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To investigate the anthropogenic contamination of the Port of Suape, five surface sediments
were collected and subjected to a geochemical characterization based on the determination of
environmental biomarkers such as sterols, aliphatic and polycyclic aromatic hydrocarbons, and
also metals and arsenic. Sterol analyses point to a moderate level of sewage contamination, while
n-alkanes analyses indicated contamination by petroleum in an early stage of biodegradation.
Polycyclic aromatic hydrocarbons analyses pointed to a mixture of contributions for the organic
matter, which were predominantly found for petrogenic and pyrolytic sources. The quantification
of trace metals indicated a low risk to the environment, except for As, which was identified as
displaying moderate contamination. During the analysis of all biomarkers, the sediment collected
near one of the shipyards was the most affected. These results enable comprehension of the level
of contamination in an important Brazilian port and the need to develop remediation policies.
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Introduction

Estuaries are aquatic environments that arise from
the transition between rivers and seas and are strongly
influenced by anthropogenic activities such as fishing,
tourism, and industrial and port activities.! Port activities
may introduce contaminants into the environment, such
as domestic and industrial sewage, petroleum products,
metals, and persistent organic pollutants.? These pollutants
are often associated with activities such as ship repair and
maintenance, dredging of the access channels, atmospheric
emissions, and the generation of solid and liquid effluents
from ships entering and leaving the port.? The geochemical
characterization of sediments has been a prominent tool
over the years, as it provides data about the contamination
of a given environment, allowing for the determination of
its composition and source.*

One of the main sources of environmental contamination
found in sediments is sewage, which can be assessed through
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sterol analysis.” Sterols are hydrophobic (lipidic) compounds
that serve as biomarkers of sewage contamination due to
their high specificity to fecal materials, with a predominance
in human feces, and their resistance to degradation.®
Inappropriate disposal of sewage in the environment can
generate an increase in organic matter (OM), eutrophication,
ecosystem instability due to the reduction of species and the
proliferation of toxic algae.” These impacts not only pose
risks to the environment but also have implications for human
health. Hence, monitoring these biomarkers becomes crucial
for effective environmental assessment.

Along with sewage, the release of oil and its derivatives
poses a significant source of aquatic contamination and
can be investigated through sediment analysis.® This
contamination can arise from river discharges, navigation
activities, oil transfer through pipelines, and the combustion
of fossil fuels.** Due to the toxic characteristics of this
contamination, high concentrations in aquatic environments
can cause damage to biota and human beings. The use
of markers such as aliphatic hydrocarbons (AHs) and
polycyclic aromatic hydrocarbons (PAHs) has been
successful in tracking environmental pollution.*3101!
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Furthermore, while trace metals are naturally found
in aquatic systems, the main sources of these substances
in the environment are industrial activities and sewage
disposal.'>"¥ Trace metals have a tendency to remain
well-preserved in sediments over time, representing a
significant threat to human health due to their highly toxic
nature, even in low concentrations.'* Regions located
near industrial zones have a high risk of exposure to toxic
metals, which can result in health damage such as kidney
disease, cancer, and miscarriage, in addition to causing
significant ecological damage.'> In estuarine regions,
geochemical analyses of metals such as copper (Cu), lead
(Pb), nickel (Ni), and zinc (Zn) in sediments can provide
information about their distribution and sources, indicating
the environmental health of a region.!®

The Port of Suape, located in the Northeast region of
Brazil, is recognized as one of the most significant ports
in the country. Since its establishment between 1979 and
1984, it has played a crucial role in facilitating industrial
and navigation activities.!” This port complex is situated
near the estuaries of the Tatuoca and Massangana rivers, and
it serves as a daily transit point for various cargo ships, as
well as operating shipyards. Although some studies'®'* have
been carried out investigating the presence of anthropogenic
contamination in the Port of Suape, based on our current
understanding, no study has been conducted to assess
multiple biomarkers, especially sterol compounds.

The objective of this study was to comprehensively
characterize the sediments in the Suape Industrial Port
Complex using a multi-geochemical approach. The goal
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was to evaluate sediment quality and determine the extent of
contamination in an area heavily influenced by navigation
traffic and shipyard activities. To achieve these objectives,
a range of analyses were employed, including infrared
spectroscopy, analysis of OM, elementary composition,
and grain size. Furthermore, analytical techniques were
conducted to determine various classes of biomarkers
such as sterols, AHs, and PAHs, as well as trace metals
and arsenic (As).

Experimental
Sampling collection and pretreatment procedures

A total of five surface sediment samples (0-10 cm)
were collected from the Suape Industrial Port Complex
(Figure 1 and Table S1, Supplementary Information
(SI) section) located in the municipality of Ipojuca, in
September 2018. Access to the port region is controlled
by government authorities, which hindered an extensive
collection of a larger quantity of samples. Samples P1 and
P2 were collected near two different shipyards in operation
since 2009 and 2013, respectively. The region of sample
P3 is located on the Massangana River where mangrove
vegetation predominates. In this region, there are also hotel
activities and bars in the area, as well as small boats using
a pier and bathing activities. Sample P4 was located near
Suape Beach, in an area protected by a natural reef barrier,
which makes the sea calm and suitable for fishing activities.
Sample P5 was collected in a region with heavy navigation
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Figure 1. Study area and sampling points in the Suape Industrial Port Complex, Pernambuco, Brazil.
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traffic, located near the waterway terminal, which has
four docks that mainly carry out the loading/unloading of
products such as diesel oil, crude oil, liquified petroleum
gases, fuel oil, and aviation kerosene.

From each sampling site within the study area,
approximately 300 g of sediment were collected using a Van
Veen sampler and were carefully transferred to pre-cleaned
glass bottles. The collected samples were immediately
transported under low-temperature conditions (4 °C) to
the laboratory. The samples were dried in lyophilizer for
24 h and were subsequently finely ground using a porcelain
mortar and pestle, followed by sieving to obtain particles
smaller than 2 mm. Finally, the sieved sediments were
stored at room temperature for further analysis.’

