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Traceability of sediment analysis
U. Förstner
Chemical analysis of sediments provides an eﬃcient tool for water-quality
management. A basic sequence of measurements comprises three steps:
sampling and sample preparation; grain size as a characteristic sediment
feature; and, analytical procedures based on standardized extraction
schemes and reference materials. These can be considered as an unbroken chain of comparisons. Further steps are split with regard to speciﬁc purposes: sediment-quality assessment, including biological eﬀects;
coupling of sediment-quality data with erosion-risk evaluation; chemical
changes following resuspension of anoxic sediments; and, modeling of
chemical sediment data. In the light of the economic value of these further steps for developing and executing far-reaching management plans,
coordinated eﬀorts should be made to improve their traceability (e.g., by
organized dissemination of results from on-going research (ageing
eﬀects), oﬃcial documentation of techniques and instruments in a relative
new ﬁeld (erosion eﬀects), extension of standardized extraction schemes
(anoxic sediments, capacity-controlling properties), and development of
new reference materials (pore water)).
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Sediment is an integral and dynamic part
of river basins, including estuaries and
coastal zones. Sediment originates from
the weathering of minerals and soils
upstream and is susceptible to transport
downstream by the river water. Flow
rates decline in lowland areas where
transported material settles along the river
banks (sedimentation) and on the bed of
the river. At the end of the river, most of
the sediment is deposited in the estuary
and on the seabed of the coastal zone [1].
In the 1970s and 1980s, anthropogenic emissions caused a rapid deterioration of sediment quality. In addition,
the hydrodynamic conditions of many
rivers were altered: directly by the building of hydraulic constructions, such as
dykes, dams, sea walls, drainage; and,
indirectly by changes in land use, such as
deforestation and urbanization. Apart
from seasonal £ooding of polder areas
and £ood plains, there have recently been
catastrophic cases because of extreme
rainfall and the failure of dams; the

breakage of tailing dams in highly contaminated areas, such as mining districts
of Spain (1999) and Romania (2000),
caused considerable immediate hazards.
Remediation techniques for contaminated sediments are generally much
more limited than for most other solid
waste materials. The widely diverse contamination sources in larger catchment
areas usually produce a highly complex
mixture of pollutants. For most sediments
from maintenance dredging, there are
more arguments in favor of disposal than
treatment. Geochemical engineering
approaches, such as sub-aqueous depots,
active capping, and in situ stabilization
[2], seem to provide appropriate ways of
reducing contaminant release in the surface water and, subsequently, into the
food chain.
From a practical viewpoint, four functions of aquatic sediments can be distinguished (and these will be treated
separately in Section 7 with respect to the
application of the traceability concept in
chemical analysis):
 Memory e¡ect, mainly in dated sediment cores from lakes, reservoirs and
marine basins, as historical records
re£ect variations of pollution intensities in a catchment area.
 Life support, i.e. sediment has ecological, social and economic value, as
an essential part of the aquatic ecosystem by forming a variety of habitats
and environments [1]. A systematic
approach is needed, comprising
biotests and e¡ect-integrating measurements, because chemical analysis is ine⁄cient in the assessment of
complex pollution.
 Secondary source, mobilization of
contaminated particles and release
of contaminants after natural or
arti¢cial resuspension of sediments
[3].
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 Final storage quality, the ability of a sediment
body for long-term immobilization of potentially
hazardous substances; e.g., this can be achieved
by transfer into practically insoluble pollutant
species [2].
In the future, remediation methodology as well as the
preceding risk assessment will be seen in the context of
sustainable sediment management (SSM) and the holistic river-basin approach of the Water Framework Directive (WFD) of the European Union (EU). (However,
regarding the immense quantitative and qualitative
problems, the role of sediments has not been adequately
taken into account in this Directive so far [4]).
The aim of attaining SSM, where the traceability concept should be embedded, is the central strategic objective of SedNet, Demand-Driven European Sediment
Research Network [1]. In the description of trends in
sediment analysis (Section 7), I pay special attention to
SedNet’s recommendations for future developments
[5]:
 ¢rst, short-term priorities, such as standardization of basic tools; and,
 then, medium to long-term ( > 5 years) needs,
such as integration of quality and quantity
aspects (e.g., sediment quantity criteria), development of complementary tools, and other
issues, such as erosion and the role of organic
matter.

2. New aspects
2.1. Combined ecological and chemical risk
assessmentriver-basin view
Sediment management, i.e. identi¢cation of clean-up
options for contaminated sediments, ‘‘requires a solid
mix of pragmatism and sound science’’ [6]. In a comprehensive sediment-assessment approach, ¢ve basic
components should be considered:
1. benthic community structure;
2. laboratory bioassays for evaluating the toxicity
of pollutants on-site;
3. bioaccumulation information;
4. knowledge of site stability; and,
5. physico-chemical sediment properties.
Since benthic organisms, in particular, have direct
contact with sediment, and the contaminant level in
the sediment may have a greater impact on their survival than aqueous concentrations, a paradigm shift has
taken place in the priority given to biological data.
However, basic biological knowledge requires strong
support from other disciplines (e.g., on the potential for
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mobility over long periods of time, as well as on the
bioavailability over a range of sediments, sediment pore
waters, organismal microenvironments, and overlying
water chemistry (pH, redox, and hardness)).
Many national assessment schemes are based on a
Triad approach [7], combining physico-chemical, biological and ecotoxicological assessment methodologies
[8]. In some of these schemes, identical weight is
assigned to each of the three assessments; the principle
behind the classi¢cation of the watercourse sediments
rests on an evaluation of the abnormality compared to a
reference condition and this creates the possibility
of classifying watercourse sediments in the absence of
existing biological standards [8].
From the perspective of the WFD, it seems logical to
harmonize the biological e¡ects-based assessment (BEBA)
approaches at a river-basin level; because the WFD
focuses primarily on water quality, it may be expected
that priority should be given to in situ BEBA approaches
(i.e. to determine whether poor ecological status of
waters is caused by sediment contamination [8]).
I will discuss traceability issues of both aspects of sediment risk assessmentDcombined chemical/biological
and river-basin viewDin Section 7.2.
2.2. Erosion risks and pollutant mobility- in situ and
river-basin scale
In the description of dynamic £uvial processes, three
scienti¢c disciplines are involved and three objects of
study can be distinguished (Fig. 1): suspended matter;
sediment; and, pore water or open water. Special targets for study are: formation of aggregates in turbulent
water; £ocs and bio¢lms from organic reactions; and,
formation of new surfaces for readsorption of dissolved
pollutants. The main focus is on the degradation of
organic matter, which a¡ects both hydrodynamic processesDhere erosion versus sedimentationDand geochemical redox cycles. The crucial question, after all
possible interactions between both existing and newly
formed solid and dissolved phases, refers to the net
release of dissolved oxygen content (DOC), nutrients
and pollutants into the open water.
Hydraulic processes form the primary input factors
for the large-scale dispersion of contaminants in £ood
plains, dike foreshores and polder areas. Unlike problems related to conventional polluted sites, the risks
here are primarily connected with the deposition of
contaminated solids on soils in downstream regions. In
the preliminary SedNet recommendations for research
priorities related to sediment [5], short-term, soilspeci¢c issues include the fate of sediment-associated
contaminants when sediment is deposited upland and a
better understanding of the impact on ground water,
water and soil ecoystems. Medium/long-term issues
related to the EU Soil Strategy (then, presumably, a
‘‘Soil Framework Directive’’) will focus on integrated
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Figure 1. Scientiﬁc disciplines and study objectives in a coordinated research program on Fine Sediment Dynamics and Pollutant Mobility in Rivers
(SEDYMO [9]).

research to determine the sediment-transport process
at the river-basin scale as a function of land and water
use and hydrological (climate) change in Europe [5].
A basin-scale framework will comprise two principal
levels of decision-making: basin-scale evaluation (site
prioritization); and, site-speci¢c assessment (risk ranking). Questions that should be asked during selection of
management options include [10]:
1. Is the site erosive or depositional?
2. Will management options change that, and how
will that impact other sites?
3. Can sediments coming in be counted on to aid
risk reduction, via burial, mixing or attenuation?
4. Does sediment coming in bring new contaminants?
I will discuss traceability issues of both aspects associated with sediment erosionDin situ mobilization of
pollutants and transfer/deposition of contaminated
sediments in downstream areasDin Section 7.3.
2.3. Risk reduction by ageing processes
Initial ¢ndings from soil studies were that, as the residence time of compounds, such as phenanthrene and 4nitrophenol, in soil increases, they become increasingly
unavailable to microorganisms and resistant to mild
extraction [11]. Part of these e¡ects may be related to
speci¢c geosorbents, such as combustion residue of particulate carbon (e.g., chars, soot, and ashes) that exhibit typical non-linear, hysteretic sorption behavior for
organic and inorganic substances [12]. For inorganic
pollutants, mainly heavy metals and arsenic, the e¡ect
of ageing mainly comprises enhanced retention via processes such as sorption, precipitation, co-precipitation,
occlusion, and incorporation in reservoir minerals.

