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Total organic carbon (Corg), total nitrogen (Nior), Corg/Niot, 613C0rg, 615N, calcium carbonate (CaCOg3), and grain
size were analyzed in 70 surface samples and 19 short cores from the southwestern Portuguese shelf. Perylene
and USEPA-16 PAHs were quantified in a subset of these samples. The findings suggest that organic matter
derives from a mix of terrestrial and marine sources, outlined by Corg, Nior, and isotopic signatures. Perylene
combined with 613C0rg was used to identify the main PAH sources in these environments. Diagnostic perylene

ratios revealed contributions from natural sources in the Tagus region and contaminated materials from the Sado
Dredged Disposal Site, with additional perylene in Sines linked to atmospheric deposition of pyrogenic sources. A
significant correlation between perylene and USEPA-16 PAHs indicates natural and anthropogenic inputs from
the Tagus. This multiproxy approach—combining USEPA-16XPAHs, perylene, and 513Corg—0ffers insights for
assessing environmental risks and guiding marine environmental management according to the MSFD.

1. Introduction

Organic matter (OM) in coastal sediments may originate from both
terrestrial and marine sources, including autotrophic and heterotrophic
organisms, as well as anthropogenic compounds (e.g., Schmidt et al.,
2010). The OM accumulated in these environments is highly dependent
on the source inputs, physical sorting by marine hydrodynamic pro-
cesses, and biogeochemical transformations that may involve reminer-
alisation both in the water column and sediments (Xia et al., 2022). The
physical dynamic processes involve the resuspension of sedimentary
organic matter and the degradation in the overlying water column,
which influences on the accumulation and burial of organic matter in

coastal waters (Sun et al., 2024).

In industrialized and urbanized coastal areas, polluted OM may
originate from sewage effluents, domestic, farming and industrial ac-
tivities (Liu et al., 2015; Rumolo et al., 2011). The released contami-
nants may attach to certain components of the sediment, such as fine-
grained mineral and organic matter particles, due to their surface
properties and the increase in surface area with decreasing particle size
(Birch, 2020; Logemann et al., 2023). The accumulation of contaminants
can lead to significant and abrupt changes in the marine environment,
threatening the sustainability of ecosystems. (Abessa et al., 2005; Mor-
eno-Gonzalez et al., 2015; Vinas et al., 2010).

The incorporation processes of contaminants trapped both in sinking
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organic matter and sedimentary organic matter also depend on its
composition, e.g. marine or terrestrial (Bianchi et al., 2002). Marine OM
is mostly composed of labile components that are easily degraded by
heterotrophic microorganisms, whereas terrestrial OM is derived from
soils and plants, which are generally more refractory (Burdige, 2007).
Different OM sources can be identified based on their bulk elemental
(carbon and nitrogen) and isotopic (613Corg and 5Ny compositions
(Zhao et al., 2019). The combination of bulk OM parameters such as
Corg/N, 613C0,g and 8'°Nyy is useful to trace the origin, fate and temporal
variability of sedimentary OM in estuarine and marine environments
(Andrews et al., 1998; Gao et al., 2012; Heyes et al., 2006; Rumolo et al.,
2011). These parameters are important for identifying sources assuming
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that the bulk elemental and isotopic ratios of sedimentary OM are
consistent and respond linearly to physical mixing among the end-
members (Andrews et al., 1998; Gao et al., 2012; Heyes et al., 2006).
Further understanding on the source and transport pathways of OM
can be obtained by analysing specific molecular organic compounds.
Polycyclic aromatic hydrocarbons (PAHs) are a group of organic mole-
cules primarily of anthropogenic origin and due to their toxic, carcino-
genic and mutagenic properties are considered of environmental
concern (Zhang et al., 2020; Zhang et al., 2014). PAHs are widely pre-
sent in the environment, and are used as geochemical markers to assess
anthropogenic influences in specific environments (Pang et al., 2022) as
well as in natural processes (e.g., wildfires, natural oil seep in sediments,
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Fig. 1. Map of the sediment sampling locations. Thick black lines represent the limits of the MSFD regions.



M. Mil-Homens et al.

diagenetic or thermal maturation processes) (Zakrzewski et al., 2020).
They are produced by the incomplete combustion of organic matter
through natural phenomena (e.g., forest fires) or human activities (e.g.,
direct release of oil and oil products, combustion of biomass and fossil
fuels) (Chen et al., 2006; Simpson et al., 1996). PAHs can be grouped
into three types: pyrolytic PAHs (combustion-derived), petrogenic PAHs
(petroleum-derived) and diagenetic PAHs (derived from biogenic pre-
cursors in sediment). Perylene, a five-ring polycyclic aromatic hydro-
carbon, is widely distributed in the environment. It is often found
alongside other man-made PAHs, but it can come from different sources
or environmental processes, indicating diverse depositional conditions
(Lima et al., 2003; Silliman et al., 2000). Specifically, perylene is asso-
ciated with terrestrial OM derived from fungal activity in forest soils
(Gocht et al., 2007; Hanke et al., 2019), suggesting that it can serve as a
terrestrial proxy for river inputs (Hu et al., 2014). Other authors propose
that perylene can be produced by early diagenesis of algal and crinoids
precursors (Liu et al., 2012; Venkatesan, 1988; Wakeham et al., 1979). It
can also be generated by human-made combustion processes
(Venkatesan et al., 1998). Due to their hydrophobic nature, low vapour
pressure and high octanol-water partition coefficient, PAHs have a
greater tendency to adsorb to suspended particles (Chen et al., 2024).

In Portugal, scarce information is available on the composition of
organic matter and PAHs in marine sediments. The present study de-
scribes a set of sedimentary organic matter parameters (Corg, Ntot, Corg/
Niot ratio, CaCOs, 515N, Slgcorg) and the 16 priority USEPA polycyclic
aromatic hydrocarbons (USEPA-16XPAHs), including perylene for the
first time, in region BT1.2 and most BT1.3 of the South Western Portu-
guese shelf (Fig. 1). The former area, the present study is aimed to
provide information 1) on the origin and composition of OM over the
recent past accumulated on the southwestern Portuguese continental
shelf, in the area that did not reach the Good Environmental Status
(GES) in the first Marine Strategy Framework Directive (MSFD) evalu-
ation report and the second fulfilled it satisfactorily (MAMAOT, 2012).
The information collected in the present study describes the origin and
composition of the OM deposited in the recent past, including its role in
PAH distribution and its potential role in the transport of organic con-
taminants (e.g., PAHs) from land to coastal areas. This baseline study
may provide useful information for environmental policies and regula-
tions aimed to reduce the burden of contaminants in the marine
environments.

