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polluted seaports now raise complex management problems since it is no longer 
 into the sea. This results in the need to manage them on land, raising other 
ic and environmental problems. Regarding the technical and economic dimen-
atment methods have proved to be poorly adapted, due to very high costs and 
 this context, filling quarries in coastal areas with treated sediments could repre-
tive for these materials. Nevertheless, for the environmental dimension, it is nec-
at this possibility is harmless to inland ecosystems. Consequently, a specific 
sment methodology has been formulated and tested on three sediments taken 
 in view to providing an operational and usable tool for the prior validation of 
ies with treated seaport sediments. This method incorporates the formulation of 
 of the scenario studied and the definition of protocols for each of its steps: the 
res (based on a simulation of sediment deposit), the characterisation of effects 
 ecotoxicity), and the final ecotoxicological risk assessment performed as a calcu-
includes the implementation in parallel of two types of complementary approach: 
 derived from the European methodology for assessing new substances placed on 
x” approach which is similar to methods developed in France to assess ecological 
ste management, polluted site management, …). The application of this dual ap-
nts tested led to conclude with reliability that the project to deposit sediments “1” 
sk for the peripheral aquatic ecosystems while sediment “3” presented a high risk. 
1. Introduction

Over the last 20 years, dredged seaport sediments have been subject
to increasingly severemanagement procedures due to their contamina-
tion by the industrial, commercial, urban and tourist activities carried
out in and around seaports (Andersen et al., 1998; Lau et al., 1993;
MEEDDAT, 2008). The main families of pollutants concerned are
heavymetals, Polycyclic Aromatic Hydrocarbons (PAHs) and Tributyltin
(TBT), to which must be added a high chloride content leading to
problems when these sediments are stored on land. The bioassays
performed on these seaport sediments often reveal high eco-
toxicity (Clément et al., 2009; Davoren et al., 2005a; Mamindy-
Pajany et al., 2009; Wong et al., 1995). Rarer studies also mention
genotoxicity (Kocan et al., 1985; Srut et al., 2010). The current
nadoo.fr (Y. Perrodin).
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figure for contaminated sediments located in seaports in France is
high (about 10 million tonnes) and they cannot be dredged due to
recent legislation prohibiting their discharge at sea (IFREMER,
2001). This leads to a new source of polluted materials for which
no industrial method of treatment exists, since traditional treat-
ment methods (incineration, landfilling, etc.) are poorly adapted
to this type of material in both economic terms and those of absorb-
able volumes. In view to finding viable solutions for these mate-
rials, works have begun in many countries and in France in
particular (Grosdemange et al., 2008). Different methods of re-
use, e.g. use as aggregate/construction material, or use for artificial
recharge of beaches or salt marshes, have been studied. Among
them, one of the most promising alternative solutions under con-
sideration is that of filling quarries located in coastal areas, as it is
one of the best adapted both technically and economically, and it
also provides sufficient capacities for managing the large quantities
involved. Nonetheless, it was necessary to subject this solution to a
research programme aimed at offering a specific ecological risk
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Fig. 1. General diagram of ecological risk assessment (US EPA, 1998).
assessment methodology for validating the compatibility of each
quarry fill project with its neighbouring inland ecosystems (terres-
trial and aquatic) (SEDIGEST, 2011).

In this article, we first present the specific characteristics of
dredged seaport sediments and the general approach to performing
ecological risk assessments at international level, in view to formulat-
ing a specific method dedicated to the problem of filling coastal
quarries with seaport sediments, and implementing it for three sedi-
ments taken from seaports in southern and western France.

2. Specific characteristics of dredged seaport sediments

The physicochemical composition of dredged seaport sediments is
now becoming clearer due to the different characterisation cam-
paigns carried out around the world. The main families of pollutants
identified in these materials are heavy metals (Colacicco et al.,
2010; Lepland et al., 2010; Romano et al., 2004), PAHs (Alebic-
Juretic, 2011; Gschwend and Hites, 1981; Romano et al., 2004;
Simpson et al., 1996), and TBTs (Bhosle et al., 2006; Blanca, 2008;
Langston et al., 1987; Saeki et al., 2007). However, reports of the
fate and behaviour of these sediments when deposited on land, sub-
ject in particular to the action of rainwater, remain scarce and many
grey areas persist (Chatain et al., 2009; Saeki et al., 2007). These
areas include: (i) the effect of oxidation on sediments when they
are transported on land; (ii) the effect of chlorides on the solubility
of the mineral and organic pollutants present; (iii) the behaviour of
the percolates seeping from the sediments into the soil located
under the deposit, especially in the case of heterogeneous soils; (iv)
the role of plants located on the surface of the deposit on pollutant
transfers; (v) the bioavailability of sediment pollutants and its long-
term evolution during storage; (vi) its toxicity for inland terrestrial
and aquatic organisms under the exposure conditions concerned,
the mixture of the pollutants present in mixture in the “marine sedi-
ment”matrix and in its emissions (percolates). In what follows, it will
be necessary to take into account all these elements during the for-
mulation of the ecological risk assessment methodology dedicated
to managing the seaport sediments, in order to produce a reliable
and robust tool.

