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Risk management of sediments

Susanne Heise

Consulting Centre for Integrated Sediment Management ( BIS),
Technical University Hamburg-Harburg, Hamburg, Germany

Summary. Sediment management nowadays is often concerned around sediments that have been
polluted in former times, posing the following questions: what risks remain after time has passed
concerning the persistence, ageing and bioavailability of the polluting substances; where does the
risk apply regarding the transport of contaminated sediments and the management objectives in
the different zones of a river basin; how can solutions be found; who is responsible for paying the
management measures. This publication reflects on the discussions in the SedNet Working Group
on “risk management and communication” claiming that sustainable sediment management needs
to be risk based and oriented towards the river basin scale. Results of two case studies are recounted,
which roughly followed the site prioritization appraoch that was suggested by the participants of the
working group and gives an example on a decision making module that could help in communicat-
ing interests and the resulting priorities of measures, after areas of risks have been identified in a
river basin.
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Riassunto (Gestione del rischio dei sedimenti). La gestione dei sedimenti riguarda generalmente I'in-
quinamento del passato e su tale aspetto si pongono diverse questioni: quali sono i rischi riguardo
alla persistenza, all’eta ed alla biodisponibilita delle sostanze inquinanti; dove € necessario applicare
la valutazione di rischio in relazione al trasporto dei sedimenti contaminati e gli obiettivi di gestio-
ne in relazione alle differenti zone di un bacino idrografico; che tipo di soluzioni possono essere
trovate; chi ¢ responsabile delle misure di gestione. Questo lavoro riflette le discussioni del Gruppo
di Lavoro SedNet per "la gestione del rischio e comunicazione”, in cui si afferma che una gestione
del sedimento sostenibile debba essere basata sulla valutazione del rischio e orientata su scala di
bacino. Vengono riportati due casi studio in cui & stato seguito I’approccio della prioritizzazione
del sito suggerito dai partecipanti al gruppo di lavoro e offre un esempio di uno schema decisionale
che potrebbe supportare, dopo aver identificato le aree di rischio su scala di bacino, I'individuazione
delle priorita delle misure.

Parole chiave: sedimenti, gestione del rischio, sostanze inquinanti, SedNet.

INTRODUCTION

The term “Anthropocene” has been suggested for
the current era, indicating the enormous influence
that humans have on the earth surface system [1].
Most of the risks that people have to face in connec-
tion with sediment — whether they centre on humans
and society, the water phase or the sediment biotope
itself — support this observation: if we talk about
risks, we also have to talk about our motivations or
objectives that put us or the environment at risk, and
about those actions that will lessen the effects of our
recent or past deeds. Two criteria of sediment cause
risks: the quantity of sediment, which may increase
(sedimentation) or decrease (erosion) with potential
adverse economic and environmental consequences,
and its quality, which has been reduced through an-
thropogenic activities and which — despite trends
of improving water quality in Western Europe — is
still poor in many rivers. But when talking about

risks, this implies an assessment of a situation that
is largely uncertain and unstable, one that presents
a danger for organisms that have not yet adapted to
the present or future conditions.

SEDIMENTS AND EXISTING
ENVIRONMENTAL REGULATION

Risk due to erosion of contaminated sediments and
their potential impacts downstream is not covered
by existing regulations. Existing regulations focus
on local impacts of the relocation of contaminated
sediments and do not take the whole catchment into
account. On the other hand, the Water Framework
Directive (WFD), which focuses on the catchment
scale, so far does not consider sediment quality and
quantity as a major issue [2]. However, the strategies
against chemical pollution of surface waters (WFD
Article 16), i.e. implementation of monitoring pro-
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grams until 2006 and establishment of a program
of measures until 2009, have to consider sediment
quality at the catchment scale. With respect to the
latter date, already the first step — screening of all
generic sources that can result in releases of priority
substances and priority hazardous substances — will
include the specific source/pathway “historical pol-
lution from sediment”.