2. Materials and methods
2.1. Sampling area

The study area corresponds to the BT1.2 area and part of the BT1.3.
The former is located near the Tagus and Sado estuaries and the port of
Sines. The northern one (Fig. 1), is characterized by a relatively wide
shelf (ca. 20-34 km) which comprises the shelf of Estremadura Spur in
the north and the Tagus shelf extending between Cape Roca and Cape
Espichel in the south. The Tagus River, the longest river of the Iberian
Peninsula, debouches on this northern segment via the Tagus estuary.
The shelf area adjacent to the Tagus estuary is characterized by prodelta
encompassing large muddy sediment patches between 50 and 130 m
water depth. Its fine-grained deposit is composed of sediments of both
fluviatile and marine origin (Gaspar and Monteiro, 1977; Jouanneau
et al., 1998; Lima, 1971).

The southern segment, here referred to as Region B, extends from
Cape Espichel to Cape Sardao and is marked by a fairly narrow (10-20
km) shelf and a steeper gradient than the northern counterpart (Vanney
and Mougenot, 1981). The relatively small Sado River debouches in this
area forming a small fine-grained sediment deposit is found in the shelf
area adjacent to the Sado estuary (Jouanneau et al., 1998). The Settibal
submarine canyon (SSC) incises the shelf seawards from the mouth of
the Sado estuary. The LSC connects to SSC as a tributary at around 2000
m water depth (mwd), and the SSC continues downslope until it reaches
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the Tagus Abyssal Plain at around 4840 mwd, 175 km from the canyon
head (Arzola et al., 2008).

The Tagus River represents the main source of freshwater input in
the area, with distinct dry/wet seasonal and inter-annual variability.
The mean discharge flow of the Tagus River close to the river mouth is
about 500 m> s ™1 estuary (Benito et al., 2003), while the Sado and Mira
Rivers contribute 40 and 10 m® s’l, respectively (Vale et al., 1993;
Ferreira et al., 2003). All three rivers end in tidal estuaries. The Tagus
estuary is the largest in Europe with an area of 330 km?. The Sado and
Mira estuaries encompass about 160 km? and 3 km? respectively
(Caetano et al., 2016). All three estuaries are characterized by intense
farming. Additionally, past mining activities of the Iberian Pyrite Belt
formations were also developed in these areas.

Lisboa and Settibal, 545,000 and 123,000 inhabitants, respectively,
are the two largest population centres in the adjacent land area. Sines
has the largest port in Portugal and is one of the main hubs for container
transhipment on the Atlantic and Mediterranean routes. Additionally,
the area contains an oil refinery and a thermoelectric power plant,
which was decommissioned at the end of 2021 (Cobelo-Garcia et al.,
2011; Costa et al., 2011; Jouanneau et al., 1998; Mil-Homens et al.,
2013; Mil-Homens et al., 2009). The Sado estuary has a shipyard, a
paper mill and a petrochemical complex that continue to operate. A
chlor-alkali plant, a pyrite roast plant, a smelter and a shipyard in the
Tagus estuary ended its activity in the eighties (Caeiro et al., 2005;
Canario et al., 2005; Figueres et al., 1985; Rocha and Palma, 2019).

All the western Portuguese shelf is characterized by seasonal coastal
upwelling during spring and summer, induced by the steady northern
winds (Fitiza, 1983). In its northern part the irregular coastal and sub-
marine morphology (e.g., Estremadura Spur, Cape Roca and Cape
Espichel, Cascais (CSC), Lisboa (LSC) and Setiibal (SSC) submarine
canyons), result in a complex upwelling system with active centres and
shadow areas (Moita et al., 2003). Coastal convergence (downwelling)
dominates during the cold seasons (Fitiza et al., 1982) taking place when
the wind stress that acts on the sea surface is oriented northwards.
Summer is marked by a low-energy wave regime (ca. 2 m significant
wave height), while the winter shows a high-energetic condition with
significant wave heights exceeding 5 m (Quaresma et al., 2007).

2.2. Sediment sampling

The sediment samples investigated were collected in the south-
western Portuguese continental shelf in two oceanographic campaigns,
March 2019 and 2021, onboard of the Noruega and the NRP Almirante
Gago Coutinho research vessels, respectively (Fig. 1, Table SM1 and
Table SM2). A Smith McIntyre grab, a multicorer and a boxcorer were
used. On-board, the surface sediments (0-2 cm) from the Smith McIn-
tyre grab were subsampled, while the sediment cores from the multi-
corer and box-corer were sub-sectioned in different depth intervals, with
1 cm resolution in the top 4 cm, 2 cm resolution between 4 and 20 cm
core depth, and 3 cm resolution below 20 cm core depth. Samples were
stored cool at 4 °C. In the laboratory, subsamples for the various types of
analysis (Corg and Nio; and their stable isotopes 613C0rg and 83Ny,
210pp, 226R4, grain-size) were freeze-dried. The subsamples for chemical
and isotopic composition analysis were sieved through a 2 mm mesh to
remove shells and other coarser material, and then milled using agate
pots in a Fritsch Pulverisette 7 Classic Line planetary mill.

2.3. Sample analysis

2.3.1. Sediment core dating

The 21°Pb and ??°Ra determinations were measured as described
elsewhere (Haffert et al, 2020). Briefly, the a-spectrometry de-
terminations were performed on 500 mg of freeze-dried ground and
homogenized sediment which was spiked with 1 mL of standard solution
of 2°°Po in 2 M HCI and leached with 10 mL of concentrated HCI for 6 h
at 85 °C in a water bath. For electrochemical deposition, 45 mL of
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demineralized water were added to the solution with 5 mL of ascorbic
acid (CgHgOg) solution (4 % w/v). The Po-isotopes (natural 210pg and
added 2%°Po) were deposited on suspending silver plates added to the
solution. Canberra Passivated Implanted Planar Silicon detectors were
used for a-spectrometry.

For the y-spectrometry, a small amount of freeze-dried and homog-
enized sediment sample was placed in a 5 cm diameter plastic petri dish,
which was then sealed with tape and placed in a gas-tight plastic en-
velope. After allowing the sample to reach equilibrium for at least 4
weeks, we used a Canberra Broad Energy Range High Purity Germanium
(BEGe) detector to measure 2'°Pb and 2%°Ra. The 46.5 keV line was used
for the former and 295.2, 351.9, and 609.3 keV lines for the latter. The
detector was connected to a computer by a digital spectrum analyzer
(DSA-1000) and the radionuclide activities were counted using Genie
2000 gamma spectroscopy software. The detector was calibrated
externally using a Geological Certified Reference Material IAEA/RGU-1,
dated 1 January 1988. A monitor standard IAEA-300 was used for
quality control.