3. Methodological approach for the ecological risk assessment

The first Ecological Risk Assessment (ERA) methodologies emerged
at the beginning of the 1990swith dawning awareness of the risks liable
to impact ecosystems exposed to substances of anthropic origin. In
1992, the United States EPA proposed a framework for the ecological
risk assessment of contaminated industrial sites (US-EPA, 1992). Fol-
lowing a certain number of works, especially those of Suter (1993),
this guide was improved to become “The Guidelines for Ecological
Risk Assessment” (US EPA, 1998) and has become the reference regard-
ing ERA (Hayet, 2006; Perrodin et al., 2011; Rivière, 1998). Since then,
this guide has been revised by many countries and adapted to manage
their polluted sites (CEAEQ, 1998; Environment Agency of United
Kingdoms, 2003; Liliburne and Phillips, 2011). In addition, methodolo-
gies have been formulated to evaluate ecological risks linked to other
problems. Mention can be made of the methodology drawn up by the
EuropeanUnion to evaluate risks relating to chemical substances placed
on the market (ECB, 2003; Environment Agency of United Kingdoms,
2003), of French studies on the assessment of ecotoxicological risks
linked to dumping inland dredged sediments (CETMEF, 2001) and the
assessment of the ecocompatibility of using wastes (Perrodin et al.,
2000), and of the assessment of ecotoxicological risks linked to hospital
effluents (Boillot et al., 2007; Emmanuel et al., 2005). Most ERA
methods are implemented with four main phases: (1) the formulation
of the problem, (2) the characterisation of exposures (3) the character-
isation of effects, and lastly, (4) the characterisation of the risk itself
(Fig. 1). It is noteworthy that the characterisation of exposures and
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that of effects are performed in parallel; however they are in constant
interaction (Babut and Perrodin, 2001; Rivière, 1998).

3.1. The formulation of the problem

The problem formulation phase is fundamental. It comprises in-
vestigation and technical options, following which a highly precise
plan of actions has to be established (identification of the data to be
collected, the measurement and assessment techniques to be used,
as well as the framework of interpretation) to carry out the subse-
quent phases of the ERA (Perrodin et al., 2011; Rivière, 1998; US
EPA, 1998).

3.2. The characterisation of exposures

Exposure characterisation aims at determining the spatial–temporal
contact between pollutants and target populations (US EPA, 1998). It in-
cludes the analysis of sources of pollutants, the transfer of the latter
from their sources, and the distribution of pollutants in the environ-
ment. Exposure depends on both the concentrations of pollutants in
the environment and the characteristics and behaviour of the target or-
ganisms. Finally, it takes into account the doses absorbed by target
populations. This analysis can be performed by using theoreticalmodels
of pollutant transfer and/or pollutants and/or on the basis of experi-
mental results (Perrodin et al., 2011).

This phase results in the determination of one or more values
characterising exposure. In the case of a “substance-based” approach,
the term “Predicted Environmental Concentration” (PEC) is used. It
corresponds to the concentration to which organisms are exposed
(in mg/l, for example). In the case of a “matrix” approach, the notion
of percentage of polluted source matrix in the environment of the or-
ganisms is employed (the PEC is then expressed in %). In both cases
the parameter concerned is the concentration that can be expected
in the environment following different inputs. Determining these
values can prove complex, since account must be taken of a consider-
able number of phenomena liable to occur during transit via different
pathways: dilution, evaporation, biodegradation, bio-accumulation,
change of speciation of substances, the characteristics of the ecosys-
tem, etc. Exposure can also be direct or indirect, short or long-term,
or variable or invariable through time (RECORD, 2006; Rivière, 1998).



3.3. The characterization of effects

This phase entails defining to what extent the organisms of the
target ecosystem are significantly sensitive to the pollutants to
which they are exposed (Perrodin et al., 2011). This step is mainly
based on biological approaches that include batteries of bioassays. A
large number of batteries of bioassays have been proposed in the lit-
erature for different fields of study and matrixes. Mention can be
made of those relating to: (1) substances (Davoren and Fogarty,
2004; Kim et al., 2007; Radix et al., 2000); (2) effluents (Andrén et
al., 1998; Naudin et al., 1995; Persoone et al., 2003; Ren and
Frymier, 2003); (3) sediments (Davoren et al., 2005b); (4) wastes
(Clément et al., 1996; Isidori et al., 2003; Pandard et al., 2006;
Rojícková-Padrtová et al., 1998); and (5) soils, sludges and composts
(Juvonen et al., 2000; Schaefer, 2004). It results in the acquisition of
different values of ecotoxicological effects as NOEC (No Observable
Effect Concentration) or CE20 (Efficient Concentration on 20% of the
population), making it possible to calculate, after applying an extrap-
olation factor, the value of absence of significant effect on the whole
of the target ecosystem. This value is commonly known as the PNEC
(Predicted No Effect Concentration). Although the toxicity of a chem-
ical mixture may be greater or lesser than predicted from toxicities of
individual constituents of the mixture, a quotient addition approach
assumes that toxicities are additive or approximately additive (US
EPA, 1998). This assumption may be most applicable when the
modes of actions of chemicals in a mixture are similar, but there is ev-
idence that even with chemicals having dissimilar modes of action,
additive or near-additive interactions are common (Altenburger et
al., 2000; Bliss, 1939; Boillot and Perrodin, 2008; Feron and Groten,
2002; Hermens et al., 1984; Lin et al., 2004).