THE NECESSITY TO ADDRESS
THE RIVER BASIN SCALE [3]

Sediments along rivers are of a dynamic, complex
and interconnected nature, linking terrestrial and es-
tuarine/marine environments. Risks posed by these
sediments (environmental, economical, societal)
therefore require a basin scale approach that takes
the entire sediment cycle, time and space dimen-
sions, into account rather than one unit of sediment
at a time. A basin-scale risk management framework
has been suggested by [4] and should be comprised
of two principal levels of decision making; the first
being a basin-scale evaluation (prioritisation of sites
for further evaluation and/or management) and the
second being an assessment of specific sites for risks
and management options (site-specific risk ranking
and management) [5]. Such a basin scale decision
framework will help focus limited resources to maxi-
mize the achievement of management objectives, in-
cluding basin scale risk reduction.

The first step (site prioritisation) will make use
of existing information on location of river sites,
their potential (hydrodynamic) energy within the
catchment, the quality and quantity of the sedi-
ment (e.g, from monitoring programmes) [6, 7].
However, the information on water (and even more
so sediment) data often shows deficiencies which
have been identified by the European thematic
framework programme “Metropolis” (Metrology in
Support of Precautionary Sciences and Sustainable
Development Policies; [8] as to impede a Europe-
wide comparison of water quality data and the in-
tegrated decision processes required to achieve im-
provements along whole water sheds. These are:

- the lack of standardised investigation and evalu-

ation methods;

- the lack of representative data: those available
today are not representative of the reality of the
situations found in the field;

- the lack of specifications on quality and uncer-
tainty of the data used for decision-making II-2;

- the lack of so-called “meta-data”: How and
when have measurements been carried out? Who
do these data belong to? In what way have the
data been used? Such information is essential, if
data are supposed to be used also for other than
the original purpose;

- the lack of traceability. The fundamental con-
cept of traceability requires that environmental
measurement data allow backtracking: 1) to de-
fined references (material and methods); ii) via a
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continual chain of comparabilities and; iii) with
assessed uncertainties [9].

A quantification of uncertainties and the con-
sideration of best case and worst case scenarios is
hence of uttermost importance in order to assess
robustness and reliability of the conclusions.

SEDIMENT MANAGEMENT NEEDS
TO BE RISK BASED
The concept of risk in environmental management

Although there is no commonly accepted defini-
tion of the term risk, all concepts have one element
in common: the distinction between reality and pos-
sibility. Renn [10] proposes as a general definition:
“Risks refer to the possibility that human actions
or events lead to consequences that affect aspects of
what humans value”.

This definition has some important implications:
1) a risk can theoretically have adverse or desirable
outcomes; 2) it is strongly connected with a value
for humans. The risk of extinction of a polychaete
population in estuarine sediment will concern less
people than the reduction of the seal population in
the Northern Sea.

Risk management refers to the process of reducing
the risks to a level deemed tolerable by society and to
assure control, monitoring and public communica-
tion [11]. Risk management decisions are based on
the outcome of the scientific risk assessment proc-
ess, but they also have to include social, economic,
cultural, political and legal considerations as well as
the technological feasibility.

Key drivers include [12]:

- economics: cost-effectiveness of various risk re-
duction or mitigation alternatives and the ben-
efits derived from each;

- societal factors: public perceptions, risk commu-
nication, stakeholder involvement, environmen-
tal justice, and competing economic concerns
(e.g jobs, crime, education);

- policy and politics: environmental laws and regu-
lations; federal, state, and municipal policies; and
associated processes by which they are developed;

- technology: availability of engineering capability
to support various risk management options;

- public values: regulations, case law, market analy-
ses, public influence, quality of life, clean environ-
ment, good health, good jobs, and public percep-
tions, etc.;

- science: the state of knowledge pertaining to the
risk and its attendant uncertainty and variability.

The foundation of risk assessment is the scientific
evaluation of information. The purpose of risk assess-
ment is to summarize and present scientific knowledge
so that it can be used to make sound management de-
cisions. It is commonly also expressed by the product
of the magnitude of possible adverse effects and the
probability of exposure.