Sediment chronology was based on the down-core distribution of
210pp, (half-life 22.3 years) determined indirectly by o-spectrometry
measurement of its granddaughter 210pg in 12 samples per core. 226Ra,
as proxy of supported 210pp (210Pbsupported), was determined in 3 sam-
ples per core by y-spectrometry. The difference between total 2°Pb
activity obtained by a-spectrometry and the average ??°Ra activity
(210Pbsupported) in each sediment core was taken to represent the excess
210pp, The estimation of sedimentation rates was based on fitting a
Constant Flux and Constant Sedimentation Rate model (Carpenter et al.,
1982) including a surface mixed layer (SML) CF/CS + SML on the
observed 21°Pb down-core profiles, as generally performed for 21°Pb
profiles marked by a relatively slow downward decline in excess 2!°Pb
activity in the biologically mixed surface sediment layer followed by a
more noticeable exponential downward decline in the deeper subsurface
sediment layer (Boer et al., 2006). The sedimentation rate was estimated
from the 21°Pb decline in the layer below the surface mixed layer.

2.3.2. Grain size

About 5 g of each lyophilized and homogenized sediment sample
were pre-treated with 150 mL of HyO, (30 % solution) and 1.5 mL of
NHj3 to oxidize the OM, in a water bath at 60 °C, until the end of the
reaction. Samples were then oven-heated at 65 °C for 24 h, washed three
times with ultrapure water and centrifuged to remove excess reagent.
After addition of 1.5 mL of sodium hexametaphosphate (CALGON) to
avoid flocculation of clays, the coarse fraction (>2 mm) was removed by
wet sieving. The grain-size distribution (from 0.04 to 2000 pm) was
determined by laser diffraction using a Coulter LS-1320. The measure-
ments were replicated three times for data consistency. The median
values were reported as volume % of the fraction <63 pm.

2.3.3. Elemental and stable isotope analysis

Total carbon (C;o) and nitrogen (Nyo) contents were determined by
high-temperature combustion on a Leco Truspec micro-analyzer CHNS.
For the determination of inorganic carbon (Cinorg), samples were first
heated in a muffle furnace for 3 h at 400 °C to combust OM. The Cq was
calculated from the difference between Cir and Cinorg content. Three
replicate subsamples of 2 mg of each dried and homogenized sediment
sample were measured, before and after combustion. The relative pre-
cision of repeated measurements was lower or equal to 0.03 % (dry
weight). Assuming that inorganic carbon occurs predominantly in the
form of calcite and aragonite, the CaCO3 content (in percent) was ob-
tained by multiplying the weight percentage of inorganic carbon by 8.3
(de stigter et al., 2007). The Corg/Nyo ratio was calculated considering
the ratio between organic carbon and total nitrogen on weight basis.

Stable isotopes of carbon (613Corg) and nitrogen (5!°N,) were
measured directly using an Organic Elemental Analyzer, Flash 2000,
coupled to an Isotopic Ratio Mass Spectrometer (IRMS), Delta V
Advantage via Conflo IV. Each sample was analyzed in duplicate
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(relative standard deviation of the measured duplicates was all within
+10 %). The 8'°Nyo¢ values were determined directly on bulk powdered
samples. For the analysis of stable carbon isotopes (613Corg), 200 mg of
sample were pre-treated with 2.5 mL HCl (1 M) and agitated at room
temperature for 24 h to remove the carbonates. Samples were then
washed with ultrapure water, centrifuged three times to neutralize the
sample, and freeze-dried to remove the water. Data quality control was
checked by running the certified reference materials (CRMs) in each day
of analysis. The CRMs used were USGS-24 and USGS-40 for 613C0rg and
IAEA-N1, IAEA-N2 and IAEA-NO3 for §'°N. The relative error in per-
centage of the 9 measurements of each CRM was 2.8, 0.5, 4.3, a.4 and
0.4, respectively. The raw measurements of samples and all standards
used were normalized relative to CRMs, namely USGS-24 (—16.05 %o)
and USGS-40 (8'3C -26.39 %q; '°N -4.52 %o) for carbon and IAEA-N1
(+0.4 %o), IAEA-N2 (+20.3 %0) and IAEA-NO3 (+4.7 %o) for nitrogen.
All the isotope data were reported in the conventional delta notation
relative to the Vienna Pee Dee Belemnite (VPDB). The results are given
in parts per mil (%o).

2.3.4. Analysis of polycyclic aromatic hydrocarbon (PAH)

The concentrations of polycyclic aromatic hydrocarbons (PAHs)
were determined following the method described in Van Drooge et al.
(2011). In brief, 5 g of freeze-dried sediment from each sample were
added to centrifuge tubes and spiked with 25 pL of a 16PAH-deuterated
standard mix (1 ng/pL for each surrogate compound). They were
extracted with 25 mL CH5Cly/MeOH (2:1) in an ultrasonic bath (3 x 15
min). After each extraction and centrifugation, the supernatant was
transferred into a glass balloon. Then, the complete extract was reduced
to 5 mL by rotary-evaporation, and 6 mL of KOH/MeOH (6 %) was
added to the balloon to hydrolyse the extract overnight. PAHs were
extracted with n-hexane (3 x 10 mL) from the hydrolysed extract using a
liquid-liquid method, and the combined supernatant was transferred to a
100 mL flask. The extract was then concentrated to 1 mL using a rotary
evaporator and loaded onto a 1 g Al,O3 column. Elution was carried out
using a 2 mL mixture of CHCly and hexane (2:1), and the eluate was
collected in a 50 mL glass flask. After rotary-evaporation to 1 mL, the
sample was transferred to a vial and further concentrated to 100 pL
under a gentle Nj stream. Subsequently, 1 pL of the concentrated sample
was injected into a GC-MS (Agilent 5975) equipped with a fused silica
capillary column (HP-5MS Agilent Technologies; 60 m length, 0.25 ym
film thickness, and 0.25 mm internal diameter). Helium was used as
carrier gas at a flow rate of 1.1 mL/min. The oven temperature was
initially set to 90 °C for 1 min, then increased at a rate of 10 °C/min until
reaching 120 °C, and finally increased at a rate of 6 °C/min until
reaching 320 °C, where it was held for 15 min. The transfer line, in-
jection port and ion source temperatures were set at 300 °C, 280 °C and
200 °C, respectively. The analyses were conducted in SIM mode for the
PAHs listed in Table SM3. The PAH concentrations were adjusted for
blank levels, which were within the range of the Limit of Detection of the
methodology, ranging from 0.01 to 0.09 ng/g (dry weight) (Table SM3).
Identification was performed by using the EPA Mix 9 standard and the
retention index method. Quantification was performed using calibration
curves for each compound (detector response vs amount injected stan-
dard and surrogate compound), except benzo(e)pyrene and perylene,
that were measured by reference to deuterated benzo(a)pyrene. All
measurements were performed in the ranges of linearity found of each
compound. The quantitative data were corrected for surrogate re-
coveries of the deuterated compounds which were between 65 % and 82
%.

