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Contribution of settling measurements to the study of polycyclic aromatic
hydrocarbons' (PAHs) mobilisation during resuspension of PAHs-associated
sediment

Giséle Usanase® - Nathalie Azema® - Youssef El Bitouri* - Jean-Claude Souche? - Catherine Gonzalez?

Abstract

This paper aimsto investigatethe effect of the settling behaviour of sediment particlesduring resuspension on the mobilisation of
pollutants such as polycyclic aromatic hydrocarbons (PAHS). Sedimentswerecollected in different areas (basin, channel, beach)
of a Mediterranean harbour, located in the south of France (the Grau du Roi harbour), and then separated into different size
fractions large (80-1000 pm), intermediate (40-80 pm), and fine (< 40 pm). Total PAHs concentrationsin theinitial sediment
ranged from 320 to 1043 pg kg'*. Study of thesettling behaviour of the PAH-contaminated sediment reveal ed two sedimentation
regimes. sedimentation by mass, which exhibits a sharp interface between the supernatant and the deposit, and sedimentation by
clarification with nointerface. ft appearsthat sediment particlessettleeither by theclarification regimeor by acombination of the
two sedimentation regimes, depending on the size fraction. Particle size distribution monitoring during the settling process
allowed theidentification of sediment particleslessthan 20 pm which remain in the water column upto 20 min after resuspension
and appear to be the ones that can potentially mobilise PAHS.
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(PSD)

Introduction

In the aquatic environment, sediment resuspension may occur
as a result of natural distuibance events (hurricanes storms,
strong physical currents, etc.) or through human activity
(dredging) (Bourrin et a. 2008; Capello et a. 2016; Coulon
2014; Ferréet al. 2005; Spearman 2015) . However, sediments
congtitute an important source of inorganic and organic con-
taminantsfor the marine environment (Huntingford and Turner
2011). A large variety of contaminants, including polycyclic
aromatic hydrocarbons (PAHs), polychlorobiphenyls (PCB),
dioxin, pesticides, heavy metals, and other pollutants from in-
dustrial, agricultural, urban, and maritime activities are associ-
ated with sediment particles (Ahrens and Depree 2004;
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Baumard et al. 1998; Belles et al. 2017; Cutroneo et a. 2015;
Ghosh et a. 2003). Sediment contamination is of great en-
vironmental concern due to its potentially toxic effects on
biological and ecological resources as well as on human
health. Currently, environmental managers are tasked with
making decisions involving the fate of contaminated sedi-
ment. Information on the fate of resuspended sediment is
required in order to be able to make decision about the
monitoring and management of these sediments in the case
of resuspension.

Bottom sediment disturbance can cause resuspension of
contaminated sediments in the water column. These resus-
pended particles pose significant water quality concerns
asthey may affect the transport of associated contaminants.
Once in the water column, different processes can act on
suspended sediment particles and may render mobile pol-
lutants that were previously bound (Cantwell and Burgess
2004). Concerns about the mobilisation of contaminants
usudly include biological and ecological impacts in the
immediate vicinity of resuspension event and the potential
for contaminants to spread into previously unaffected areas
(Jeet al. 2007).



This study focuses on PAHs, which are ubiquitous contam-
inants in the environment and are generated by natural and
anthropogenic processes. These compounds can be introduced
into the environment in various ways and are usually com-
posed of two or more of these compounds (Abdel-Shafy and
Mansour 2016). PAHs are of environmental concern due to
their toxic, mutagenic, and carcinogenic potential (IARC
1983). Given their physical and chemical properties, PAHs
seem to be a relevant choice for this study as they have a
low solubility and are preferentially bonded to sediment par-
ticles (Latimer et al. 1999). The present study focuses on the
16 PAHs designated as priority pollutants by the United States
Environmental Protection Agency (US EPA) (United States
Environmental Protection Agency (USEPA) 1993).

The mobilisation of PAHs during sediment resuspension
events can result from various and complex processes: gran-
ular behaviour of sediments (resuspension, agglomeration/dis-
persion) or physicochemical process (release of PAHs by
adsorption/desorption and PAH dissolution/precipitation)
(Dong et al. 2016; Feng et al. 2008; Latimer et al. 1999;
Vagge et al. 2018). Previous studies have shown that the dis-
tribution of PAHs varies depending on the different size and
density fractions of contaminated sediments (Ahrens and
Depree 2004; Simpson et al. 1996). Fine sediments are ex-
pected to be resuspended more easily during dredging opera-
tions (Feng et al. 2008; Guigue et al. 2018; Hayes 1986).
Depending on the research field, the concept of “fine sedi-
ment” varies, but in general, particles less than 63 um are
defined as fine sediments (Ahrens and Depree 2004; Capello
etal. 2016; Ferré et al. 2005; Guigue et al. 2018; Hayes 1986).
These fine sediments have low settling velocities and can re-
main in suspension for extended periods. Consequently, they
may be transported significant distances away from the initial
action, up to 3 km from in case of dredging operations
(Spearman 2015). Also, the more contaminated sediment re-
mains suspended in the water column, the more they are likely
to release sediment-associated PAHs and/or freely dissolved
PAHs (by desorption) into the water (Dong et al. 2016; Feng
et al. 2008). Therefore, a better understanding of PAH distri-
bution in size fractions of sediment allows processes that may
occur during resuspension to be elucidated. The fate of parti-
cles during transportation can be inferred from their settling
velocity. The settling velocity depends on a range of variables,
including particle size, density and shape of the sediment,
volume fraction of suspension, viscosity and nature of the
suspending medium (Bru et al. 2004; Chhabra 2019;
Wendling et al. 2015). However, particle size appears to be
a determining parameter (Chhabra 2019). Settling velocity of
suspended particles is a dominant factor controlling the trans-
fer and fate of sediment and sediment-associated substances
such as contaminants. Contaminant transportation is largely
determined by the dynamics of the system and
contaminant-particle association (Latimer et al. 1999).

