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Abstract: The levels of 16 USEPA priority PAHs in surface sediments and four dated sediment cores from Toulon Bay were
determined and characterized by strong implantation. The total PAH levels in the superficial sediments ranged from 0.30 to
34.11 mgkg" dry weight in the 0-5 layer and from 0.34 to 54.68 mg.kg'1 dry weight in the 5-10 layer. The qualitative
assessment of sediment samples revealed relatively high PAH levels compared with French reference values. The results
indicated that the PAHs in Toulon Bay are of pyrolytic origin. Estimating the rate of sedimentation based on pronounced
events, such as explosive growth in the use of petroleum products, major developments, and periods of conflict, can be used to
follow the history of pollution based on its composition over a period of approximately 130 to 180 years, depending on the

length of the cores.
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1. Introduction

For several decades, the continuous development of human
activities has resulted in the discharge of massive amounts of
waste into the environment. An important fraction of this
pollution, which mainly results from rapid increases in
urbanization and industrialization, is directly released into the
atmosphere and soils. However surface waters receive large
amounts of waste from industrial, agricultural and domestic
sources in addition to runoff pollution from roads and
construction sites. According to the USEPA’s Toxic Release
Inventory (TRI), more than 100,000 tons of industrial waste
are discharged directly into rivers, lakes and coastal marine
environments every year, and most of these effluents,
particularly those produced by fossil fuel combustion or by
the discharge of petroleum-related materials in the refining
and chemical industries, are highly toxic [1]. These industrial

wastes mainly include organic compounds, such as
polycyclic aromatic hydrocarbons (PAHs), which adsorb to
particles and reach the ground or surface water by deposition
[2].

PAHs may be reintroduced into the water column via
resuspension or trophic transfer and produce long-term
adverse effects, such as reproductive abnormalities and
cancers in mammalian species [3]. Our study focuses on
evaluating the levels of PAH contamination in sediments of
Toulon Bay, which is a semi-enclosed bay that is exposed to
strong anthropic impacts and is where a large number of
contaminants are dumped, leading to the progressive
degradation of the environment. This degradation is
exemplified by the nearly complete disappearance of
Posidonia beds [4]. Within the time frame of this bay contract
and based on prior diagnosis, the objectives of the
preservation of the marine environment were set up, and
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actions to restore and valorize water quality were planned. To
meet these requirements, the CARTOCHIM project for
Toulon bay was initiated in 2008. Since the early 1990s, the
PAH levels in surface sediments and cores from along most
of the Mediterranean coast, including Toulon Bay and its
surroundings, have been studied in our laboratory. Sediment
can be considered as a record of geologic history that retains
patterns from the past. Among the numerous principal
components of organic pollution in the environment, special
status is given to hydrocarbons from diverse origins (e.g.,
fossil fuel, biological, and pyrolytic origins) that are
composed of only carbon and hydrogen. These compounds
exhibit physical, chemical and toxicological properties that
vary according to their molecular structures and are
characterized as follows: low solubility; a very high partition
coefficient that results in the adsorption and binding of the
hydrocarbons to clay minerals and lipids, respectively; very
high chemical stability, which explains their persistence in
the environment; and clear carcinogenic or mutagenic
activity for the heavier entities (4 to 6 aromatic rings).

The introduction of hydrocarbons to aqueous environments
depends on how initial products are used, for example wood,
carbon or petrochemicals undergo pyrolysis [5]. In all cases,
one-time or regular accidental contributions (e.g., sludge
from dredging, disposals) and inputs from effluents cannot be
excluded. The dispersion of these pollutants in the coastal
environment is highly dependent on the nature, inputs and
characteristics of the material, including the adsorptive
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properties, mobilization and preferential movements of the
material as a function of the tidal currents and bathymetry.

The aims of this study were to (a) describe the spatial and
temporal distributions of PAHs collected in Toulon Bay, (b)
estimate sediment toxicity with respect to reference values,
and (c) identify events and estimate sedimentation rates
based on pronounced events along the cores.