Chemicals and reagents

High-performance liquid chromatography (HPLC)-
grade solvents (dichloromethane, n-hexane, and methanol)
were obtained from Tedia (Rio de Janeiro, Brazil).
Hydrochloric acid and metallic copper were purchased
from Vetec (Rio de Janeiro, Brazil) and Dinamica
Quimica Contemporanea (Indaiatuba, SP, Brazil),
respectively. Coprostanol (33,53-cholestan-3-ol), cholesterol
(3B-cholest-5-en-3-ol), epicoprostanol (3a,5p-cholestan-
3-ol), cholestanol (3f3,5a-cholestan-3-ol), stigmasterol
(3B,22E)-ethycholest-5,22-dien-3-ol), campesterol (33,24 R-
methycholest-5-en-3-ol), 3-sitosterol (24-ethycholest-5-en-
3p-ol), stigmastanol (33,5a-ethycholest-3-ol), brassicasterol
((3B,22E)-methycholest-5,22-dien-3-0l), ergosterol
((3B,22E)-ergosta-5,7,22-trien-3-ol) and cholesterol-d,
were purchased from Sigma-Aldrich (St. Louis, USA).
Dichloromethane was used to prepare stock solutions
of individual sterols at a concentration of 1.0 mg mL".
Subsequently, working standard solutions containing all
sterols at 2.0 ug mL"! were prepared by diluting the stock
solutions in methanol. Deuterated standards n-triacontane-dj,,
p-terphenyl-d, ,, n- hexadecane-d;,, and alkanes (n-C,-n-C,)
were obtained from Sigma-Aldrich (St. Louis, MO, USA).
The PAHs standard and PAHs deuterated standard mixtures
were acquired from AccuStandard (New Haven, CT, USA)
(Table S2, SI section). Inductively coupled plasma (ICP)
standard multi-element solution IV CertiPUR was obtained
from Merck (Darmstadt, HE, Germany).

Characterization of sediments and bulk analyses
The sediment samples were subjected to analysis using
mid-infrared spectroscopy (400-4000 cm™) with an IR

TRACER-100 Fourier Transform spectrometer (Shimadzu
Co., Kyoto, Japan) at a resolution of 4 cm™' (Shimadzu Co.,
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Kyoto, Japan). As previously described in Oliveira et al..®
a grail and agate pistil were used to macerate 1 mg of
sediment with KBr, which were subjected to compression
using a hydraulic press. All infrared data were normalized
in the processing.

The organic matter content was evaluated by gravimetry
after calcination at approximately 750 °C for 4 h, as outlined
in a previous study.?

The elementary analysis was carried out following
the methodology described by Oliveira et al.’ Briefly,
decarbonization of each sediment sample (1 g) was
conducted by sequential treatment with a 0.1 mol L-!
hydrochloric acid solution, followed by rinsing with
deionized water. Subsequently, the sediments were dried at
60 °C and subject to analysis using a CHN628 (LECO Co.,
USA) equipped with Software CHN628 version 1.30.
The instrument was previously calibrated using an
ethylenediaminetetraacetic acid (EDTA) standard (41.0%
C,5.5% H, and 9.5% N).

The grain size analysis was performed following the
method proposed by Suguio®' and consisted of two steps:
(7) the separation between the fine particles (silt + clay)
and the sand particles was carried out through sieving
(0.063 mm); (i7) the separation of the sediment into silt and
clay fractions was carried out using the pipetting technique
based on the Stokes principle.

Extraction and fractionation of sediments

The extraction and fractionation procedure of the organic
compounds was performed as described by Rau et al.?* In
summary, activated copper and internal standard (IS)
were added to 10 g of sediment. As IS, we have used
the cholesterol-d; for sterols (2 ug g'), n-triacontane-d,
for n-alkanes (0.2 pug g"), and p-terphenyl-d,, for PAHs
(10 ng g"). The sediment samples were extracted using
20 mL of a mixture of dichloromethane and methanol
(2:1, v/v) involving vortexing and ultrasonic treatment,
and the procedure was repeated two times more. After
combining the three organic extracts, rotary evaporation
was employed to remove the solvents, followed by drying
with N, flow. The extract was then fractionated using
open column chromatography prepared by packing 10
g of silica gel and 1 g of alumina, both previously dried
at 150 and 450 °C, respectively, and disabled with 5%
deionized water. Three fractions (named F1, F2, and
F3) of the organic extract were obtained, as follows:
fractions of AHs eluted with 40 mL of n-hexane (F1),
PAHs eluted with 30 mL of n-hexane:dichloromethane
(1:1, v/v) (F2), alcohols and sterols eluted with 30 mL
of ethyl acetate:methanol (2:1, v/v) (F3). The FI,
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F2, and F3 fractions underwent analysis using gas
chromatography with flame ionization detection (GC-FID),
gas chromatography-mass spectrometry (GC-MS), and
liquid chromatography-tandem with mass spectrometry
(LC-MS/MS), respectively.

Determination of AH and PAHs

The determination of AHs (F1) was conducted using
GC-FID model 2010 (Shimadzu, Kyoto, Japan) equipped
with autosampler model AOC-20s, an auto-injector model
AOC-20i (Shimadzu, Kyoto, Japan) and a capillary column
HT-5 (25 m, 0.32 mm internal diameter, 0.10 um film
thickness) (Trajan Scientific and Medical, Ringwood,
VIC, Australia). The injection volume (1.0 pL) was in the
splitless mode under the specified conditions: nitrogen as
carrier gas at 1.70 mL min"' and temperature program at
60 °C for 5 min, increasing by 5 °C min™ to 330 °C (held
for 5.0 min).

The determination of PAHs (F2) was carried out using
GC-MS model QP2010 (Shimadzu, Kyoto, Japan) equipped
with autosampler model AOC-20s, an auto-injector model
AOC-20i (Shimadzu, Kyoto, Japan) and capillary column
RTX-5MS (30 m, 0.25 pum film thickness 0.25 mm internal
diameter) (Restek, Bellefonte, PA, USA), with electron
ionization (70 eV) and single quadrupole analyzer. The
injection volume of 1.0 pL was performed in splitless
mode with the following conditions: helium was used as
the carrier gas at a flow rate of 1.0 mL min™', a temperature
program starting at 60 °C for 5 min, increasing by 5 °C min’!
to 300 °C (held for 10.0 min). The ion source temperatures,
injector, and transfer line were at 200, 280, and 300 °C,
respectively. PAHs were detected using the analysis mode
of selected ion monitoring (SIM), focusing on the molecular
ions as listed and summarized in Table S2.

Determination of sterols

The analysis of sterols (F3) was conducted using
LC-MS/MS with a liquid chromatography 1200 Series
system (Agilent, Santa Clara, USA) coupled to an AP1 4000
QTrap mass spectrometer (Applied Biosystems, Darmstadt,
Germany). The mass spectrometer was equipped with
atmospheric pressure chemical ionization (APCI) and
operated in the positive ion mode acquisition.