In practice, non-destructive, ‘‘intrinsic’’ bonding mechanisms and their temporal development have so far
found much less recognition compared to destructive
processes, such as biological degradation [13].
Nevertheless, these so-called ‘‘diagenetic’’ e¡ects,
which, apart from chemical processes, involve an
enhanced mechanical consolidation of soil and
sediment components by compaction, loss of water
and mineral precipitations in the pore space, may
induce an essential reduction in the reactivity of solid
matrices.
Natural attenuation and ageing e¡ects will characteristically in£uence the use of equilibrium partitioning models in developing sediment quality criteria
(SQC) from ¢nal chronic water quality criteria. The
example in Fig. 2 [14] indicates that the SQC of 1,4dichlorobenzene would be nearly two orders of magnitude less strict when the process of irreversible adsorption on the resistant fraction in sediment is taken into
account.
Several chemical and physical methods have been
considered as ways of measuring the bioavailability of
organic compounds in soil, and the results of analysis
by such procedures have been correlated with bioavailability to earthworms, springtails, nematodes, and
microorganisms (review by Alexander [15]). Solidphase microextraction (SPME) presents a very promising
technique for determining bioavailable concentrations
of hydrophobic chemicals in aquatic environments
[16]. Characterization of long-term reactivity and bioavailability of heavy metals in sediments can be performed using molecular-scale techniques on metal
hydroxide surface precipitates [17] and by microbial
biosensors [18]. Particularly promising in predicting
kinetically-labile solid phases of metals is the technique
of di¡use gradients in thin ¢lms (DGT [19]).
http://www.elsevier.com/locate/trac
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4. Identify time changesDTo show trends and variations of sediment data over time, by using
sediment cores or other repeated sediment samplings.
5. Calculate mass balancesDTo account for the
addition and subtraction of sediment-related
components within an aquatic environment (a
complex study), by means of accurate and
representative sampling and analysis.
6. Process studiesDSpecialized sampling to improve
state of knowledge about aquatic systems (e.g.,
by supplementary laboratory experiments).

Figure 2. Implications of irreversible adsorption for sediment quality
criteria (SQC) (after [14]).

The methodologies developed in the framework of the
ageing concept will in£uence the traceability aspects in
the ¢eld of ecological/chemical risk assessment (Section
7.2) and in relation to erosion stability/pollutant mobility both in situ and river-basin wide (Section 7.3), and
the decision-making process for remediation techniques (Section 7.4).

3. Sediment sampling and sample preparation
Monitoring of sediment contaminants and assessment
of sediment quality are usually carried out with the
objectives of determining the extent to which the sediments are either a source or a sink for contaminants
and evaluating the e¡ects of these contaminants on the
environment of the investigated water body. Such studies can either have regulatory implications, such as
dredging and disposal of the dredged material and
remediation of the contaminated area, or be carried out
to assess risk to human and environmental health
through research of di¡erent sediment/water interaction processes [20].
A long-term program of sediment studies will normally comprise a series of objectives of increasing complexity, each drawing part of its information from the
preceding database; a typical sequence of objectives
may be illustrated as follows, though not all may be
required to complete a program [21]:
1. Preliminary site characterizationDLow-density
sampling with limited analytical requirements,
to provide a general characterization of an area
for which little or no previous information exists.
2. Identify anomaliesDMore detailed sampling and
analysis, designed to establish the presence and
extent of anomalies.
3. Establish referencesDTo create reference points
in the form of some measured parameters for
future comparison.
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3.1. Sampling
According to Hakanson and Jansson [22], as many as
12 di¡erent factors might in£uence the informative
value of the sediment samples: type of water system;
prevailing bottom dynamics; size of the water body;
bottom roughness; anthropogenic factors; sediment
chemical conditions; sediment physical and biological
characteristics; number of samples; type of sampling
net; sampling devices; sample handling; and, reliability
of laboratory analysis. However, ‘‘no systematic study
has yet been made which accounts for even half of these
12 factors’’ [23].
It is generally accepted that ¢ne-grained suspended
and bottom-sediment particles (silt and clay with particle size < 63 mm) accumulate greater concentrations of
contaminants (particularly those with low water solubility) than coarse particles (particle size > 63 mm). The
¢ne-grained particles exhibit properties suitable for different physico-chemical sorption and ion exchange of
contaminants than the coarse particles (see review by
Horowitz [24]). Further, ¢ne-grained sediment supports a large part of the benthic community by supplying the food in sediment organic matter associated with
the ¢ne-grained particles. The assessment of sediment
quality must therefore be carried out on the ¢negrained sediments sampled in areas of the water body
where permanent accumulation of sediments is taking
place [20].
3.1.1. Project planning. There are particular items of
data that are relevant to project planning, including [25]:
 general information on the watershed, including
quantity and quality of run-o¡, climatic conditions, general or speci¢c land use, types of
industries, e¥uent, and urban run-o¡;
 distribution, thickness and types of sediments,
particularly ¢ne-grained sediments (this will
assist in assessing the physical extent of sediment accumulation, zones of deposition and
erosion, and sediment transport);
 quantity, particle size, geochemistry, and
mineralogy of suspended sediments discharged
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by tributaries, storm-water run-o¡s or originating from shoreline erosion (knowledge of the
nature and quantity of dissolved and particulate
materials entering the area is necessary for
the calculation of contaminant and nutrient
loading);
 horizontal and vertical pro¢les of physical (e.g.,
porosity, geotechnical properties, water content,
bulk density, and grain size) and chemical (e.g.,
organic matter content, concentrations of nutrients, and metals and organic contaminants)
characteristics of bottom sediments; and,
 biological community structure, composition
and diversity, bioaccumulation of contaminants,
or bioassay results.

3.1.2. Sampling stations. In some cases, the objectives
of a study of sediment will de¢ne the location of the
sampling stations [20]:
 The objective of a baseline sediment quality
survey is to determine sediment quality within a
water body at a ¢xed point in time against which
future surveys may be compared.
 The monitoring survey, similar to the baseline
survey, involves regular or periodic resampling
of sediments. However, the objective of a monitoring survey is to determine the changes in
sediment quality over a period of time.
For both baseline and monitoring sediment surveys,
the sediments always need to be sampled from areas of
permanent accumulation of ¢ne-grained sediments.
Horowitz [24] provides some information on four types
of very commonly employed sampling programs and
their limitations. For complex surveys, there are
numerous types of sampling patterns from which to
choose (e.g., spot samples, random grids, square grids
(including nested and rotated grids), parallel line grids
and transverse line grids (with equal or non-equal sampling), and ray grids or concentric arc sampling), and
each of which o¡ers some particular advantage [21].
3.1.3. Sampling devices. Corers and bottom samplers
are particularly used for ¢ne-grained sediments. An
extensive review of devices for bottom-sediment sampling was presented by Mudroch and MacKnight [26].
For source-reconnaissance analysis, ¢ne-to-mediumgrained bottom deposits from a depth of 15^20 cm can
be collected (e.g., with a grab sampler). Material of the
upper, £aky, light brown, oxidized layer is generally dissimilar to the layers below it. It is suggested that the
chie£y dark layers directly underneath (ca. 1^3 cm
depth) are more representative of the pollution situation in the last few years, especially in river deposits
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exhibiting rapidly £uctuating sedimentation rates, and
should be given priority in subsequent investigations.
To complement this, surface sediment (current contamination) as well as a sample from deeper sections
(10^20 cm depth) could be examined.
In environments with a relatively uniform sedimentation (e.g., in lakes and in marine coastal basins,
where the deposits are ¢ne-grained and occur at a rate
of 1^5 mm/year), a more favorable procedure involves
taking vertical pro¢les with a gravity or valve corer. A
core pro¢le of approximately 1 m covers a historical
period of at least 200 years, and its development can be
traced by virtue of the pollutant content in the individual layers.
3.1.4. Pore water [27]. The composition of interstitial
waters in sediments is perhaps the most sensitive indicator of the types and the extent of reactions that take
place between pollutant-loaded sediment particles and
the aqueous phase that contacts them. Interstitial
waters are recovered from sediments by leaching, centrifugation or squeezing. Most importantly, oxidation
must be prevented during these procedures.
Some conclusions from a SETAC review of toxicity
testing of pore water, including recommendations for
future areas of research, were as follows [27]:
 Sampling, extraction, and storage techniques
are critically important for achieving the most
¢eld-representative samples of pore water.
 It is nearly impossible to avoid artifacts and
chemical changes when removing pore water
from sediment and using it in a toxicity test.
Determination of chemical concentrations in
pore waters is recommended, in addition to the
regular contaminant measurements conducted
in the whole sediment, as a means of providing
information on routes and levels of exposure,
aiding in the interpretation of test results, and
identifying sources of toxicity.
 The measurement of several pore-water
features, a number of which can act as confounding factors (e.g., salinity, alkalinity, pH,
conductivity, DOC, NH3, H2S, and oxidation
potential (Eh)), should be recorded shortly after
pore-water collection and after storage. This
would help in interpreting test results, understanding the contribution of these factors to
concordance or discordance between solidphase and pore-water test methods.
3.2. Handling, preparation and storage of sediment
samples
3.2.1. Measurement and handling of samples in the ¢eld.
A review by Mudroch and Azcue [20] covered major
operations, such as:
http://www.elsevier.com/locate/trac
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1. measurement of pH and Eh (including a detailed
description of equipment and solutions used in
the measurements);
2. sub-sampling for determination of cation
exchange capacity;
3. sub-sampling under oxygen-free atmosphere;
4. sample mixing and sub-sampling into prepared
containers; and,
5. sampling hazardous sediments and safety
requirements.