In this formulation there is no reference to pos-
sible interest of the public. On the opposite, in order
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to ensure the scientific integrity of the risk assess-
ment process, risk assessment and risk management
procedures were conceptually separated by the NRC
[13]. Recently, however, this concept has been ques-
tioned as it too easily resulted in risk assessments
that lacked relevance for the risk management proc-
ess. A clear formulation of management goals has
been found necessary and an early interaction be-
tween risk assessment and management has been
suggested [12, 14].

Four objectives of risk management have been
identified [15]. They comprise: 1) the need to meet
regulatory criteria such as the WFD; 2) the willing-
ness to maintain economic viability; 3) the assur-
ance of environmental quality; and 4) the obligation
to secure quality of human life. They are all based
on either human and societal risk (the economic
situation, health or quality life) or environmental
ethics, claiming that nature has a right to exist in
and of itself. By managing the environment and by
following the WFD, it is recognized that most of the
damage that has been done to the environment has
been done by human activities, directly or indirectly.
So by terminating or reversing the process, manage-
ment aims to improve or maintain living conditions
for humans and society and the world we live in.

To consider the temporal scheme is one of the
main differences between hazard assessment and
risk assessment, as has recently been pointed out
by Tannenbaum [16] and whatever objective is fol-
lowed, for successful sustainable management it
needs to be understood that the timescale of sedi-
ment is different from water. Sediments have a much
longer residence time in the aquatic environment,
their dilution rate with uncontaminated material,
is much lower than that of water. This needs to be
taken into account when planning management ac-
tions to prevent or reduce risks posed by sediments
and when planning actions that may put sediments
or the environment at risk.

An approach to risk-based sediment management

Industrial development along rivers over the last
150 years has left us in many places with a legacy
of contaminated sediments and sites which are still
being transported downstream, carrying contami-
nants adsorbed to particulate matter to other river
stretches, finally settling in harbour basins.

Sediments can be regarded as the “memory* of the
environment, as they will store those contaminants
for a long time. The hexachlorobenzene (HCB) con-
tamination of the sediments of the High Rhine, for
example, goes back to a German pentachlorophenol
producing plant until the 1980s [17]. HCH- and di-
oxin contamination of Elbe sediments derive from
industrial sites at Bitterfeld in the former GDR [18].
For all those site, no institution or person can be held
responsible anymore, as owners and/or political sys-
tems have changed since these extensive emissions
took place. High dioxin contamination in sediments
at the Port of Hamburg, increased HCB contami-

nation in suspended matter at the Dutsch-German
Border after a flood event in 1999 give evidence
to the fact, that contaminated sediments from up-
stream are transported with the current, especially
after flood events, and can pose a risk to sites much
further downstream. As pointed out above, sedi-
ment management accordingly has to be addressed
on a river basin scale. The number of contaminated
sites, however, is often too high for all of them to be
managed. A prioritization of sites has to be carried
out according to the risk that they pose to the envi-
ronment of the river basin. Thereby not the extent
of contamination alone is sufficient to indicate such
a risk. A highly contaminated site, which is fairly
stable and not eroded during floods may pose a lo-
cal risk, but none to the river stretches downstream.
An unstable site can hence lead to a much larger risk
to the river, even if it is less contaminated but causes
higher exposure. The area which may be exposed by
this sediment is larger, the further upstream the con-
taminated site is. Babut ef al. [7] defined the criteria
which determine the risk of a site in the river basin
as such:

- location along the up- to downstream gradient;
for long-term protection of a harbor, for exam-
ple, location could be defined as distance to the
harbor; for more short-term and local impacts
one might consider using distance between two
sediment sites; for cumulative downstream risk
one might use distance of a site from the river
source;
energy, i.e. potential energy [6], is also a compo-
nent of the overall transport risk: the higher the
energy, the higher the risk that upstream sedi-
ments be deposited downstream. The potential
energy could best be represented by the slope be-
tween points of interest, or as a surrogate by the
elevation difference. Some confounding factors
such as barriers might interfere. The energy cri-
teria is primarily related to the management goal
of reducing sediment loads in water, and down-
stream, but it can also be related to the quality
function;
quantity encompasses three inter-related aspects
all of which could be used as criteria: volume
of contaminated sediment available for entrain-
ment, sediment budget [19] represented by the
balance between eroding and depositing mate-
rial, and mobility, which describes the ease with
which sediments may be entrained into flow.
Mobility will be affected by the grain size distri-
bution of sediment deposits, the length of time
sediment has been deposited and the shear stress
exerted on the sediment by flowing water [20]. In
the Netherlands the concept of a stability con-
stant has been used [21];
quality, which could be represented by indices of
hazard, such as [22] or by using sediment qual-
ity guidelines (SQG). These could be expressed
as sums or means of a hazard quotient (HQ; ra-
tios of chemical concentrations to SQG) or bio-