Ten sterols were investigated (coprostanol,
epicoprostanol, cholesterol, cholestanol, campesterol,
stigmasterol, 3-sitosterol, stigmastanol, brassicasterol, and
ergosterol) and the LC-MS/MS conditions were previously
described in Oliveira et al.® Briefly, chromatographic
separation was conducted in a Shimpack XR-ODS
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octadecyl-C18 reverse phase column (150 mm column
length, 2.0 mm inner diameter and, 2.2 um particle size.
The mobile phases used for the analysis were methanol
(mobile phase A) and water (mobile phase B). The gradient
elution was carried out using the following program:
0-2 min (90% methanol), 2-8 min (100% methanol),
8-9 min (90% methanol), 9-10 min (90% methanol), at a
flow rate of 0.6 mL min~'. The injector temperature was
set at 10 °C, while the chromatographic oven temperature
was maintained at 30 °C. The injection volume was 10 uL.
The APCI source was utilized with the following specific
settings: corona current of 4.0 uA, temperature at 450 °C,
and curtain gas at 10 (arb).

Determination of trace metals and As

Approximately 0.25 g of dried sediment was weighed
and subjected to acid digestion with 18 mL of aqua regia
(HNO;:HCI, 1:3, v/v) into a digester block, heating at
85 °C for 2 h. At the end of the procedure, the samples
were allowed to cool, and then filtered and measured to
a volume of 25 mL in a volumetric flask. The samples
were subjected to analysis using the inductively coupled
plasma atomic emission spectrometry (ICP-OES) technique
(Optima 7300DV model, PerkinElmer, USA) aiming at the
detection of 11 elements: Cu, Pb, Ni, Zn, As, and silver
(Ag), cadmium (Cd), chrome (Cr), cobalt (Co), tin (Sn),
and vanadium (V).

Analytical parameters

The identification of sterols was performed
using two precursor-product ion transitions for
[M + H — H,OJ" ions and retention times obtained with
authentic standards. The quantification of all compounds
was achieved by calculating the response factors of the
authentic standards relative to cholesterol-d,. An analytical
solution with a concentration of 2.0 ug mL"' was prepared to
generate the calibration curves, which were run in triplicate.
The concentration range of each analyte varied from 20.0
to 1000.0 ng mL" (nine levels), and a concentration of
500.0 ng mL! for the internal standard.?® The validation
of the sterol method was carried out by obtaining the
main analytical parameters, detailed previously by
Bataglion er al.** The instrumental and chromatographic
conditions can be found in Table S3 (SI section).

The identification of n-alkanes (AHs) was carried
out by comparing the retention times of the samples
with a standard solution containing the n-C, to n-C,,
compounds. The quantification of n-alkanes was achieved
by internal calibration using concentrations ranging from
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1.0 to 50.0 pg mL"!, with n-hexadecane-d,, as the internal
standard. Each detected n-alkane was quantified using
its corresponding analytical curve. Detailed analytical
parameters for validating AHs can be found in Table S4
(SI section).

The identification of PAHs was carried out by
comparing the molecular ions and retention times of
the samples with a standard solution. The quantitative
determination of PAHs was performed using internal
calibration with concentrations ranging from 10.0 to
1000.0 ng mL". Deuterated homologous internal standards
were used at a concentration of 500.0 ng mL"!, as listed in
Table S2. Detailed analytical parameters for validating the
PAHs can be found in Table S5 (SI section).

The quantitative determination of trace metals (Ag, As,
Cd, Cr, Co, Cu, Ni, Pb, Sn, V, and Zn) and As was achieved
through external calibration (1.0 to 1000.0 ng mL™"),
using the same acid matrix employed for the sediment
analyses. Each element was quantified individually using
its corresponding calibration curve. Quality control was
performed using OREAS46 and OREAS47 (Ore Research
& Exploration P/L, Chibougamau, Australia) as certified
reference material. The analytical parameters obtained for
the determination of trace metals and As are described in
Table S6 (SI section).

Multivariate statistical analysis

The multi-geochemical results were processed by
multivariate statistical analyses through Origin 8.0 software
(free trial version),” as for the principal components
analysis (PCA), and Heatmapper for hierarchical cluster
analysis (HCA/Heatmap).?® Statistical analyses were
conducted using data obtained from bulk analyses (OM,
total organic carbon (TOC), total organic carbon/total
nitrogen (TOC/TN), sand, and silt + clay, in percentage) and
for values of quantification of environmental biomarkers,
trace metals and As.

For sterols, it was investigated the concentrations of
coprostanol and its main diagnostic ratios coprostanol/
cholesterol, and epicoprostanol/coprostanol), ((coprostanol/
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(coprostanol + cholestanol)). For AHs and PAHs, the main
ratios were selected (terrestrial/aquatic ratio (TAR), carbon
preference index (CPI), fluoranthene/fluoranthene +
pyrene (FI/FI + Py), pristane/phytane, benz[a]anthracene/
benz[a]anthracene + chrysene (BaA/228), anthracene/
anthracene + phenanthrene (An/178), and Zlow molecular
mass/Zhigh molecular mass (XZLMM/XHMM). For trace
metals and As, those with values above the quantification
limit were selected (As, Cr, Cu, Ni, Pb, V, and Zn).

Results and Discussion
Bulk analyses

The infrared spectrum (Figure S1, SI section) showed
bands associated with the typical chemical composition
of sediments related to quartz, clay materials, and OM,
as also was previously described by Oliveira et al.® In our
study, it is worth highlighting two bands: a less intense
one at 2973 cm™ and a weak one at 2917 cm’!. These can
arise from the stretching vibrations, both asymmetric
and symmetric of —CH, and —CH, related to aliphatic
hydrocarbons, respectively.”’*® Ng et al.*® suggest that the
intensity of these bands may be proportional to the level
of contamination by hydrocarbons. In our study, they were
prominent in sediments collected near the shipyards (P1
and P2 samples) and in the oil and gas loading/unloading
area (P5 sample), which indicates possible contamination
by hydrocarbons in these regions. A band at 2523 cm
was found in all samples, but more intense in PS5, which
is a band characteristic of S—H stretching, since few other
absorptions occur in this region.*

The values of grain size, OM, and elementary analysis
are summarized in Table 1. The grain size of the P1, P2,
and P5 sediments consisted predominantly of fine particles
(silt + clay) with percentages found from 54.1 to 69.5%.
This result was as expected since in the regions of P1 and
P2, maintenance dredging actions are applied to guarantee
the depth of the access channel, enabling the movement of
vessels of different sizes, while P5 sediment was collected
in the open sea region, at a depth between 8 and 20 meters.>'

Table 1. Results of OM, grain size and elementary analysis in percentage of surface sediments from Port of Suape