The aim of this study is to explore different factors which
might have an influence on the settling behaviour of sediment
particles resuspended in the water column and consequently
on associated substances such as contaminating PAHs. For
this purpose, a dual experimental approach combining sedi-
ment contamination characterisation (PAHs concentration and
origin determination) and sediment settling behaviour was
used. Sediments were collected from the Grau du Roi harbour
located in the city of Grau du Roi in the Gulf of Lion
(Mediterranean Sea) in the south of France, and then separated
into different size fractions. Parameters which could affect
PAHs distribution in sediments such as particle size, surface
area, and organic matter content were also investigated. After
induced resuspension, settling behaviour of size fractions of
the PAHs-contaminated sediment is studied in a laboratory
setting, in order to better understand the sedimentation process
after a resuspension event. Parameters that can affect the set-
tling behaviour such as particle size distribution and volume
fraction were additionally examined. During the sedimenta-
tion process, an optical measurement technique (Turbiscan
Lab) was used to capture both temporal and spatial changes
in the studied suspension and was complimented by size dis-
tribution monitoring within the column. Moreover, the use of
Turbiscan Lab presents operational advantages such as easy
modification of testing protocols, application of controlled
conditions (known levels of resuspension energy, use of arti-
ficial seawater). and also the study of a small sample size.
Knowledge of PAHs contamination levels and distribution
in the size fractions as well as the settling behaviour of those
size fractions makes it possible to identify and better under-
stand parameters governing PAHs mobilisation during resus-
pension events.

Materials and methods
Sampling site and sediment

The sampling site is the Grau du Roi harbour located in the
city of Grau du Roi in the south of France. It is the second
most important fishing port in the French Mediterranean and
has the capacity to harbour up to 200 boats. Surrounding the
harbour area is a nature reserve (Natura 2000) classified as
protected by the European Union in order to maintain the
exceptional biodiversity of the site. Additionally, nearby is
Port Camargue, one of the biggest marinas in Europe, as well
as many areas for bathing. The presence of these important
sites near the Grau du Roi harbour highlights the necessity to
study and control the mobilisation of pollutants.

Sediment was collected by divers using a hand-held Van
Veen grabber at depth ranges between 2 and 4 m in several
zones aiming to study a set of different and representative
characteristics (size distribution, chemical composition) of



sediments from the Grau du Roi harbour. Samples were col-
lected from the fishing basin (B), the navigation channel (C)
and in the sea in front of the beach (Sb) which can be seen in
Fig. 1. Following sampling, all the sediment samples were put
in glass jars and stored at 4 °C in the dark.

Artificial seawater preparation

Artificial seawater (ASW) of 35.0 salinity was prepared by
mixing six of the major components that constitute seawater
(Brzozowska et al.. 2012). Specifically, it consists of NaCl
(24.5 g kg'"), MgCl, (5.2 g kg™"), Na,SO, (4.1 g kg™,
CaCl, (1.2 g kg™), KCI (0.7 g kg'"), and NaHCO; (0.2 g
kg'l). Dilutions of ASW were prepared with ultrapure water
(18 MS2 cm, Millipore Synergy UV system). The ASW was
used in the preparation of all studied suspensions, in order to
work in controlled media but remaining close to the marine
conditions. The prepared seawater had a pH of 7.1 + 0.2 and
conductivity of 51 £ 1 mS.

Wet sieving and pore water extraction

Wet sieving was performed using artificial sea water (ASW)
so as to not denature the samples by remaining in conditions
as representative as possible of the natural environment. For
each sediment sample, the bulk fraction was sieved with a
1-mm mesh in order to remove all visible debris such as veg-
etation, shells, and wood.

Fig. 1 Sampling sites, different
areas where sediment samples
were collected from the Grau du
Roi harbour

Size fractions (80-1000 pm, 40-80 pum, and < 40 pum)
were obtained by wet sieving sediment suspensions through
1000-pm, 80-um, and 40-pum meshes according to the Renard
series NF ISO 3310-1, X11-514-1 (2019). Only three fractions
were obtained due to technical difficulties and the available
quantity of sediment samples. The 80-1000 pm, 40-80 pum,
and < 40 um fractions will be referred to, respectively, as the
large fraction, the intermediate fraction, and the fine fraction.
After the sieving process, pore water was extracted by centri-
fugation at 1000 rpm during 15 min from the bulk sediment (<
1 mm) and from all the different size fractions.

Granular and physical characterisation of sediments

Particle size distributions (PSD) of studied sediments in arti-
ficial seawater were obtained using a laser granulometer LS
13320 from the Beckman Coulter company. An optical model
was defined with a refractive index including a real part of
1.57 and an imaginary part of 0.3.