3.4. The characterization of the risk itself

To carry out this final phase of ecological risk assessment, there is a
range of possible methods of variable complexity (Babut et al., 2002).
The choice depends on the operational constraints and the available
data. Rivière (1998) notes “the ecological risk can be expressed in vari-
ous manners: qualitative (absence or not of risk), semi-quantitative
(weak, average and high risk), and in probabilistic terms (the risk is
x%)”. The method known as “the quotient” is the most widespread
method for the semi-quantitative characterization of risks. This method
consists in calculating the quotient which is equal to the “Predicted En-
vironmental Concentration” (PEC) divided by the “Predicted No Effect
Concentration” (PNEC). When the quotient value “Q” is greater than 1,
the risk is considered as significant, and increasingly so as the quotient
rises. Conversely, the further the quotient is below1, themore the risk is
regarded asweak. The “probable non concentration effect” on an organ-
ism is, in practice, generally represented byNOEC or EC20 divided by an
extrapolation factor (e.g. 10).

4. Formulation of the specific risk assessment methodology

4.1. Formulation of the problem

4.1.1. Description of the scenario
The aim of this description is to present the different ecosystems

potentially in the vicinity of the seaport sediment deposit and the dif-
ferent exposure pathways concerned as exhaustively as possible to
provide a full vision of the scenario (Fig. 2).

Regarding source S1, three samples of treated maritime sediments
were selected to perform the programme. To do this, we first chose to
work with relatively polluted sediments (Chatain et al., 2009) in
order to obtain a response during the bioassays. In view to using the
methodology in the future to validate landfill projects, less polluted
sediments will be considered. The three sediments chosen taken from
3

an Atlantic seaboard site (Port of Guilvinec) and from a Mediterranean
seaboard site (Port of Toulon), were as follows:

• Sediment from the port of Toulon, dried and aired for 4 months
(sediment 1),

• The fine fraction of the sediment from the port of Toulon, dried and
aired for 4 months (sediment 2),

• Sediment from the port of Guilvinec limed and crushed (sediment 3).

Table 1 presents the substances chosen as risk tracers, given cur-
rent knowledge of seaport sediments and their potential ecotoxicity.

Regarding the environmental targets to be taken into account, in
the framework of the present article, it was first considered that run-
off from the surface of the deposit was negligible (surface slope ori-
ented inwards, peripheral drainage, etc.). It was then considered
that the landfill project did not include a deposit surface vegetation
project and that the local groundwater was not subject to risk, nota-
bly with respect to the production of drinking water. These choices
led to narrowing the target environment to be studied to only that
of C4 (aquatic environment) (other variants of the scenario will be
the subject of further publications). The river (C4) located near the
deposit therefore receives part of the deposit percolate flowing later-
ally on the peripheral soil. On the basis of a conservative assumption,
we considered that the flow on the soil did not change the concentra-
tion of the substances transported in the percolate. Lateral flow (T3)
was therefore the main pathway of pollution transfer to the river.
The trophic levels and potential biological targets to be taken into ac-
countwere primary producers (green algae, etc.), detritivores (bacteria,
etc.), primary consumers (rotifers, crustaceans, etc.), and secondary
consumers (fish, etc.).

Finally, source “S1” (maritime sediment), transfer “T3” (lateral
flow) and target “C4” (river) composed the three main elements of
the studied scenario. The spatial and numerical data of the latter
were then set randomly for the needs of this study (Table 2), none-
theless with efforts being made to stick as closely as possible to the
reality in-the-field.

It is noteworthy that the speciation of metal contaminants within
the deposit can undergo modification, and that organic contaminants
can be biodegraded. The biodegradation of PAHs, the main organic
contaminants of the sediment, is a priori low given the probably an-
aerobic nature predominating within the deposit and the low dwell
time during runoff on the soil. Whatever the case, this potential deg-
radation mainly concerns compounds with low molecular weight.
Furthermore, some pollutants are liable to bring about genotoxic ef-
fects (Devaux et al., 1998; Theodorakis, 2001; Würgler and Kramers,
1992). Although little is known at present about the additional risk
this type of effect could generate, its potential consequences imply
that they cannot be ignored and that they must be taken into account
in risk assessment procedures applied to ecosystems.

4.1.2. Selection of “assessment parameters” and formulation of the
conceptual model

The demands for preserving surface aquatic ecosystems can be
summarised as follows: filling a terrestrial cavity with treated seaport
sediments must not lead to short or long-term effects on the aquatic spe-
cies of the river located nearby.

The assessment parameters are physicochemical (concentrations
in sediment contaminants and percolates), physical (lateral runoff
flow rates and river flow rates, dilution factor) and ecotoxicological
(battery of bioassays performed for several trophic levels). Fig. 3
shows the conceptual model resulting from the choices made.

