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Highlights

e  Concentration levels of PAHs in seafood from Brazil, after an oil spill, were update;

e  Fish and shellfish showed a greater level of contamination than crabs.

e  The concentration of PAHs in 2019 was about 50% greater than in 2021, indicating an acute
contamination effect from the oil spill.

e A residual effect was observed in 2021, with pyrogenic sources of PAHs becoming more
prominent.

e Indeno[1,2,3-cd]pyrene concentrations in fish and shellfish, and benzo[a]pyrene in 2021 shellfish
samples, exceeded the legal limit for human consumption.

Abstract

Polycyclic aromatic hydrocarbons (PAHs) can be ingested through the consumption of contamined
food. Seafood can bioaccumulate PAHs, posing risk to the population health, especially after
environmental incidents. This study evaluated the seafood contamination level after the 2019 oil spill
in Brazil. The findings indicated that the concentration of PAHs in 2019 was about 50% greater than
in 2021. The contamination level of crab samples was lower than for fishes and shellfishes samples
(PAHs crab < PAHs fish = PAHs shellfish). The shellfish’s PAHs predominantly consist of high-cyclic
aromatic hydrocarbons, primarily originating from high-temperature pyrolysis, while fish PAHs
profile consist of low-cyclic aromatic hydrocarbons, from crude oil, and crab showed a similar
proportion of LMW and HMW PAHs. The toxicity equivalent concentration method indicated that
only shellfishes collected in 2019 had BaP content, while fish and shellfish collected in 2021 showed
BaP contamination. Regarding the level of concern, samples presented values above the legal limit
for indeno [1,2,3-cd]pyrene. However, only fish samples presented contamination above the
acceptable level for benzo[b]fluoranthene and benzo[k]fluoranthene. Regarding the limits for
benzo[a]pyrene (BaP), only mollusks, from dry season of 2021, presented levels of concern. The
results demonstrate an acute effect of contamination during the oil spill, with a predominance of
LMW PAHs; however, there was a residual effect of contamination associated with pyrogenic sources
of PAHs observed in 2021.
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1. Introduction

High bioavailability of persistent pollutants in marine environments raises serious concern
regarding the health of aquatic organisms (1). They are more vulnerable to different sources of toxic
chemicals (2), that are persistent in the environment and able to last for several years before breaking
down (3). Polycyclic aromatic hydrocarbons (PAHSs) are toxic, persistent and act as agents of
endocrine disruption, mutagenicity and/or carcinogenicity (4). These organic compounds are
composed of 2-7 fused aromatic rings with petrogenic, biogenic, and pyrogenic sources (5), and
represent as much as 5% of crude oils (6). They directly affect marine ecosystems and come from
activities, related to the oil and gas exploration, production, transportation, refining, and use (7),
however, there also acute and long-term negative impacts of oils spill events.

All organisms, no matter their trophic level, are prone to “bioaccumulate” contaminants from
the environment, through consumption of feed that contains them or by passive absorption of the
compounds present in the water or sediment (8). The higher the level of contamination in an area,
the more bioaccumulation is likely to occur. Organism animals higher (fishes) on the pyramid will
consistently have much higher concentrations of persistent contaminants than lower trophic level
species (mollusks and crustaceans). The major source of pollution in estuaries and coastal delta
systems is sediment, because it becomes a sink for different organic and inorganic contaminants (9).

Seafood fatty tissues can accumulate PAHs and alkyl PAHs (10). To understand the fate of
contaminants in aquatic food webs, it is essential to define key terms related to chemical
accumulation. Bioaccumulation refers to the net uptake of a substance by an organism from all
exposure routes, including direct uptake from water, ingestion of contaminated food, and contact
with contaminated sediment. It represents the total accumulation of a chemical within an organism
over its lifetime (11). The observed trophic dilution of lipophilic persistent organic pollutants (PAHs)
is due to two key factors: low assimilation efficiencies and efficient metabolic transformation.
Organisms, especially fish, have well-developed cytochrome P450 enzyme systems that efficiently
convert PAHs into polar, water-soluble compounds (12). This results in lower Bioconcentration
Factor Values (BCF) in their tissues. Conversely, mussels and lower invertebrates (mollusk and
crustaceans) have limited capacity for PAH transformation, leading to higher accumulation of PAHs.
Bivalve molluscs, like oysters, are particularly sensitive to lipophilic PAH bioaccumulation (13).