2. Materials and Methods
2.1. Study Area and Sampling Sites

Toulon Bay covers a large area (Figure 1) that extends to
the open sea between Carqueiranne in the east and Cape
Cepet in the west. Toulon Bay is surrounded by Mounts
Caume, Coudon and Faron to the north, by the layered
crystalline rock formations of Carqueiranne to the southeast,
and by St. Mandrier in the west. Two natural bays are linked:
a larger bay with an area of 31 km” on the east side of Toulon
Bay that has a semi-circular shape, opens to the
Mediterranean and offers little shelter from easterly winds
and a smaller bay on the west side of Toulon Bay that is
protected by several promontories that provide shelter for
harbors, docks and military, industrial, tourism and
aquaculture activities. At the end of the 19th century, a pier
was built between Mourillon and St. Mandrier (1500 m) to
separate the two bays.
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Figure 1. Map of the sampling sites in Toulon Bay.

Two rivers with relatively weak flow enter the Toulon
Basin: the Eygoutier River (12 km) and the Las River (8 km).

These two rivers, which are subject to the Mediterranean
tides, have always experienced severe and significant
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changes in water level. The Eygoutier River has been
diverted to the larger eastern bay to reduce this problem. The
depth profile of the water levels in Toulon Bay that resulted
from storm events reveal two isobaths at depths of 50 and 60
m and <2 km from the head of the canyon. These isobaths cut
the continental slope to the south and along the axis of the
bay.

The differences in the sea depth in the larger eastern bay
and in the western bay were generally <20 m and >20 m,
respectively, and were accentuated by the construction of the
pier. Sedimentation in the coastal zone was particularly
enhanced in the harbors and coves (Bregaillon and Lazaret),
with depths of <10 m. The communication channel between
the bays decreased from 3 km to approximately 500 m due to
the construction of the pier. A deeper channel was formed
and is maintained artificially at a depth of 20 m. This channel
runs along the peninsular St. Mandrier and steeply slopes
towards the center of the bay before joining the head of the
canyon to the south. Because the expansion of Toulon Bay
was closely associated with the expansion of the fleet and
dockyards, military setbacks, including those of 1707, 1793
and 1942, resulted in major losses in ground installations,
such as dockyards, harbors, forts, and munition and fuel
suppliers. Major changes occurred after the Second World
War. Although the naval strength remained after the Second
World War, the shift to nuclear-powered aircraft carriers and
submarines altered the impacts of the naval force on the
environment. During the same years, commercial sea traffic
significantly increased with the democratization of sailing for
pleasure.

Additional changes have occurred as the metropolis of
Toulon has grown to a population of nearly 600,000. Toulon
extends from Ollioules in the west to Pradet in the east and
from La Seyne to St. Mandrier in the south. The conurbation
of Toulon has grown rapidly, with large increases in
industrial, commercial and tourism activities. The amounts of
pollutants resulting from these activities have increased with
runoff and outflow from impermeable surfaces.

2.2. Sampling and Storage

Different sampling campaigns were conducted in 2008 and
2009, with the help of the French Navy (boats, sediment
corer, divers), to cover the whole Toulon's bay through
surface sediment sampling at 54 stations using interface corer
as described elsewhere [6]. We collected ‘superficial
sediment’ samples by pushing 10-cm long cylindrical tubes
into the sediment at 39 points distributed across the basin of
the bay. Each sample was subdivided into two parts, depths
of 0-5 and 5-10 cm. Four cores representative of conditions
at different sites in the bay over time (core 12 and 15 from
the small bay and cores 23 and 52 from the larger bay) were
collected to evaluate the changes in PAHs contamination
with time. The cores were divided into 2-cm slices under
liquid nitrogen and stored at -20°C before each subsample
was analyzed from October 2010 to February 2011, as
described above.

2.3. Extraction Procedures for HPLC Determination of
PAHs

The PAHs extracted in this study included naphthalene
(Nap), acenaphthene (Ace), acenaphthylene (Acy), fluorine
(F1), phenanthrene (Phe), anthracene (Ant), fluoranthene
(Flu), pyrene (Pyr), benzo[a]anthracene (BaA), chrysene
(Chr), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene
(BkF), Dbenzo[a]pyrene (BaP), dibenzo[a,h]anthracene
(DBA), benzo[g,h,i]perylene (BgP), and indeno[1,2,3-
cd]pyrene (InP). These PAHs were extracted, purified and
analyzed using a high-pressure liquid chromatography
(HPLC) apparatus (Waters 2475 Alliance®, Milford, MA,
USA) as described by [7].