4.2. Material and methods

4.2.1. Exposure characterisation
The exposure level was based first on the water balance of the site,

using the data of Table 2, and on the dilution of the percolate in the



S1: dredged seaport sediment deposit in a terrestrial cavity 
T1: transfer of deposit pollutants to the surface terrestrial ecosystem 
C1: terrestrial ecosystem developing on the deposit
T2: transfer of deposit pollutants through the soil to the groundwater 
C2: groundwater located beneath the sediment deposit and which receives part of percolates seeping from it 
T3: transfer of deposit pollutants via the lateral flow of the percolates  
C3: terrestrial ecosystem near the deposit and which receives the water flowing laterally from it 
C4: aquatic ecosystem: river located near the deposit and which receives the water flowing laterally from it 
PWS : Potable Water Supply. 
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Fig. 2. Presentation of the studied scenario.
river during its low flow period, with the assumption that the runoff
between the deposit and the river did not significantly reduce the
flow of pollutants discharged by the deposit due to the nature of the
soil, slope and the short distance between the deposit and the river.
The ratio chosen for the distribution of the percolate, by taking into
account the site data collected during the visit to several existing de-
posit sites, and the data available for similar scenarios (Perrodin et al.,
2006), was 50% for the groundwater and 50% for the river.

In order to simulate the behaviour of the sediments deposit, and
the fate of the pollutants, three lysimeters for the three treated sedi-
ments were then constituted. They were subjected to a controlled
moisture regime lasting 18 months, with continued spraying (auto-
mated system) and sprinkling every 20 min. These lysimeters were
formed by rectangular aluminium tanks (2.5 m×1.75 m). A layer of
sand was deposited at the bottom of the lysimeters, and a low point
was installed in one of the angles of each one. It was covered with a
polyolefin sealing geomembrane. A layer of drainingmaterial (gravel)
5 cm thick was deposited on the geomembrane and then covered
with a protective geotextile to avoid any migration of the sediments
Table 1
Selected risk tracer substances—Selected criteria.

Metals (As, Cd, Cr, Pb, Zn, Hg, Sn, Cu, Ni,..)
Toxic at low or middle concentrations

TBT and its derivatives DBT et MBT
Toxic for aquatic organisms at very low concentrations

PAHs
Some PAHs are mutagenic and carcinogenic

Chlorides
Chlorides are harmful for inland organisms at strong concentrations

Ammonium (NH4
+)

Toxic for aquatic organisms, especially in its non ionised form (NH3)
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into the drainage layer. The sediment was finally placed over these
sub-layers using a vibratory tamping machine to compact the sedi-
ment to Proctor density. The percolates were collected daily with a
peristaltic pump, then stored automatically in a refrigerator while
awaiting analysis. Regular measurements of pH, conductivity, Redox
potential and ammonium were performed.

Chemical analyses of the percolates of the 3 sediments were per-
formed according to the following protocols:

• Metals: Standard NF EN ISO 11885,
• Chlorides: Standard ISO 10304-1 2007,
• PAHs: Standard ISO/WD/7981,
• Ammonium: Standard NF T 90-015-1,
• TBT: Standard ISO 17353.

The samples (about 900 kg per sediment) were taken from exper-
imental sediment treatment sites. After homogenisation, they were
divided into 100 l drums and quickly transported to the laboratory.
On arrival at the laboratory, they were subjected to sub-sampling to
Table 2
Spatial and numerical data of the studied scenario.

Dimensions of the sediment deposit
10 m high
100,000 m² surface area
1,000,000 m3 volume

River discharge
1 m3/s i.e. 315⁎10

5 m3/year
Climatic elements

Annual rainfall: 900 mm
Rate of evapotranspiration at the surface of the deposit: 70%

Distribution of leachate flowing from the deposit
50% to groundwater and 50% to river



Fig. 3. Conceptual model of the scenario studied.
prepare the samples required for each test and analysis. These opera-
tions were all performed as rapidly as possible after sampling. The
resulting samples were then conserved in a cold chamber at 4 °C.
4.2.2. Effect characterisation
The effects were characterised according to two complementary

approaches: the “substances approach” and the “matrix approach”.
The “substances approach” consists in seeking in international data-
bases the concentrations of each of the “risk tracer” substances with
no effect on ecosystems (PNEC mg/l). The “matrix approach” consists
in exposing organisms representative of the target ecosystem (bioas-
says) to a range of dilutions of the “matrix” responsible for the pollu-
tion, in this case the percolate discharged by the seaport sediment, so
as to determine the no effect concentration of the latter for the target
ecosystem (PNEC%). For the “matrix approach”, priority was given to
selecting normalised (or standardised) bioassays. These bioassays are
listed in Table 3. In conformity with the conclusions in the formula-
tion of the problem, the battery of bioassays determined comprised
Table 3
Bioassays selected for the “matrix approach”.

Organisms Duration Effects

Vibrio fischeri 30 min Luminescence
Daphnia magna 24 h Mobility
Brachionus calicyflorus 48 h Reproduction
Pseudokirchneriella subcapitata 72 h Population growth
Pseudokirchneriella subcapitata 24 h Enzymatic reaction spee
Trout cell-lines (RTG-W1 and RTL-W1) 24 h Cytotoxicity
Trout cell-lines (RTG-W1 and RTL-W1) 24 h Genotoxicity

(Comet Assay)

EC50: Effect concentration for 50% of organisms. EC20: Effect concentration for 20% of orga
ISO: International Standard Organization.
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tests representative of primary producers, detritivores, primary con-
sumers and secondary consumers, as well as genotoxicity tests.
4.2.3. Risk characterisation
The “quotient method” can be applied to both the “substances ap-

proach” (pollutant concentrations) and the “matrix approach” (% di-
lution of a complex matrix of pollutants).