Thus, the pervasive nature of PAHs, their diverse toxicological effects on aquatic life, the
complex dynamics of their trophic transfer, and the associated human health risks from seafood
consumption underscore the urgent need for studies to assess and classify the PAH bioaccumulation
on seafood. Our work assessed the level of contamination of the seafood before and after the Brazilian
oil spill, and defined the risk associated with its consumption.

2. Materials and Methods

2.1. Chemicals and Reagents

A total of 37 analytes (PAHs, including alkyl PAHs) were selected for analysis in this study. The
organic reagents, like n-hexane, dichloromethane (DCM), methanol (MeOH), acetonitrile (ACN), and
methyl tert-butyl ether (MTBE), were all chromatographic grade; as well as, others chemicals and
reagents used were also of high purity (>98%).

The standard PAH solution was obtained from Sigma Aldrich, Supelco (Saint Louis, USA),
contained the following PAHSs: naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene,
anthracene, fluoranthene, pyrene, benz(a)anthracene, chrysene, benzo(b)fluoranthene,
benzo(k)fluoranthene,  ben-zo(a)pyrene, dibenz(ah)anthracene, benzo(gh,i)perylene and
indeno(1,2,3-cd)pyrene) and individual standards of each compound, benzo(j)fluoranthene and
dibenzo(a,l)pyrene. In order to prevent volatilization and photodegradation, mixed standard
solutions containing all PAHs were prepared by dilution of the stock solutions with acetonitrile
(Sigma-Aldrich) and stored in darkness at -20°C. We obtained ultrapure water from a Milli-Q
simplicity 185 system (Millipore, Bedford, MA, USA).
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2.2. Sample Collection

Seafood samples were collected from Parnaiba Delta River on the Northeast of Brazil, during the
rainy and dry seasons of 2019 (during the oil spill) and at the dry season in 2021 (after the oil spill),
to evaluate the PAHs bioaccumulation. The wild seafood were caught with the help of local
fishermen. In total, three species were collected, including shellfish (Anomalocardia brasiliana) (F1, n=
40), mangrove crab (Ucides cordatus) (F2, n = 25), mullet (Mugil curema) (F3, n = 25). Samples were
individually wrapped in aluminum foil, stored in polyethylene bags, and kept on ice during
transportation. At the laboratory, the seafood were measured (Table 1), processed and then stored at
—20 °C before further analysis. Raw crab and shellfish specimens were carefully cleaned and opened
for edible tissues extraction. Fishes were filleted for muscle separation.

Table 1. Physiological parameters for the collected seafood on the Parnaiba Delta River and their effective

concentrations of PAHSs predicted using the optimized PBPK model.

ID Species Habitat Season Length (cm)  Weight (g)
Rainy/2019  1.28+0.26 4.19+0.81
Shellfish Anomalocardia brasiliana sediment Dry/2019 247 +0.26 3.41+1.12
Dry/2021 2.62+2.22 591+1.44
Rainy/2019  6.94 +3.74 139.34+19.49
Crab Ucides cordatus mangrove  Dry/2019 716 +0.31 158.30+21.37
Dry/2021 6.50 +2.64 114.42+17.20
Dry/2019 24.98+1.77 150.63+29.37
Dry/2021 27.62+3.29 231.80+79.44