2.4. Quality Assurance Control

The determination of recovery yields was performed by
adding defined quantities of standard PAHs (ImL of
6.25pg/L) to 0.5 g of uncontaminated sediments. The spiked
samples are purified in the same condition as unknown
sediments and then analyzed by HPLC. For each compound
the recovery is equal or superior to 85% and the mean
recovery is around 90%. The accuracy of the analytical
results were checked by periodic analysis of standard
reference material LGC6182- Sewage Sludge. Fourteen
replicates of LGC6182 were first obtained on the same day to
determine the average recovery and Standard deviation for
each PAH compound. In the second time, in each serial of
sample, the reference material is added at the end in order to
check that the power of the ultrasonic bath doesn’t diminish
with the time. The results obtained from the reference
materials were used to plot control charts and to determine if
the data from each sample batch should be accepted or
rejected. Rejected batches were reanalyzed. Before use, the
glassware was cleaned using an appropriate detergent (TFD4
dec FT30), rinsed twice using tap water, and then dried at
100°C for at least 24 hours.

3. Results and Discussion
3.1. Total PAHs and Fine Fraction (F<63 um)

The granulometry of the surface and cores sediments for
this study were described and published in [8]. In the port
areas, the total PAH levels range from 0.30 to 34.11 mgkg
(dry weight), with average concentrations of 10.91 mg.kg'l,
in the 0-5 cm layer and from 0.34 to 54.68 mg.kg™', with an
average concentration of 11.45 mgkg', in the 5-10 cm
layers. Generally, concentrations <10 mgkg' are found
around the large bay beyond Mourillon and the Carqueiranne
Point. Concentrations >10 mg.kg™" are localized to specific
areas in the northern channel of the St. Mandrier peninsula,
in the central portion of the bay beyond the head of the
canyon (st. 52) to the mouth of the East Toulon outlet (st.
34); and south of the St. Mandrier peninsula after the Cap
Cepet outlet (st. 42). The distribution maps (Figure 2A-B)
reflect six concentration levels (1-5-10-20-50 and >50 mg.kg
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". Considering the affinity of organic pollutants for fine
materials [2] and particularly clay-like materials, most of the
PAHs analyzed are assumed to occur in the <63 um fraction.
The mobilization and transfer of PAHs are promoted by
various mechanisms. Thus, the <63 pum fraction is more
representative of the degree of sediment pollution, with the

larger fraction essentially acting as a receptacle for this
pollution. In the 0-5 cm and 5-10 cm layers, the PAH levels
in the <63 um fraction ranged from 0.50 to 67.78 and from
0.61 to 128.14 mgkg', respectively. The relative
homogeneity of the granulometric composition of the <63
pum fraction had a smoothing effect on the values.
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Figure 2. Spatial distribution of PAH concentrations throughout the bay.

Except for the port areas, where the range of values was high (47 to 6 mg.kg™), the stations of the small bay exhibited more
homogenous values (13 to 18 mg.kg™). The concentrations in the large bay varied within wide limits (17 to 95 mgkg™),
indicating particularly pronounced accumulation phenomena in the farthest part at the head of Toulon canyon.

3.2. Principal Component Analysis (PCA) Representation for PAH Content and Grain Size of the 0-5 Cm Sample Sediment
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Figure 3. Principal component analysis representation for PAH contents and grain size of the 0-5 cm sampled sediments of the Toulon bay. The points located
in the small bay are represented in blue and the points located in the large bay are represented in black color.

The substantial number of hydrocarbons and sampling
stations prompted a search for simplification from a
qualitative perspective. Principal component analysis (PCA)
was carried out to check the similarity of samples based on
their composition. The study is based on the PAH
concentrations according the grain size values on all the
studied stations. Two principal components were extracted,

together explaining 68.4% of the total variance (PC1: 42%);
PC2: 26.4%).