3.2.2. Preparation of samples of wet sediment. A general
scheme for handling samples for tests and analysis of
wet sediments is presented in Fig. 3 [28].
Samples for determination of particle-size distribution should not be frozen but stored at 4 C. Tightly
sealed plastic bags, glass jars, or other containers can
be used to store samples prior to particle-size analysis.
Sediments with a high iron content should be stored in
air-tight containers to avoid precipitation of iron oxides
on particle surfaces and should be analyzed as soon as
possible after collection.
Sediment samples for geotechnical studies can be
stored for several months at 4 C in a humidity-controlled room, without any large changes in sediment
properties. Long cores, such as those collected by piston
coring, can be cut into lengths suitable for storage,
wrapped to preserve their original consistency, and
stored in a refrigerated room.
Freezing has long been an acceptable preservation
method for sediments collected for the determination of
organic and inorganic constituents. It has been shown
that rapid deep-freezing can best maintain sample
integrity and thus enable investigation for concentrations of contaminants. The lower the temperature of

deep-freezing the better;  80 C is the suggested maximum.
Samples collected for investigations of benthic organisms are usually processed in the ¢eld by wet sieving
through di¡erent size sieves. If, for any reason, the
samples cannot be processed in the ¢eld, they should be
stored at 4 C in the dark and processed in the laboratory as soon as possible.
3.2.3. Preparation of samples of dry sediment. Handling
operations of dry sediments include drying, sieving,
grinding, mixing, and homogenization. Three types of
drying are commonly used to prepare solid samples
prior to analysis [28]:
 Air-drying is rarely used for the preparation of
sediments for pollution studies, since it may
generate undesirable changes in sediment properties (e.g., changes in metal availability and
complexation were shown for samples that were
air-dried). In some cases, air-drying has been
used to avoid losses of components, such as
mercury, which are volatile at temperatures
above 50^60 C.
 Oven-drying of sediments is usually carried out
on samples collected for the determination of
inorganic components, such as major and trace
elements. Oven-drying is not acceptable for sediments that contain any volatile or oxidizable
components, whether they be organic or inorganic, and may contribute to the alteration of
even non-volatile organics.
 Freeze-drying can be used for drying sediments
collected for the determination of most organic
pollutants as well as for analysis of inorganic
components, such as the major and trace

Figure 3. Handling samples for tests and analyses of wet sediments (after [28]).
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elements. The principal advantages of freezedrying for sediments are:
(i) low temperatures avoid chemical changes
in labile components;
(ii) loss of volatile constituents, including
certain organic compounds, is minimized;
(iii) most particles of dried sediments remain
dispersed;
(iv) aggregation of the particles is minimized;
(v) sterility is maintained; and,
(vi) oxidation of various minerals or organic
compounds is minimized or eliminated

Since standard sampling and preparation techniques
are not available for sediments, results from sediment
analysis and, in particular, their application for SQC,
depend in a special way from a high level of quality control (QC) and quality assurance (QA) both in ¢eld and
laboratory [30]. QC in planning includes choice of: (i)
sampling locations; (ii) sampling procedures; and, (iii)
material. QC in ¢eld sampling covers: (i) sample collection; (ii) sample handling; (iii) cleaning procedures; (iv)
transport; (v) preservation; and, (vi) storage.
Two techniques can be used for QC in sediment
sampling [20]:

3.2.4. Anoxic sediment treatment. Anoxic sediment
samples require di¡erent sample-preservation techniques, such as oxygen exclusion. Drying and freezing
(also freeze-drying) of the samples should be avoided for
material designated for extraction procedures. If total
analysis or strong acid digestion is planned, the sediment is dried at 60 C, crushed and stored; for mass calculations, reweighing after drying at 105 C may
become necessary. For a more di¡erentiated approach,
in particular for solid speciation studies on anaerobic
samples, the following pre-treatment scheme was
developed [29]:

 Collection of more than one sediment sample at
selected sampling sites using identical sampling
equipment, such as multicorers, as well as using
identical ¢eld sub-sampling procedures, handling and storage of the samples, and methods for
sediment analysis.
 Sub-division of the collected sample into a few
sub-samples and treatment of each sub-sample
as an individual sample. The results of chemical
analysis of all sub-samples indicate the variability because of sampling and analytical techniques and sediment heterogeneity within a
single collected sample.

 Samples were taken immediately from the center
of the material (collected with a grab or corer)
with a polyethylene spoon, and ¢lled into a
polyethylene bottle up to the surface.
 Immediately after arriving at the laboratory,
sediments were inserted into a glove box prepared with an inert argon atmosphere. Oxygenfree conditions in the glove box were maintained
by purging continuously with argon under
slight positive pressure.
 Extractants were deaerated prior to the treatment procedure.
3.2.5. Quality control (sediment and pore water). Containers and other equipment used in handling sediment
samples after retrieval can be a signi¢cant source of
contamination [20] (e.g., plastics contain plasticizers
that can be potential contaminants in the determination of organic compounds). Glass, porcelain, stainless
steel, Te£on, or Te£on-coated instruments should be
used in handling sediment samples to be analyzed for
organic components. Wide-mouth amber or clear glass
jars and bottles with aluminum foil or Te£on-lined caps
are the best containers, but certain compounds (e.g.,
phenols) can adsorb to these surfaces.
Metal containers, spoons, or other equipment may
contaminate samples that will be analyzed for metals
and trace elements. If both organic and metal analysis
are required for a given sediment sample, a Te£on container is recommended.

The control samples used in sediment studies include
sampling, transport, and sampling equipment, and
control samples for laboratory procedures. Contrary to
water sampling, sediment sampling generally does not
require the use of blanks. However, there are several
types of blanks commonly used in sediment pore-water
sampling [20]:
 Field blanks are samples of laboratory reagents
or reference materials that are carried to the ¢eld
and exposed to the same procedures (such as
transfer into containers, and ¢eld physicochemical measurement) as the actual samples.
 Transport blanks are samples free of contamination that are transported from the laboratory to
the ¢eld and back to the laboratory without
being opened. This kind of blank is important
when the sample is stored for several weeks prior
to analysis.
 Equipment blanks are samples of water that have
been used to rinse the sampling equipment.
These blanks are critical when sampling sediment pore waters, and they are collected before
and after cleaning the sediment pore-water
sampling devices.
 Spiked samples in the ¢eld are samples to which a
known amount of a certain element or compound of interest is added in the ¢eld. These
samples are used to identify possible
http://www.elsevier.com/locate/trac
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interferences of complex matrices, or timerelated losses by volatilization.

 numerous pollutant studies, especially with
respect to heavy metals, have already been performed on the < 63-mm fraction, allowing better
comparison of results.

4. Correction for grain size
Grain size is one of the most signi¢cant factors controlling both suspended and bottom-sediment capacity for
concentrating and retaining organic and inorganic
contaminants (e.g., there is a very strong positive correlation between decreasing grain size and increasing
trace element concentration (see review by Horowitz
[24])). This correlation results from a combination of
both physical (e.g., surface area) and chemical (e.g.,
geochemical substrates) factors. However, in many
instances, it is impossible to di¡erentiate between
e¡ects caused by factors such as surface area, cation
exchange capacity, surface charge, and the increasing
concentration of various geochemical substrates and
e¡ects because of grain size.
A large number of sediment analyses, which have
been performed for the inventory, monitoring and surveillance of pollution in aquatic systems have clearly
shown that it is imperative, particularly for river sediments, to base their data on a standardized procedure
with regard to particle size (review by Fo«rstner [31]).
The methods will mostly reduce (not eliminate!) the
fraction of the sediment that is largely chemically inert
(i.e. mostly the coarse-grained, feldspar and carbonate
minerals) and increase the substances active in pollutant enrichment (i.e. hydrates, sul¢des, amorphous and
¢ne-grained organic materials).
4.1. Separation
Separation of grain size is advantageous because only
few samples from a particular locality are needed. However, it has been inferred that the decrease of pollutant
concentrations in the medium grain-size range should
be even more pronounced if mechanical fractionation
would more accurately separate individual particles
according to their grain size. One has to consider that
coatings (e.g., iron/manganese oxides, carbonates and
organic substances) on relatively inert material
in respect to sorption act as substrates of pollutants in
coarser grain-size fractions. Nonetheless, the fraction
< 63 mm has been recommended for the following reasons [32]:
 pollutants have been found to be present mainly
on clay/silt particles;
 this fraction is nearly equivalent to the material
carried in suspensionDby far the most important transport mode;
 generally sieving does not alter pollutant concentrations (for metals even wet sieving, when
water of the same system is used); and,