Fish Mugil curema estuary

2.3. Extraction and Quantitative Analysis

The PAHs extraction was carried out using the QUEChERS method. A deuterated PAH mixture
(naphthalene-d8, acenaphthene-d10, phenanthrene-d10, chrysene-d12 and perylene-d12
homogenized) were added to the samples (2g wet weight, ww) as an internal standard (5 ng mL"1).
The extraction used ultrapure water and a solution of acetone, ethyl acetate and isooctane (2:2:1), as
well as MgSOs and NaCl. A clean-up stage was performed to extract purification, using a deactivated
alumina/silica column. A surrogate standard (p-terphenyl-d14) was used as an analytical control (5
ng mL1). For injection into the GC/MS, the samples were filtered through a PTFE membrane filter
(0.20 pm, Whatman®).

PAH quantification was conducted in accordance with the EPA8270-D protocol (14) using gas
chromatography coupled to mass spectrometry (Thermos Trace-ITQ instrument). In brief, 1 uL of
each extract was injected into the equipment, which was equipped with a DB-5ms column (30 m x
0.25 mm x 0.25 um) and maintained a constant flow (1.2 mL min™). The following temperature
protocol was then applied: 50°C for 5 minutes, 50°C min to 80°C, 6°C min to 280°C for 25 minutes,
and 12°C min™ to 305°C for 10 minutes. The data acquisition was conducted in the selected ion
monitoring (SIM) mode, with the typical PAH analysis ions (m/z) in mind (15). Quantification was
conducted using 9-point calibration curve (1.0; 2.0; 5.0; 10.0; 20.0; 50.0; 100.0; 200.0 and 400.0 ng mL-
1) that contained a mixture of 16 priority PAHs. Meanwhile, compounds that were not included in
the mixture (alkylated homologs) were quantified by utilizing the response factor of homologs with
similar structures (16). The limits of quantification for individual PAHs were 0.5 ng g™ wet weight
(ww) for the samples

2.4. Toxicity Equivalent Concentration (TEP)

Benzo(a)pyrene (BaP) exhibited the highest levels of carcinogenicity and toxicity among the
seven carcinogenic polycyclic aromatic hydrocarbons (PAHs). BaP is commonly employed to assess
the carcinogenic potential of PAHs, with the toxic effect factor (TEF) serving as a metric for the
carcinogenic capacity of each individual PAH in relation to BaP. The formula for calculating the
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equivalent concentration of polycyclic aromatic hydrocarbons (PAHs) using the toxic equivalent
factor (17) is as follows:

TEQ = X (PAH; x TEF) 1)

where: PAHi represents the concentration of PAH monomer i, TEFi denotes the toxicity equivalent
factor of PAH monomer i, TEQ signifies the toxicity equivalent of the compound’s equivalent
concentration, and the TEF value for BaP is 1, the highest among all PAHs (Table 2).

Table 2. Relative potency of eight PAHs of high molecular weight.

PAH RP
Benz(a)anthracene 0.145
Chrysene 0.0044
Benzo(b)fluoranthene 0.140
Benzo(k)fluoranthene 0.066
Benzo(a)pyrene 1.00
Dibenz(a,h)anthracene 1.11
Indeno(1,2,3-cd)pyrene 0.232
Benzo(g,h,i)perylene 0.022

Adapted from ANVISA (2019).

2.5. Carcinogenic Risks Assessment

The National Health Surveillance Agency (18) published the concern levels for evaluating the
safety of seafood in Brazil after the 2019 oil disaster. The cancer risk for individual PAHs after seafood
ingestion by humans was determined using the toxic equivalency (TEQ) approach in comparison to
benzo[a]pyrene, as outlined in equation:

LOC = (RL x BW x AT x CF) / (CSF x CR x ED) @)

where: LOC is the concern level, RL is the acceptable risk level (1 x 10%), BW is the estimated average
body weight of the exposed adult (60 kg), AT is the average life time of exposition (70 years), CF is
the conversion factor (10¢ ug kg1), CSF is the cancer slope factor or carcinogenic potency relative to
benzo[a]pyrene (BaPeq) (Table 2), CR is the consumption rate of seafood, and ED is a estimated
exposure duration (5 years). The CR for fish was set at 180 g day-'and mollusks/crustaceans at 60 g
dayl. The values for individual PAH relative carcinogenic potencies and non-carcinogenic were
taken from ICF-EPA (19) and (18), respectively.