In the case of the “substances approach”, the objective is to deter-
mine the aquatic PNEC for each risk tracer, by consulting internation-
al databases and by taking the following approach: (i) if the PNEC
values can be obtained from reference organisations, such as the
US-EPA in the USA (US-EPA, 2011) or the INERIS in France (INERIS,
2011) for the substances considered, priority is given to these values,
(ii) if certain PNEC values are not available, they have to be generated
from ecotoxicological data available in international databases: the
PNEC is then calculated according to the procedures of the TGD
(ECB, 2003), which defines in particular the rules defining the extrap-
olation factors.
Parameters Protocol References

EC50 Normalised NF EN ISO 11348
EC50 Normalised NF EN ISO 6341
EC20 Normalised NF T90-378
EC20 Normalised NF T90-375

d (esterase) LOEC Standard Barthet et al. (2003)
LOEC Standard Dayeh et al. (2003)
DNA Damage Standard Kienzler et al. (2012)

nisms.



In the case of the “matrix approach”, the TGD can also be used to
adjust the value of the extrapolation factors as a function of the
type and number of available test results.

5. Results

The approach described above was applied to the three sediments
presented in the description of the scenario.

5.1. Characterisation of exposures

The results stemming from the numerical data of the scenario per-
mit to calculate the lateral flow debit (Dlf) and the dilution factor of
the percolate in the river (Fp):

• Dlf=0.9 m/year⁎100,000 m2
⁎0.3⁎0.5=0.135⁎10

5 m3/year
• Fd=315⁎10

5/0.135⁎10
5=2333 (i.e. 0.04% percolate in the river).

Analytical monitoring of the percolates discharged from the ly-
simeters over the 18 months of operation showed that the perco-
late of the first month was almost always that most heavily
loaded. Under these conditions, we considered that it corresponded
to the “critical” period of the scenario and thus decided to focus our
attention on it. The results of the physicochemical analyses of the
percolate of the first month of each of the three sediments are
presented in Table 4.

Regarding the “substances” approach, the calculation of exposure
concentrations vis-à-vis aquatic organisms was performed using the
results of the chemical analysis of the percolates to which the dilution
factor Fp mentioned above was applied. This provided the PEC
(Table 4).

For the “matrix approach”, the predicted exposure concentration
is expressed in percentage of percolate in the river: 0.04%.
Table 4
Physicochemical analyses of percolates, and PEC of the 3 sediments.

Sediment 1

Percolate PEC

pH 7.0
Conductivity (μS/cm) 33,500
RedOx potential(mV) 397
NH4

+ (μg/l) 900 0.38
Chlorides (mg/l) 10,890 4.67
Metals (μg/l)

As 4 0.0017
Cd 1 0.0004
Cr 1 0.0004
Pb 137 0.0587
Zn 3510 1.5045
Sn 4 0.0017
Cu 515 0.2207
Ni 64 0.0274

TBT (ng Sn/l) b50 b0.0214
PAHs (ng/l)

Fluoranthène 5 0.0021
Phénanthrène 5 0.0021
Pyrène b5 b0.0021
Acénaphtène b5 b0.0021
Benzo(b) fluoranthène b5 b0.0021
Benzo(g, h, i)pérylène 5 0.0021
Naphtalène b50 b0.0214
Indénol(1,2,3-c,d)pyrène b5 b0.0021
Benzo(k)fluoranthène b5 b0.0021
Anthracène 5 0.0021
Fluorène 5 0.0021
Benzo(a) anthracène b5 b0.0021
Benzo(a) pyrène b5 b0.0021
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5.2. Characterisation of effects and risks

The effects measured by the “Predicted No Effect Concentration”
on organisms were characterised as a function of the “substances ap-
proach” (PNECmg/l) and the “matrix approach” (PNEC%). The risk can
be characterised by comparing the results with the “Predicted Envi-
ronmental Concentration” (PEC).
5.2.1. Characterisation of the effects and risks as a function of the
“substances approach”

The results of this procedure, and that of the risk quotient of the
calculated (Q) for each substances and each of the 3 sediments are
presented in Table 5.