224

http://www.elsevier.com/locate/trac

However, it has been argued by Ackermann [33] that
separation of fraction < 20 mm, which can also be performed with nylon sieves, should be favored at least for
coastal sediments, where correlation with conservative
elements has been found to be better with this fraction
than with fraction < 63 mm (see below). Also for
organic pollutants, separation of fraction < 20 mm seem
to compare favorably with other grain-size fractions
[34].
4.2. Extrapolation
Extrapolation techniques for both grain size and speci¢c
surface area require a relative large number of samples
(10^15). Further complicating matters is the fact that
calculation of the regression line is a tedious, mostly
inaccurate procedure. The quartz-correction method
involves fusion with potassium pyrosulfate that preferentially removes the layered silicates (clay), organic
and inorganic carbon and sul¢des with a residue made
up of quartz plus feldspar and resistant heavy minerals,
such as zircone [35]. Extraction of environmentally
active trace metals should consider the more mobile
fractions of elements, which are introduced by human
activities and bound to the sediment in sorbed, precipitated or co-precipitated, or organically complexed
form.
Five types of elements were distinguished according
to their distribution in sediment cores from Lake Erie
[36]:
(i) diagenetically mobile elements. such as iron,
manganese and sulfur;
(ii) carbonate elements, carbonate-C and calcium;
(iii) nutrient elements, organic carbon, nitrogen and
phosphorous;
(iv) enriched elements, such as copper, cadmium,
zinc, lead, and mercury; and,
(v) conservative elements, e.g. silicon, potassium,
titanium, sodium and magnesium.
Comparison of group (iv) elements of environment
concern with ‘‘conservative’’ elements (v) seem to be
particularly useful for the reduction of grain-size
e¡ects, since no separation step is required.
4.3. Geochemical substrates versus grain size
Grain size typically in£uences the concentrations of
contaminants, since most surface-active sediment components are enriched in the ¢ne-grained fractions. The
relative capacity of collectors (e.g., for trace elements)
was arranged by Horowitz and Elrick [37] in the
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following sequence: amorphous iron oxide > total
extractable iron > total organic carbon > reactive iron
> clay minerals > total extractable manganese >
manganese oxides. This relatively simple picture is
complicated by the fact that, e.g., aquatic organic matter exists in two physical forms: surface coatings that
tend to concentrate in the ¢ner size fractions; and, separate particles that tend to be associated with the coarser
size fractions [24]. The major role of clay minerals is not
direct sorption of trace elements but rather acting as
mechanical substrates for precipitation and £occulation of organic matter and secondary minerals (e.g.,
hydrous iron and manganese oxides).

5. Assessment of metal mobility and
bioavailability in sediments
5.1. Direct trace-element speciation
Speciation encompasses both chemical and physical
forms that an element takes in a geochemical setting. A
detailed de¢nition of speciation includes the following
components:
1. the identity of the contaminant of concern or
interest;
2. the oxidation state of the contaminant;
3. associations and complexes to solids and dissolved species (surface complexes, metal-ligand
bonds, surface precipitates); and,
4. the molecular geometry and coordination environment of the metal [38].
The most frequently used technique in the application of synchrotron light sources to address environmental issues has been XAFS (X-ray absorption ¢ne
structure spectroscopy), a general term encompassing
several energies around an absorption edge for the speci¢c element, namely the pre-edge, near-edge (XANES),
and extended portion (EXAFS). EXAFS can provide the
identity of the ligands surrounding the target element,
speci¢c bond distances, and the coordination number of
¢rst-shell and second-shell ligands. Given the intensity
of synchrotron facilities, this technique has a detection
limit down to 50 ppm [39].
In the study of Zn-contaminated soil [40], XRD (X-ray
di¡raction) and (electron microprobe analysis (EMPA)D
as expected- revealed little in terms of the Zn species in
the soil, as the majority of Zn was not in a detectable
form or below the detection limit of the instrument.
However, EXAFS provided information that allowed
quanti¢cation of franklinite (ZnFe2O4), sphalerite (ZnS)
and aqueous Zn2+. One of the most important ¢ndings
was the discovery of artifacts from the use of sequential
extractions, as determined by EXAFS; since the
neoformed phase was amorphous, most traditional
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analytical techniques would have been unable to detect
it [40].
5.2. Single and sequential extraction
Solvent leaching- apart from the characterization of the
reactivity of speci¢c metals- can provide information on
the behavior of pollutants under typical environmental
conditions. Single-extractant procedures are restricted
with regard to prediction of long-term e¡ects (e.g., of
highly contaminated dredged materials), since these
concepts involve neither mechanistic nor kinetic considerations and, therefore, do not allow calculations of
release periods. This restriction can be avoided by signi¢cant controlled intensi¢cation of the relevant parameters (pH value, redox potential and temperature),
combined with extrapolation on the potentially mobilizable ‘‘pools’’ that are estimated from sequential
chemical extraction before and after treatment of the
solid material. Kersten gives an overview of the
mechanisms of metal mobility after deposition, and
methodologies for measuring release rates as well as on
leaching processes and procedures [41].
Several aspects of metal partitioning in sediments
by leaching/extraction were reviewed by Fo«rstner
[42]:
 Because of the instability of polluted solid materials, sample handling and storage prior to analysis are problematic. In particular, changes
from reducing to oxidizing conditions, which
involve transformations of sul¢des and a shift to
more acid conditions, increase the mobility of
critical metals.
 Simple ‘‘standard’’ leaching tests can be used for
easily soluble components, such as halides or
sulfates, but, in most cases, they are not adequate for assessing mobility of trace metals. With
sequential extraction procedures, rearrangements of speci¢c solid ‘‘phases’’ can be evaluated
prior to their actual mobilization.
 Partitioning studies on materials from core pro¢les are particularly useful, since they provide
information on relative variations of elemental
phases, irrespective of the method applied, and
thereby provide an insight into diagenetic processes taking place after deposition of the sediment components.
 The leachable fraction does not necessarily correspond to the amount available to biota. Studies
on the prediction of the trace metal levels in
benthic organisms have shown that the prognostic value of sequential extraction data is
improved when the trace metal concentrations
are normalized with respect to the iron (hydrous
oxide) and/or organic content of the sediments
[45].
http://www.elsevier.com/locate/trac
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Table 1. Three-step sequential extraction procedure for a sediment trial (initial BCR sequence; [44])
Step 1
Step 2
Step 3

0.5 g sediment extracted for 5 h with 20 ml of acetic acid 0.11 mol/l, centrifuged and supernatant decanted for analysis by
atomic absorption spectroscopy (AAS) or inductively coupled plasma optical emission spectroscopy (ICP-OES)
Residue from step 1 extracted overnight (16 h) with 20 ml of hydroxylammonium chloride (NH2OH.HCI 0.1 mol/l) acidiﬁed with
nitric acid to pH 2, centrifuged and the supernatant decanted for analysis
Residue from step 2 treated twice with 10 ml of hydrogen peroxide (8.8 mol/l) and the dry residue extracted overnight with
50 ml of ammonium acetate (1 mol/l) adjusted to pH 5 with acetic acid. The supernatant, separated by centrifugation, is
retained for analysis

In a series of investigations and collaborative studies,
initiated by the Community Bureau of Reference (BCR)
of the European Commission (EC), both single extractant and sequential extraction procedures were subjected to interlaboratory trials [44]. For these trials, a
simple three-step extraction procedure was used (Table 1;
see section 6).
5.3. Capacity-controlling properties
Both pH and redox potential in sediment/water systems
are signi¢cant parameters for mobilization and transformation of metals. Many investigations have shown
that pH decreases during oxidation of sediments and
this process will signi¢cantly mobilize toxic metals.
Criteria for prognosis of the middle-term and long-term
behavior of metals should, therefore, include the abilities of sediment matrices for producing acidity and for
neutralizing such acid constituents.
E¡ects of redox processes on acid-producing potential
(APP) and metal mobility in sediments were reviewed
by Hong et al. [45]. S, Fe, and N are the most important
elements in redox processes of a sediment/water
system. This is because of not only their chemical reactivity, but also their abundance in natural waters and
sediments.
The APP concept has been used in the prediction and
calculation of acid mine drainage and waste tailing
management [46]. Experimental approaches for calculating APP and acid-consuming capacity (ACC) for sul¢dic mining residues were summarized by Ferguson
and Erickson [47]. A test described by Sobek et al. [48]
involves the analysis of total pyritic sulfur; potential acidity is then subtracted from neutralizing potential
that can be obtained by adding a known amount of HCl,
heating the sample and titrating with standardized
NaOH to pH 7. Bruynesteyn and Hackl [49] calculated
APP from total sulfur analysis; here, ACP was then subtracted from ACC, obtained by titration with standardized sulfuric acid to pH 3.5.
For determining the maximum APP in anoxic sediments, both the FeS pool (actual APP) and the maximum ferrous sul¢de (worst case: pyrite) producing
potential upon disposal have to be taken into consideration. The latter is expressed by the sul¢de-binding capacity, which can be predicted from the reactive metal
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concentrations- predominantly reducible Fe3+ ^ available to form sul¢de minerals (available sul¢de capacity
[ASC]).
As demonstrated from an example of Hamburg Harbor mud [50], simultaneous application of standard
sequential leaching techniques (BCR version, Table 2)
on critical trace metals and matrix components can be
used for geochemical characterization of anoxic, sul¢de-bearing sediments in relation to the mobility of
these metals. In Table 2, the ASC value was calculated
from the Fe concentration in Step 2 of the sequential
leaching results. The stoichiometry of the oxidizable Sfraction and Fe-fraction of Step 3 indicates that the ferrous sul¢de extracted in this step was in the FeS form.
The sum of both ASC and actual APP gives the maximum APP for the sample, as shown in Table 2. The
ACC value for the sample was more simply determined
from the Ca concentration released from reactive carbonates by the Na-acetate solution of Step 1, which has
to be multiplied by a factor of 0.5 to account for the
stoichiometric ratio between pyrite and calcite within
the redox reaction. The negative balance between the
APP and ACC indicated that the mud sample from
Hamburg Harbor has a signi¢cant acidi¢cation
potential.
5.4. Limiting bioavailability (extractable metal/acid
volatile sul¢de)
One of the major chemical components that controls
metal activities in the interstitial water of anoxic sediments is acid volatile sul¢de (AVS). AVS is operationally de¢ned as the sul¢des that are liberated from a
sediment sample to which acid has been added at room
temperature under anoxic conditions. This operational
Table 2. Balance between APP (acid-producing potential) and ACC
(acid-consuming capacity) values for an anoxic sediment sample from
Hamburg Harbor [50]. For deﬁnitions of Steps 1, 2, and 3 see Table 1
Compound