2.6. Data Analysis

Means and standard deviations were calculated using Excel software. PCA, PLS, Normality test
and ANOVA were performed using the PAST (Paleontological Statistics Software Package) (20).

3. Results
3.1. PAHs Profile

The PAH concentrations during (2019) and after (2021) the oil spill was analyzed in a total of 90
organisms (40 shellfish, 25 crustaceans, and 25 fishes). The sum of 37 PAH and alkylated compounds
concentrations ranged from 22.39 ng g~ ww in crab samples, to 445.69 ng g! ww in shellfish samples,
with a global average of 199.90 + 175.71 ng g ww, on dry season of 2019. For crabs and fishes, the
lowest ZPAH values were detected during the oil spill (lin 2019), while for shellfish, the lowest values
were detected two years after the accident (in 2021).

The PAH profile was different for each species. For crab, 12 PAHs were detected and quantified,
for fish, 25 PAHs, and for shellfish, 35 PAHs (Figure 1). Low molecular weight (LMW) compounds,
classified with 2-3 rings, particularly naphthalene and its alkylated homologs, were prevalent in fish

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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samples. For shellfish and crab from rainy season, there was a equality distribution between LMW
and high molecular weight (with 5-6 rings) PAHs in the samples. Medium molecular weight (4 rings,
MMW) PAHs were representative (13.20%) only in crab samples from dry season (Figure 2).

PCA analysis segregated three groups (Figure 3). A well-defined group formed by fishes, with
a predominance of 88% of LMW PAHs; a second group formed by crabs that presented similar
proportions between low and high molecular weight PAHs; and finally the group of shellfishes,
which presented a great diversity of PAHs (35 compounds of the 37 monitored), with a small
intersection that demonstrated similarity in some PAHs found in the crab samples. The PLS (Partial
Least Squares) analysis identified which PAHs were important for the model tested. It was noted that
LMW and HMW PAHs were responsible for the differentiation between the samples, while medium
molecular weight PAHs (pyrenes) were not significant, as well as NAF and Bz(ghi)Perilene (Figure

3).
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Figure 1. Mean PAH profiles and alkylated compounds in crab, fish and shellfish from Parnaiba Delta River,
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Piaui, during and after the 2019 oil spill. Error bars depict the 95% confidence level around the means. Legend:
naphthalene (NAF), acenaphthylene (ACENAFTY), acenaphthene (ACE), fluorine (FLUOR), dibenzothiophene
(DBz), phenanthrene (FEN), anthracene (ANT), fluoranthene (FLUORAN), pyrene (PIR), benzo[a]anthracene
(BaA), chrysene (CRI), benzo[b]fluoranthene (BbFt), benzo[k]fluoranthene (BkFt), benzo[e]pyrene (BePy),
benzo[a]pyrene (BaPy), perylene (Per), perileno, indeno [1,2,3-cd]pyrene (I-Py), dibenz[a h]anthracene (DBahA),
and benzo[ghi]perylene (BghiP).
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Figure 2. PAH and alkylated compounds percentages in crab, fish and shellfish from Parnaiba Delta River, Piaui,
during and after the 2019 oil spill. A: crab from rainy season of 2019; B: crab from dry season of 2019; C: fish
from dry season of 2019; D: fish from dry season of 2021; E: shellfish from dry season of 2019; and F: shellfish
from dry season of 2021.
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Figure 3. Principal component analysis (PCA) based on PAH concentrations in crab, fish and shellfish from
Parnaiba Delta River, Piaui, during and after the 2019 oil spill. Black: shellfish from dry season of 2019; Gray:
shellfish from dry season of 2021; Green: crab from rainy season of 2019; Blue: crab from dry season of 2019; Red:
fish from dry season of 2019; Purple: fish from dry season of 2021.