For sediment 3, the ecotoxicological risk was very high for the
aquatic ecosystem mainly due to the strong concentrations of copper
and TBT in the percolate, and then in the river. For the two other sed-
iments, no ecotoxicological risk was observed under the conditions of
the scenario, for the substances monitored. For these two sediments,
copper was the pollutant for which the safety margin was lowest
(Q=0.55 and 0.68).
5.2.2. Characterisation of effects and risks according to the “matrix
approach”

5.2.2.1. Effect characterisation. Table 6 groups the results of the differ-
ent bioassays performed on the percolates studied. After analysing
the rules recommended by the ECB (European Chemicals Bureau) in
the TGD (Technical Guidance Document for new notified substances),
and given the wealth and type of bioassays selected (chronicity, tro-
phic levels), the value of the extrapolation factor applied to the result
of the most unfavourable ecotoxicity test for establishing the PNEC of
Sediment 2 Sediment 3

Percolate PEC Percolate PEC

7.1 12.4
37,700 23,600

367 110
200 0.086 2170 0.93

12,310 5.27 5842 2.50

4 0.0017 4 0.0017
1 0.0004 1 0.0004

43 0.0184 194 0.0831
22 0.0094 22 0.0094

2270 0.9729 36 0.0154
4 0.0017 4 0.0017

642 0.2751 18,800 8.05
2 0.0008 522 0.2237

b50 b0.0214 118,600 50.83

5 0.0021 7 0.0030
5 0.0021 36 0.0154

b5 b0.0021 b5 b0.0021
b5 b0.0021 b5 b0.0021
b5 b0.0021 b5 b0.0021
b5 0.0021 b5 b0.0021

b50 b0.0214 106 0.0454
b5 b0.0021 b5 b0.0021
b5 b0.0021 b5 b0.0021
5 0.0021 9 0.0038
5 0.0021 12 0.0051

b5 b0.0021 b5 b0.0021
b5 b0.0021 b5 b0.0021



Table 5
PNEC and “Q” of sediment percolates as a function of the “substances approach”.

Substances Aquatic PNEC Q
Sediment 1

Q
Sediment 2

Q
Sediment 3

Chlorides (mg/l) 230 0.020 0.023 0.011
NH4

+ (μg/l) 5 0.077 0.017 0.18
Metals (μg/l)

As 4.40 ≪1 ≪1 ≪1
Cd 0.75 ≪1 ≪1 ≪1
Cr 4.70 ≪1 ≪1 ≪1
Pb 5.00 ≪1 ≪1 ≪1
Zn 8.60 0.17 0.11 0.17
Sn 2.70 ≪1 ≪1 ≪1
Cu 0.40 0.55 0.68 20.1
Ni 4.70 ≪1 ≪1 0.047

TBT(ng Sn/l) 0.1 0.21 0.21 508
PAHs (ng/l)

Fluoranthene 120.0 ≪1 ≪1 ≪1
Phénanthrene 1340 ≪1 ≪1 ≪1
Pyrene 12.0 ≪1 ≪1 ≪1
Acénaphtene 3700 ≪1 ≪1 ≪1
Benzo(b) fluoranthene 30 ≪1 ≪1 ≪1
Benzo(g, h, i)perylene 1.6 ≪1 ≪1 ≪1
Naphtalene 12,000 ≪1 ≪1 ≪1
Indenol(1,2,3 c,d)pyrene 3.0 ≪1 ≪1 ≪1
Benzo(k)fluoranthene 36.0 ≪1 ≪1 ≪1
Anthracene 63.0 ≪1 ≪1 ≪1
Fluorene 250.0 ≪1 ≪1 ≪1
Benzo(a) anthracene 650.0 ≪1 ≪1 ≪1
Benzo(a) pyrene 50.0 ≪1 ≪1 ≪1
the ecosystem concerned was set at “10”. On this base, the PNEC
obtained for each sediment tested was as follows:

– Sediment 1: PNEC=1.0/10)=0.10%
– Sediment 2: PNEC=0.6/10)=0.06%
– Sediment 3: PNEC=0.13/10)=0.013%

5.2.2.2. Risk characterisation. The risk quotient calculated for each of
the three sediments tested was as follows:

– Sediment 1: Q=PEC/PNEC=0.04/0.1=0.4
– Sediment 2: Q=PEC/PNEC=0.04/0.06=0.3
– Sediment 3: Q=PEC/PNEC=0.04/0.013=3.1.

For the peripheral aquatic ecosystem, sediments 1 and 2 therefore
presented little risk if deposited in under the conditions of the scenario
established at the beginning of the study. However, the risk quotient of
sediment 3 was 3.1, leading to the conclusion of a significant ecotoxico-
logical risk for the surrounding aquatic ecosystem if the sediment were
deposited under the conditions of the scenario established at the begin-
ning of the study.
Table 6
Ecotoxicity of percolates of the 3 sediments studied.

Organisms Effects Parameters Sed 1 Sed 2 Sed 3

Vibrio fischeri Luminescence CE50 15% 24% 2.2%
Daphnia magna Mobility CE50 Non

toxic
Non
toxic

0.5%

Brachionus calicyflorus Reproduction CE20 1.0% 0,6% 0.14%
Pseudokirchneriella
subcapitata

Population
growth

CE20 1.0% 2% 0.13%

Pseudokirchneriella
subcapitata

Enzymatic
activity
(esterase)

Significant
effect

1.0% No
effect

0.4%

Trout cell lines (RTG-W1
and RTL-W1)

Cytotoxicity Significant
effect

5% 1% 0.5%

Trout cell lines (RTG-W1
and RTL-W1)

Génotoxicity
(Comet assay)