An environmental scanning electron microscope with
energy-dispersive X-ray spectroscopy (SEM—EDX) (Quanta
200 FEG) from the FEI was used.

Freeze-dried sediment surface areas were measured by ni-
trogen adsorption (BET method) using a SA3100 surface area
analyser from Beckman Coulter. Brunauer—Emmett—Teller
method was used to determine sediment surface area (Sggt).

Density was measured using the AccuPyc 1330 pycnome-
ter from Micromeritics. Water content (% water) was
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determined by difference in mass weighed before and after
drying at 105 °C for 96 h.

Chemical and crystallographic characterisation

The SEM-EDX mentioned above was also used to quantify
elemental chemical composition of the sediment.

After drying (40 °C for 72 h) and grinding, crystallographic
analyses of the sediment were performed by X-ray diffractom-
etry (XRD) using a Briiker AXS diffractometer with CuKo
radiation (A = 1.54178 A) to determine their mineral
composition.

Total organic carbon (TOC) measurements were per-
formed on bulk sediment and fractions after freeze-drying
using a VarioTOC CUBE from ELEMENTAR. The device
vaporises the solution at 850 °C and measures the total quan-
tity of carbon released with an infrared detector (detection of
CO, band).

PAH concentrations were determined for the 16 PAHs
studied: naphthalene (Na), acenaphthylene (Acy),
acenaphthene (Ace), fluorene (Flu), phenanthrene (Phe), an-
thracene (Ant), fluoranthene (Fla), pyrene (Py), benzo(a)an-
thracene (BaA), chrysene (Chr), benzo(b)fluoranthene (BbF),
benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP), indeno
(1,2,3-c,d)pyrene (IP), dibenz(ah)anthracene (DahA), and
benzo(ghi)perylene (BghiP). PAHs analysis was adapted from
the analytical protocol described by Barhoumi et al.
(Barhoumi et al. 2014) and Bancon-Montigny et al.
(Bancon-Montigny et al. 2019). PAHs were extracted from
the sample using the accelerated solvent extraction (ASE)
technique (ASE 350 Dionex). The extracted PAHs were then
analysed using gas chromatography coupled with mass spec-
trometry (GC-MS). An amount of freeze-dried sediment (3 to
5 g) was introduced into the stainless steel extraction cell in
order to extract the PAHs. Recovery standards for the PAHs
(naphthalene d8, acenaphthene d10, acenaphthylene d8, phen-
anthrene d10, fluoranthene d10) were also added in the cell
before extraction. ASE extraction was carried out for 15 min
with a solvent mixture (hexane/acetone (50/50)) at 120 °C and
1500 psi of nitrogen. The extract was then kept in contact with
copper powder for 48 hours in order to remove any sulphur.
Following this, the extract was purified by solid-phase extrac-
tion (SPE) using Strata Florisil cartridges (FL-PR, 32138).
Purified extracts were analysed by GC-MS (Varian 450-GC
and Varian 240 MS) working with the electron impact mode
at 70 eV. A DB-5ms (Agilent) chromatographic column (30
m, 0.25 mm ID, and 0.25 um of film thickness) was used.
Helium flow rate was fixed at 1 mL min™’. The extract (2 pL)
was injected onto the chromatographic column with a PTV
1079 injector maintained at 300 °C. Initial temperature of the
oven was programmed to 80 °C (holding for 2 min), then
increased at a rate of 10 °C.min"' to 200 °C (holding for 5
min), and increased again to 240 °C at a rate of 5 °C/min

(holding for 5 min). Finally, the temperature was raised to
300 °C ata 6 °C min™" rate and held for 8 min. Identification
and quantification of the 16 PAHs in the samples were
achieved by matching the compound ion and retention time
with those of a standard mixture of PAHs. The PAHs analysis
process (extraction, clean up, and GC/MS analysis) was vali-
dated using a certified sediment CNS391-50G (Sigma
Aldrich).

Settling behaviour measurement

The settling behaviour was studied using Turbiscan Lab from
Formulaction. The evolution of particle size distribution dur-
ing settling was also monitored using a laser granulometer.
Simultaneously to the monitoring of settling behaviour, parti-
cle size distribution of sediment remaining in the supernatant
was also followed over time. Both studies offer complemen-
tary information in order to understand sediment settling be-
haviour and to identify which size fraction could remain in
suspension in the water column. The procedure used is illus-
trated in Fig. 2.

In a beaker, suspensions with a given volume fraction (®y)
were prepared by mixing sediment with artificial seawater
(ASW) for 20 min using a magnetic stirrer. For each suspen-
sion, a volume of 20 mL was put in the analysis cell (27.5-mm
diameter and 72.5-mm height) and sediment settling (first
sedimentation) was analysed by the Turbiscan Lab® at room
temperature (25 °C). In order to mimic dredging conditions,
resuspension was induced by mechanical stirring (500 rpm)
directly in the analysis cell for 5 min using a paddle as shown
in Fig. 2. This second settling process will be referred to as
“resedimentation”.