The Figure 3 shows that the samples formed globally three
distinct groups. The first group unites the data points located
in the left-hand side of the biplot stations 35, 21, 29, 30, 36,
33, 50, 31, 48, 37, 18, which are characterised by high
affinity on fine sand and coarse sand. The second group of
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stations are located at the right-hand upper side of the score
plot, stations 9, 25, 47, 5-6, 39, 52, which are characterised
by high affinity on fine silt and coarse silt. The last group of
stations are located in the lower part of biplot, 22-23, 1-2, 27,
43, 41, 20-21, 38. This group, are characterised by high
proportion of gravel, with the lower PAH concentrations.
Finally, the PCA representation shows any real difference
between the stations of the large bay compared to the
samples from small bay. The concentrations of PAHSs
increase when the fraction of clay and fine silt increases, and
on the contrary when the proportions in sands decrease.
Normally, at a given sampling site, the fate of PAHs in
shallow sediments depends on the transfer and sedimentation
of particulate matter from a coastal site of origin to the site of
accretion and on the stability of the conditions at the
sampling site. According to the rings [2+3-, 4-, and 5+6-
rings], the graph shows that the PAHs varied all in the same
thing, whatever the number of rings and in spite of the
difference of chemical composition between the rings in the
entire bay. The Toulon bay is heterogeneous and the PAHs
composition most likely reflecting various local sources of
PAHs contamination.

3.3. Estimations of the Pollution Levels in the Bay
Sediments

The rules for dredging waste rely on reference data [9],
and correspond to the concentration levels of pollutants that
are likely present in sludge or silt in port areas. The PAHs
used as references are: Flu, BbF, BKF, BaP, BgP, and InP. The
mean values of these entities are expressed in mg.kg" of dry
sediment and are categorized based on two threshold levels,
N1 (1.5 mg.kg'l) and N2 (15 mg.kg'l), which correspond
with marine and estuarine sediment dredging. Below the N1
level, the potential impact is considered neutral or negligible.
Above the N2 level, the impact on the environment is
demonstrated, and the dredged sediment is considered as
hazardous waste that must be stored in an appropriate dump.
The obtained results in our study, demonstrated that pollution
covered nearly the entire bay (Figure 3).

To consider the current levels of PAHs from a global
perspective, a comparison of concentrations in surface
sediments from Toulon Bay and other locations around the
world, is given in table 1.

Table 1. Total world-wide concentrations of PAHs in surface sediment.

Location Total PAHs (ng.g™) Contamination level (a) References
Todos os Santos Bay, Brazil 1,600-11,000 Very high [10]
Abu Qir Bay, Egypt 242-3880 Moderate to high [11]
Dares Salaam, Tanzania 77.9-24,600 Low to Very high [12]
North Adriatic Sea, Mediterranean Sea 76,000-1520,000 Very high [13]
Bizerte lagoon, Tunisia 50-20,000 Low to Very high [14]
The Persian Gulf, Bushehr, Iran 41.7-227.5 Low to Moderate [15]
Aliaga Bay, Turkey 70-20,940 Low to Very high [16]
The Persian Gulf, Hormuz strait, Iran 42.29-228.9 Low to Moderate [17]
Cyprus (Eastern Mediterranean) 50-4752 Low to High [18]
Osaka Bay, Japan 6.40-7765 Low to Very high [19]
Jinhae Bay, Korea 12.4-2430,208 Low to Very high [20]
Bohai Bay, China 6,300-535,000 Very high [21]
Gorgan Bay, Caspian Sea 107.87-516.18 Moderate [22]
Gulf Fos area (Marseille) 10,000-260,000 Very high [23]
Oludeniz Lagoon 1390-1850 High [24]

Toulon Bay 300-34,110 Moderate to Very high This study

Toulon Bay 340-58,680 Moderate to Very high This study

(a) Scale of the contamination level: low, 0—100; moderate, 100-1000; high, 1000-5000; very high, >5000 [25].

3.4. Sediment Potential Human Toxicity and Biological
Effects Based on PAHs

The assessment of sediment toxicity in this study was
performed based on the total concentration of potentially
carcinogenic PAHs, XCHAP: BaA, Chr, BbF, BKF, BaP, InP,
DBA. The XCHAP concentration varied from 76 to 13,831
ng’kg d.wt, with a mean concentration of 3362 pg/kg d.wt.
The potential toxicity of sediment was evaluated using the
total toxic Benzo[a]pyrene equivalent (TEQ“) [26]. The
[TEQ®™] for all CHAP was calculated using the following
relation: TEQ®' = Xi C; TEF,; “*