Sample OM/ % Sand/ % Silt + clay / % TOC / % TN/ % TOC/TN H/ % H/C

P1 22.33+0.25 12.11 54.14 3.76 0.22 17.06 1.72 5.49

P2 2573 +1.98 9.91 69.45 5.17 0.28 18.67 1.90 442

P3 9.49 +0.27 73.60 13.48 2.18 0.15 14.98 0.54 2.96

P4 6.57 +0.27 94.81 2.17 1.11 0.05 20.85 0.12 1.35

P5 22.17+0.78 29.90 60.55 3.94 0.11 34.42 0.50 1.52

OM: organic matter; TOC: total organic carbon; TN: total nitrogen; H: hydrogen; C: carbon.
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Environments with greater depths have lower hydrodynamic
energy, and it is expected a higher percentage of fine
particles.”? P3 and P4 sediments are considered sandy
with percentages equivalent to 73.60 and 94.81%, and it is
due to the receipt of dredged material from nearby areas.
Similar results with a predominance of sandy material due
to the dredging process were also found in the particle size
distribution of sediments from Vitéria Bay Estuary, in the
city of Vitdria, state of Espirito Santo, Brazil.*

The percentages of OM range from 6.57 to 25.73%,
which according to Gomes and Azevedo* can be inferred
that all sediments analyzed in this study exhibit a high
organic matter content, exceeding 0.5%. The OM showed
a distribution pattern similar to that of fine particles, as
seen in Mayer,** Muniz et al.** and Souza et al.*® Based
on this, a linear correlation between OM and fine particles
was investigated and the result was obtained in a linear
trend (R? = 0.9931). This indicates that the grain size
of sediments, along with the low hydrodynamics of the
area, influences the accumulation of OM3*** (Table S7,
SI section).

The range of TOC values (1.11 to 5.17%) observed
in the study area suggest varying OM inputs, potentially
influenced by structural differences in local vegetation,
resulting in a large addition of biomass to the soil or a large
number of roots in the region.’’” As with OM, TOC showed
a similar distribution to fine particles and because of this, a
linear correlation was investigated (R* = 0.9539, Table S7).
These results and the low hydrodynamics of the region
suggest that the particle size influences the accumulation
of TOC in the region.>® TN values (0.05 to 0.28%) in all
sediments were below 1%, which suggests that the region
was exposed to intense reducing conditions characterized
by insufficient oxygen levels, which can facilitate the
oxidation of nitrogenous compounds. Consequently,
these compounds exist in their reduced form, which can
be attributed to processes such as leaching caused by tidal
cycles and subsequent denitrification.*

A Multi-Geochemical Characterization to Evaluate Anthropogenic Contamination in Marine Sediments from Port of Suape

The TOC/TN can be used to differentiate among
OM sources, where values between 4 and 10 indicate
autochthonous sources and values greater than 20 indicate
allochthonous sources.® The P1, P2, and P3 samples showed
TOC/TN values between 14.98 and 18.67, which indicated
that these regions have been subjected to a combination of
contributions from vascular and non-vascular plants.* On
the other hand, the TOC/TN ratios for P4 and P5 samples
are 20.85 and 34.42, respectively, indicating that the OM
came from vascular terrestrial plants (allochthones) with a
high concentration of cellulose.***! Note that relatively high
TOC/TN values were found in all sediments, which may
indicate sewage contamination due to carbon input from
anthropogenic sources, in addition to suggesting that OM
is difficult to degrade as stated by Grilo ef al.** and Santos
et al*® The H/C ratio of sediments characterizes them as
having low aromaticity as their values were greater than 1.
This result may be due to biogenic OM formed in water,
arising from the decomposition of plankton, which is rich
in lipids (non-aromatic compounds).*

Concentrations of sterol biomarkers

The results for the sterol concentrations can be found
in Table 2. Eight sterols were detected with concentrations
ranging from 1.51 to 40.72 pg g’', indicating a distinct
sterol distribution in the samples. In addition, the diversity
of sterols (fecal and biogenic) present in the sediments
indicates that the OM came from different sources.

The abundance of -sitosterol in sediments P1, P2,
and P3 suggests a large contribution of terrigenous OM
(allochthonous), coming from vascular plants.”** The
contribution of phytosterols, such as stigmasterol and
B-sitosterol, comes from the mangrove vegetation,* which
is predominant in the Port of Suape region. Although the
P3 region has the most predominant mangrove forests, the
highest concentration of B-sitosterol was found in the P2
sediment (10.85 pg g') located close to one of the shipyards,

Table 2. Absolute concentrations and diagnostic ratios of sterols in surface sediments from the Port of Suape, PE, Brazil

Sample ) EZO; Ge5) (eEh Geen (E;?') me o <S:;'{) Cuen KT RRSRE RS
P1 0.38 0.16 1.11 0.76 1.05 0.74 2.57 0.23 7.00 5.44 0.33 0.42 0.34 0.42
P2 7.76 1.50 2.71 4.70 5.11 4.78 10.85 3.31 40.72 19.05 0.62 0.66 2.86 0.19
P3 0.28 0.13 0.99 0.64 1.29 1.08 7.69 0.31 12.41 2.29 0.30 0.39 0.28 0.46
P4 0.10 0.17 0.59 0.24 0.44 0.18 0.50 <LOQ 2.22 4.67 0.29 0.53 0.17 1.70
P5 0.11 0.07 0.45 0.22 0.29 0.12 0.25 <LOQ 1.51 6.96 0.33 0.45 0.24 0.64

Cop: coprostanol; Epico: epicoprostanol; Cholr: cholesterol; Choln: cholestanol; Camp: campesterol; Stig: stigmasterol; B-Sitr: B-sitosterol; Sitn: sitostanol;
R1: coprostanol/total sterols; R2: coprostanol/(coprostanol + cholestanol); R3: coprostanol + epicoprostanol/(coprostanol + epicoprostanol + cholestanol);
R4: coprostanol/cholesterol; R5: epicoprostanol/coprostanol; LOQ: limit of quantification.
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suggesting that this region receives an additional source of
this sterol. According to Speranza et al.,* vegetable oils
used in the kitchen have (3-sitosterol in their composition,
suggesting that sewage from the shipyard activities may
compose the OM of this region.