Significant
DNA damage

No effect
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6. Discussion

6.1. The results obtained

6.1.1. Chemical analyses of percolates
The chemical analyses of the percolates of the three dredged sed-

iments tested are hardly comparable to existing data in the literature
which, for the most part, concern only the analysis of total pollutant
content (Alebic-Juretic, 2011; Bhosle et al., 2006; Blanca, 2008;
Colacicco et al., 2010; Gschwend and Hites, 1981; Langston et al.,
1987; Lepland et al., 2010; Romano et al., 2004; Saeki et al., 2007;
Simpson et al., 1996). Regarding the analysis of the percolates, we
mention in the paragraph dedicated to the results that the concentra-
tions of pollutants were higher in the percolate of the first month.
This type of behaviour is consistent with what has been observed in
other studies on the leaching of inland sediments (Perrodin et al.,
2006) and other types of polluted materials (Delolme et al., 2010;
Larmet and Delolme, 2005; Perrodin et al., 2000; Quina et al., 2010).
The concentrations of pollutants obtained in the percolate of the
first month of each of the three sediments tested are, moreover, log-
ical given the nature of the sediments and the physicochemical prop-
erties of the pollutants concerned, i.e. (i) a very high chloride content
linked to the maritime origin of the sediments, (ii) a variable heavy
metal content, that can be linked in particular with the potential pH
and Redox values of the sediments (Baltpurvins et al., 1996; Barna
et al., 1997; Ichikawa and Sato, 1973; Quina et al., 2009). In the case
of sediment “3”, treated with hydraulic binders, and whose percolate
pH exceeded 12, emphasis must be given to the very high amount of
copper in solution, (iii) low content in PAHs, which are compounds
hardly soluble in water, and (iv) the very marked presence of TBTs
in the percolate of sediment “3”. This was certainly related, once
again, to the destabilisation of the sediment matrix by the hydraulic
binders used to treat the sediments (Loustau-Cazalet et al., 2010).

6.1.2. Exposure concentrations for aquatic organisms
For the “substances” approach the first observation is that the rel-

ative presence of each pollutant is the same as that of the percolates,
since it was assumed that the transfer of the deposit to the river by



runoff on the soil did not change the proportion of the different pol-
lutants present. Given the dilution of the percolate in the river, the
concentrations in pollutants generally appeared low, with the excep-
tion of copper and TBT in the case of sediment “3”. It is noteworthy
that due to this dilution the concentrations in chlorides predicted in
the river (in the region of several mg/l) were quite comparable to
that which can be observed for inland surface waters. Regarding the
“matrix” approach, we recall that the value of 0.04% calculated for
the proportion of percolate in the receiving river corresponds to the
maximum, taking into account the conservative hypotheses made at
the beginning of the study (value during the low flow period of the
river).

6.1.3. Effect characterisation
Regarding the PNEC established for the “substances” approach, the

value recorded for TBTs (0.1 ng Sn/l) stood out, indicating the very
high toxicity of this substances for aquatic organisms (INERIS, 2011).
The results of the bioassays implemented in the framework of the “ma-
trix” approach showed that those with Brachionus calicyflorus and
Pseudokirchneriella subcapitatawere themost sensitive, which is consis-
tentwith the fact that theywere chronic assays and alsowith the obser-
vations made in other studies using the same or similar batteries of
bioassays (Angerville, 2009; Boillot et al., 2008). The EC20, EC50, and
NOEC values obtained provide a relatively similar ecotoxicity profile be-
tween sediments “1” and “2”, apart from esterase activity. However, the
same values are 5 to 10 times lower for the percolate of sediment “3”,
showing that it is far more ecotoxic. This ecotoxicity of the percolate
of sediment “3” not only reflects its very high pH, but also its high cop-
per and TBT contents, as both of the latter were present in quantities
high enough to affect organisms (see previous paragraph). The ammo-
nia present in these percolates in non ionised form (NH3), due to the
high pH, may also contribute to this ecotoxicity. Indeed, it is known
that the toxicity of non ionised ammonia (NH3) is clearly higher than
that of ionised ammonia (NH4

+) (ATSDR, 2004).

6.1.4. Ecological risks
All said and done, the “substances” and “matrix” approaches both

conclude in the absence of risk for the aquatic ecosystem if the quarry
is filled with sediments “1” and “2” under the conditions defined for
the scenario. For sediment “3”, the two approaches appear to con-
verge, as they both conclude that sediment “3” represents a high
risk for the aquatic ecosystem. The “substances” approach shows
that TBT and, to a lesser extent, copper, are probably the sources of
the high ecotoxicity of this percolate and the ecological risk stemming
from it.

6.2. Regarding the methodology

The assessment of exposure, whether by the “substances” ap-
proach or the “matrix” approach, greatly depends on the scenario's
spatial and hydrological data (rainfall, surface and deposit height, ori-
entation of the surface slope, etc.). In the case of a real project, these
data must be collected with care to ensure the quality of the assess-
ment. In the case of the present study, the initial choices regarding
the definition of the scenario studied have a major impact on the re-
sult. Nonetheless, these choices were realistic in comparison to the
situations that can be found in-the-field.