Where C; is the carcinogenic PAHs concentration pg/kg
d.wt and TEF; “** toxic equivalency factors is the toxic factor
of carcinogenic PAHs relative to Benzo[a]pyrene (BaP).
Among all known potentially carcinogenic PAHs, BaPy is the

only PAH for which toxicological data are sufficient for
derivation of a carcinogenic potency factor [27]. According
to US EPA [28], TEFs for BaA, Ch, BbF, BkF, BaP, InP, and
DBA are 0.1, 0.001, 0.1, 0.01, 1, 0.1, and 1 respectively. In
this study, the total TEQ®™ values of sediment samples
varied from 46 (station 38) to 4456 (station 42) pg TEQ kg
d.wt, with the mean value of 1341 pg TEQ kg' d.wt. The
higher total TEQ®™" values were found at stations 2, 5, 12, 22,
25, 27, 39, 40, 42, 43, Mis, SMS (varied from 2217 to 4456
pg TEQ kg d.wt. Figure 4 shows the CHAPs and relative
content of BaPeq dose in total TEQcarc. Among different
CHAPs, contribution to the total TEQcarc decreased in the
following  order: BaP  (68.62+16.53%) > DBA
(15.44£11.7%)> BaA (9.11+8.93%)> InP (3.51£3.35%)>
BbF1 (2.9543.04%)> BKF1 (0.26+0.30%)> Ch (0.11+0.10%).
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3.5. Total PAH Concentrations in the Cores

Comparison of the concentration profiles (Figure 5) in the different cores showing the following:
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Figure 5. Depth profiles of PAH concentrations along the cores.

Two stations, 15 and particularly 52, exhibited very high
PAH concentrations. At station 15, the evolution of the content
was more regular and progressive from the bottom of the core
to a depth of 28 cm, with values not exceeding 2mg kg™'. This
increase is more pronounced between 28 and 10 cm (2 to 10
mg.kg™). In more recent sediments, the concentrations of PAH
reached values >10 mg.kg™', with a maximum concentration of
35.6 mg.kg" at a depth of 4-6 cm. This value is essentially
double the concentration for core number 12.

As observed in the other cores, the sediment deposited at
station 52 has massive variations in the input of PAHs,
allowing a distinction to be made between an ancient period
characterized by low concentrations (between 1 and 4 mg.kg’
") and a recent period for which the levels increase
profoundly (from 10 to 60 mgkg"). However, this core is
different because the concentrations are 2 to 3 times higher

than those in cores 12 and 15, even though the latter are more
substantial sources of pollution.

In core 12, the evolution of concentrations occurs in three
major and very different phases The first phase, between the
bottom and 30-32 cm, reaches a distinct and pronounced
maximum at 44-40 cm in relation to an increase in the PAHs
level in the fine fraction. The second phase is more irregular
and is spread between 30 and 16 cm, corresponding to an
increase in the fine particle input. The third phase contrasts the
previous phases and manifests itself as a massive increase from
a depth of 14 cm and up, with a maximum value in the 10-12
cm layer. This period is accompanied by an increase in the fine
fraction proportion from 70 to 87%. Above depth, the levels
fluctuate between 13 and 18 mgkg' in the fine fraction.
Station 23 stands out because it exhibits concentrations that are
distinctly lower than those found in the other cores. This
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station exhibits less contrast in the concentration increase.
From 36 to 22 c¢cm, the PAH levels are constant and close to 1
mg kg, Between 22 and 12 cm, the progressive increase in the
PAH levels is interrupted temporarily at 18-16 cm, with a peak
PAH level of 6 mg.kg " associated with a brief increase in the
PAH load in the < 63 um fraction. In the top 12 cm, the
concentration increases massively and becomes stabilize
between 10 and 12 mg.kg”, with a ratio of nearly 2 between
the fine fraction and the total sediment.

3.6. Relative Distribution and Estimation of the Individual
PAHs by Level

The vertical distribution of PAH in the cores is presented in
Figure 5. Previous studies on sedimentation [8] in Toulon bay
estimate rates of 0.32 cm year™ close to site 15, while [6] found
sedimentation rate of 0.27 cm year™ with *'°Pb activities for the
same cores. Ours results provide a valuable basis for studying
the chronology of sediment pollution in the smaller bay.