In sediments P4 and P5, cholesterol was the most
abundant sterol, indicating high aquatic productivity.
This can be explained by a greater contribution of OM
present in the open seawater area, as similarly reported
by Bataglion et al.** Phytosterols were predominant in all
sediments (44-84% of total sterols) corroborating the strong
influence of terrigenous OM, thus supporting the idea that
the areas receive a high contribution of biogenic OM.*

We applied several linear correlations between sterols
of anthropogenic origin (coprostanol and epicoprostanol),
biogenic origin (B-sitosterol and stigmasterol), and the
results of bulk analyses, as shown in Table S7. No significant
correlation was found between the aforementioned sterols
and fine particles (R? < 0.3), suggesting that particle size
is not a determining factor for the accumulation of sterols
and that the region is influenced by different sources of
OM.* An interesting linear correlation between these
sterols and cholesterol (R? > 0.75) confirmed that organic
material of fecal and terrigenous origin has influenced
the formation of OM in the port region.*’” We also found a
high correlation between coprostanol and epicoprostanol
(R% = 0.9963), suggesting that these sterols had the same
source, from sewage.*®

In addition, we have found high values of OM (25.73%),
TOC (5.17%), and TN (0.28%) in the P2 sediment. As
this was the only sample that presented coprostanol
concentrations surpassing the concentration of 0.50 g g,
our finding suggested a direct or indirect considerable input
of domestic sewage in the region. On the other hand, the P1,
P3, P4, and P5 sediments presented concentrations between
the range of 0.1-0.4 pg g', indicating a moderate level of
sewage contamination.”* According to Bujagi¢ et al.,”
the absence of any observed wastewater treatment plants
near to the sampling sites, the presence of untreated
sewage discharge is the plausible source of coprostanol.
We compared our results with other studies of sediments in
Port regions (Table S8, SI section), and the concentrations
of coprostanol were lower than those found in Montevideo
Harbor, Uruguay,” but were very similar or higher than those
found in Itajai-Acu Estuarine, Brazil,*® Santos Bay, Brazil,
Paranagud Bay, Brazil,”® and Patos Lagoon, Brazil.**

Sterol ratios

The diagnostic ratios for sterols were investigated
and are also summarized in Table 2. These ratios were
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investigated considering that an individual analysis of
coprostanol is not reliable for the determination of sewage
contamination due to its probable production through
in situ anaerobic hydrogenation of cholesterol.® The ratio
of coprostanol/total sterols (R1) between 2-3% indicates
moderately contaminated sediments, while when it is higher
than 5-6% it indicates severe contamination. Most of our
values are situated between 2-5% indicating contamination
by sewage at a moderate level, with the region of sediment
P2 being the most contaminated (19.05%).4¢

The R2 ratio (coprostanol/(coprostanol + cholestanol))
enabled an evaluation of the presence of sewage in the
aquatic environment. Of the five sediments, only P2
presented a ratio between 0.5 and 1.0, which indicates
that this sediment is heavily contaminated by sewage.*
Regarding the remaining sediments, the values were found
between 0.3 and 0.5, considered inconclusive.*7=’

The R3 ratio (coprostanol + epicoprostanol/
(coprostanol + epicoprostanol + cholestanol) was applied
to compensate for a possible conversion of coprostanol
into its epimer (epicoprostanol) by microbial activities,
commonly detected in samples of digested sludge,
suggesting that the presence of epicoprostanol ensures a
total or partial degradation of sewage by microbial activity.
The sediments presented a ratio between 0.39 and 0.66,
which infer inconclusive results, as they are within the
uncertainty limits from 0.3 to 0.7.4650.558

The R4 (coprostanol/cholesterol) ratio is applied to
differentiate the sources of contamination (anthropogenic
or biogenic). Four sediments (P2, P3, P4 and P5) presented
values greater than the threshold of 0.2, indicating a source
of anthropogenic contamination.®® The highest R4 value
was found for the P2 sediment, which reinforced our
conclusion the sediment was the most affected by sewage
contamination.

The RS (epicoprostanol/coprostanol) was calculated
to determine if the sewage received any type of treatment
before discharge, considering that epicoprostanol is derived
from the aerobic decomposition of wastewater in treatment
plants.®® Only P2 presented a ratio below 0.2, indicating
that the region had received untreated sewage discharge.
The P1, P3, and P5 sediments presented ratios between
0.2 and 0.8, being inconclusive regarding treatment.
The P4 sediment is noteworthy for being the only one to
present a concentration of epicoprostanol higher than that
of coprostanol (R5 > 0.8) suggesting that it received some
partially treated sewage.3>46-50-52

In summary, the results obtained through the diagnostic
ratios of sterols indicated that sediments P1, P3, P4, and
PS5 could be considered low to moderately contaminated,
with a strong influence of biogenic OM. On the other hand,
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the P2 sediment received input from untreated domestic
sewage, dominated by human feces, resulting in a high
level of environmental contamination. This contamination
possibly originated from the shipyard facilities, such as
bathrooms and kitchens, which had been in operation for
about 6 years in this place.

Aliphatic hydrocarbons

Quantitative analyses of n-alkanes (n-C,5 and n-Cy;)
and isoprenoids were performed using the GC-FID
technique. Their individual concentrations are shown in
Table S9 (SI section) and their total concentrations and
diagnostic ratios are in Table 3. The sediments showed
total concentrations of n-alkanes (Xn-alkanes) ranging from
3.87 (P4) to 25.48 nug g' (P2). Notably, it was observed
that samples P4 and P2 corresponded to the lowest and
highest percentages of silt + clay, respectively. To examine
the potential relationship between the accumulation of
n-alkanes in the sediments and the fine particle size, a linear
correlation analysis was conducted (Table S7, ST section).!!
The result of this correlation was not linear (R? = 0.3246)
suggesting that particle size does not significantly influence
the accumulation of n-alkanes.® The correlations of
Yn-alkanes with OM or TOC were also investigated and
showed no linear relation (OM x Zn-alkanes, R*>=0.3552;
TOC x Xn-alkanes, R? = 0.5131), which according to
Gadelha er al."’ indicate that they also do not influence the
distribution of n-alkanes.

The wide variation in the Zn-alkanes (Table 3) indicates
a localized origin of hydrocarbons in the P2 sample.!! In
addition, long-chain n-alkanes with an odd number of
carbon atoms were highly prevalent (n-C,y, n-C,, n-Cs;, and
n-Cs;, see Table S9), suggesting a significant contribution of
biogenic hydrocarbons of continental origin (allochthone)
derived from waxes of higher plants.!®!"*? This corroborates
the results from the TOC and sterol analyses, which also
indicated a strong contribution of terrigenous material,
whose source can be attributed to the mangrove present in
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the port region. Despite the moderately contaminated level
of our samples, we observed higher values when comparing
the Xn-alkanes to those reported in other studies®360-63
conducted in estuarine regions with port activities and/or
shipyards (Table S8, SI section).