The Turbiscan Lab principle of measurement is based
on the irradiation of a sample with a near-infrared light
of 808 nm and detection of the transmitted (T) and
backscattered (BS) signal as a function of time and cell
height. According to turbidity of the suspension, the emitted
light is either transmitted or backscattered. These two signals
each measure 40 um and based on the following equations
(Bru et al. 2004):

%BSZ\/d—il %T = exp (%)
4 2d * (1)
With\"=————— and M= ——
30(1-g)0, 1-g

where X is the wavelength (mean free path), A* is the
transport mean free path, dh is the thickness of the
backscattered signal detector, d is the average particle diame-
ter, r is the average particle radius, @ is the volume fraction
occupied by particles, g is the asymmetry factor, and Qs is the
diffusion efficiency.
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Fig. 2 Schema of the operating procedure used for sediment resuspension in order to monitor their settling behaviour after an induced resuspension

BS and T profiles resulting from the Turbiscan lab analysis
provide information about destabilisation processes, such as
particle migration (sedimentation in this case) or particle size
evolution (agglomeration for example). BS and T profiles and
parameters used to characterise settling will be developed in
the “Sediment settling behaviour” section.

For each studied sediment, five suspensions were prepared
and used to monitor sediment particle size during the settling
behaviour study: 6 mL of the suspension were collected at five
different times of settling (0, 2, 4, 6, and 20 min) and particle
size distribution in the supernatant was determined by laser
granulometry (Fig. 2).

Results and discussion

Granular, physical, and crystallographic
characteristics of the sediment

Based on SEM-EDX and XRD, sediments are mainly com-
posed of silicates, carbonates, silico-aluminates, and small
quantities of Fe, K, Mg, Na, Cl, Ti, S, and P, corresponding
to the following minerals: quartz, calcite, clinochlore, albite,
and muscovite.

Physical and surface characteristics of sediments, such as
density, water content, and BET (Brunauer—Emmett-Teller)
surface area, are summarised in Table 1. Density values

ranging between 2.60 and 2.72 are in agreement with XRD
results, similar to mineralogical composition, mainly silica
(2.65) and calcite (2.71) (Rumble 2018). Sediments contain
between 26 and 31% of water. BET surface area of sediment
from the basin and the channel are almost twice as great as
sediment from sea (Table 1).

Morpho-granular characteristics of sediments and
classification

SEM micrographs of bulk sediment shown in Online
Resource Fig. S1 offer a general and detailed view of sediment
particles from the basin (B), channel (C), and sea beach (Sb)
areas of the Grau du Roi harbour. The general view revealed
sediment particle size diversity, which ranged from
sub-micron to a few hundred microns. SEM observations also
revealed a diversity of sediment particle morphology: circular,

Table 1 Physical characteristics of sediment: BET surface area (Sggr),
density (d), and water content (% water)

Sample Sper (m%/g) d(g/em?) JYowater
Basin (B) 3.83+£0.01 2.71 26+ 1
Channel (C) 391+£0.01 31+0
Sea beach (SB) 221 +£0.01 25+3




granular, and platelet-shaped particles in all samples. Different
types of agglomeration/aggregation can be noticed: colloid
particles (< 1 um) agglomerated/aggregated on the surface
of supracolloids (1-100 um) (Fig. 3B1) and agglomerates/
aggregates of supracolloids (Online Resource Fig. S1 Sbl).
Diatoms (Online Resource Fig. S1 B2) and framboidal pyrite
(Online Resource Fig. S1 C2) were also observed in all
samples.

Particle size distribution of bulk sediments was measured
in artificial seawater; the obtained size distribution for sedi-
ment from the basin area is represented in Fig. 3a and in
Online Resource Fig. S2 for sediment from the channel and
the sea beach area. The size distribution curve can be used to
determine the proportion of sand (63-2000 pm), silt (463
um), and clay (< 4 pm) which allow the sediments to be
classified according to the Classification de
Udden-Wentworth (Udden 1914; Wentworth 1922) as shown
in Fig. 3b. According to this classification, the studied sedi-
ments have different size characteristics; they mainly contain
silt and sand in different proportions: silt loam for the basin,
sandy loam for the channel, and loamy sand for the sea.

Wet sieving and classification of size fractions.

As this study investigated the role of sediment particle size on
PAHs distribution and on settling behaviour, bulk sediments
were divided in order to obtain sediment fractions of different
granular properties according to NF ISO 3310-1, X11-514-1
standard. The following size fractions were obtained by wet

sieving using artificial sea water: large fraction (801000 pm),
intermediate fraction (40-80 wm), and fine fraction (< 40 pm).
These size fractions were analysed by laser granulometry to
ensure the effectiveness of the separation. An example of size
fractions of sediment from the basin is shown in Fig. 3a and in
Online Resource Fig. S2 for sediment from the channel and
the sea beach area. The size fractions were also classified
according to the Udden-Wentworth classification as presented
in Fig. 3b. Classification of the different size fractions showed
that they contain mainly silt, sand, and a small quantity of
clay.

Only fine fractions appear to be significantly different: they
do not contain sand and are more than 25% clay. This is also
illustrated by surface area (Fig. 3b), large fractions, and inter-
mediate fractions have approximately the same surface area
(1.93 t03.31 m” g") as the bulk fractions (2.21 t0 3.97 m” g"),
whereas surface area of fine fractions (10.0 to 11.6 m* gl are,
as expected, five time greater than the bulk fraction. The frac-
tions can be classified as sand-rich fractions (intermediate and
large fractions) and clay-rich fractions (fine fractions).

Nevertheless, one can notice from Fig. 3a that sieving is not
perfect and all fractions still contain some fine particles (par-
ticles of less than 40 pum).