3.2. PAHs Source Analysis

The feature ratio method is frequently employed to determine the source of PAHs in the
environment: LMW/HMW > 1 represents the crude oil source, and LMW/HMW <1 represents high-
temperature pyrolysis and/or combustion source (21). The LMW/HMW ration for crab and fish was
higher than 1, demonstrate an oil spill contamination in 2019, and 2021 for fishes. For shellfish, the
same.
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3.3. Bioaccumulation of PAHs

Bioaccumulation was assessed by the ZPAHs (16 priority and 37 more compounds) determined
in each species. The effect of contamination varied among the species studied. Crabs, a species that
feeds on organic matter in mangrove areas, had the lowest contamination rate compared to the other
species studied (p<0.05). Fish and shellfish showed similar levels of contamination, despite having
distinct feeding habits (omnivorous fish and filter-feeding shellfish) (p>0.05) (Figure 4).

Regarding contamination over time (before and after the oil spill), there was no difference
between the rainy and dry seasons of 2019 for crabs (p>0.05). For fishes, higher contamination of
ZPAHs 16, considered to have the greatest carcinogenic potential, was detected in 2019, with a
reduction in the contamination level in 2021 (p<0.05). For XPAHs 37, there was no change during the
monitoring period for fish (p>0.05). Shellfish showed the highest contamination level in 2019, during
the oil spill, and the lowest level in 2021, for both parameters used (XPAHs 16 and XPAHs 37) (Figure
4). In summary, crabs were less affected by the oil spill, while fish and shellfish were contaminated,
showing levels of PAHs even two years after the accident.

350 Average of TPAHs 37 ® Average of yPAHs 16
300 Ch Ch
| l
250
200 &

: L] Ba
150 Bb L
Ba
100
Ba
50 I
Aa As A8 A
a T |

Species and season of collect

PAHS (ng/g)

Crab dry 2019
Crab rainy 2019
Fish dry 2019
Fish dry 2021
Shellfish dry 2019
Shellfish dry 2021

Figure 4. XPAH concentrations in crab, fish and shellfish from Parnaiba Delta River, Piaui, during and after the
2019 oil spill. Common lowercase letter shows differences between the collect season (P< 0.05). Capital letter

shows differences between species (P<0.05). Barrs means error values (95%).

3.4. Risk Assessment

The Toxicity equivalent concentration (TEF, Table 3) was used for levels of concern calculations
for non-carcinogenic and carcinogenic PAHs in the samples (Table 4). The concentrations of non-
carcinogenic PAHs in the analyzed samples were significantly lower than the concern thresholds
established for oil spill incidents in Brazil (18) (Table 4).

Fish samples collected in 2021 exhibited fluoranthene values near the limit of concern set by
Brazilian legislation. Similar results were noted for specific carcinogenic and mutagenic PAHs in
crabs, fish, and shellfish (Table 4). Indeno [1,2,3-cd]pyrene concentrations exceeded the concern
threshold (> 5 ng g! ww) established by Brazilian authorities in all samples, except for the analyzed
crab. Fish samples from 2019 and 2021 contained 41 ng g! ww and 104 ng g ww of indeno [1,2,3-
cd]pyrene, respectively. Shellfish samples collected in 2019 and 2021 contained 14 ng g™! ww and 47
ng g~' ww, respectively. Fish were also above the acceptable limit for benzo[b]fluoranthene (BbF) (100
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ng g~! ww) and benzo[k]fluoranthene (BkF) (145 ng g ww). The only sample that was above the limit
for benzo[a]pyrene (BaP) (8 ng g ww) was the shellfish collected in 2021 (Table 4).

Table 3. Toxicity equivalent concentration of PAHs in crab, fish and shellfish from Parnaiba Delta River, Piaui,
during and after the 2019 oil spill.