The compositions of the 4 cores are similar (Phe, Flu, Pyr
being globally predominant), indicating homogeneous
contamination and the same PAHs sources globally. From 58
to 52 cm, core 12 exhibits a fairly homogenous composition
in which no specific hydrocarbon moiety is particularly
abundant. This section corresponds to the period from 1850
to 1860, during which the bay was extensively exposed to the
action of the sea. Between 52 and 30 cm, which correspond
to the period of 1860-1870, the increase in total PAHs
parallels that of Chrysene, which represents up to 50% of the
PAHSs. This period marks the beginning of the industrial era
and the use of carbon as the main source for energy. The
occurrence of these factors translates into an increase in the
total level of hydrocarbons in the sediment, reaching a
maximum toward the end of the 19™ century.

Between 30 and 16 cm, BaP, which was essentially absent
in the lower levels, becomes dominant, with percentages of
between 15 and 35%. This period corresponds to the First
World War. The decrease in BaP abundance corresponds
with a decrease in the total PAH content and a return to a
qualitative composition that is very close to that of the
beginning of the preceding period (i.e., the 50-48 cm layer).

During the twenty years prior to the Second World War,
the Mediterranean fleet contained 92 ships. Simultaneously,
petroleum products, particularly fuel oil, took on a central
role in energy production. Thus, the PAH pollution in the

sediments reached a new peak in the 28-30 cm layer (= 1920).

After 1942, the scuttling of the fleet, destruction of the
arsenal and a large part of the town of Toulon, as well as the
reconstruction that lasted until the end of the 1950s, was
accompanied by a substantial stabilization of the PAHSs
composition in the sediments (20 to 16 cm). The section from
14 cm up to 0 cm stands out for the nearly complete
disappearance of low-molecular weight PAHs. This portion
is representative of the full return of port activities, the
development of the greater Toulon metropolitan area and the
broad-based explosive growth of the consumption of
petroleum products for domestic and industrial use during the
1960s.

Core 15 is marked by a predominance of InP, whose
percentages were between 80 to 10% in three successive
phases between 56 and 16 cm. The period during which this
component is dominant can be estimated as approximately 90
years (1870 to 1960). It is important to underscore this
situation because it exemplifies the speed of the response of
the environment to an event and the slowness of the
“recovery” process that follows, unless a new event imposes
its mark, as revealed in the upper part of the core where the
level falls precipitously to <8%. Aside from InP, the
variations of the observed proportions of other constituents
are minor in amplitude. The quantitative and qualitative
evolution of PAHs in this core reflects events that varied
significantly and occurred successively in this area over the
course of nearly two centuries.

The first event is the erection of the large pier in 1870,
which profoundly disturbed the nature of sedimentation
inside the small bay. The second event occurred in 1960 after
the Second World War, during a period of reconstruction of
the civil and military ports. From 56 to 44 cm, the sediments
contain levels of fine materials from 62 to 75% and very low
overall PAHs concentrations (<1 mg.kg™), which constitute a
reference to the contribution of hydrocarbons that are
essentially derived from pyrolysis (wood, carbon) in the
sediments from Toulon bay before erection of the large pier
in 1870.

The following period (corresponding to 44 to 40 cm) can
be deemed as a phase where a return to equilibrium occurred
following the disturbance associated with the erection of the
large pier. Starting at a depth of 40-38 cm, the onset of the
rapid regression of InP at this level is associated with the first
increase in total PAHs (up to 2 mg.kg'l) and a decrease in the
fine fractions. From 28 cm and up, a discrete decrease in the
<63 pm fraction occurs up to 18-20 cm and a faster increase
to a concentration of 4 mgkg' occurs at 20-22 cm. This
period, which we deem to be between 1890 and 1960,
corresponds with an important phase in the Toulon history
between the two World Wars (1914-18 and 1939-45) that
saw the particularly pronounced expansion of the French
fleet. The section above 16 cm corresponds approximately to
1960, with inputs to the <63 pum fractions. This change
initially equates to PAHs values that increase from 10 to 35
mg.kg'1 in the F <63 um at 4-6 cm before decreasing to 26
mgkg' at the surface. The predominance of 3- to 4-ring
PAHs clearly indicates the impacts of the widespread use of
petroleum products in a number of applications extending
well beyond everyday port operations, even though 4-ring
PAHs are also the main contributors to this predominance.
With one exception, the relative composition of core 23 does
not exhibit profound changes. The evolution of PAHs in this
station reflects two eras, one in which small amounts of
PAHs originate from the pyrolysis of traditional combustible
materials (e.g., wood and carbon) and one that corresponds to
the post-war period, which was marked by the use and
general discharge of petroleum products aside from all
maritime activity. The PAH profiles in this core indicate that
the PAH composition is relatively constant from 36 to 18 cm,
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with a predominance of molecules containing 2 to 4 rings.
From 16-18 cm, the occurrence of an exceptional event at
this level is evidenced by the massive contribution of 3
components (DBA, BaP and Chr) that represent nearly 60%
of the total PAHs. From 16 cm onward, the composition is
characteristic of modern pollution, as observed in the other
cores, with a preponderance of 3-4 rings.