The diagnostic ratios of n-alkanes are widely used to
investigate the entry of hydrocarbon sources into aquatic
environments.” The carbon preference index (CPI) is
a parameter that relates the abundance of long-chain
n-alkanes with the proportion of molecules possessing an
even or odd number of carbon atoms.**!'* All sediments
presented CPI values close to 1, which means that the
port region receives hydrocarbon inputs of petrogenic
origin.!® The TAR calculation is represented by the
equation ([Cy, + C,y + C4J/[C5 + C; + C,o]) and allows
the identification of the predominance of hydrocarbons of
aquatic origin (< 1) and terrigenous (> 1).%1%606 From the
5 sediments analyzed, only P1 and P5 presented a ratio
less than 1, indicating a contribution of OM from aquatic
sources (algae), for P2, P3, and P4 sediments, values greater
than 1 were found, indicating a greater contribution of
OM from terrigenous sources. This result reinforces the
mix of contributions in the sedimentary OM that was also
supported by the values of TOC/TN presented in Table 1.

Chlorophyll is the main source of two isoprenoid alkanes:
pristane and phytane. They are widely found in crude oil and
have greater resistance to degradation when compared to linear
n-alkanes.”!® Pristane and phytane were detected in all
samples, with the highest concentrations observed in
sediment P1 (0.55 and 0.67 pg g, respectively) and
the lowest concentrations in sediment P4 (0.12 and
0.14 pg g, respectively). Thus, the pristane/phytane
ratio was investigated to determine the origin of these
hydrocarbons. Values less than 1.5 for all samples were
found, which indicates that the region suffers a strong
influence from petrogenic sources.!*® The samples showed
a pristane/phytane ratio similar to other results found in
regions considered oil-contaminated, such as Ushuaia Bay,
Argentina,” and Capibaribe Estuarine System, Brazil.’

Table 3. Total concentrations and diagnostic ratios of hydrocarbons of surface sediments from Port of Suape

Sample Zn(fgl?ge/ CPL TAR  Pr/Ph Pr/n-Cy; Ph/n-Ci Z(E:?)/ ZI(EZZ%S/ (FlrF-il-r;’yr) (An:-nlt’jhen) EE;\A/II\I\/Z (Baf‘-li-Aéhry) (Incz};id]g;hiP)
P1 1198 079 058 082 061 042 55345  463.51 0.71 0.02 0.65 037 043
P2 2548 128 332 086 059 061 64487  511.94 0.73 0.03 034 0.41 0.44
P3 938 102 1.09 087 062 049 53488 42831 0.75 0.01 0.48 0.48 047
P4 377 057 101 084 074 053 23627  210.59 0.8 NC 0.24 0.48 0.50
Ps 387 061 093 084 073 048 31372 281.68 0.76 NC 0.34 0.45 0.46

CPT: carbon preference index; TAR: terrestrial/aquatic ratio; Pr: pristane; Ph: phytane; Flr: fluoranthene; Pyr: Pyrene; Ant: anthracene; Phen: phenanthrene; PAHs: polycyclic

aromatic hydrocarbons; LMM: low molecular mass; HMM: high molecular mass; BaA: benzo[a]anthracene; Chry: chrysene; IncdP: indene[1,2,3-cd]pyrene;

BghiP: benzolg,h,i]perylene; NC: not calculated.
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This further supports the idea that all sediments have been
contaminated by oil or derivatives, potentially originating
from port activities and navigation traffic (ships and boats).®

The Pr/n-C,, and Ph/n-C 4 ratios were calculated as
indicators of the biodegradation process in environments
involving crude oil spills. Considering that n-C,, and n-C
degrade faster than pristane, the increase in Pr/n-C,; ratio
is noted in sediments that have undergone higher levels of
biodegradation. For both ratios, all samples showed values
less than 2, indicating that the oil was in the early stages
of biodegradation, and thus had recently been introduced
into the environment.*!%%

Polycyclic aromatic hydrocarbon (PAHs)

A quantitative analysis of PAHs was conducted
using GC-MS, and the concentrations of each specific
compound are provided in Table S10 (SI section). A total
of 19 PAHs were detected, with 16 of them considered
priority contaminants by the United States Environmental
Protection Agency (USEPA). These PAHs are well-known
for their widespread occurrence and toxicity to the biota,
and they are classified as likely to have carcinogenic
properties.%86

The £PAHs for 19 compounds (Table 3) ranged from
236.27 to 644.87 ng g', with the highest concentration
observed in P2 sediment, which was collected near the
shipyards. Table S8 presents a comparison between the
>PAHs found in the present study and other aquatic systems
with port activities. It is observed that the maximum XPAHs
value obtained in our study is lower than that reported in
most other studies of marine systems with moderate to high
contamination levels.®3!3.70.7!

The total concentration of the 16 PAHs (X16PAHs)
(Table 3) ranged from 210.59 to 511.94 ng g, with sample
P2 exhibiting the highest value. This result suggests a
moderate level of contamination in all sediments.* The
216PAHs found here is higher than in other regions
with port activities and/or shipyards considered highly
contaminated (Table S8, SI section).®3!:61.72

To determine the source of the PAHs we have calculated
the diagnostic ratios (Table 3). These ratios involved
comparing pairs of isomers, such as phenanthrene and
anthracene (molecular mass (MM) = 178 g mol'),
fluoranthene and pyrene (MM =202 gmol™'),indene[1,2,3-cd]
pyrene, benzo[g,h,ilperylene (MM = 276 g mol') and
benzo[a]anthracene, and chrysene (MM = 228 g mol).”>7¢
All the ratios mentioned below are summarized in
Frena et al.® and Yunker et al.” For fluoranthene/
(fluoranthene + pyrene) all samples presented values above
the threshold of 0.5, which suggests that the presence of
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PAHs in the port region originated from pyrogenic sources,
such as the burning of grass, wood, or coal. For anthracene/
(anthracene + phenanthrene) all samples had values lower
than the threshold 0.1, indicating that sediments of the
port region have received inputs of petrogenic origin. For
benzo[a]anthracene/(benzo[a]anthracene + chrysene),
all samples presented values above 0.35, indicating
vehicular emission sources. For (indene[1,2,3-cd]pyrene/
(indene[1,2,3-cd]pyrene + benzo[g,h,i]perylene)) all
samples had values less than 0.5 suggesting oil combustion
or vehicular emissions. The XLMM/XHMM of all
sediments presented values lower than 1, which indicates
sources of pyrogenic origin.