TEQ average (mg/kg)
PAHs TEFsap 2019 2021
Crab Fish Shellfish Fish Shellfish

Nap 0.001 14.83 79.64 72.36 308.66 44.01
Ace 0.001 0 0 8.73 1.30 1.80
Acy 0.001 0 0 1.61 0.86 0
Flu 0.001 0 0 4.46 7.10 9.67
Phe 0.001 0 0 105.98 5.45 41.00
Ant 0.010 0 0 34.52 4.73 39.14
Fla 0.001 0 0 160.72 1.07 1.74
Pyr 0.001 2.96 2.96 0 0 17.50
BaA 0.100 0 0 0 0 21.20
Chy 0.010 0 0 8.25 0 74.99
BbF 0.100 0 0 3.78 1.39 0
BkF 0.100 0 0 0 0.96 1.44
BaP 1.000 0 0 1.34 3.65 1.61
Ind 0.100 0 3.37 10.19 1.34 2.98

DahN 1.000 3.37 0 5.21 091 3.64

BghiP 0.100 0 0 13.63 0 0

Legend: naphthalene (Nap), acenaphthene (Ace), acenaphthylene (Acy), fluorine (Flu), phenanthrene (Phe),
anthracene (Ant), fluoranthene (Fla), pyrene (Pyr), benzo[a]anthracene (BaA), chrysene (Chy),
benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[e]pyrene (BeP), benzo[a]pyrene (BaP), indeno
[1,2,3-cd]pyrene (Ind), dibenz[a,h]anthracene (DahN), and benzo[ghi]perylene (BghiP).

Table 4. Polycyclic aromatic hydrocarbons (PAHs) concentration in crab, fish and shellfish from Parnaiba Delta

River, Piaui, during and after the 2019 oil spill.

LOC (ng/g ww)
PAHs LOC* 2019 2021
Crab Fish Shellfish Fish Shellfish
Non-carcinogenic
Nap 6,670 944 175 193 45 318
Ace 20,000 0 0 1,603 10,765 7,762
Acy - 0 0 8,697 16,225 0
Flu 13,330 0 0 3,141 1,971 1,448
Phe - 0 0 132 2,568 341
Ant 100,000 0 0 40 296 36
Fla 13,330 0 0 87 13,056 8,055
Pyr 10,000 4,735 4,735 0 0,00 800
Carcinogenic

BaA 41 0 0 0 0 6
Chy 1,364 0 0 169 0 18
BbF 43 0 0 37 100 0
BkF 91 0 0 0 145 97
BaP 6 0 0 10 4 8
Ind 5 0 41 14 104 47

DahN 26 0 0 3 15 4

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0542.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 September 2025 d0i:10.20944/preprints202509.0542.v1

9 of 13

BghiP 273 0 0 10 0 0
*Levels of concern (LOC) set for oil-impacted areas in Brazil (ANVISA, 2019). Values expressed of average.

Legend: naphthalene (Nap), acenaphthene (Ace), acenaphthylene (Acy), fluorine (Flu), phenanthrene (Phe),
anthracene (Ant), fluoranthene (Fla), pyrene (Pyr), benzo[a]anthracene (BaA), chrysene (Chy),
benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[e]pyrene (BeP), benzo[a]pyrene (BaP), indeno
[1,2,3-cd]pyrene (Ind), dibenz[a,h]anthracene (DahN), and benzo[ghi]perylene (BghiP).

4. Discussion

This study provides a critical assessment of polycyclic aromatic hydrocarbon (PAH)
contamination in seafood from the Parnaiba Delta River following the 2019 oil spill in Brazil, offering
valuable insights into the differential bioaccumulation and long-term residual effects of the incident.
The findings successfully demonstrate a clear, acute contamination effect during the oil spill in 2019,
followed by a persistent residual contamination two years later in 2021, with significant differences
in the PAH profiles among species.