2.4. Statistical data analysis

The statistical treatment was performed independently in the Tagus
region and Region B (Fig. 1). Box-and-whisker plots were calculated for
each variable in the two groups of samples. The Spearman correlation
coefficient was used to determine the relationships between the studied
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parameters (Corg, fine fraction, Ny, 5!%Nior and 613C0rg, perylene and
USEPA-16ZPAHs). The normality of the Corg and Ny data in the two
regions was assessed using the Shapiro-Wilk tests (p > 0.05; Statistica
version 14.0). Differences between the two sampling groups were tested
using the Mann-Whitney U Test (non-parametric).

3. Results
3.1. Sediment core chronology

The profiles of total 21°Pb activity (21°Pbyoy) versus sediment depth
are represented in Fig. 2. The highest 21°Pby; activities were observed in
the top 5 cm sediment from the Tagus region, ranging from 125 mBq/g
to 355 mBq/g. In this region, the lowest total 2!°Pb activity was
measured in core TG-06. This core, collected near the Tagus river mouth
at relatively shallow water depth of 71 m, had the coarsest median grain-
size when compared to the others from this region (see grain-size data).
Core CSST-7 (collected around 130 mwd) exhibited the highest total
210p} activity.

The collected sediment cores displayed relatively low and constant
226Ra activities (used as proxy for supported 210py, activity) with depth
(Table 1). These values were in good agreement with previous studies
obtained in the region (de Stigter et al., 2007; Mil-Homens et al., 2009;
Mil-Homens et al., 2006). The down-core profiles of 210pp,« showed
surface mixed layers (SML) reaching depths of 2 to 10 cm (Table 1).
These SML can be attributed to natural sediment mixing by bioturbation
and anthropogenic mixing resulting from bottom trawling, anchoring,
dredging, and dumping operations. These processes can modify the
physical (e.g., grain size), chemical (e.g., OM degradation) and biolog-
ical properties of the sediments. The occurrence of species, such as the
crustacean Callianassa subterranea in the Portuguese shelf sediments can
explain the relatively large thickness of the SMLs reaching 9-10 cm in
several sediment cores (Table 1). This species lives in sandy-muddy
bottom sediments (Sampaio et al., 2016) and is capable of excavating
burrows that can reach several tens of cm deep (Ziebis et al., 1996). In
cores TG-06 (sampling location nearest to the Tagus river mouth) and
CSS-3 (collected inside the Sines harbour) 2!°Pby, activity showed only
little decrease with depth (Fig. 2), suggesting fast sedimentation.

3.2. Grain-size, CaCO3, Corg and Ny contents

The surface samples and down-core samples of the Tagus shelf region
showed significantly higher contents of fine fraction in the Region B

Table 1
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Length of the studied sediment cores, thickness of the surface mixed layer (SML),
sedimentation rate (SR in cm/yr), and ??°Ra activity. n.p.e. means not possible

to estimate.

Region Cores ID Length (cm) SML SR 226Ra
(cm) (cm/yr) (mBq/g)
Tagus region CSST-2 32 10 0.16 28 £4
CSST-4 26 9 0.42 33+4
TG-06 28 n.p.e n.p.e 41 +1
TG-02 35 6 0.72 34+1
CSST-7 26 2 0.98 31+2
CSST-8 23 6 0.26 37+1
“Region B” CSS-5 19 5 0.15 23+3
CSS-4 12 9 0.11 16 +3
MP2-975 16 6 0.14 19+2
MP1-978 18 7 0.12 34+11
MP1-33 16 7 0.09 1442
MP1-34 25 9 0.03 22 +4
MP1-38 17 9 0.05 14+3
MP1-989 21 7 0.15 1942
MP5-55 18 6 0.12 30+2
MP5-1 13 9 0.17 13£5
CSS-2 14 11 0.03 20+ 2
CSS-3 21 n.p.e. n.p.e. 20 £2
MP3-29A 31 8 0.15 13+£3

samples (Fig. 3a, Fig. 4a and Fig. SM1). The median fine fraction content
this region was around 80 % (Fig. 3a), increasing down-core to 89 %,
with the lowest content found in core TG-06 (Fig. 4a). In Region B, the
fine-fraction contents in the surface samples were only similar to those
found in the Tagus shelf only in core CSS-3 (inside of the Sines harbour)
and in core CSS-5 collected near the Sado dredged material disposal site
(DMDS) (Fig. 3a).

No gravel-sized material was observed in the sediment cores from the
Tagus region. The surface samples in Region B (ca. 65 samples) and in
short cores were dominated by sand with relatively low quantities of
gravel (mean contents around 2 %), except in five cases that had gravel
contents around 25 % (MP3-999, MP2-976, MP1-982, MP1-984, MP5-
3). The gravel was mainly composed of biogenic calcium carbonate
debris.

The calcium carbonate (CaCOg3) contents were generally low in the
Tagus region (Fig. 3d and Fig. SM1d). In this region, the highest contents
were found in the surface samples of cores CSST-2 and CSST-4, located
further away from the Tagus mouth. The highest CaCO3 contents were
also found in the vicinities of Vila Nova de Milfontes (Mira mouth). The
surface samples containing the highest CaCO3; contents were
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Fig. 2. Distribution of total 2!°Pb activity with depth in the studied sediment cores.
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Fig. 3. Spatial variation of fine fraction (%) and CaCO3 (%) (a), and Corg (%) and Niot (%) (b) in the collected surface sediments. The samples are ordered from North
(left) to South (right). The shaded area indicates the samples collected from the Tagus region.

characterized by relatively low fine-fraction contents, suggesting that
CaCO3 was mainly present in coarser-grained biogenic (shells and
foraminifera) debris.

The spatial distributions of Cyg and Nyt paralleled the distribution of
the fine fraction (Fig. 3, Fig. SM1a-b, Fig. 4a-c), with the highest values
observed in the Tagus shelf and the lowest in the remaining locations
further north and south. The same general pattern of low CaCO3 and
high Corg and Nio; contents in surface sediment of the Tagus region was
found in the sediment column (Fig. 4a-d), with rather uniform downcore
distributions (Fig. SM3 and Fig. SM4).