logical measurements, such as acute or chronic
toxicity. It should be noted, however, that for a
basin-scale study, if available data are limited,
screening-level chemical and biological measures
can be used. Clearly, quality is linked to the goal
to either control toxicity or control contaminant
levels;

- expected risk or benefit of a specific sediment
unit to downstream sediments. This can be ex-
pressed as a combination of the likelihood of
sediment moving from its current site to a site of
concern and the relative quality of the two sites.
At a screening level this can be expressed as the
ratio of the difference in quality and the distance
(horizontal or vertical) between sites.

THE CASE-STUDIES RHINE AND ELBE

This approach was applied to a prioritization of
sites in the Rhine catchment according to their risks
for downstream areas [17], and a similar study has
begun for the Elbe river. Both case studies have been
financially supported by the port authorities of
Rotterdam for the Rhine and of Hamburg for the
Elbe river. Many ports have in parts highly contami-
nated sediments in their habour basins which need
to be dredged to ensure economic liability and then
have to be carefully and expensively managed in or-
der to comply with environmental regulation. In The
Netherlands each year 25-30 million m?® partly con-
taminated dredged material has to be removed. More
than half of this amount comes from maintenance
dredging for the main port Rotterdam. In Hamburg,
where the volume of dredged material has increased
3-fold from about 3 mio m? to 9 mio m? since 1999
[23], the necessity to dispose the material is achieved
at high costs — also in environmental terms, as reloca-
tion of contaminated sediment to the North Sea was
considered to be the only short-term solution to this
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sudden increase. A dilemma exists, as the ports them-
selves are often not fully and in some cases even to a
minor degree responsible for the contamination of the
sediment ending up in their harbours. One long-term
possibility for them to reduce the financial expenses
necessary to manage contaminated dredged material
is a river basin approach which leads to reduction
of transport of contaminated sediment downstream
with the river current.

Accordingly, management measures must be carried
out upstream in the catchment area. The high number
of contaminated sites, scarce financial ressources, ab-
sence of responsible institutions for historical point
sources make this a highly difficult and politically com-
plex task. Support comes from European Legislation:
The European Water Framework Directive (EC 2000)
for the first time required the cooperation of different
institions and stakeholders along rivers, independent
of national and administrative boundaries, for achiev-
ing an overview over the environmental status of rivers
in Europe. By 2009, a programme of measures needs
to be suggested by the European states for the various
catchments, aiming at achieving a good ecological sta-
tus of all waters in Europe by 2015. Therewith, this
regulation fosters catchment scale thinking and the
awareness, that only joined efforts and measures can
be successful in reducing impact of historical sites on
river basins. These, however, have to be directed to spe-
cific areas with the highest environmental impact.

The prioritization of those sites in a catchment
with regard to the risk that they pose for downstream
areas should apply a three-step approach [5]:

- identification of substances of concern and their
classification into “hazard classes of compounds”.
These classes are assigned depending on the chem-
icals persistence, their partitioning to sediment
and their environmental risk;

- identification of areas of concern and their clas-
sification into “hazard classes of sites”. Areas are
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Fig. 1 | Pathways and processes for
the transport of historic contamina-
tion downstream.
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defined to be of concern, if the surface sediment
data exceed the sediment quality criteria that
are valid in the downstream region of the river
e.g. in downstream harbours. The classification
into 4 classes, differing in the extent of hazard
and the degree of uncertainty, was based on the
confidence in the sediment data for the specific
area (e.g only one sample taken as compared
to frequent sampling over years), the extent of
contamination and the hazard class of those sub-
stances that exceeded the target thresholds;
identification of areas of risk. The risk assessment
for the downstream sediments due to those “sub-
stances of concern” that could derive from the
identified “areas of concern” requires estimating
resuspension, transport probabilities, and deter-
mination of transported quantities. As floods
frequently occur in main river and tributaries, the
final assessment of “areas of risk” has to take into
account the impact of increasing discharge levels.