Station 52 is unique to the collection of studied sites.
Located on the seabed at a depth of 58 m, station 52 is far
from all direct sources of pollution. The formation of the
deposits at station 52 arises mainly result from the transfer of
particulate material through different routes (air, currents,
dragging or sliding along the seabed). If transfer along the
seabed plays a primary role in the formation of the deposit, it
is facilitated by the very fine granulometry of the silt, for
which the mean of the 2 um lower fraction is equal to 21.5%.
In common with the other cores, the sediments deposited at
this station undergo massive variations in PAH inputs. This
allows a distinction to be made between an ancient period
characterized by low concentrations and a recent period
during which the levels increase markedly.

The relative changes in the composition of the core from
station 52 were similar to those observed for the core from
station 15, for which the most striking feature is the presence
of a substantial and fluctuating proportion of InP from 17 to
40% between 42 and 18 cm. These levels could correspond
with phases of stagnation and the light replenishment of
PAHs. Above this level, the percentage of this entity
decreases to 8% and decreases toward the surface. Despite
slight differences between the two series, the compositions
suggest the same type of chemical pollution. However, the
pollution was not necessarily accrued through the same
sedimentary process.

Based on analogies with core 15, the beginning of this
deposition phase corresponds to the 1960, which resulted in a
sedimentation speed of 0.27 cm.year'. By adopting this
estimation method, the 14-18 cm layers must represent the
1950-1960 timeframe, which was dominated by clearing for
and then reconstructing the principal maritime and industrial
installations of Toulon. These works likely resulted in the
resuspension and release of materials that could reach station
15 by transferring through the trench that links the small bay
with the head of Toulon canyon or by the settling of waste
material from dredging the canyon head. The composition of
this material is characterized by the prevailing presence of
four PAHs (Ph, Ant, Flu, and Pyr) which account for 73% of
the total PAHs. Further down in the core, diagnosis is harder
to establish because a more limited PAH input is associated
with frequent changes in the composition of the deposits for
which the chronology is not clear. If one assumes the same
sedimentation speed proposed for the upper part (0.27
cm.year™), the bottom of the core dates to the end of the 19"
century (approximately 1880).

4. Overall Conclusions

The concentration and sources of PAHs in surface

sediments were studied, and a historical record was
reconstructed based on dated sediment cores in the Toulon Bay.
The total concentrations of the PAHs are responsible for a
relatively extensive degree of pollution in the bay that can
equal or exceed 10 mgkg' in some stations. The levels are
reasonably consistent for comparing the levels found in others
bays around the world. The estimation of the sedimentation
rate based on pronounced events, such as an explosive growth
in the use of petroleum products, major developments, and
periods of conflict, provides an opportunity to follow the
history of pollution based on its composition over a period of
approximately 130 to 180 years, depending on the length of
the cores. Overall, the cores provide evidence for a sharp
contrast in concentrations that is indicative of the magnitude of
current pollution loads. PAHs represent a permanent type of
sediment contamination, but one that varies quantitatively and
qualitatively over time. However, input during recent times
(post 1950-60), due to the extensive use of petroleum products,
is linked to massive variations in the concentrations and
compositions of pollutants.

This work shows not only the substantial extent of this
contamination in the total sediment but also the very high
pollution potential in the <63 pum fraction, which increases
markedly in cores 12, 15 and 52. This increase provides
evidence for the process of accumulation for the most
persistent hydrocarbons. Only the core at station 23 exhibits
relatively low PAH levels, though still indicative of the
impacts of the settling of run-off materials in the basin to the
side of the Eygoutier River. In all cases, the predominance of
Phe, Flu, Pyr, and Chr and the very weak contributions of
lower molecular weight PAHs are indicative of the pyrolytic
origin of the polluting petroleum product.
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