The Shapiro-Wilk test showed statistically significant differences
between both regions in the surface and downcore samples (Table SM4).
The Mann-Whitney U-Test for non-normally distributed variables
showed that the fine fraction, CaCO3, Corg, and Ny distributions in the
two regions were significantly different, involving fine fraction U = 25,
11, 33 and 169, respectively (p < 0.05 in all cases). The observed CaCOs,
Corg and Ny, contents in the Tagus region were in good agreement with
those obtained in previous studies in this part of the Portuguese margin
(Alt-Epping et al., 2007; Costa et al., 2011; Mil-Homens et al., 2009).

3.3. 8Ny and 613Carg of sedimentary organic matter

The median §'°Ny,; values of 5.1 %o (range from 4.7 %o to 5.8 %o) in
the sediments from the Tagus region were slightly higher than those
from Region B, 4.7 %o (range from 2.4 %o to 7.1 %o), respectively (Fig. 5).
The 613C0rg in the samples from the Tagus and B regions ranged from
—26.4 %o to —20.3 %o (median value of —23.5 %o) and from —24.2 %o to
—20.3 %o (median value of —21.8 %o), respectively (Fig. 5). These values
were in good agreement with those obtained previously in surface
samples collected in the Tagus prodelta region (Alt-Epping et al., 2007).

The surface and down-core samples sediments from the Tagus region
had a different 5'°Nio and 613C0rg signatures from those of Region B
(Mann-Whitney U Tests U = 1930 and U = 448, respectively, p < 0.05).
Both 8'°N¢ and 613C0rg distributions were significantly non-normal
(Table SM4). In the two regions the values of 613C0rg and 8'°N,o; were
not correlated with Corg content (Tagus region Spearman correlation
coefficient r = —0.19, p = 0.05; Region B r = 0.01, p = 0.05) suggesting
that the sedimentary organic material had a high level of heterogeneity

due to multiple sources.

The uniform down-core trends of these two parameters suggests a
rather constant input through time (Fig. SM3 and Fig. SM4). Core TG-06,
from near the Tagus river mouth, constituted an exception, with
approximately constant values of 5!°Njo; and chorg from the bottom of
the core up to 15 cm depth, followed by an increase towards the surface
(Fig. SM5). Unfortunately, the 21°Pb results did not allow establishing
the sedimentation chronology at this core location (see sub-section 3.1).

3.4. Concentrations of perylene and the USEPA-16XPAHs

The highest concentrations of perylene and USEPA-16XPAHs were
observed in sediments of the Tagus shelf area (Fig. 6 and Fig. 7). In the
Tagus region perylene ranged from 4 to 408 ng/g (median 64 ng/g),
while in Region B varied from 1 to 55 ng/g (median 4.5 ng/g) (Fig. 6b).
The highest concentrations of perylene and USEPA-16XPAHs were
found in core TG-06 collected in the shelf area adjacent to the Tagus
river mouth (Fig. 6, Fig. 7 and Fig. SM2).

As is the case of the other parameters studied, the concentrations of
perylene and the USEPA-16XPAHs showed, in general, small down-core
variability (Fig. 7a Fig. 7b). However, it is possible a slight increase of
these compounds was observed in cores CSST-2, CSST-4, CSST-8 and
MP2-975 (Fig. SM3 and Fig. SM4) as well as a decrease in core TG-06
(Fig. SM5). These two variables and the fine fraction and Cog contents
had a similar spatial and down-core variabilities. In the upper 10 cm of
core TG-06 a decrease in the concentrations of perylene and PAHs was
observed, following the trend of decreasing fine fraction and Cog con-
tent. However, the high values at sub-surface (2-3 cm depth), where
both the fine-fraction and Co¢ content showed little changes (Fig. SM5),
suggests that other factors than grain-size or organic carbon were
responsible for these enrichments.

Very few previous studies on PAH concentrations (Rocha and Palma,
2019; Rocha et al., 2017) in marine sediments from the Portuguese shelf
area available. The concentrations of perylene and PAHs in the surface
sediment collected near the Tagus river mouth (TG-06, CSST-7 and
CSST-8) were much higher than the values found by Rocha and Palma
(2019), e.g., perylene and PAHs concentrations of 54 and 171 ng/g,
respectively, in the vicinities of TG-06 had.
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Fig. 6. — Box-whisker plots for the perylene a) and USEPA-16XPAHs b) in the
studied sediments. The star symbols represent outlier samples.

In both regions, the USEPA-16XPAHs distributions were significantly
not normally distributed in both regions (Table SM4; Figures SM3-SM5).
The Mann-Whitney U Test showed that USEPA-16ZPAHs and perylene
distributions were significantly different (U = 884 and 216, respectively,
p < 0.05). In both areas the concentrations of USEPA-16XPAHs and
perylene were significantly correlated (Tagus region Spearman corre-
lation coefficient r = 0.97, p < 0.05; Region B r = 0.86, p < 0.05),
suggesting the same transport pathway or similar input sources. How-
ever, no positive correlation of perylene and PAH with the sediment fine
fraction and Cog Was observed in the Tagus region suggesting that the
variability of PAHs in sediment of the Tagus region was mostly related to
variations in sources and emissions than being dependent on the

depth, leading to the winnowing of fine-grained particles.

The high fine-fraction content observed inside the Sines harbour
likely reflected the relatively low hydrodynamic energy that allowed the
deposition of these fine-grained particles. In other cores from Region B,
the fine-fraction content was consistently higher at the surface
compared to further down-core, suggesting the presence of transient fine
sediment deposits that are winnowed out and exported to adjacent areas
over longer time spans. The finer-grained core tops were considered
statistical outliers (Fig. 4a). While the mouth of the Tagus estuary is
relatively sheltered from ocean waves incident from the north-westerly
direction, the winnowing might also be the result of internal waves
generated at the nearby edge of the Lisboa Submarine Canyon (LSC) that
propagate onto the shelf, as described in the Nazaré Submarine Canyon
(Quaresma et al., 2005).

In Region B, the relatively coarser sediments reflected from
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Fig. 7. Spatial variation of perylene and USEPA-16XPAHs in the surface samples (a). Box-whisker plots for the perylene b) and USEPA-16XPAHs c) in the collected
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hydrodynamic conditions that were vigorous enough to mobilize fine-
grained particles and the low discharges from the Sado and Mira
rivers, and consequently low export of fine-grained particles to the
coastal area. The similarity of the spatial distribution pattern of Corg, Niot
and fine fraction confirmed the trend of OM to accumulate with fine
material (Mayer, 1994), in contrast to CaCOs that tended to be found in
sand.