An indication of the potential for an “area of con-
cern” to lead to an exceedance of the target threshold
in the downstream area if it becomes resuspended
and transported downstream is derived from taking
into account dilution by suspended matter originat-
ing mainly from the tributaries:

XA =X *G,/Q,

(where “X,” is the concentration at location “A”
which needs to be exceeded at a certain location in
order to have a potential to exceed the respective
target value at the downstream area after resuspen-
sion; “X” is the target threshold for the respective
substance; “G,,” is the suspended matter load at
the downstream area; “Q, " is the suspended matter
load at location “A”).

This information is regarded as separate lines of
evidence, from which at the end the final conclusions
are drawn and sites classified as bearing “no evidence
of risk”, “evidence for risk”, “evidence for high risk”,
or as those sites, for which a risk could not excluded.

Substances of concern

In the site-prioritization process for the Rhine,
those substances were chosen for further evaluation,
that were of concern for the management of the Port
of Rotterdam as they frequently exceeded or reached
the new Dutch “Chemistry toxicity tests (CTT) lev-
els”. These substances of concern were then assigned
to hazard classes 1 or 2, whereby the higher hazard
class 2 represented bioaccumulative, persisting and
sediment adsorbing substances (Table 1).

In the application of this approach to the Elbe riv-
er, inorganic substances that are of concern along
the Elbe basin also include arsenic.

Areas of concern

Sites for the accumulation and potential exposure
of contaminated sediments in the catchment area
which are a potential area of concern are:

Table 1 | Substances of concern in the Rhine study and their
ranking

Substances of concern Hazard class

Cadmium

Chromium

Copper

Mercury

Nickel

Lead

Zinc

DDT+DDD+DDE (SUM)
Dioxins and Furans
Hexachlorobenzene
Polycyclic aromatic hydrocarbons
Polychlorinated biphenyls
TBT

Aldin (Dieldrin, Endrin)
y-hexachlorocyclohexane
Nonyl-phenol compounds

—_ a2 N NN NN AN = =N

- river reservoirs and barrages where sediment is
accumulated and which can release the contami-
nants during floods events;

- inland harbours with wide openings to the main
river;

- groyne fields that may contain a large volume of
contaminated material along a river;

- tributaries and bypass channels which histori-
cally were industrially used but which have not
been maintained by continuous dredging;

- industrial areas which are located within the po-
tentially flooded area and which contain waste
deposits;

- the vicinity of larger cities (and emissions from
municipal wastewater plants);

- contaminated soil during surface during run-off
or erosion events.

Existing sediment analysis data from the last
10 years were used to identify those areas in the
Rhine and its tributaries, and in the Elbe which
show increased concentrations of these substances
of concern above the target level — the CTT level
in the Netherlands and the target value class II of
the IKSE Classification of the Elbe river (IKSE:
International Commission for the protection of
the Elbe) — and therewith could potentially pro-
vide a danger of increasing concentration levels at
the downstream ports. In the Elbe river, e.g., with
the exception of lead, which there is of least con-
cern among the heavy metals and only shows in-
creased levels in parts of the Mulde and the Saale,
all heavy metals as well as organic substances
like PCB, HCH, dioxins, DDT and HCB show
highest concentrations in the sediments between
Magdeburg, sometimes even further upstream,
and Hamburg [24].