Sediment PAH contamination analysis

Analyses of the 16 PAHs were performed on freeze-dried bulk
sediment (< | mm) and size fractions (< 40 pum, 40-80 um,
and 80-1000 pm) of all sediments from the basin, channel,
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Fig.3 Particle size distribution of bulk sediments (< Imm) from the basin
(a) measured in artificial seawater (A) and granular classification of the
sediment in the USDA textural triangle and surface area (SBET) (b). Clay

(b)

(<4 um), silt (4-63 um), sand (632000 pm), and loam (mixture of sand,
silt, and clay)



and sea beach. PAH contamination level and division into
different size fractions, as well as parameters thought to affect
PAH concentration such as particle size distribution, surface
area, and organic matter content (TOC), were studied in this
section. PAH distribution in size fractions will be compared
and contrasted to the settling behaviour of these size fractions,
in order to provide further insight into the parameters which
influence PAH mobilisation during sediment resuspension
events.

PAH contamination levels and repartition in different size
fractions of sediment

PAH total concentrations (X16PAHs) of all sediments dry
weight (dw) are reported in Fig. 4a. Concentrations range
from 320 to 1043 pg kg™'. Individual PAH composition rela-
tive to the PAH total concentration in the bulk sediments are
illustrated in Fig. 4b and in Online Resource Fig. S3 for the
different size fractions. Not all 16 PAHs were detected, neither
naphthalene nor acenaphthylene was found in all samples. For
the 14 PAHs detected in all samples, the percentage of indi-
vidual PAH relative to PAH total concentration (216PAHSs)
ranges from 1 (4 pg kg™") to 19% (180 ug kg™"). The level of
contamination of the sediments in the Grau du Roi harbour
can be qualified as moderate (between 100 and 1000 ug kg™
according to the standard established by Baumard et al.
(1998).

The bulk fraction of sediments from the basin and channel
site have approximately the same level of total contamination,
respectively, 491 pg kg and 498 ug kg™ while the sea beach
site is the most contaminated with 857 ug kg (Fig. 6).
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Fig.4 PAHs total concentration (316PAHSs) of bulk and size fractions of
sediments (a) and percentage of individual PAH relative to PAH total
concentration (X 16PAHs) of bulk sediments (b) from the basin (B),
channel (C), and sea beach (Sb) areas of the Grau du Roi harbour, with
naphthalene (Na), acenaphthylene (Acy), acenaphthene (Ace), fluorene

Overall, individual PAH abundance in the sediment exhib-
ited a rather moderate variability, ranging from 1 to 19%. In
the size fractions (Online Resource Fig. S3), 5- and 6-ringed
PAHs appeared to be the most predominate of the PAHs,
making up 13 to 19% of the total composition. Three-ringed
PAHs were the least abundant, composing just 1% of the
sediments. The proportion of the other PAHs was around
10%. PAHs are commonly classified into two major cate-
gories: low-molecular-weight (LMW) PAHs (2 to 3 rings)
and high-molecular-weight (HMW) PAHs (4 to 6 rings)
(Cutroneo et al. 2015). Total proportions of HMW PAHs
were higher than total proportions of LMW PAHs (9-21%
for the LMW and 79-91% for the HMW) regardless of the
size fraction. The predominance of HMW PAHs in sedi-
ment can be explained by the fact that they are strongly
retained by sediments due to their high hydrophobicity
and weak degradation (Alonso-Hernandez et al. 2014;
Warren et al. 2003). It can also be justified by the origin
of the PAHs found in the sediment. PAHs present in all the
studied sediments were identified by the use of diagnostic
ratios to be from pyrolytic origin. These ratios have been
widely adopted in several studies (Abdel-Shafy and
Mansour 2016; Angelico et al., 2014; Budzinski, Jones,
Bellocq, Piérard, & Garrigues, 1997; Castro-Jiménez
et al., 2012: Ghosh et al. 2003; Yunker et al., 2002).
According to Budzinski, Jones, Bellocq, Piérard, and
Garrigues (1997) and Yunker et al. (2002), PAH mixtures
emitted from pyrolytic sources are enriched with PAH com-
pounds with more than three rings. This result is in accor-
dance with the fact that HMW PAHs are the most abundant
in the studied sediments.
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(Flu), phenanthrene (Phe), anthracene (Ant), fluoranthene (Fla), pyrene
(Py). benzo(a)anthracene (BaA), chrysene (Chr), benzo(b)fluoranthene
(BbF), benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP), indeno
(1.2,3-c,d)pyrene (IP), dibenz(ah)anthracene (DahA), benzo(ghi)
perylene (BghiP)



Influence of granular characteristics and organic matter
content (TOC) on PAH distribution

The possible contribution of granular characteristics such as
surface area and particle size distribution as well as organic
matter content to the distribution of PAHs in sediments were
investigated. Total PAH concentrations were normalised to
the surface area and organic matter content (TOC) of the bulk
fraction and the size fractions, as illustrated respectively in
Fig. 5a and Fig. 5b.