Function

Value

Parameter
(mmol/kg)

Ca in Step 1
Fe in Step 2
S in Step 3
Balance

Base potential
ASC
Sulﬁde sulfur

( 0.5 =)
(335)
(+ 85 =)

ACC 90
max. APP 420
ACC- APP= 330
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de¢nition includes most of the amorphous and moderately crystalline monosul¢des (e.g., FeS) and lesser percentages of other sul¢des. A closely related term is
simultaneously extractable metals (SEMs), which can
be operationally de¢ned as ‘‘metals . . .. [that] form less
soluble sul¢des than Fe or Mn and [that] are at least
partially soluble under the same test conditions in
which the AVS content of the sediment is determined’’
[51]. The chemical basis for the primacy of the sediment sul¢de phase for metal binding is assumed to be
that, at equilibrium, S2 successfully out-competes
all other common dissolved or particle-associated
ligands for metal ions and forms insoluble metal sul¢des
[52].
It has been suggested that, if the molar concentration
of AVS that is extracted from a sediment exceeds the
molar sum of the simultaneously extracted metals
(SEM) that form more insoluble sul¢des than iron
sul¢de (i.e. NiS, ZnS, CdS, PbS, and CuS, any one of
which is denoted by MS), then those sediment metals
should not be toxic to sediment-dwelling organisms
[53,54].
There are several concerns about using the SEM/
AVS ratio, the most important being that, in an established sediment, the biota create microenvironments in
which the chemistry di¡ers from the bulk sediment
[55]. Burrowing organisms, which occur more commonly in marine systems than in freshwaters, pump
oxic water into their burrows, causing a localized high
redox potential that a¡ects the local concentrations of
AVS and trace metals, regardless of the bulk content of
AVS in the surrounding sediment.
Griscom et al. [56] evaluated geochemical in£uences
on assimilation of sediment-bound metals in a series of
experiments using suspension-feeding mussel Mytilus
edulis and facultative deposit feeder Macoma balthica.
The results imply that:
 metals associated with sul¢des and anoxic sediments are bioavailable;
 the bioavailability of metals from sediments
decreases over exposure time;
 organic carbon content generally has a small
e¡ect on assimilation e⁄ciencies (AEs); and,
 AEs of sediment-bound metals di¡er among
species [56].

6. Standardization of extraction procedures for
sediment analysis
In most practical applications, chemical analysis of
soils and sediments aim to assess potential adverse
e¡ects on biota and, in this context, the bioavailable
forms of pollutants deserve particular attention. The
development and the application of extraction schemes
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started at the end of the 1970s and the EC (through the
BCR Program and its successors) has been the only
organization to try systematically to evaluate the comparability of data obtained from various schemes and
di¡erent laboratories (through the organization of
interlaboratory studies) and to propose harmonization
of the most frequently used approach [57]. Among
other things, this resulted in the production of Certi¢ed
Reference Materials (CRMs) for extractable heavy
metals and phosphorous forms in soils and sediments.
Even if the schemes are not standardized sensu stricto
(i.e. they were not adopted as o⁄cial standards by an
international standardization organization), they ful¢ll
the same role in enabling data comparability in this
analytical ¢eld [58].
6.1. Three-step sequential extraction scheme for
heavy metals [61]
In 1987, the BCR Program started a series of investigations and collaborative studies with the aim of harmonizing and improving the methodology for sequential
extraction determination of trace metals in sediments.
In 1992, a group of European experts proposed a threestep sequential extraction procedure (see Table 1).
Two river sediments were selected for an intercomparison exercise involving 20 laboratories. The
¢rst certi¢cation campaign was undertaken with a lake
sediment collected from di¡erent sampling sites of
Lago Maggiore (Italy) under the responsibility of the
Environment Institute of the Joint Research Center
(JRC) in Ispra (Italy). The homogeneity and stability
studies carried out with this sediment material corroborated the feasibility studies on the possibility of certifying the amount of extractable metal following the
standardized sequential extraction procedure. Extractable contents of Cd, Cr, Ni, Pb and Zn were certi¢ed in
the ¢rst step of the procedure, Cd, Ni and Zn in the second step, and Cd, Ni and Pb in the third step; Cu in the
¢rst step and Pb in the second step were given as indicative values.
BCR CRM 601 was the ¢rst available tool for the validation of methodology in the sequential extraction
research ¢eld; a systematic study to assess the sources
of uncertainty was carried out, focusing mainly on
the second step of the sequential extraction procedure
[60].
A new sediment material, BCR CRM 701, taken from
Lake Orta (Piemonte, Italy), was prepared in the Environment Institute of the JRC in Ispra following the
validated procedure used for the preparation of BCR
CRM 601 [59]. The material was certi¢ed in an intercerti¢cation campaign for extractable contents of Cd,
Cu, Cr, Ni, Pb and Zn in the three steps of a modi¢ed
BCR scheme [60] and it has been available for purchase
from the Institute for Reference Materials and Measurements (IRMM) since the beginning of 2001 [61].
http://www.elsevier.com/locate/trac
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6.2. Phosphorus sequential extraction in fresh water
sediments [62]
Since phosphorus is regarded as a key factor responsible
for the eutrophication of fresh water, and because not
all forms of phosphorus are bioavailable, the EC
through the Standards, Measurements and Testing program has launched a collaborative project similar to
that for metals (Section 6.1) that aimed to:
1. design a harmonized sequential extraction
scheme;
2. test the selected scheme in interlaboratory studies involving expert European laboratories; and,
3. certify the extractable phosphorus content of a
sediment reference material.
The harmonized extraction sequence is based on the
Williams scheme [63], di¡erentiating NaOH-extractable P (P bound to Al, Fe, Mn oxides or hydroxide, HClextractable P (Ca-bound P), organic P, inorganic P, and
concentrated HCl-P (total P). Interlaboratory studies
were performed in the period of 1997^2000 [62]. CRM
684 has been available from the IRMM (http://
www.irmm.jrc.be/mrm.html) [64].

7. Sediment functions
7.1. Surveillance investigations (‘‘memory e¡ect’’)
Analysis of stream sediment has long been standard
practice in mineral exploration [65]; by more extensive
sampling and analysis of metal contents in water, soils
and plants, the presumable enrichment zones can be
narrowed down and, in favorable cases, localized as
exploitable deposits. On a qualitative basis, sediment
analysis can be used to estimate point sources of pollutants that, upon being discharged to surface waters, do
not remain in solution but are rapidly adsorbed by particulate matter, thereby escaping detection by water
monitoring [66].
Surveillance is a ‘‘continuous speci¢c observation
and measurement relative to control and management’’ [67]; the primary objective is to trace and
observe sources and pathways of speci¢ed hazardous
substances [68]. If one simple aim of a study is to determine the presence or absence of a speci¢c contaminant
in bottom sediment at a given area, then the sediment
can be sampled at one or a few sampling stations at
¢ne-grained sediment deposition sites. However, after
con¢rmation of the presence of the contaminant in the
sediment, the study may be expanded to determine
the extent of sediment contamination by the speci¢c
compound or element with the area, the sources of
the contaminant, the history of the loading of the
contaminant, its transport, bioaccumulation, and so on
[20].
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For surveillance purposes, dry samples are normally
used (Section 3.2.3). Normalization with respect to
granulometry is crucial. Generally, a correction for
sediment grain size after chemical analysis is preferred,
since, during sieving, internal grain size inhomogeneities would persist. This becomes clear when the results
of separating the ¢ne fractions from a sandy sediment
and a clayey sediment are compared: for the sandy sediment sample, the separated (sieved) particles will be
close to the borderline grain size; and, for a clayey sediment sample, the grain-size distribution is not in£uenced much by the sieving process (rather shifting to
the more ¢ne-grained part of the spectrum). According
to a proposal of O’Connor [69], the concentration data
of contaminants in di¡erent bulk samples can easily be
compared by dividing them by the percentage of the
fraction < 20 mm or < 63 mm, respectively, of the sediment sample; this simple comparison is possible if the
sediment contains more than 20^30% of these fractions.
Use of reference elements is the most common
approach to normalizing concentrations of particleassociated chemicals with respect to grain size. In the
case of sediments, elements that are typical constituents of the ¢ne-grained fractions, mainly clay
minerals, are of primary interest. Table 3 summarizes
the correlation coe⁄cient, ‘‘r’’, between the contents of
such elements (‘‘conservative’’ elements, see Section
4.2) and the percentage < 20 mm and < 63 mm, respectively, as determined from more than 100 sediment
samples from the estuary of the Ems river in Northern
Germany [33]. According to Table 3, cesium appears to
be the preferred reference element for two reasons: it is
particularly well correlated (r=0.987) with the percentage of the < 20 mm fraction; and, s(100%)/s(0%) is
greater than for the other elements.
7.1.1. Traceability. For the given purpose, namely to
detect anomalies and to trace typical sources of pollution (‘‘hot spots’’), the standard scheme from ‘‘sampling’’, ‘‘sample preparation’’ (with particular
emphasis on grain-size correction), ‘‘chemical analysis’’ (use of dry bulk sediment reference material) to the
‘‘interpretation of results’’ does not involve major