These areas of concern were classified with regard
to the quantity of contamination and available data
to give an overview over the distribution of persist-
ing hazards in sediments along the rivers. A survey
on information about historic emissions followed in
order to: a) clarify the sources of the sediment con-
tamination; b) validate the possibility of persisting
contamination at these sites; ¢) gather information on
management options due to the potential persistence
of sources and the distribution of contamination. An
example for historical sources and areas of concern
along the Elbe river are presented in Tuble 2.

Areas of risk

In this last step of the site-prioritization, the areas
of concern are examined with regard to the actual
risk that they present for the downstream areas. In
the case of the Rhine, a number of 12 “areas of
concern” along the Rhine basin was reduced to five
“areas of risk” of which 2 were classified as areas
presenting a “high risk with high certainty” under
certain levels of water discharges (Figure 2):

1) the Ruhr river was assessed to represent a risk at
increased water discharges. High concentrations
of polycyclic aromatic hydrocarbons (PAH) but
also of the other substances that are of concern
in that river, especially cadmium, are likely to be
resuspended and transported downstream;

2) the barrages in the Upper Rhine were the only sites
in this study, that may already present a risk dur-
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ing business as usual conditions (average water
discharge, no management activities): already at
normal discharges, increased concentrations of
HCB have been measured in suspended matter
at Iffezheim. With increasing discharges HCB
(and possibly mercury) becomes resuspended
and transported downstream. With the continu-
ous inflow of contaminated sediments from the
barrages further south, the existing sediment dis-
posal sites reaching their upper limits, combined
with still high HCB concentrations in the sedi-
ment and significant gaps in the understanding
of its transport processes, this arca becomes an
important challenge for future sediment man-
agement.

For the Elbe river, the identification of the areas of risk
at thismoment has begun. It will be carried out by BIS on
behalf of the Hamburg Port Authority, the “River Basin
Community Elbe” (FGG: Flussgebietsgemeinschaft
Elbe) and the Federal Institute of Hydrology. This co-
operation expresses the common aim of the different
institutions in sediment management of the Elbe river,
despite different objectives.

SELECTING MEASURES. THE USE
OF DECISION MAKING TOOLS
IN SEDIMENT MANAGEMENT

The consequent next step after the areas of risk have
been prioritized is the decision about what measures

Table 2 | Substances of concern, their historic sources and current areas of concern in the Elbe river (compiled in Forstner et
al. J. Soils & Sediments 2004;4(4):247-60, from [24, 25])

Substance of concern

Arsenic (As)
Cadmium (Cd)
Copper (Cu)
Mercury (Hg)
Lead (Pb)

Zinc (Zn)

Haloginated organic compounds (AOX)
Trichloromethane

Insecticides e.g. DDT, y-HCH
Hexachlorobenzene (HCB)

Polychlorinated biphenyls (PCB)

Polycyclic aromatic hydrocarbons (PAH)

Historical sources

Browncoal mining

Browncoal mining
smelting processes
metal processing

Artificial silk production
Copper-processing industry
Chlor-alkali electrolysis (amalgamation process)

Mining
Smelters

Industrial and municipal
Wastewater

Mining industry
Smelters

Pulp and paper mills (Mulde)
Chemical industry,
pulp and paper mill waste water

Production facilities
Chemical industry

Chemical industry

By-product during incomplete incineration of organic
material

Areas of concern

Mulde

Mulde

(Havel)

(Elbe downstream Magdeburg)
Elbe

Saale

Saale

Mulde downstream of Bitterfeld
Saale

Freiberger Mulde

Saale

Mulde

WeiBe Elster

Havel

(Elbe downstream of Magdeburg)
Mulde

Saale

Mulde

Bilina (Czech Republic), Mulde
Karlsberg and Luznice (disposal sites)
Bilina (Czech Republic)

Bilina (Czech Republic),

Mulde, Saale, WeiBe Elster

Schwarze Elster

Mulde
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need to be applied where. The decision on sediment
management measures is complex and multivariate,
namely, because the decisions need to look for com-
promises between socio-economic, environmental,
and economic impacts. The criteria for selecting ap-
propriate remedial techniques for contaminated sedi-
ments (e.g cost, risk, safety, environmental impact)
cannot easily be converted into the same value, and
that complicates the integration problem inherent to
making comparisons and trade-offs. Research in the
area of multi criteria decision analysis (MCDA) has
made practical methods available that can be used to
solve multi-criteria problems. However, these methods
have not been formalised into a framework readily ap-
plicable to environmental projects dealing with con-
taminated sediment sites where risk assessment and
stakeholder participation are of crucial concern.
Analytical hierarchy process (AHP) is a one deci-
sion support tool that has been applied to recom-

of risk in the Rhine Basin (modified
from [17]).