4.2. Assessing the characteristics of organic matter in marine sediments
using Corg/Nior and 6" Corg

4.2.1. Variability pattern of Corg/Niot

The Corg/Nyot ratio is commonly used as a tool for distinguishing
terrestrial and marine organic matter in sediments (Stein, 1991). The
range of organic carbon-total nitrogen ratio (Corg/Nior) for marine OM
varies between 4 and 10, this ratio is higher than 15 in terrestrial plants
which is attributed to the presence of cellulose (Meyers, 1997; Meyers,
1994). The presence of cellulose in most land plants, adding up to their
relative C content, explains the higher Cory/Nio ratios in terrigenous
OM. This ratio is >20 when vascular land plants prevail (Meyers, 1994).
The presence of significant inorganic nitrogen (adsorbed on clay min-
erals) and/or the occurrence of fractionation processes during OM
degradation may modify the Corg/Niot ratio, limiting the use of this ratio
as an indicator of OM source in marine sediments (Meyers, 1997;
Schubert and Calvert, 2001).

Representation of Ny vs Corg in the sediments of the Tagus region
(Fig. 8) showed a high positive intercept of nitrogen (0.06 %) with zero
organic carbon (Corg), which may indicate the occurrence of inorganic
sedimentary nitrogen in sediments that can be bound as ammonium ions
to clay particles, especially illite (Fig. 8) (Schubert and Calvert, 2001;
Stein and Rack, 1995). The regression line (in green) for the Nio¢ and Corg
from Region B crosses very close to the axis origin (refer to Fig. 5),
suggesting that nitrogen in the sediment was mainly present in the form
of organic compounds. Therefore, N, can be used as an estimation of
organic nitrogen (Norg) (Goni et al., 1998; Hedges et al., 1988). Ac-
cording to these regression plots 38 % and 69 % could be explained in
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Fig. 8. Relationship between total nitrogen (Ni;) and organic carbon (Corg) in
the two studied regions. The solid grey and green lines represent the linear
regression of the samples from the Tagus region and B region, respectively. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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terms of the content of Cyg in the Tagus region and Region B.

Thus, a substantial part of Ny, was associated with other nitrogen
forms. Lima (1971) found that illite is the dominant clay mineral in the
clay fraction between Cape Raso and Cape Espichel (see locations in
Fig. 1), particularly in the most offshore areas of this shelf sector (range
between 34 and 66 % and median 49 %). The Corg/Niot ratios of the
surface samples from the Tagus region and Region B ranged from 12 to
37 (median 13) and from 4 to 14 (median 8), respectively (Fig. 9).
Hence, the OM in the former could be derived predominantly from
terrestrial inputs, whereas that of the Region B was mostly of marine
origin. Consistently, core TG-06 (nearest to the Tagus river estuary
mouth, Fig. 1) had the highest Cog/Nior ratio. Consequently, the pre-
dominance of OM from marine sources in surface samples of Region B
was consistent with the relatively minor discharges from lower Sado and
Mira rivers. The samples with extremely low (<3.5) Corg/Nior ratios (4
out 8) were mostly from core MP5-1 (located offshore Sines harbour, see
Fig. 1), characterized by low contents of Cyg, possibly due to the effi-
cient degradation or low deposition of organic matter at this location.
Also in the subsurface sediment samples, the Cory/Nio; values were
highest in the Tagus region (Fig. 10). Still, no down-core variability was
observed in the uniform Corg/Nyo ratios.

4.2.2. Spatial and temporal distribution of 613C0rg and 615Nm

Marine OM is generally more enriched in 813Corg and §'°Nyo; than
terrestrial OM (Lamb et al., 2006). The values of 613Corg in C3, C4 plants,
and marine phytoplankton range, from —30 %o to —24 %o (average
around —27 %o), —16 %o to —10 %o (average around —13 %o), and — 22 %o
to —19 %o (average around —20.5 %o), respectively (Meyers, 1994). On
the other hand, the 5'3C values of sewage effluents may vary from —26
%o to —22 %o overlapping both terrestrial and marine sources (Barros
etal., 2010). Early diagenesis has minimal impact on the carbon isotope
composition of sinking and recently deposited OM. Accordingly, the
isotopic signature of the sources is largely preserved in the sedimentary
OM (Rumolo et al., 2011).

Marine organic matter (OM) is typically isotopically heavier than
terrestrial OM due to phytoplankton uptake (Schubert and Calvert,
2001), with bulk 8'*Ny, values between 3 %o-12 %o (Owens, 1988) and 5
%o-7 %o in phytoplankton (Lamb et al., 2006). Nitrogen-fixing terrestrial
plants produce OM around zero 8'°Ni,(, while those using soil minerals
usually have positive values (Gao et al., 2012; Lamb et al., 2006).
Therefore, terrestrial OM averages 2 %o-3 %o, with a range of —10 %o to
10 %o. Wastewater treatment leads to heavier §'°Ny values, with live-
stock wastewater ranging from 10 %o to 25 %o (Wang et al., 2018). Un-
treated sewage effluents show 515Nior values from 1.8 %o to 3.8 %o
(Sampaio et al., 2010), while agricultural fertilizers can lower these
values below 1.2 %o (Barros et al., 2010).

Bi-plots of SlsNtot Vs 613C0rg (Fig. 11a and b) and 613Corg VS Corg/Niot
(Fig. 12a and b) were used to get further information on the OM sources
in the two regions. Typical 5%Niot, 613C0rg values and Corg/Nyo ratios for
marine OM range, from 5 to 7 %o, from —18 to —24 %o and from 4 to 10,
respectively (Lamb et al., 2006). OM produced by C3 vascular plants has
an average 613C0rg value of —27 %o and Corg/Nyo ratios higher than 15
(Meyers, 1997).

The median 613C0rg values (—21.8 %o) and Corg/Nio ratio (8.0) in
sediments from Region B were found within the range of marine algae.
The overall heavier (more negative) 613C0rg values and higher Corg/Niot
ratios in sediments from the Tagus shelf, and especially in core TG-06,
might reflect a greater contribution of C3 plants to OM in the sedi-
ments of this region, which was consistent with the highest river input in
this shelf area. This contribution decreased with increasing distance
from the Tagus river and was consistent with the highest Corg/Nior ratio
(37) in the TG-06 surface sample. Although the core TG-06 had a lower
fine fraction and Corg content than other cores from the Tagus region,
indicating a regime of high hydrodynamic energy, the upward increase
in 8Ny and 513C0rg values suggested a slightly increase of marine
influence (Fig. 11a). The OM showed a strong signal of terrestrial



M. Mil-Homens et al.

Marine Pollution Bulletin 210 (2025) 117303

REGION B

I
terrestrial
32
=15
I i
mixing [ Z
10

TG-02

TG-06 =
CSST-74
CSS-5
CSS-4-
MP2-975
MP1-989—
MP5-55+
CSS-3+
MP5-1
CSS- 2+
MP3-29A
MP2-DSS1
MP2-976 —
MP1-39
MP1-982
MP1-981
MP1-983
MP1-984
MP1-26