Considering that the results of the diagnostic ratios
indicated the possibility of both pyrogenic and petrogenic
origins on the sedimentary OM, it can be concluded that
there is a contribution from mixed sources, with a greater
predominance of petrogenic sources. The P2 sediment
stood out due to its high concentration of PAHs and
elevated specific diagnostic ratios, being considered the
most affected by hydrocarbon contamination, which may
be associated with the shipyard activities and navigation
traffic.

Trace metals and As

InTable S11, the concentrations of Ag, Cd, and Sn were
below the limit of quantification (LOQ) in all collected
samples, and Co was only detected in the P1 sample,
collected in the mouth of the Tatuoca River, which receives
urban discharges from neighboring cities. The average
concentration of trace metals followed the following
decreasing order: Zn (44.2) >V (28.0) > Cr (22.0) > Cu and
Pb (15.0) > As (1.0) > Co and Ni (6.0). The Zn was found
to present the highest mean concentration (44 mg kg™),
and also had the highest individual concentration in
sediments P1 (94 mg kg') and P2 (52 mg kg'), which
may be associated with its use for the cathodic protection
of structures related to shipyard activities that are subject
to corrosion, such as hulls of ships and pipes.”””

The assessment of environmental risks associated
with trace metal contamination is commonly conducted
by comparing sample concentrations with established
sediment quality guidelines. The first one used in this study
was resolution No. 454/2012, established by the National
Environment Council of Brazil (CONAMA), which
defines “the limit of low probability of adverse effects to
biota (LPAE)”.” Based on the limit, all samples showed
concentration below the LPAE, indicating that they do not
present a biological risk. The second guideline used was
the Canadian Interim Sediment Quality Guidelines, which
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categorizes sediments into threshold biological effect levels
(TEL) and probable effect level (PEL), linked to negative
biological impacts.®’ According to this guide, the majority of
samples have concentrations below the TEL, which indicates
a low probability of risks to the environment. However, two
elements require attention. Cu levels in samples near the
shipyards (P1 and P2) showed values between the TEL and
PEL, indicating a moderate probability of risk to the biota.
Moderate levels of As were also found in all samples in which
it was quantified (P1, P4 and P5).

In addition to comparatives with sediment quality
guides, several studies have utilized indices for determining
anthropogenic contamination, such as: enrichment factor
(EF), geoaccumulation index (Igeo), and contamination
factor (CF).14368182 The EF is commonly used to estimate
trace metal pollution. For this parameter, normalization
with Fe is often performed,®-* and calculations are
performed by the equation 1:

( Cn J
CFe sample

EF = < /wmle (1
( Cn j
CFe background

where the numerator indicates the ratio between the
concentration of the investigated element “n” and Fe in
the sediment sample, while the denominator indicates the
ratio between the background values of element “n” and
Fe %8182 The background values used were based on the
continental earth’s crust.®

The EF values are summarized in Table S12 (SI
section) and Figure 2a. These values show that most trace
metals exhibit values between 0.02 and 2.0, indicating low
enrichment, whose source can be associated with the regional
composition of the rocks. Only As presented values between
1.83 and 2.50, indicating moderate enrichment, which may
originate from anthropogenic contributions from the Port.3283

The I, can estimate the degree of anthropogenic

geo

contamination by trace metals through the equation 2:

C
I, =lo = 2
geo gZ(lan\J ( )

where C, is the concentration of the element “n” in the
sediment sample, B, is the background value of the element
“n” in the earth crust,’ and 1.5 represents the matrix
correction factor for background values resulting from
lithological variations.3!828687

Within the 7 contamination classes established for
L., ranging from class 0 (not contaminated, I,,< 0) to

geo?
class 6 (extremely contaminated, 1., > 5), the most metals

geo
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Figure 2. Results of contamination indexes by: (a) the enrichment factor
(EF), (b) geoaccumulation index (I,,), and (c) contamination factor (CF)
of sediment samples from the Port of Suape.

studied presented values between —4.81 and —0.14, being
classified as non-contaminated (I, < 0).*"%% Once again,
As presented higher values, being classified as moderately
contaminated (class 3; 2 <1, < 3) for samples P1, P4, and
P35 (Figure 2b and Table S13).81:8587

The CF was also calculated by comparing the
concentration of the metal investigated in the sediment (C,)
and its background value (B,).** As seen in Figure 2¢ and
Table S14 (SI section), for Cr, Co, Cu, Ni, and V, low levels
of contamination were identified for all samples (CF < 1).
We also have found As presented the highest values of CF,
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with sample P3 classified as considerably contaminated,
and the other samples classified as highly contaminated.
Notably, sample P1, located near one of the shipyards, in
addition to presenting the highest values for As (CF = 8.33),
also showed moderate contamination by Pb and Zn.%88

In general, the study area showed low levels of
contamination from most trace metals, with a decreasing
trend of contamination following the order: As >Pb > Co >
Zn>Cu>Cr>V >Ni. The identification of a moderate risk
of contamination from As, particularly close to the shipyard,
highlights the importance of continuous monitoring in the
region and remedial actions, to guarantee environmental
protection.

Statistical analysis

The PCA was carried out to investigate the correlation
of OM, TOC, particle size, and contaminations by sterols,
hydrocarbons, trace metals, and As, for the sediment
sampling points. The trends and similarities between
samples and variables can be analyzed through the
proximity between the points in question: the closer, the
greater the similarities.®*** The PCA results (Figure 3)
reorganize the data into two components that explain
54.35% (PC1) and 20.64% (PC2) of the data variance,
representing a total cumulative variance of 74.99%.

The P1 and P2 sediments exhibited positive scores
along the PC1, while P3, P4, and P5 sediments showed
negative scores. PC1 helps differentiate among the regions
that are associated with activities from shipyards in the
Port of Suape. In PC1, samples P1 and P2 are positively
correlated to the percentages of silt + clay (C) having the
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highest values found. On the other hand, P3 and P4 have
negative scores due to the lower values found for the silt +
clay variables, and also due to their positive correlation to
the sand contents (B), corroborating the effect of sediment
dredging. Although the concentration of trace metals
detected in this study was below the reference limits, there
is a clear positive association between the higher metal
content and P1 and P2 samples, which means that shipyard
activities in the region contribute to the introduction of trace
metals into the aquatic environment.

