germany) moistened in n-hexane PA 
(Merck, Darmstadt, Germany). About 20 mg of sample was eluted using 
30 mL of n-hexane to obtain the saturated fraction. This fraction was 
evaporated in a rotary evaporator (R-201/215, BÜCHI, Flawil, 
Switzerland) and transferred to a 1.8 mL vial, continuing the eva
poration with nitrogen flow until the final volume 250 μL. The satu
rated fraction was quantified by gas chromatography coupled to a mass 
spectrometer (GC/MS, Agilent Technologies, Santa Clara, California, 
United States), using a capillary column of fused silica DB-5 
(60 m × 0.25 mm × 0.25 μm). Helium was used as carrier gas with a 
flow of 1 mL/min and a constant pressure of 30 psi. The sample con
centration of 0.05 mg sample/1 μL of hexane, injection volume 1 μL, 
heating from 60 °C to 310 °C with a heating ramp of 2 °C/min. The ions 
m/z 217 (steranes), m/z 191 (triterpanes) and m/z 259 (tetracyclic 
polyprenoids and diasteranes) were monitored. 

In addition, in partnership with the Laboratory of Stable Isotopes 
(LISE) of the Nuclear Physics Institute/UFBA, analyses of the isotopic 
carbon ratio (δ13C) of the oil samples were made, using 0.05 mg of 
sample in capsules of tin. The method consisted of dry combustion 
(1020 °C) of the samples under continuous helium flow, with the aid of 
an elementary analyzer coupled to the isotopic ratio mass spectrometer 
(Isotope Ratio Mass Spectrometer- IRMS, Delta V, Scientific Term, 
Waltham, USA). The CO2 resulting from the combustion of the samples 
were compared with the CO2 of the international standard PDB 
(American limestone Pee Dee Belemnite). 

The results were interpreted through the use of the main ratios of 
the saturated biomarkers and the ratio of the stable carbon isotopes 
with the aid of the software Excel (Microsoft Office 2016) and Past3 
(Paleontological Statistics Version 3.0 - University of Oslo) that allowed 
the making of graphs and multivariate statistical analysis (HCA). 

The samples collected on the beaches presented whole oil gas 
chromatography profiles (Table 1) with the presence of isoprenoids 
pristane and phytane, absence of light hydrocarbons (nC8-nC13) prob
ably due to evaporation, predominance of long chain paraffin (nC14- 
nC35) and elevation of the baseline due to the presence of a mixture of 
unresolved chromatographic compounds (UCM). It is observed that 
phytane is present in similar abundance to the pristane, suggesting a 
deposition environment under suboxide conditions. The predominance 
of paraffin nC17 and nC18 over pristane and phytane isoprenoids sug
gests thermal maturity and relative preservation of the material (Lee 
et al., 2020; Li et al., 2016; Lourenço et al., 2020; Magris and Giarrizzo, 
2020; Wang et al., 2013; Peters et al., 2005). Due to the high degree of 
weathering of the samples collected on the beach, it was not possible to 
calculate the ratios between the concentrations of compounds normally 
used to make the correlations between the samples. Therefore, no 
comparison was made with the results of the analysis of oil samples 
from the database to determine the origin of the spilled oil using whole 
oil gas chromatograms. This was done using results of analyses of sa
turated biomarkers and δ13C. 

The most striking characteristics in the mass chromatogram of the 
saturated biomarkers referring to the terpanes (m/z 191) of the samples 
collected on the beaches are: the great abundance of the C23 tricyclic 
terpane (TR23), high homohopane/hopane ratio (H29/H30), low Ta
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abundance of gammacerane, and low hopanes/steranes ratio (< 5), 
indicating origin from marine organic matter. In relation to the mass 
chromatogram of the m/z 217 ion, the similar proportion between the 
regular C27 and C29 steranes is notorious, which are higher in relation 
to C28 and the low abundance of diasteranes (Table 1), suggesting 
marine source rock rich in carbonates (Fingas, 2011; Wang et al., 2009;  
Peters et al., 2005). 

In the mass chromatogram characteristic of the m/z 259 ion, the 
predominance of tetracyclic polyprenoids (TPP) over diasteranes (DIA) 
was found, resulting in a high TPP/TPP DIA ratio (Table 1). 

Holba et al. (2003) showed that the abundance of TPP in oil in
dicates generator rocks of lacustrine origin, considering that the origin 
of these compounds is related to river and lake algae. The steranes and 
terpanes characterized the analyzed material as originating from pet
roleum generated by marine carbonate source rock, due to the low 
abundance in diasteranes. Therefore, the low TPP/TPP + DIA ratio is 
due the low abundance in diasteranes present in the samples. The mass 
chromatograms of m/z 191 and 217 ions of one of the beach samples 
were compared with those of the Venezuelan oil sample and it was 
observed that the profiles are similar (Table 1). 

The main reasons for the saturated biomarkers diagnosing the origin 
of the petroleum and the carbon isotope ratio (Table 2), allowed to 
compare the results of the samples collected on the beaches with the oil 
samples from different origins. For better visualization and under
standing, the results of the diagnostic reasons were plotted in the form 
of graphs (Fingas, 2011; Wang et al., 2009). 