As previously shown for the bulk fraction of sediments, the
sea beach site is the most contaminated with 857 ug kg™
against 491 pg kg™’ for the basin and 498 pg kg™ for channel.
Even after normalising PAH concentration to surface area or
organic matter content (Fig. 5a), sea beach bulk fraction still
contains the most PAH by surface and by percentage of or-
ganic matter. This high contamination may be due to the lo-
cation of the sediment (it was collected in the sea in front of
the beach and influence from the marine currents could in-
duced overconcentration) or to the nature of the organic mat-
ter. If the nature of organic matter of sediment from the sea
beach differs from the organic matter of sediment from the
basin and channel, their ability to adsorb PAHs can be differ-
ent (Z. Wang et al. 2014). The contamination of this part of the
harbour can represent a potential risk to the Natura 2000 site
and the bathing area, which are nearby.

For size fractions of sediment from the basin and the chan-
nel sites, total PAH concentrations were higher in the inter-
mediate and fine fractions, e.g. concentration in the large frac-
tion is 396 ug kg'' while in the fine fraction it is 635 pg.kg ™.
The distribution of total PAH concentration in the different
size fractions of sediment from the basin and the channel are
in coherence with the literature, which suggests that PAHs
tend to be concentrated in fine fractions (Ahrens and Depree

2004; Maruya et al. 1996; Z. Wang et al. 2014). When nor-
malised to organic matter content (Fig. 5b), total PAH con-
centrations are approximately the same, and the disparities
between fine and large fractions decrease. However, when
normalised to surface area (Fig. 5b), it can be noted that total
PAH concentrations are higher in large fractions than in fine
fractions.

In contrast, for sediment from the sea beach, the large frac-
tion is the most contaminated with 1043 pg kg™ against
539 ug kg in the fine fraction. Even when normalised to
surface area and organic matter, the PAHSs repartition pattern
in the size fraction stay the same. Some studies have
demonstrated that PAHs can be concentrated in the coarser
fractions. Ahrens and Depree (2004) found that the highest
PAH concentrations were in the 125-250-pum size fraction.
Similarly, X.-C. Wang et al. (2001) reported that the highest
PAH concentrations were associated with the large size (> 250
pum). Both studies linked high PAH concentrations in large
fractions to their high content of organic matter, but in our
case, high organic matter content were found in fine fractions.
Therefore, in the case of the sea beach sediment, higher PAH
concentrations cannot be attributed to organic matter content.
However, it may be due to the presence of finer sediment
particles in the large fraction since, as previously observed
in the “Wet sieving and classification of size fractions” sec-
tion, after the sieving process there were still fine particles in
the coarser fractions (e.g. for sediment from the sea beach site,
characterisation of the large fraction indicated that particles
less than 40um represent 20% of sediment particles in the
fraction).

In the size fractions, for all sediments (B, C, and Sb), PAH
concentrations normalised to the surface area, show higher
concentrations in large fractions than in fine fractions, mean-
ing that large fractions adsorbed more PAHs by surface even
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bulk sediment (a) and of sediment size fractions (b) sediment from the basin (B), the channel (C), and the sea beach (Sb)



if they had lower surface area (2 to 4 m” g™') than fine fractions
(10 to 12 m* g'"). PAH concentrations normalised to organic
matter were approximately the same for sediment from the
basin and the channel, and for sediment from the sea beach,
the disparities between fine and large fractions decrease.
These results can be due to mineral surface area which affect-
ed the distribution of PAHs in sediments, as sorption of PAHs
occurs either on mineral surfaces directly or in organic matter
coatings on mineral surfaces (Warren et al. 2003).

Sediment settling behaviour
General evolution of sedimentation profiles

Experiments were performed with a suspension concentration
of 68 g L', corresponding to 2.5% in volume fraction @y,
near to the concentration (100 g L") determined by Anger
(2014) to represent dredging with hydraulic discharge.

During settling, process particles settle, following the sed-
imentation law proposed by Mills and Snabre (Mengual
1999), stating that the settling velocity of a particle depends
on its radius and volume fraction:

Vo(d) (1-D)
Ko

ey

V(®,d) = (2)

With: Vo(d) = 22 and K =4.6

where V is the sedimentation velocity, ® volume fraction, d
the particle diameter, dp the density difference between the
solid and liquid phases, g the gravity acceleration, and 7 the
liquid dynamic viscosity.

Two zones in the sedimentation column can be noted: the
“deposit” and the “supernatant” as shown in Fig. 6a, which
can be clear, turbid, or fully opaque. The “deposit™ formed
during sedimentation is usually called “sediment”, but in order
to avoid confusion with sediment samples taken in the har-
bour, it will be called “deposit” in this study. According to

their turbidity, the supernatant and the deposit can be studied
cither by their transmission or with backscattered profiles.

Two general kinds of sedimentation regimes can happen
during the settling process: the clarification and the mass re-
gime as shown in Fig. 7. According to Fitch (1979), at low
concentrations, sedimentation by clarification regime Fig. 7a
occurs, slower settling particles string out behind faster set-
tling ones. The upper layers clarify; settled solids collect at the
bottom in a deposit whose upper boundary rises as solids settle
into it. On the other hand, at high concentration, particles can
be held in a structure and constrained to settle at the same rate;
the suspension enters a mass sedimentation regime Fig. 7b and
exhibits a line-settling behaviour with a sharp interface (the
sedimentation front, Fig. 7b) between the deposit and the su-
pernatant (Fitch 1979).

Phenomena that characterise settling, such as the evolution
of the supernatant and the deposit formation, were followed
using two parameters. The average light transmission (T),
calculated from the clarification zone shown Fig. 7 was
used for the supernatant, and deposit relative height (Ah)
represented Fig. 6b was used for the deposit.