Table 3. Correlation coeﬃcient, r, and concentration ratio, s(100%)/
s(0%), for some potential reference elements [33]
Cs
Fraction < 20 mm
r
s(100%)/s(0%)
Fraction < 60 mm
r
s(100%)/s(0%)

Sc

Fe

Rb

0.987
14.0

0.982
7.3

0.858
6.4

0.958
3.4

0.919
> 20

0.937
15

0.789
9.0

0.900
3.7
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uncertainties. With respect to grain-size normalization,
application of reference materials for ‘‘reference elements’’, such as Cs, Sc, Fe, Rb, Li and Al (re£ecting
clayey material content), would be advantageous.
Minor uncertainties, which will not a¡ect the general
applicability of the present approach, could arise from
variations of typical matrix constituents and can be
narrowed down by analyzing parameters such as
organic matter, carbonate and iron oxide contents.
7.2. Monitoring biological/chemical sediment
quality (‘‘life support’’)
Monitoring is a ‘‘continuous standard measurement
and observation’’ [67]; the primary objective is to
measure the cultural impact on water quality and the
suitability of water quality for future use [68]. Among
the aims of sediment studies (Section 3), major emphasis will be given to the ‘‘establishment of references’’,
‘‘identi¢cation of time changes’’ and ‘‘calculation of
mass balances’’. The central aspect is bioavailability, a
complex result of contaminant/particle interaction and
superimposed by the activity of organisms.
The chemical parameters, which are included in the
physico-chemical part of the Triad approach (see Section 2.1) in many countries, are (e.g., The Netherlands
[8]: mineral oil; chlorobenzenes; organochlorine pesticides; PCBs (polychlorinated biphenyls) [standard
group of 7 congeners]; PAHs (polyaromatic hydrocarbons) [16 of the US Environmental Protection
Agency]; and, the heavy metals Cd, Cr, Cu, Ni, Pb, Hg,
Zn and As). The concentrations are normalized to
values for sediment with a standard granular composition and organic carbon content; in The Netherlands,
‘‘standard sediment’’ is de¢ned as having a 25% particle fraction < 2 mm and 10% organic matter on a dry
weight basis.
A basin-scale assessment involves the balancing of a
Conceptual Basin Model (CBM, which considers the
mass £ows of particles and contaminants, screening
level assessment of sediment quality and archived data;
see extension in Section 7.3) and basin-scale objectives;
with respect to the latter, the WFD mandates ‘‘Good
ecological status of water bodies’’ and the Habitats
Directive mandates that there is a ‘‘Duty to demonstrate no harm’’ [10]. Both Directives primarily require
biological e¡ects-based sediment monitoring and risk
assessment for European waters [8].
7.2.1. Traceability
7.2.1.1. Unbroken/broken chain of comparison. Standing
alone and for an individual sample, the physico-chemical proportion of the Triad does not seem to involve
major practical problems. ‘‘Sampling’’, ‘‘sample preparation’’ (using wet sediment) and ‘‘chemical analysis’’ (use of bulk or fractionated reference material;
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normalization to grain size and organic carbon) widely
follows a standard sequence similar to the surveillance
approach described in section 7.1. However, with a differentiated approach (e.g., when applying the BCR fractionation scheme (next paragraph)), the question of
how to preserve the original physico-chemical forms of
both matrices and critical contaminants becomes
crucial. This question also relates to the way and
the extent to which the ¢ndings within the chemical
proportion can be compared with the results of the
biological studies.
7.2.1.2. Harmonized leaching scheme and CRMs. Interpretation of biological e¡ects is generally facilitated by a
more di¡erentiated chemical approach, using BCR fractionation schemes and CRMs of sediment-associated
pollutants (Section 6). However, changes in the forms
of major, minor and trace constituents cannot be excluded when the sediment is transferred from its typical
anoxic environment to chemical analysis via normal
sample preparation. Whereas the systematic studies to
assess the sources of uncertainties during the certi¢cation process of the lake sediments BCR CRM 601 and
BCR CRM 701 (Section 6.1) did not indicate major variations within the individual fractions [59], earlier ¢ndings of Kersten and Fo«rstner [70] in a less-bu¡ered
anoxic mud from Hamburg Harbor demonstrated characteristic shifts of Cd fractions from 98% sul¢dic/
organic in the control, as received under oxygen-free
conditions, to 30% in the air-dried sample after treatment with elutriate test, and to 15% in the over dried
(60 C) sample; in the latter sample, more than 30% of
the 31.8 ppm Cd was found in the exchangeable fraction (extraction scheme [71]), i.e., in an easily bioavailable form.
7.2.1.3. Uncertainties. The gaps between the sedimentchemical part and the biological approaches in the
Triad are still enormous, and extension to a river-basin
scale will induce further uncertainties. Regarding the
wide range of factors in£uencing uptake and toxicity of
contaminants in organisms, it is unlikely that chemical
extraction methods will be developed to imitate an allencompassing bioavailability [72].
There are new, sophisticated approaches that can
characterize the bioavailability of contaminants and
they may construct lines of evidence between
contamination and e¡ects on organisms living in the
sediment [8,73]. These are at ¢rst simple resin
extraction methods (e.g., use of Tenax) to determine the
availability of sediment-sorbed organic compounds
[74]. Another way to bridge the gap between chemistry
and ecotoxicology is to treat contaminated sediments
with resins to reduce the contaminants to non-toxic
levels and to analyze the resins chemically in order
to identify the pollutants a¡ecting the organisms
http://www.elsevier.com/locate/trac
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[75]. However, even with a limited number of pollutants, this approach is still too expensive for routine
monitoring. River-basin-wide monitoring, as mandated
by the WFD, needs sediment-speci¢c screening
methods for both chemical and ecological sampling/
analysis.
A question still open relates to the inclusion of porewater measurements in toxicity testing, and recommendations from a SETAC workshop ([27], see also Section 3.1.4.) are, among others:
 pore-water tests were considered suitable for
several types of regulatory frameworks, but
unsuitable for others (e.g., as stand-alone pass/
fail methods, or as a substitute for a solid phase
test);
 the incorporation of pore-water toxicity test
results into empirically-derived sediment quality
guidelines (SQGs) might generate guidelines that
are more predictive of pore-water e¡ects, better
explain the results of pore-water tests, and might
be more protective if the pore-water toxicity tests
were to pick up a biological response to a chemical or class of chemicals that was missed by the
solid-phase testing.
7.3. Prognoses for remobilization risks (‘‘secondary
sources’’)
Because of their particular dynamics, two characteristic features of sedimentary and erosive processes in
rivers should receive special attention:
(i) the dramatic e¡ects of storm-water events on
particle transport; and,
(ii) the rapid and far-reaching e¡ects of chemical
changes, in particular, sul¢de oxidation.
The respective objectives of this research fall under
the category ‘‘process studies’’ (section 3), usually
involving a relative high degree of complexity.
7.3.1. Comparative investigations
7.3.1.1. Erosion risks. Sediment physical parameters
and techniques form the basis of any risk assessment in
this ¢eld [76]. However, approaches to sediment quality should include experimental designs for the study of
chemical and biological e¡ects during erosion and
deposition (Section 2.2). For example, in an experimental device developed by Haag et al. [77], sediment
cores are moved upwards into a straight, rectangular,
pressure duct, which allows measurement of the
critical shear stress of erosion as a function of sediment
depth. Parallel to hydraulic stability, the depth-dependent sediment samples can be analyzed with respect to
chemical and ecological risk assessment.
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Typical areas of concern are £ood plains, and typical
issues are in the context of perturbations, such as
wetting-desiccation, as a result of an increase in the
frequency of £ooding because of climate change [5];
this also involves research on ageing and the natural
recovery potential of contaminated sediments (section
2.3).
With respect to the development of a CBM, chemical
and ecological information needs a strong basis of data
on the quantity of sediment. In a dynamic system, this
assessment should include not just those materials that
are currently sediments, but also materials, such as
soils and mine tailings, that can reasonably be expected
to become part of the sediment cycle during the lifetime
of a management approach [10].
7.3.1.2. Chemical mobilization risks. Study of variations
in sediment and water chemistry should mainly include
changes in pH and redox conditions, competition of dissolved ions and processes such as complexation by
organic substances (e.g., metal sul¢des have an extremely low solubility and concentrations of metals in
pore waters of sediments are generally low). However,
an increase in the redox will cause metal sul¢des to
become unstable. This change is not gradual but rather
sudden and an example of a non-linear response [78]. It
occurs when polluted (anoxic) sediments are dredged
from harbors and dumped either on land or in waterways.
Metal release from tidal Elbe river sediments by a process of ‘‘oxidative remobilization’’ has been described
by Kersten ([79], Fig. 4). Short (30 cm) sediment cores
were taken from a site where diurnal inundation of ¢negrained £uvial deposits takes place. In the upper part of
the sediment column, total particulate cadmium content was signi¢cantly lower than in the deeper anoxic
zone. Sequential extractions using an inert Ar-gas
atmosphere in a glove box indicated that, in the anoxic
zone, Cd was most associated with the sul¢dic/organic
fraction, while, in the upperDoxic and transitionD
zone, the association of Cd with the carbonatic and
exchangeable fractions was typically increased. It is
only in this oxic and transition zone that cadmium
could be detected in the pore-water samples.
7.3.2. Traceability
7.3.2.1. Unbroken/broken chain of comparison. For both
erosion risk (I) and chemical mobilization risk studies
(II), the chains of comparison are broken at early stages
of sampling and sample preparation.
Sampling of £ood plain soils and sediments is a¡ected
by strong granulometric and compositional heterogeneities arising from the wide spectrum of £ow velocities at which the sediments were eroded, transported
and deposited. These heterogeneities can be reduced by
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Figure 4. Total concentrations and partitioning of Cd [71] in a tidal ﬂat sediment proﬁle in the Heuckenlock areas, near Hamburg. Sedimentation rates were
determined by the 137Cs-method. Cadmium pore-water proﬁle was determined at low tide [79].