The observed variability in PAH concentrations and bioaccumulation across the different
species—crab, fish, and shellfish—is a key finding that reflects their distinct physiological and
ecological characteristics. As filter-feeders, shellfish had the highest overall PAH concentrations in
2019, followed by a significant reduction in 2021. This aligns with findings from other studies, which
consistently show that bivalve mollusks, as sessile organisms with filter-feeding habits, are
particularly susceptible to PAH bioaccumulation and have a limited capacity for metabolizing these
compounds (22). In contrast, fish, which are at a higher trophic level, showed similar contamination
levels to shellfish. This might seem counterintuitive, as higher-trophic-level organisms are expected
to have higher concentrations of persistent contaminants due to biomagnification. However, this
study’s data supports the existing knowledge that fish possess well-developed enzyme systems, such
as cytochrome P450, that efficiently metabolize and excrete PAHs, resulting in lower bioconcentration
factors (BCF) in their tissues (23). The fact that fish still showed high levels of contamination,
especially in 2019, indicates the severity of the initial spill, overwhelming their metabolic
detoxification systems. The relatively low contamination observed in crabs, which feed on organic
matter in mangrove areas, suggests a different exposure dynamic, possibly related to their habitat or
feeding habits compared to the open-water fish and sediment-dwelling shellfish. Research indicates
that crustaceans have a moderate ability to remove PAHs from their bodies compared to fish and
bivalve mollusks. Crustaceans can metabolize PAHs, converting them into more water-soluble forms
like 1-OH pyrene for excretion in urine, but this process is not always highly efficient (24).

The analysis of PAH profiles provides crucial information regarding the sources of
contamination over time. The LMW/HMW ratio is a widely accepted method to differentiate sources,
with LMW PAHs typically originating from crude oil (petrogenic sources) and HMW PAHSs from
high-temperature pyrolysis or combustion (pyrogenic sources) (21). The predominance of LMW
PAHs in fish samples from 2019 and 2021 clearly points to a persistent petrogenic source, consistent
with the oil spill. This indicates an acute effect of the contamination event. Conversely, shellfish
showed a different profile, with a great diversity of PAHs and a more even distribution between
LMW and HMW compounds in 2019, and a shift towards HMW PAHs in 2021. This finding is
significant, as it suggests a residual effect of contamination associated with pyrogenic sources, such
as combustion and anthropogenic activities, which became more prominent after the initial crude oil
contamination subsided. The mixed PAH profile in crabs, with similar proportions of LMW and
HMW compounds, further underscores the complexity of PAH sources in this coastal environment,
which is subject to both acute spill events and chronic pollution from other anthropogenic activities.
The persistence of PAHs is also linked to their low solubility and high persistence, allowing them to
remain in the environment and pose a long-term chronic risk (25). Global studies show varying PAH
concentrations in edible seafood tissues, with high molecular weight PAHs (HMW-PAHs)
predominant over low molecular weight PAHs (LMW-PAHs) in commonly consumed species like
Littorina littorea, Crassostrea virginica, and Periophthalmus koeleuteri. This suggests a predominant
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anthropogenic and pyrolytic origin for the detected PAHs (26). South Korea’s katsuobushi, a skipjack
tuna product, contains high levels of benzo[a]pyrene, exceeding the EU limit of 5.0 ug/kg. Shellfish,
fish, and crustacea have the highest detection rates for PAHs, with chrysene being the most
prominent congener (27). In Nigeria, PAH levels range from 0.059 to 0.126 mg/kg in fish, prawn, and
crab. This study also noted a significant predominance of 3- and 4-ring PAHs, with
benzo[a]anthracene being particularly prevalent across all three species (28).