The assessment of the “substances” approach directly depends on
the quality of the PNEC supplied by reference organisations and/or the
quality of the EC20, EC50, NOEC values supplied by international data-
bases. The assessment of effects by the “matrix” approach greatly de-
pends on the organisms tested and the ecotoxicological parameters
selected. Although the parameters in this study included growth, repro-
duction and genotoxic effects, they only concerned a small number of
organisms which, in addition, were tested individually whereas in na-
ture they interact with each other and with their environment. It is
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clear that this is a highly simplified representation of the ecosystem.
Other authors have proposedmore thorough batteries of bioassays to as-
sess effects (Charissou et al., 2006), or worked with more representative
models of ecosystems, such as microcosms and mesocosms (Clément
and Cadier, 1998; Clément et al., 1996; Gustafsson et al., 2000; Kan et
al., 2011). Nonetheless, these approaches are far more costly and are
not always “economically acceptable” when implemented in-the-field.
Finally, the “real” issue is to know whether the battery of bioassays se-
lected leads to sufficient protection of the ecosystems concerned. Fur-
thermore, studying the integrity of DNA is interesting in the framework
of risk assessment, in so far as it can forewarn of long-term effects, both
for the organisms exposed and their offspring, via modifications of gene
structure or expression (Anderson andWild, 1994; Bickham et al., 2000;
Depledge, 1996; Devaux et al., 1998; Larno et al., 2001; Würgler and
Kramers, 1992). In the case of the present study, measuring the potential
genotoxicity of matrixes measured using fish cell models constitutes a
fairly novel approach which, despite the numerous validation steps re-
quired, could provide a simple tool in the future capable of assessing gen-
otoxicity in a eukaryote cell model in the batteries of bioassays used to
assess ecotoxicological risks.

The quotient method chosen to calculate and express risks is fast
and well-suited for communicating results. However, it is a rather
cursory means of characterising risks as it relies on several simplifica-
tions: (i) effects and exposure are both synthesised in one value,
which can obscure conceptual biases; (ii) it does not readily take in-
direct effects into account. Other risk characterisation methods can
be used in certain contexts (Babut and Perrodin, 2001; US EPA,
1998): (i) qualitative methods that characterise risk in two or three
categories, for example, strong/weak/average, usually on the basis
of expert opinion (Rivière, 1998). They are used for comparative ap-
proaches (e.g., two types of contamination), (ii) methods incorporat-
ing the entire pollutant/response relation, making it possible to
estimate the level of risk associated with a given exposure level.
These methods are especially useful for testing several risk reduction
options, or when different exposure (as a function of time or geo-
graphical region) and/or effect (chronic/acute) concentrations exist
(Klaine et al., 1996; Solomon et al., 1996).

7. Conclusion

This study showed that it is possible to assess risks for peripheral
aquatic ecosystems caused by a deposit of dredged seaport sediments
in a quarry, by using relatively accessible and mostly standardised
ecotoxicological investigation methods. The method proposed here,
which combined “substances” and “matrix” approaches, showed its
efficiency for the three sediments tested: the “substances” approach
showed that TBT, and to a lesser extent, copper, were probably the
sources of a large proportion of the ecotoxicological risk, whereas
the “matrix” approach provided a more realistic assessment, due in
particular to the toxicity linked to the pH of the matrix, the inclusion
of all the substances present in the percolate (including those not
analysed), and the ecotoxicological interactions between substances
liable to spur synergetic or antagonistic phenomena (Altenburger et
al., 2000; Calamari and Alabaster, 1980; Deneer, 2000; Hermens and
Leeuwangh, 1982; Vighi et al., 2003; Walter et al., 2002; Warne,
2003; Warne and Hawker, 1995).

Other ecological risk assessment approaches related to sediment de-
posits have been proposed, notably for inland sediments (USACE,
1998a, 1998b). The aim of our approach, adapted to marine sediments
and combining two complementary approaches,was to improve under-
standing of the global process leading to ecotoxicological risk and the
realism of the assessment in view to optimising decision-making at
management level.

For all that, the methodology presented can, andmust, undergo fur-
ther improvement in several directions to permit its operational inte-
gration in procedures defined by organisations in charge of managing



sediments. This validationwill require in situ studies of aquatic commu-
nities performed simultaneously and comparatively with the chemical
analyses and ecotoxicity tests included in our methodology, in order
to verify the predictive nature of the assessment performed. It will
also be advisable to check whether the battery of bioassays selected
can be reduced or else must be completed. When considering this
point, it must be borne in mind that reducing the number of biological
responses by reducing the number of tests will lead to increasing the
imprecision of ecotoxicity results, thereby augmenting the uncertainty
relating to the characterisation of the risk due to the need to raise the
number of applicable safety factors. Consequently, the gains made on
the one hand could be detrimental to subsequent decision-making on
the other. What is more, the works intended to improve the final
phase of risk characterisation, currently based only on the quotient
method, and to strengthen the expression of the results with the asso-
ciated uncertainty, must be carried out to ensure optimal utilisation of
the tool developed.

Lastly, it will be necessary to complete the investigations performed
by studying the ecological risks linked to the two potential indirect phe-
nomena not taken into account in the methodology presented: (i) the
bioaccumulation and biomagnification of the pollutants in the organ-
isms and trophic chains; and (ii) the potential eutrophication of rivers
linked to the discharge of nutritive substances, in particular phosphates.
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