subsequent normalization procedures (section 7.1);
however, the overall comparability of the samples will
be signi¢cantly lower than in the applications described
in Sections 7.1. and 7.2. for surveillance and monitoring tasks, respectively.
Sampling and sample preparation of in situ sediments
primarily has to avoid any modi¢cation of labile phases,
in particular access of oxygen, which will inevitably
change redox-sensitive minerals, such as metal sul¢des
(see above).
7.3.2.2. Reference materials.
(i) Sediment reference materials should be applied
for erosion risk studies in a way similar to that
described in Section 7.1 (‘‘surveillance investigations’’). Harmonized fractionation schemes
and respective reference materials can be useful
for studying ecotoxicological aspects, i.e. in the
framework of comparative investigations of erosion stabilities and bioavailability of pollutants
in sediment core samples, as described in Section
7.3.1 (above).
(ii) Regarding chemical mobilization studies, fractionated reference sediments (even if the chain of
direct comparability has been broken) may o¡er
some advantages in providing secondary information on the contents of calcium, iron and
sulfur, from which the matrix parameters
(capacity-controlling properties), such as ‘‘acid
producing potential’’ and ‘‘acid consuming
capacity’’, can be calculated and predicted
(Section 5.3). These data can also be used in
models and, in this way, sequential extractions

can serve as e¡ective conformational tools to
reduce the complexity of the natural system
[80].
Lack of pore-water reference material is a signi¢cant
de¢ciency with respect to chemical mobilization studies; because of its speci¢c composition, particularly the
high contents of DOC, interstitial water cannot be
replaced by conventional surface water reference
materials.
7.3.2.3. Uncertainties. regarding the interpretation of
¢ndings both from erosion risk (I) and chemical mobilization studies (II) mainly arise from the fact that the
reliability of trace-metal analysis proper is masked by
large variabilities of in£uencing factors such as:
(i) granulometric and compositional heterogeneities;
erosion experiments involve a wide spectrum of
parameters (Fig. 1, Section 2.2) and transfer of
laboratory data into the ¢eld is still not at a
routine level; and,
(ii) anoxic sediment/pore-water extraction and preservation is still di⁄cult (sections 3.1.4, 7.2); the
inclusion of capacity controlling properties is not
yet part of a standard procedure.
Evaluation of erosion risks on a river-basin scale
needs broad information on water and sediment quantities; while the quanti¢cation of man-made activities
(dredging, reservoir £ushing) should be part of
advanced watershed management, prediction of the
e¡ects of large storm-water events andDeven more
because of its exponential increaseDsediment load are
http://www.elsevier.com/locate/trac
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Table 4. Development of models coupling hydrodynamic and biogeochemical data for the prediction of pollutant transport in rivers (after Kern [82])
Numerical description

Components in water body

Solute-solid interaction

Formulation of transport equation

1) Distribution coeﬃcient
(Kd-concept)
2) Extended Kd-concept

Dissolved+particulate

Kd=constant

Dissolved+particulate
+milieu factors
Individual chemical species

Kd=f (pH, pe, complexing agents,
competing ions)
Dissociation and binding
constants, solubility products
Additional growth and decay rates

Two coupled linear diﬀerential
equations
Additional n linear diﬀerential
equations for milieu factors
Coupled diﬀerential- algebraic
equation system
Diﬀerential algebraic equation
system

3) Chemical multi-component
model
4) Biochemical multi-component
model

Chemical species+biota

among the most challenging engineering tasks. Similarly, chemical mobilization of pollutants from sediments is a complex, non-linear process, which cannot
as yet be modeled in a quantitative way [81].
7.3.2.4. Future developments. Priority research needs
relate to the question of how actual and future achievements from chemical and biological sediment studies
could be implemented in integrated models (Table 4,
after [82]). Today’s models for predicting pollutant
transport in rivers are dominated by hydromechanical
parameters; inclusion of chemical terms mainly means
constant distribution coe⁄cients. A ¢rst step for
extending these models could involve consideration of
typical ecosystem factors, such as competing ions, complexing agents, redox conditions and- dominantly for
metals- pH values. The next tier of sophistication would
be the inclusion of binding constants, solubility products and other factors, which can describe solid/solution interactions of critical chemicals in a multicomponent system. The last step, as currently foreseeable, would extend the mechanical-chemical model
into biology. Such biochemical multi-component
models should at least consider rates of growth and
decay of organisms and organic matter.
7.4. Sub-aqueous depots (‘‘¢nal storage’’)
Under anoxic, strongly reducing conditions, a great
part of the metal content in contaminated sediments is
present as practically insoluble sul¢des (compared to
carbonates, oxides and phosphates). Such conditions
can be provided by a permanent water cover, whereby
di¡usion of oxygen into the sediment is inhibited. However, it has to be taken into consideration that changes
in the redox regime can be induced by not only di¡usive
transport of oxygen through the water-to-sediment
interface, but also- and maybe more e¡ectively- bottomdwelling and burrowing organisms creating oxidizing
microenvironments. The risk of contaminant uptake by
these organisms must thus be ruled out by appropriate
cap designs. These combinations of sub-aqueous
deposition of contaminated sediments with an adequate capping technology represent attractive remediation alternatives, provided they are technically
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feasible and do not interfere with national or regional
legislation [83].
Two critical interfaces of sub-aqueous depots and
their caps have to be carefully studied and long-term
environmental safety has to be guaranteed:
1. the hydraulic stability of the depot plus cap and
the e¡ectiveretention of pore-water contaminants
within the cap during compaction; and,
2. prevention of pollutant transfer from the sediment into the ground water.
Regarding the latter process, considerable information has been assembled in the planning phase and during management of the large ‘‘De Slufter’’ depot,
Rotterdam [84]; direct measurements showed that the
deposited dredged material has formed a highly
impermeable layer, and pollutant transfer is practically
limited to very slow di¡usion processes [85].
Long-term prognosis of erosion and chemical mobilization risks at the top of the sub-aqueous depots/caps is
indispensable to this technology. There is a monitoring
program for dredged material capping mainly related to
construction, cap performance and management
actions [86]. A recent study by Jacobs [87] deals with
the monitoring of sub-aqueous depots with active
barrier systems for contaminated dredged material
using dialysis samplers and di¡use gradients in thin
¢lms (DGT) probes. The DGT technique measures
e¡ective concentrations at the cap-to-water interface,
i.e. a concentration term that comprises the porewater concentration and a release term re£ecting the
tendency of the cap matrix to release demobilized
contaminants.
7.4.1. Traceability. Traceability of pollutant release
from sub-aqueous depots is similar to the approach and
the results described in Section 7.3 for £ood plain or in situ
resuspension processes. It can be expected that, after a
period of testing on di¡erent sites (in The Netherlands,
there are already 14 sub-aqueous depots planned or in
action [88]), these pore-water techniques can become a
standard approach for the assessment of all types of
remobilization risks from contaminated in situ sediments.
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Pore-water analytical data can be used in geochemical
models for short-, medium- and long-term predictions.