In this study, sediment particles settled either by the clari-
fication regime or by a combination of the two sedimentation
regimes as is shown in Fig. 7. In some cases, after the deposit
formation ,a height loss can be observed (Fig. 7a), which
represents the compaction of the deposit. Mass sedimentation
is distinguished from clarification, because the deposit moves
downward from the top (Fig. 7b), rather than building upward
from the bottom (Fig. 7a) as in sedimentation by the clarifica-
tion regime.

Influence of sediment particle size distribution on settling
behaviour

Sediment samples with different particle size distributions
were used to investigate the influence of particle size on set-
tling behaviour. For this purpose, settling behaviour of the
bulk fractions, the large size fractions, and the fine size frac-
tions of sediments from the basin, channel, and sea beach were
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over time, during sedimentation process for the bulk fraction (a), and the fine fraction (b) of sediment from the channel

studied. Intermediate fractions were not used as they were in
the same granular class as large fractions (according to the
classification in section 3.3), and there was not a large enough
quantity of them.

Figure 8 illustrates different types of settling behaviour
exhibited by all the studied samples. All the studied sediment
suspensions have the same overall evolution of the superna-
tant governed by sedimentation by clarification. Nothing hap-
pened in the first two minutes of the sedimentation process;
then, there was an increase of transmission signal between
2 min and 4 h due to the clarification process; and finally after
4 h, the transmission signal reached a plateau (Fig. 8a).

For the bulk fraction (Fig. 8b), a deposit was formed over
time, where the relative height reached its maximum (12%) in
2 min and then decreased to a plateau (8%). This shows

settling by clarification of the supernatant and compaction of
the deposit. The compaction may be due to the expulsion of
pore water from the deposit and/or to the space filled by fine
particles which settle last (Cuthbertson, Ibikunle, Mccarter, &
Starrs, 2016).

In addition to the clarification regime, fine fractions also
settle by mass sedimentation. This may be due to the pres-
ence of a high content of clay particles (25 to 47% of clay in
the fine fractions). The mass sedimentation regime was
found to be more pronounced for the sea beach fine fraction
that contained the most clay (47%). This can be explained
by the fact that clay particles have cohesive properties
(Cuthbertson et al. 2016; Fitch 1979) that can increase the
formation of a structure of sediment particles that are forced
to settle together.
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Fig.8 Photograph of the suspension of the bulk fraction at the end of the sedimentation experiment and highlight of the two-layer deposit formed for the

sediment sample from the channel

At the end of the settling process, all the samples exhib-
ited a one-layer deposit except for bulk fractions, which
ended up with a two-layer deposit, as shown in Online
Resource Fig. S4. The bottom layer constituted mainly of
large particles that settle first and the top layer of fine par-
ticles that settle last. The formed deposit for all the samples
resulted in a particle size segregated deposit, which is in
coherence with the result obtained by Cuthbertson et al.
(2016).

Each studied size fraction appeared to have a different type
of settling behaviour. This shows that the settling process
depends on the initial particle size distribution of the sediment
sample.

Laser granulometry analyses of the supernatant, per-
formed 6 min after the initiation of settling, showed that
for all samples, only particles less than 20 pwm remained
in the supernatant, as shown in Fig. 9a. Their granulometric
evolution over time (at 0, 2, 4, 6, and 20 min) are reported in
Fig. 9b for sediments from the channel area. After 4 min of
settling, particles larger than 20 pm had already settled.
After 20 min, particles with a maximum diameter of
15 pm still remained in suspension (with a 4- to 5 -um
mode).

The study of settling behaviour highlighted the influence of
sediment particle size distribution; three different types of set-
tling behaviour were identified depending on the sediment
particle size:

Sand-rich fractions (all the large fractions and the sea
beach bulk fraction) settled by clarification

Loam-rich fractions (basin and channel bulk fractions)
settled by clarification and compaction

Clay-rich fractions (all fine fractions) settled by clarifica-
tion and mass sedimentation

However, whatever the sedimentation mode, fine sediment
particles less than 20 pm remained in the water column and
could be potential vectors of pollution. These represent the
greatest risk, as they constitute the fine size fraction, which
was revealed to be polluted by PAHs, and shown to be the
most polluted fraction from the basin and channel. In case of a
resuspension event, these sediment particles (< 20 pm) seem
to be the ones that can potentially displace PAHs. These re-
sults are in accordance with other studies in which fine parti-
cles were identified as potential vector of pollution in case of
resuspension event : < 25 um (Feng et al. 2008), < 60 um
(Ferré et al. 2005) and < 63 um (Cantwell, Burgess, & King,
2008).

In addition, the fact that they can stay in suspension up to
20 min after resuspension increases the possibility for PAHs
to be released by desorption into the water column. Indeed,
according to a study by Dong et al. (2016) during sediment
resuspension-deposition events, PAHs associated with organ-
ic carbon (OC) in suspended sediment can desorb with the
release of OC and became dissolved organic carbon (DOC)-
associated PAHs in the overlying water, then the PAHs can
desorb from the DOC (dissolved organic carbon) and became
freely dissolved.