MP1-34
MP1-33+

CSST-2 =

CSST-4 »
CSST-8
MP1-978
MP1-38
MP2-DSS4
MP2-DSS2

station ID

Fig. 9. Spatial variation of Corg/Nio in the collected surface sediments. The samples are ordered from North (left) to South (right). The shaded area marks the surface
sediment samples collected from the Tagus region. The light brownish and blue shaded bands represent the ranges of Cog/Niot values of terrestrial and marine
organic matter originated, as indicated in Meyers (1994, 1997). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

REGION B
DU o PSR o PN\ ST TR ST TR Y s 08X
A R A kA A A A A A S
llllllllllllllllllllllllllllllllllllllllllllllllllll>
fromNto S
20 Tagus
region
terrestrial

=g 7

mixing

Tagus

marine

+  terrestrial

4

=] % [z
= da . S
= Vicinities of the 3 [
Sado dredged . =
Tagus material terrestrial 8 L 26
region disposal site (%} L
-28

Fig. 10. Box-whisker plots for the Corg/Nio ratios a), 5'%N;o b) and 613C0rg ), in the collected sediment cores, ordered from North (left) to South (right). The shaded
area marks the cores collected from the Tagus region. The light brownish and blue shaded bands represent the ranges of Corg/Niot, 5'5N;or and 813Corg values of
terrestrial and marine organic matter, after Meyers (1994, 1997). The star symbol represents outlier samples. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

derived materials as suggested by the cross-plots of 613Co,g VS Corg/Niot
(Fig. 12a) and 613C0rg Vs 615Ntot (Fig. 11a). The relatively lighter & 3COrg
in core CSST-2 (Fig. 10c), representing the northernmost sampling
location of the Tagus region, suggests that the OM was a mixture of
material from both marine and terrestrial sources, but with a lower
contribution of OM derived from the Tagus river.

Surface samples (MP1-981, MP1-987, MP1-992, MP5-5, MP5-60,
MP3-999 and MP3-996) with high 5'°Nyo; values are characterized by
relatively low contents of N and fine-fraction (Fig. SM2). These values

10

are typical of marine OM (Owens, 1988).

4.2.3. Quantification of OM sources

The relative proportions of terrestrial allochthonous and marine
autochthonous OM in the sediments of the southwestern Portuguese
shelf can be estimated by application of the 5'3C-based two end member
mixing model (Perdue and Koprivnjak, 2007; Shultz and Calder, 1976).
The proportion of terrestrial OM to total OM is expressed as Tom (%) and
calculated from the following eq. (1):
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Towm (%) = ((8" Corg(mar) — 8" Corgiameas) ) / (8" Corglmar) — 8" Corg(ter) ) X 100%
(@]

where 613C0rg(meas) is the measured carbon isotope composition, 613C0rg
(tery and Slscorg(mar) are the terrestrial and marine end members,
respectively. The contribution of marine OM (Mgy; %) to total OM was
estimated by difference, according to the following eq. (2):

(2)

The value of the 613Corg terrestrial end member (813C0rg(ter)) was
chosen as —27 %o, close to the lowest 813C0rg value found in this study

MOM (%) =100— TOM (0/0)

11

(—26.4 %o) and in the middle of the stable carbon isotope range of
terrestrial C3 plants (—30 to —24 %) (Gao et al., 2012; Liu et al., 2015;
Winkelmann and Knies, 2005). Likewise, —20 %o was assumed as the
613C0rg value of the marine end member. This value falls in the stable
carbon isotopic range of marine phytoplankton (—22 to —19 %) given
by Meyers (1997) and is in good agreement with the values reported by
(Gao et al., 2012; Liu et al., 2015; Winkelmann and Knies, 2005).
Terrestrial organic matter (Toy) dominated the two surface samples
(TG-02 and TG-06) collected nearby the Tagus river mouth, reflecting
the proximity of the terrestrial source. In the other surface sediment
samples from the Tagus region, the relative contribution of terrestrial
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OM was slightly lower than the marine-derived OM. In the surface
samples of the region B, the marine-derived OM (OMp,,,;) was dominant,
accounting for 67 + 14 % (Fig. 13). The contribution of Corg(ter) t0 Corg
was predominant in the Tagus region (Fig. 13).

The down-core values of Toy showed a similar pattern as in the
surface samples. In the Tagus region, in particularly in cores TG-06, TG-
02, CSST-7 and CSST-8, terrestrial OM was dominant (Fig. 14). The in-
fluence of terrestrial sources decreased with distance from the Tagus
river, suggesting progressive dilution with marine OM. Although the
contribution of terrigenous OM was lower in the Region B sediment
cores, it is still substantial. It should be considered as Cog is one of the
most relevant contaminant carriers.

4.3. Origin of perylene: anthropogenic vs. natural diagenetic

The spatial distribution pattern of perylene and USEPA-16XPAHs
paralleled the distribution of the fine-fraction and Co contents. In
general, high concentrations corresponded to high fine-fraction and Cog
contents. However, the highest value of both perylene and the USEPA-
16XPAHs occurred in the subsurface sample of core TG-06. This core had
a lower fine fraction and Corg content than others from the Tagus region
(Fig. 3a). The relatively heavier 613C0rg value found at this location
(Fig. 10c) reflected the prevalence of terrestrial OM in the proximity of
the river, enriched in contaminants (USEPA-16XPAHs derived from
anthropogenic sources) as well as terrestrial materials (perylene,
613Cmg). In Region B, core MP5-1 collected in the vicinities of the Sine
harbour also showed relatively high concentrations in both perylene and
the USEPA-16XPAHs in very low contents of the fine fraction and Corg. In
opposition to TG-06, the relatively lighter 613C0rg value together with
the Corg/Nior found at this location (Fig. SM2) pointed to a marine OM. In
this case, Sines with both perylene the USEPA-16XPAHSs could be asso-
ciated with atmospheric deposition of anthropogenic pyrogenic sources
derived from the Sines chemical complex.

The concentration of perylene decreased with increasing distance
from the Tagus river mouth (Fig. 15a and Fig. SM2c). This pattern was
also observed in other coastal settings (Hu et al., 2014; Luo et al., 2006;
Varnosfaderany et al., 2014), suggesting progressive dilution and/or
oxidation of perylene downstream of the source (Li et al., 2022). The
progressive decrease of both perylene and USEPA-16XPAHs from the
Tagus shelf to open marine waters was consistent with a predominant
terrestrial input mediated by the river discharges. In the Tagus region,
this was also consistent with the negative correlation of perylene and
USEPA-16XPAHs with 613C0rg (Spearman correlation coefficient r =
—0.89 and r = —0.79, p < 0.05) (Fig. 15¢) and the positive correlation
with the Corg/Nyo ratio. Neither the Tagus region nor Region B showed
downcore perylene distributions increasing with depth, as reported in
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other areas (Chen et al., 2006; Silliman et al., 2000), which allowed to
discard local early-diagenetic enrichment.