Polycyclic aromatic hydrocarbons (PAHs) in marine and aquatic food webs are complex
processes that involve uptake from various environmental sources, absorption from the diet, and the
organism’s ability to metabolize and excrete these compounds. Understanding this dynamicis crucial
for accurately assessing ecological and human health risks. Bioaccumulation is the net uptake of a
substance by an organism from all its exposure routes, including water, air, sediment, and food (29).
Organisms at the base of the food chain, such as filter-feeding bivalves like oysters and mussels, are
highly susceptible to bioaccumulation (30). Biomagnification is the increase in concentration of a
substance in an organism as it consumes prey at a lower trophic level, characteristic of compounds
that are highly resistant to degradation, fat-soluble (lipophilic), and not easily excreted (31). PAHs,
particularly high-molecular-weight (HMW) compounds, are highly lipophilic and have the potential
to biomagnify (32). The physicochemical properties of PAHSs, such as lipophilicity and molecular
weight, play a significant role in their behavior in the environment and within organisms. PAHs enter
the aquatic food web at the lowest trophic levels, with primary producers such as phytoplankton and
algae absorbing PAHs from the water column, while primary consumers like zooplankton and filter-
feeders accumulate PAHs from both the dissolved phase and particles (33). The concentration of
PAHs in organisms at higher trophic levels, such as fish, is more variable and complex due to their
efficient metabolic detoxification systems. Fish possess a highly developed mixed-function
oxygenase (MFO) system, which metabolizes PAHs into more water-soluble derivatives, leading to
lower PAH concentrations in their muscle tissue (34). Case studies have shown a significant negative
relationship between PAH concentrations and the trophic levels of organisms, with the highest
concentrations in lower trophic level organisms. Filter-feeders, which lack the advanced metabolic
capacity of vertebrates, are ideal bioindicators for monitoring environmental contamination (35). Key
factors influencing trophic transfer include metabolic capacity, diet and exposure pathway, lipid
content, and PAH type. Thus, the bioaccumulation of PAHs in marine food webs is a complex
interaction influenced by the unique properties of different PAH compounds, primary exposure
pathways, and diverse metabolic capabilities of organisms at each trophic level (36). The resulting
pattern is often a mix of bioaccumulation, biomagnification, and trophic dilution, which must be
considered when assessing risks associated with PAH contamination in seafood.

The most critical finding of this study relates to the human health risks associated with
consuming the contaminated seafood. The analysis against ANVISA’s concern levels reveals that
despite a decrease in overall PAH concentrations, certain carcinogenic PAHs remained at levels that
exceeded legal limits. All fish and shellfish samples contained indeno [1,2,3-cd]pyrene concentrations
above the established concern threshold. Furthermore, fish samples also exceeded the acceptable
limits for benzo[b]fluoranthene and benzo[k]fluoranthene. Most alarmingly, shellfish collected in
2021, two years after the oil spill, were the only samples to present contamination above the
acceptable limit for benzo[a]pyrene (BaP). This highlights that even with the visible signs of the oil
spill gone, a residual public health risk persists, especially from the accumulation of these highly
carcinogenic compounds. These findings align with and build upon global research on PAH
contamination in seafood. A study in South Korea, for instance, also found elevated levels of
benzo[a]pyrene in marine products, emphasizing the widespread nature of this particular health
concern (27). The prevalence of carcinogenic PAHs from pyrogenic sources suggests that continuous
monitoring is essential, as these compounds are known to be particularly persistent and toxic.
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5. Conclusions

In conclusion, this research successfully demonstrates the acute impact of the 2019 oil spill on
the marine ecosystem of the Parnaiba Delta River, highlighting the differential bioaccumulation of
PAHs in fish, crabs, and shellfish. The study also reveals a significant, residual public health risk from
the lingering contamination of carcinogenic PAHs two years after the event. The persistence of these
compounds, even after the acute phase of the spill, underscores the critical need for long-term
environmental monitoring and robust regulatory frameworks to protect seafood safety and public
health in coastal areas vulnerable to both acute and chronic pollution events. Future research should
focus on continuous monitoring to track the long-term fate and effects of these PAHs. Investigating
the specific metabolic pathways and bioavailability of different PAH compounds in a wider range of
marine species would also be crucial to better understand and model the risks to both aquatic life and
human consumers.
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