The P2 sediment showed the highest scores in PC1
and PC2, which was positively associated with OM, TOC,
biomarkers/ratios of sewage contamination coprostanol/
cholesterol), (coprostanol, coprostanol/(coprostanol +
cholestanol), and hydrocarbons (Zn-alkane, ZPAH, ~16PAH,
CPI, TAR, anthracene/(anthracene + phenanthrene) and
YLMM/>XHMM), indicating that this was the region most
affected by anthropogenic contamination, possibly resulting
from shipyard activity and intense navigation traffic. In
contrast, the P4 sediment has negative scores for the variables
mentioned above, and for all trace metals (except arsenic), due
to lower values obtained. P4 was also positively associated
with the epicoprostanol/coprostanol ratio, indicating it as the
sediment the least affected by contamination from sewage,
hydrocarbons, and trace metals. The high values of the ratios
of benzo[a]anthracene/(benzo[a]anthracene + chrysene) (Z)
and fluoranthene/(fluoranthene + pyrene) observed in the
P4 sediment suggest the prevalence of pyrolytic sources in
this region.

In PC2, the P2 and P3 sediments are positively
correlated to the Pr/Ph ratio as they present the highest
values for this ratio. The P5 sediment is associated with
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Figure 3. Principal component analysis (PCA) of the OM, TOC, patrticle size, sterols, hydrocarbons, trace metals, and As results for the surface sediments
from Port of Suape. A: OM; B: sand; C: silt + clay; D: TOC; E: TOC/TN; F: coprostanol; G: (coprostanol/(coprostanol + colestanol)); H: coprostanol/
cholesterol; I: epicoprostanol/coprostanol; J: arsenic; K: chromium; L: copper; M: nickel; N: lead; O: vanadium; P: zinc; Q: Xn-alkane; R: carbon preference
index (CPI); S: terrestrial/aquatic ratio (TAR); T: pristane/phytane; U: ZPAHs; V: £16PAHs; W: (fluoranthene/(fluoranthene + pyrene)); X: (anthracene/
(anthracene + phenanthrene)); Y: (Zlow molecular mass/Zhigh molecular mass); Z: (benzo[a]anthracene/(benzo[a]anthracene + chrysene)).
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TOC/TN (E) contents as it presents the highest value for
this variable, which is indicative of allochthonous OM
(terrigenous). Figure 3 shows a tendency of increasing
contamination from left to right in PC1 (red arrow) related
to the results discussed above which means that the PCA
was effective in differentiating the samples and confirming
the indications of anthropogenic contamination in the
sediments collected at the Port of Suape.

An HCA/heatmap was also generated (Figure 4) to
investigate which variables exerted greater influence on
the sediment samples through the differences in hues:
reddish and bluish tones present greater and lesser weight,
respectively.® The P2 sediment presented reddish tones
for the biomarkers of sewage contamination (coprostanol/
cholesterol), (coprostanol, coprostanol/(coprostanol +
cholestanol) and by hydrocarbon results (Zn-alkanes,
YPAH, X16PAH, CPI, TAR, anthracene/(anthracene +
phenanthrene) and XLMM/>XHMM)), as well as, for the OM
and TOC. The heatmap reinforced the results discussed in
this article that indicate the P2 sediment as the most affected
by anthropogenic contamination. On the other hand, the P4
sediment is marked with a bluish hue for the same variables
mentioned above, and warmer for the epicoprostanol/
coprostanol ratio (I), corroborating the indication obtained
in the PCA (Figure 3) that P4 was the least affected by

El
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Figure 4. HCA/Heatmap of the data from bulk and advanced analyses of
surface sediments from Port of Suape. Reddish and bluish tones present
greater and lesser weight, respectively. A: OM; B: sand; C: silt + clay;
D: TOC; E: TOC/TN; F: coprostanol; G: (coprostanol/(coprostanol +
colestanol)); H: coprostanol/cholesterol; I: epicoprostanol/coprostanol;
J: arsenic; K: chromium; L: copper; M: nickel; N: lead; O: vanadium;
P: zinc; Q: Zn-alkane; R: carbon preference index (CPI); S: terrestrial/
aquatic ratio (TAR); T: pristane/phytane; U: ZPAHs; V: X16PAHs;
W: (fluoranthene/(fluoranthene + pyrene)); X: (anthracene/(anthracene
+ phenanthrene)); Y: (Xlow molecular mass/Xhigh molecular mass);
Z: (benzo[a]anthracene/(benzo[a]anthracene + chrysene)).
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anthropogenic contamination. Still, in P4, warm tones
can be seen for the ratios benzo[a]anthracene/(benzola]
anthracene + chrysene) (Z) and fluoranthene/(fluoranthene
+ pyrene) (W) highlighting the predominance of pyrolytic
sources in this region, as also indicated by the PCA.

All trace metals showed reddish tones for sediment
samples taken from points P1 (mainly) and P2, indicating
their high values presented by these variables, corroborating
the indication that shipyards represent the gateway for these
metals. These same sediments, as well as P5, presented
reddish tones for silt + clay contents (C) and bluish tones
for sand contents (B); the opposite can be seen in P3 and
P4 sediments, showing the effect of sediment dredging. The
PS5 sediment presented the warmest shade for the variable
TOC/TN (E), corroborating with the indications obtained
throughout this study that terrigenous sources (mangrove
forest) are predominantly responsible for OM. The results
obtained from the HCA/Heatmap analysis are consistent
with the findings derived from the PCA analysis shown in
Figure 3, reinforcing the idea that the P2 sample was the
most affected by anthropogenic contamination, while P4
was the least affected.

Conclusions

We performed a multi-geochemical characterization of
sediments from the Port of Suape in northeastern Brazil
to evaluate environmental chemical contamination in a
multi-geochemical approach. Bulk analysis suggested
that the region was subject to aquatic and terrigenous
(predominant) OM. The analytical analyses indicated a
low degree of contamination from sewage and petroleum,
indicating an early stage of biodegradation. However, it is
important to highlight that P1 and P2 sediments exhibited
higher contamination levels, potentially attributed to the
shipyard activities in the port region. Trace metals analysis
also revealed low levels of contamination, except for As,
which pointed to a moderate risk of contamination, mainly
in P1 which is near the shipyard of the port, which demands
greater attention. Thus, our findings presented here indicate
a change in the quality of the sediments in the region and
the need to implement effective remediation strategies to
guarantee the environmental preservation of the area of one
of the most important ports in Brazil.

Supplementary Information
Supplementary data (geographic location of sampling
sites, analytical parameters for detection and quantification

of sterols, AHs, PAHs and trace metals, infrared spectrum,
linear correlations, comparison with other literature, and
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absolute concentrations of AHs and PAHs of sediments
samples collected in the Port of Suape, Northeast of
Brazil) are available free of charge at http://jbcs.sbq.org.br
as PDF file.
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