mend a sediment management measure at Sepetiba
Bay in Brazil [26] and to analyse potential measures
for a highly contaminated site in the Elbe catchment
area [27]. Within AHP, elements of a problem are
hierarchically structures [28]. It can support deci-
sion making by providing a quantitative compari-
son of alternatives by breaking down the problem
into its smaller parts and evaluating relative strength
of each element. The method uses pairwise compar-
1sons of criteria and sub-criteria, where the evalu-
ator sets priorities through a scale of preference.
The steps to be followed when assessing the relative
risks associated with application of sediment man-
agement methods included problem formulation
and determination of objectives, determination of
alternatives and selection of criteria, followed by
the evaluation of criteria with respect to alterna-
tives, and finally, decision analysis, which included
hierarchical structuring of objectives, criteria and



RISK MANAGEMENT OF SEDIMENTS

Ecological

’ ‘ Economic ,

Method
Suitability
(Chemical)

Method
Suitability
(Ecotoxicity)

Ecological
Exposure
Pathways

Impacted
Area/
Volume

Fig. 3 | Criteria for analytical hierarchy process.

alternatives, determination of weights with AHP,
normalisation of criteria, synthesis of results, sensi-
tivity analysis and making a decision.

In [26], the most adequate sediment management
alternative was defined as the option with the least
economic, societal and ecological impact. AHP was
employed to organize and weight criteria and pro-
vide scores for the impact of each of four potential
management options for the case of Sepetiba Bay,
Brazil. Figure 3 shows the criteria for the AHP, di-
vided into ecological, societal and economic sub-
criteria, following roughly the approach of [29].
Method suitability and exposure pathways were used
as indicators of the potential ecological impacts of
the sediment management alternatives. Impacted
area/volume, human health exposure pathways, dis-
tance, visibility provided quantitative measure to
the public acceptance of the alternatives. The costs
were taken to evaluate the economical burden of the
proposed options.

In a scenario in which all criteria were regarded as
equally important, confined aquatic disposal in this
specific case presented the lowest ecological, soci-
etal, and overall impact (Figure 4). In a scenario, in
which the economic criterion would be considered

1.0

0.75+

Upland Disposal CAD In-Bay

Human
Exposure
Pathways

strongly more important than the other criteria, in-
bay disposal of contaminated sediments would be-
come an option. However, ecological impact would
need to be accepted.

CONCLUSIONS

Sustainable sediment management is a complex is-
sue due to the different objectives involved, due to the
challenging measures and due to the environmental
regulations which are mostly not sufficiently defined
for sediment purposes. Concepts for risk based sedi-
ment management on river basin scale have been sug-
gested, but there is still a need for case studies to fur-
ther develop and elaborate on these concepts.

With the implementation of the WFD, basin scale
thinking has become more accepted. The interlink-
ing character of sediment that has been polluted
in historic times but may still present a problem at
river stretches far away from the original source has
made it necessary to overcome administrative and
political boundaries if solutions are to be found and
measures adopted. Where no polluters can be held
responsible, a circumvention of the polluter pays
principle can seem advisable, in which those institu-

[ Economic
] Societal
I Ecological

Fig. 4| Relative risks of 4 management
options for the case of Sepetiba Bay.
All criteria were equally weighted
Ocean (from [26]).
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tions with an interest in the sediment contamination
cooperate, also on financial terms.

Even though the aim to sustainably manage sedi-
ments may be common among the actors of such
a cooperation, the weighing of different interests
and criteria will surely be different. If, however, it
is claimed, that only a cooperation of stakeholders
on river basin scale can achieve a sustainable sedi-
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