8. Conclusions
Chemical analysis of sediments, including suspended
particulate matter and pore water, provides e⁄cient
tools in water-quality management (surveillance, survey, monitoring); in this context, they refer- in order of
increasing complexity- to di¡erent objectives, such as
preliminary site characterization, identi¢cation of
chemical anomalies, establishment of references and
identi¢cation of time changes (chemical, biological),
calculation of mass balances, and process studies [21].
Chemical analysis is also used to characterize directly
contaminated in situ sediments and dredged materials
in relation to various treatment techniques.
In the view of the traceability concept, a ‘‘basic
sequence’’ of measurements comprises three steps,
which can be considered as an unbroken chain of
comparisons (Section 7.1):
1. Sampling and sample preparation (Section 3).
Project planning, sampling stations, sampling
devices, handling and storage, and QC are not
standardized, but well documented in all aspects
[20].
2. Grain size as a characteristic sediment feature
(Section 4). Sampling of ¢ne-grained sediment
[24] and grain-size normalization with ‘‘conservative elements’’, such as Cs, Sc, Li and Al
(re£ecting clayey material content), is recommended as standard approach [31].
3. Analytical. Reference sediment materials are
commercially available. While direct species
analysis is still limited (Section 5.1), standardized extraction schemes for metals and phosphorus in sediments as well as CRMs for
comparisons were developed under the auspices
of BCR/IRMM (section 6).
Further steps in chemical sediment analysis are split
with regard to speci¢c purposes: sediment quality
assessment including biological e¡ects [(4) and (5)
below]; coupling of sediment quality data with erosion
risk evaluation [(6) and (7) below]; chemical changes
following resuspension of anoxic sediments [(8) and (9)
below]; and, modeling of chemical sediment data [(10)
below].
Sediment quality assessment is part of SSM [1] and
should play a signi¢cant role in the holistic river-basin
approach of the EU’s WFD [4]. In recent years, a paradigm shift has taken place to give priority to biological
data [8]. The design of a goal-oriented sediment framework [89] recommends, among other, things:
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(i) ensuring that decision-making is transparent and
standardized to some extent, but £exible enough
to meet national/regional goals;
(ii) building both natural and regional background
concentrations, reference sites and site-speci¢c
bioavailability considerations into the framework; and,
(iii) that, while sediment guidelines have an important role, they should not be used as pass/fail
valuesDbut rather as triggers for further investigations [91].
Chemical sediment analysis for monitoring studies is
usually combined with biological investigations and
could be supported by pore-water analysis:
4. Biological/chemical approach. In a comprehensive sediment-assessment approach, ¢ve basic
components should be considered [6]:
(i) benthic community structure;
(ii) laboratory bioassays for evaluating the
toxicity of in-place pollutants;
(iii) bioaccumulation information;
(iv) knowledge of site stability; and,
(v) physico-chemical
sediment
properties
(Section 2.1).
Standing alone and for an individual sample,
the physico-chemical proportion of the sediment
Triad approach (ecotoxicological, ecological,
chemical) [7] widely follows the basic sequence
given above. If lines of evidence between chemical sediment contamination and e¡ects on
organisms living in the sediment need con¢rmation, one potential option in the future is the
use of resins, which speci¢cally sorb labile and
bioavailable fractions of contaminants in the
sediment sample [73].
5. Pore water. Tests on pore water (interstitial
water) were considered suitable for several types
of regulatory frameworks, but unsuitable for
others (e.g., as stand-alone pass/fail methods or
as a substitute for a solid phase test [27]). Determination of chemical concentrations in pore
waters is recommended, in addition to the regular contaminant measurements conducted in
the whole sediment, as a means of providing
information on routes and levels of exposure,
aiding the interpretation of test results, and
identifying sources of toxicity. Until now, lack of
pore-water reference material is a signi¢cant
de¢ciency with respect to chemical mobilization
studies (see below).
Because of the particular dynamics of £uvial processes, hydraulic parameters, such as the critical shear
stress of erosion processes, form the primary input factors for investigating and predicting large-scale disperhttp://www.elsevier.com/locate/trac
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sion of contaminants in £ood plains, dike foreshores
and polder areas. Unlike problems related to conventional polluted sites, the risks here are primarily connected with the deposition of contaminated solids on
soils in downstream regions. Short-term issues include
the fate of sediment-associated contaminants when
sediment is deposited upland and a better understanding of the impact on groundwater, water and soil
ecoystems. Medium/long-term issues will focus on integration of quality and quantity aspects, and determination of the sediment-transport processes at the riverbasin scale as a function of land and water use and
hydrological (climate) change [5].
6. Erosion e¡ects. Sediment physical parameters
and techniques form the basis of any risk assessment in this ¢eld. Sampling of £ood plain soils
and sediments is a¡ected by strong granulometric and compositional heterogeneities arising from the wide spectrum of £ow velocities at
which the sediments were eroded, transported
and deposited. Standardized fractionation
schemes and respective reference materials can
be useful for studying ecotoxicological aspects of
resuspended sediments (Section 7.3). Sediment
quality issues should include experimental
designs for the study of chemical and biological
e¡ects during erosion and deposition [75]. Coupling of erosion experiments with investigations
of ageing e¡ects as well as of the mobilization of
chemicals from pore-water and labile sediment
phases (below) could provide a valuable tool in
the decision-making process for remediation
techniques.
7. Ageing e¡ects. ‘‘Diagenetic’’ e¡ects, which,
apart from chemical processes (sorption, precipitation, occlusion, incorporation in reservoir
minerals and other geosorbents such as char,
soot and ashes), involve enhanced mechanical
consolidation of soil and sediment components
by compaction, loss of water and mineral precipitations in the pore space, may induce a quite
essential reduction in the reactivity of solid
matrices. The methodologies developed so far
[16^19] could in£uence the traceability aspects
in the ¢eld of ecological/chemical risk assessment (Section 7.2) and in relation to erosion
stability/pollutant mobility both in situ and
river-basin wide (Section 7.3), and they will also
a¡ect the decision-making process for remediation techniques (Section 7.4).
The dramatic e¡ects of storm-water events on particle
transport can coincide with rapid and far-reaching
chemical changes, in particular, by the e¡ects of sul¢de
oxidation on the mobilization of toxic metals. The
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objectives of this research fall under the category ‘‘process studies’’, usually involving a relatively high degree
of complexity. Such ¢eld and laboratory studies, as well
as the models using these data, are indispensable for
long-term prognosis of erosion and chemical mobilization risks arising from sub-aqueous deposition and
capping, both favorable technologies for dredged
material and in situ sediments [2].
8. Anoxic/oxidized samples. Changes of the forms
of major, minor and trace constituents cannot be
excluded, when the sediment is transferred from
its typical anoxic environment to chemical analysis via normal sample preparation. However, a
comparison of extraction data from original and
oxidized samples could be used for worst-case
considerations in respect to potential metal
release during sediment resuspension (Section
7.3) or subsequent to upland deposition of
dredged material (Section 7.4).
9. Capacity controlling properties. Both pH and
redox potential in sediment/water systems are
signi¢cant parameters for mobilization and
transformation of metals or phosphorus. Criteria
for prognosis of the middle- and long-term
behavior of these and other substances should,
therefore, include the abilities of sediment
matrices to produce acidity and to neutralize
such acid constituents. In section 5.3, an
example was given to indicate how simultaneous
application of standard sequential leaching
techniques on critical metals and matrix components can be used for the characterization of
anoxic, sul¢de-bearing sediments in relation to
the mobility of these metals [50].
10. Modeling. The data for critical trace metals and
matrix components, as determined from original samples [see topic (8) above], can also be
used in models and, in this way, sequential
extractions can serve as e¡ective conformational tools to reduce the complexity of the
natural system [80]. Pore-water analytical data
can be applied in geochemical models for short-,
medium- and long-term predictions [90].
Transport and reaction models consider advective, dispersive and di¡usive transport mechanisms as well as adsoption and desorption
processes [91]

.
A basin-scale assessment involves the balancing of a
CBM, which considers the mass £ows of particles and
contaminants, screening level assessment of sediment
quality and archived data [10]. Coupling quality and
quantity data involves models at di¡erent scales [9]:
(i) hydrodynamic models operating on the particle
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level are best suited to the study of ¢ne-scale
aggregation/segregation processes;
(ii) continuum-mechanical ¢eld models as well as
particle-tracking models are particularly e⁄cient at locally concentrated emissions; and,
(iii) macroscale long-term simulation can only be
performed using simpli¢ed models, because of
the limited computer capacity available so far.
In total, the traceability of the ‘‘further steps’’ [(4)^
(10) above] is less pronounced than that of the three
steps [(1)^(3) above] of the ‘‘basic sequence’’. However,
in the light of the economic value of these further steps
for developing and executing far-reaching management plans, coordinated e¡orts should be undertaken
to improve this situation. Short-term measures should
range from the organized dissemination of results from
on-going research (‘‘ageing e¡ects’’), o⁄cial documentation of techniques and instruments in a relative
new ¢eld (‘‘erosion e¡ects’’) and state-of-the-art procedures (‘‘modeling’’, e.g. analytical data from pore
water), via extension of standardized extraction
schemes and reference materials (prescription for handling ‘‘anoxic sediments’’ for fractionation, certi¢cation
of speci¢c constituents, such as Ca, S and Fe(II) for the
study of ‘‘capacity-controlling properties’’), up to the
development of new reference materials (‘‘pore water’’).
With regard to the quantitative aspect of contaminated
sediments at the river-basin scale, chemical inventories
of interim deposits, such as mining residues, river bank,
polder and £ood plain deposits, ¢llings of river dams and
lock reservoirs, should be given high priority.
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