Fig. 2A shows the correlation between the ratios (TPP/TPP + DIA) 
and Tricyclic Tr21/Tr23. It is observed that the beach samples are 
grouped with the Venezuelan oil sample because they have lower Tr21/ 
Tr23 tricyclic ratios since the physicochemical conditions of the Ve
nezuelan sea water may have led to the proliferation of Tr23 cyclical 
precursor organisms. Similar behavior can be seen in Fig. 2B, where 
there is a correlation between the tricyclic ratios Tr21/Tr23 and ho
panes/steranes, since oils originated from marine organic matter have a 

greater abundance of steranes which have an origin related pre
dominantly to algal material (Peters et al., 2005). 

The analysis of hierarchical grouping (HCA) of samples using the 
Manhattan method (single linkage) using the δ13C ratios and the main 
ratios of biomarkers indicative of origin, corroborates the results above 
(Fig. 3). There is some similarity between the samples of marine pet
roleum from Brazil with grouping those from the samples collected on 
the beaches and the petroleum from Venezuela. This is due to the 
common origin of Brazilian and Venezuelan oils from marine organic 
matter. However, the evolution of Brazilian sedimentary basins in re
lation to their deposition phases of marine generating rocks was com
pletely different from the Venezuela basins with differentiated physical- 
chemical conditions of water, which led to the production of specific 
petroleum source organic matter for each basin (Lee et al., 2020; Li 
et al., 2016; Lourenço et al., 2020; Magris and Giarrizzo, 2020; Wang 
et al., 2013). The results of the geochemical analyses allowed to char
acterize that the oily material collected in the beaches of the Northeast 
of Brazil has characteristics that correlate it with oil of Venezuelan 
origin. 

This article used techniques of analysis of petroleum geochemistry 
and multivariate statistics to identify the origin of the oily material 
collected on the beaches of Northeast Brazil in 2019, showing its po
tential use in investigations of Forensic Geochemistry. The analytical 
results showed that the oily material that reached the beaches, has 
geochemical characteristics compatible with those of the Venezuelan 
oil sample, indicating that it is crude oil that has been badly weathered 
due to the time it remained in the sea, or a product manufactured with 
heavy oil produced in that country. 
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Table 2 
δ13C ratio and main reasons for biomarkers indicative of the origin of the samples collected on the beach and of different Brazilian and international oils.               

Sample HOP/ 
STER 

TRIC/HOP OL/H30 GAM/H30 TET24/ 
26TRI 

21/23TRI TPP/TPP + DIAS C27/C29 H35/H34 H29/H30 26/25TRI δ13C  

Brazil Lacustrine 
(Freshwater) 

15,66 1,83 0,00 0,24 0,12 0,86 0,94 0,38 0,66 0,65 1,07 −31,32 

Brazil Lacustrine (Saline 
Water) 

5,04 1,72 0,00 0,14 0,33 1,02 0,51 2,02 0,68 0,65 0,97 −24,52 

Brazil Marine (Evaporitic) 1,97 0,47 0,00 0,52 0,18 0,87 0,24 1,13 0,70 0,75 1,65 −26,57 
Brazil Marine (Albian) 1,71 0,71 0,00 0,17 0,48 0,71 0,41 0,52 0,72 0,47 1,07 −25,28 
Brazil Marine (Turonian) 2,25 0,35 0,00 0,07 0,35 0,67 0,35 0,71 0,65 0,51 1,15 −25,56 
Nigeria Oil 9,03 0,12 0,36 0,02 1,25 0,75 0,70 0,71 0,45 0,61 1,43 −27,56 
Arabe Oil 5,04 0,24 0,00 0,06 5,38 0,47 0,18 0,82 0,72 0,89 0,92 −26,46 
Venezuela Oil 2,67 1,02 0,00 0,08 0,32 0,35 0,83 1,16 0,89 0,74 0,96 −27,02 
Beach 1 4,39 0,57 0,00 0,11 0,40 0,30 0,76 0,87 1,11 0,71 0,88 −27,00 
Beach 5 3,51 0,97 0,00 0,11 0,26 0,34 0,74 0,93 0,86 0,78 0,62 −27,06 
Beach 11 2,78 1,04 0,00 0,12 0,38 0,34 0,72 1,29 0,81 0,79 0,76 −27,08 
Beach 13 4,39 0,58 0,00 0,13 0,38 0,30 0,76 0,90 1,10 0,72 0,80 −27,07 
Beach 16 3,16 1,10 0,00 0,12 0,45 0,43 0,72 0,95 0,76 0,80 0,49 −27,20 
Beach 20 3,70 0,68 0,00 0,11 0,42 0,28 0,76 0,91 0,98 0,74 0,84 −27,13 
Beach 23 4,47 0,59 0,00 0,12 0,40 0,29 0,75 0,82 1,10 0,71 0,73 −27,11 
Beach 28 3,87 0,61 0,00 0,11 0,42 0,27 0,76 0,92 1,02 0,72 0,71 −27,08 
Beach 29 3,76 0,72 0,00 0,12 0,37 0,34 0,75 1,10 0,84 0,73 0,77 −27,02    
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Fig. 2. Correlation between diagnostic reasons. A) TPP/TPP + DIA × 21/23 Tricyclics and B) 21/23 Tricyclics × Hopanes/steranes, from samples collected on the 
beach and from different Brazilian and international oils. 
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