Settling behaviour after sediment resuspension event

After sedimentation, the sample was resuspended using a pad-
dle and the resulted settling process (resedimentation) was
also studied. The induced resuspension experiment was car-
ried out in order to mimic at a laboratory scale what occurs
when sediments are resuspended in the water column during a
disruption event. The resulting supernatant transmission evo-
lution and deposit formation for all the size fractions of sedi-
ment from the channel site are reported in Online Resource
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Fig. S5. No significant difference was observed between the
average transmission and deposit formation evolution over
time for the sedimentation and the resedimentation process.
This experiment allows the application of the conclusion and
findings of the investigation of the sedimentation to the set-
tling behaviour of induced resuspension on sediments
(resedimentation).

Influence of volume fraction on the settling behaviour

Two sediment suspension concentrations of the two major
types of dredging were chosen, in order to compare their set-
tling behaviour. The low concentration (100 g L™) represents
dredging with hydraulic discharge, while the high concentra-
tion (250 g L") corresponds to mechanical dredging condi-
tions (Anger 2014). In this study, the low concentration is 68 g
L (@v=2.5%), and the high concentration is 250 g L' @v=
8.5%). Suspension at low concentration will be referred to as
the “diluted” suspension and suspension at high concentration
as “concentrated” suspension. The experiment was performed
with the fine fraction of sediment from the basin.

For these two volume fractions, particle settlement occurs
both by clarification and mass sedimentation. The supernatant
average transmission evolution and the deposit evolution are
represented in Fig. 10. Very few differences were noted in the
supernatant clarification (T = 65% against 60%), and as ex-
pected, the final deposit is larger in concentrated conditions
(Ah =35% against 14%) and the settling process takes longer
(4.2 h compared to 20 min). Monitoring of sediment particle
distribution during the settling process also shows that parti-
cles < 20 wm remain in the supernatant up to 20 min in the
concentrated suspension as was the case in the diluted
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suspension previously discussed in the “Influence of sediment
particle size distribution on settling behaviour” section.

Increasing the volume fraction increases only the time nec-
essary for particles to settle and the final deposit height, but in
the case of a resuspension event, the same risk for the
mobilisation of PAHs by fine sediment particles (< 20 um in
this case) exists.

Conclusion

Sediments were collected in different areas (basin, channel,
sea beach) of the Grau du Roi harbour, then separated into
different size fractions: large (80-1000 pum), intermediate
(40—80 pm), and fine (< 40 wm). Size characterisation showed
that the sediment was composed of mainly silt (23-75%),
small quantities of clay (3—47%), and varying quantities of
sand (0-74%). Fine fractions appear to be significantly differ-
ent, containing no sand, and 25 to 47% clay.

The concentrations and distributions of 16 PAHs classified
US EPA priority pollutants were analysed in the bulk sedi-
ment and the three size fractions for the three samplings. Total
PAH concentrations (316PAHs) ranged from 320 to 1043 g
kg and varied largely among the different size fractions.
PAH distribution in the bulk sediment and the size fractions
exhibited similar patterns dominated by HMW PAHs.

PAH concentrations normalised to the surface area showed
higher PAHs concentrations in large fractions than in fine
fractions, meaning that large fractions adsorbed more PAHs
by the surface, even if they had lower surface area (2 to 4 m*
g'l) than fine fractions (10 to 12 m? g']). Normalisation of the
PAH concentrations relative to the organic matter content
made it possible to realise that the pollution was evenly
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Fig. 10 Evolution of the average transmission of the supernatant (a), and evolution of the deposit (b) over time for the diluted (Qv = 2.5%) and
concentrated (Qv = 8.5%) suspensions of the fine fraction of sediment from the basin site

distributed in relation to the quantity of organic matter for the
bulk sediment and size fractions. PAHs concentrations varied
between 160 and 370 ug kg for 1% TOC for basin and
channel sediments. On the other hand, for sea beach sedi-
ments, the concentration of PAHs in relation to organic matter
in the bulk sediment and the large fraction is twice as high as
in the intermediate and fine fractions.

Settling behaviour of the PAH-contaminated sediment was
investigated using a non-invasive, optical analyser (Turbiscan
Lab) in order to obtain better knowledge of particle sedimen-
tation process as their presence in the water column in the case
of a sediment resuspension event can result in the dispersion
of PAHs into the water. Settling behaviour study revealed the
influence of sediment particle size distribution. Three different
types of settling behaviour were identified depending on sed-
iment particle size distribution: clarification, clarification and
compaction, and clarification and mass sedimentation.
Particle size distribution monitoring during the settling
allowed targeting fine sediment particles less than 20 pm, if
initially present in the suspension, as the most likely to remain
in the water column after resuspension, up to 20 min after the
initiation of resuspension.

The sediments particles less than 20 pm in size were re-
vealed to represent the greatest risk. Regardless of settling
regime (clarification, mass sedimentation) and volume frac-
tion (diluted, concentrated), they remained in the supernatant
up to 20 min after resuspension. They are part of the fine
fraction (< 40 um), which was revealed to be polluted with
PAHs, and to be the most polluted fraction of sediment from
the basin and the channel. In the case of a resuspension event,
these sediment particles (< 20 wm) seem to be the ones that
can potentially mobilise PAHs. Furthermore, the fact that they
can stay in suspension up to 20 min after resuspension

increases the possibility for PAHs to be released into the water
column.
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material available at https://doi.org/10.1007/s11356-021-15236-z.
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