In Region B, no clear correlation was observed between 613C0rg and
perylene 613C0rg (Fig. 15b) and USEPA-16XPAHs (Fig. 15d). Thus, in this
region the perylene may not have a predominantly terrestrial origin but
rather represent a mixture originating from natural biogenic diagenesis
of marine precursors and anthropogenic inputs. Perylene and USEPA-
16XPAHs wre significantly positively correlated with fine-fraction and
organic carbon content (perylene: fine fraction r = 0.57, p < 0.05 & Corg
r = 0.57, p < 0.05; USEPA-16XPAHs: fine fraction r = 0.57, p < 0.05 &
Corg 7 = 0.47, p < 0.05), indicating the affinity of these compounds with
organic matter and fine-grained sediment content and the role of the
latter in the transport and dispersion of PAHs.

The origin of perylene, either natural or anthropogenic can also be
assessed from the proportion of perylene relative to the sum of five-ring
PAHs concentrations (£5-rings; benzo(b)fluoranthene, benzo(k)fluo-
ranthene, benzo(e)pyrene, benzo(a)pyrene and perylene) and by the
proportion of perylene relative to 17XPAHs. Values of perylene/~5-ring
PAHs >10 % indicated a natural diagenetic origin, whereas <10 %
suggests a probable anthropogenic pyrogenic origin (Bajt, 2022; Hu
et al., 2014; Readman et al., 2002; Silliman et al., 2000). In the sediment
samples from the Tagus region and Region B, the ratio between per-
ylene/X5-ring PAHs ranged from 16 % to 36 % (median value 27 %) and
from 8 % to 54 % (median value 21 %), respectively (Fig. 16a), sug-
gesting that perylene was derived from natural early diagenetic sources
(marine and terrestrial inputs) in the Tagus region and in most locations
of Region B. Therefore, this compound can be used as a tracer for
evaluating the contribution of the Tagus river inflow to PAH contami-
nation originating from the estuary.

The lowest perylene/X5-ring PAHs, indicating possible anthropo-
genic pyrolytic origin, in this region were observed in the vicinities of
Sines (cores MP5-1 and CSS-3, with median values of 9.7 % and 11 %,
respectively) and in one of the sediment cores collected nearby the Sado
DMDS (core CSS-5, median value of 11.1 %) (Fig. 16a). The Sado DMDS
is a local deposition site of moderately contaminated sediment, derived
from dredging in navigation channels, harbours, and shipyard facilities
that is rated as Class 3 in the 5-class system that integrates the Portu-
guese regulation for dredged material quality assessment for trace
metals (As, Cd, Cr, Cu, Hg, Ni, Pb and Zn) and persistent organic pol-
lutants (e.g., PCBs, PAHs, HCB) (MAOTDR, 2007). Sediments with
relatively high concentrations of the 5-ring PAH benzo(b)fluoranthene
(72 ng/g) have been identified in the vicinities of the shipyards and a
petrochemical complex located in the northern Sado river industrialized
margin (Goncalves et al., 2016).

For what concerns the proportion of perylene to 17XPAHs, a value of
1-4 % indicates that the source is pyrogenic (Bakhtiari et al., 2009; Fang
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et al., 2003). In the sediment samples from the Tagus region, perylene/
17%PAHs ranged from 6 % to 16 % (median 11 %), indicating again that
perylene in sediments from that region had a diagenetic origin
(Fig. 15b). The USEPA-16XPAHs correlate positively with perylene,
indicating that these compounds were subject to similar mixing and
transport from the terrestrial source to the marine deposition area. Low
values of perylene/17XPAHs occurred in three cores from Region B
(Fig. 15h, Fig. 16b), two (CSS-3 and MP5-1) in the vicinity of Sines and
the third (CSS-5) in the vicinity of the Sado DMDS. The median values of
perylene/17XPAHs in these cores were 2.0 %, 2.7 %, and 3.7 %,
respectively. These low values in the Sines area confined to a relatively
small area, indicate that the source of perylene in these locations is most
likely pyrolytic, probably derived from the oil refinery and thermo-
electric power plant in Sines. In the absence of river inputs atmospheric
contributions derived from the Sines industrial complex are relatively
important. In core CSS-5, deposited PAH-contaminated dredged mate-
rial from the Sado estuary is a probable source (Fig. 15f, Fig. 16b).

5. Conclusions

Spatial and down-core (temporal) variations were assessed in marine
sediments of the Southwestern Portuguese continental shelf. The down-
core variability of grain size, CaCO3, Corg, Niot, stable isotopes (613COrg
and 8'°Nyqy), perylene and USEPA-16 SPAHs suggested a lack of major
changes occurred in the supply of terrestrial and marine sediment and
OM over the past decades covered by the studied sediment cores.
However, perylene and other PAHs, showed slightly increases towards
the surface in some cores, suggesting variable inputs.

The spatial distributions of these proxies in surface in sediments of
the Tagus region and Region B reflected variable supplies and mixing in
diverse proportions of sediment particles and OM of terrestrial and
marine origin. In the Tagus region, the terrestrial contribution to the OM
decreased with increasing distance from the Tagus river and increasing
marine OM contribution. The OM in sediments closest to the Tagus River
outflow (TG-02 and TG-06) were predominated by terrestrial sources.

Perylene and the USEPA-16XPAHs were significantly correlated in
both regions. The diagnostic ratios suggested that perylene in the Tagus
region was derived from terrestrial sources, pointing to the importance
of mixing processes during the transfer of the sediments from the river to
the marine environment rather than a common anthropogenic source.

In the Region B, particularly nearby Sines and the Sado DMDS, the
diagnostic ratios suggested that perylene had an anthropogenic

15

pyrolytic origin. In the absence of significant river inputs in this area,
perylene likely originated from atmospheric deposition derived from the
Sines industrial complex. At Sado DMDS perylene likely originated from
deposition of contaminated materials derived from dredged areas of the
Sado estuary. The results of the present study indicated that perylene in
the Tagus region may be used as is a proxy of terrestrial input to evaluate
the influence of the Tagus river in the adjacent coastal area.

The multiproxy approach described in the present study provides
better understanding of the origin and transport pathways of OM and
contaminants in marine sediments. It supports a more accurate assess-
ment of contaminant loads and sources, in the context of marine dy-
namics (e.g., MSFD), which may be of interest for application of risk
assessment programs in other regions.
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