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Abstract

Introduction A Norwegian system for classification of
environmental quality of contaminated marine sediments
has been in force since 1997 and was revised in 2007.
Discussion The 1997 classification had five quality classes
based on the statistical distribution of levels of the
contaminants in sediments along the Norwegian coast.
Class I represents background and classes 1I-V describe
four intervals of concentrations mainly from a percentile
division of the total distribution. The revised classifica-
tion is based on toxicity of the contaminants. It covers
43 compounds against 28 in the 1997 version. It is
based on European Union systems for defining environ-
mental quality standards and performing risk assessment.
Five classes are retained. Class I is kept as the background
range. The upper limits for class II and class III are the
Predicted No Effect Concentrations (PNEC) for chronic
respectively acute (intermittent) exposure from the com-
pound. The upper limit of class IV is 2-5 x PNEC
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intermittent depending on compound, and class V is
everything above this. The border between class II and class
III is most significant as it separates no-effects sediments
from those for which sediment remediation may be needed.
Conclusion The classification has been changed from
concentration based to effects based and is in harmony with
the Norwegian guideline for risk assessment of sediments.
The classification system should be intermittently revised to
include new or improved environmental quality standards as
they are approved by the European Commission.

Keywords Classification - Contaminants - Environmental
Quality Standards (EQS) - Marine sediments -
Risk assessment

1 Introduction

The first official system for classification of environmental
state of Norwegian fjords and coastal waters was published
by the Pollution Control Authorities (SFT) in a series of
guideline documents during 1993-1994. The system com-
prised classification of selected marine sites with respect to
environmental condition, pollution degree and suitability
for use with reference to eutrophication and contaminant
levels. The classification is based on analysis of water,
sediment and organisms. The purpose was to provide a
common tool for the authorities, industry and environmen-
tal consultants to describe environmental conditions, estab-
lish environmental aims, prioritise sites for abatement and
remediation, and assess the success of such measures
relative to commonly agreed acceptance criteria. In 1997,
a revised and extended version of the system was published
(Molver et al. 1997), and this has been in use up to present.
In 2007, the classification of contaminants in seawater and
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soft sediments was revised to place focus on ecotoxicity of
the contamination rather than on contaminant levels (SFT
2007a). The present paper gives an outline of the purpose
and use of the sediment part of the classification system, the
scientific background, and how it has developed over the
later years.

2 The 1997 classification system for contaminants

A common structure for all revisions has been the definition
of five concentration intervals as classes ranging from
background to the worst conditions encountered in the
field. In the 1997 version (Molver et al. 1997), these
classes were defined on basis of the frequency distribution
of concentrations for 18 contaminants (single compounds
or compound groups) in the upper 0-5 cm of oxic, soft
sediments (silt and clay). The basis for the frequency
distribution was data gathered from national monitoring
programmes in fjords and coastal waters in Norway and
surveys for industry and local authorities in various marine
recipients and outside point sources of contamination. The
classes were not defined on basis of biological effects of the
compounds, but as overconcentration intervals relative to
what was considered to be background levels in areas with
no apparent inputs. These overconcentrations were chosen
either as percentiles of the overall distribution, known
gradients around point sources, inherent properties of the
compounds, expert assessment, or a combination of these.
For mercury and dioxins, the health aspect was also
included in the classification. As a result the classes were
somewhat arbitrary (Table 1) and the background for their
definition has become obscure over time.

Table 1 Upper limit of class I (background levels) of the 1997
classification system for some selected compounds, and increment factors
for the lower limit of classes II to V above this. SUMTEpcpgpcpp and
sumDDT is given in pg/kg d.w., the rest in mg/kg d.w (calculated from
Molver et al. 1997)

Compound I 11 11 v \'%

Pb 30 1 4 13 33
Cu 35 1 4 20 43
Cd 0.25 1 4 20 40
Hg 0.15 1 4 20 33
Ni 0.5 1 4 10 20
Zn 1.5 1 3 7 13
TBT 1 1 5 20 100
sumPAH 0.31 1 6 19 65
sumPCB;, 0.005 1 5 20 60
SumTEpcpr/pcpp 0.01 1 3 10 50
HCB 0.010 1 5 20 50
sumDDT 0.50 1 5 20 100

3 The 2007 revised classification of contaminants

In 2004, the Norwegian Pollution Control Authorities decided
to develop a guideline for environmental and health-driven risk
assessment of marine sediments to be used primarily as
supportive tool in the decision process on remediation of
polluted harbour sediment. The risk assessment guidelines
covered 35 inorganic and organic compounds and compound
groups. They focussed on toxicity to aquatic organisms as well
as impact on human health.

The risk guidelines were revised in 2007 and extended to
cover 50 compounds and compound groups (Bakke et al.
2007). At the same time, it was decided to revise the
classification of contaminants in sediment (and seawater)
and to harmonise the two systems. The classification was
extended to cover the same compounds as in the risk
assessment guidelines, and a new approach to define the
environmental quality classes was adopted (SFT 2007a, b).
The concept of five classes based on concentration intervals
was retained, but the definition of class borders was based
on ecotoxicology and follows the principles of contaminant
risk assessment in the European Community (European
Commission 2003) as much as possible. Class border
definition was based on Environmental Quality Standards
given in the EU Water Frame Directive (Lepper 2005) and
Predicted No Effect Concentrations (PNEC) from Risk
Assessment Reports (RAR and Draft-RAR) available from
the EU programme for risk assessment of existing chem-
icals. Supplementary information was extracted from
OSPAR (2005a, b), RIVM (Crommentuijn et al. 1997),
the IUCLID database (http://ecb.jrc.ec.europa.eu/esis/index.
php?PGM=dat), the US EPA database ECOTOX (http://
cfpub.epa.gov/ecotox/), and relevant scientific literature.
The revised classification system is given in Appendix 1.

Class I in the revised classification (SFT 2007a)
represents background levels in marine sediments as in
the previous version (Molver et al. 1997). For compounds
brought forward from that version, the upper limit of class I
was retained. For new compounds and individual member
compounds from earlier groups (e.g., sumPAH), the
background interval was provisionally determined from
Norwegian screening surveys (OSPAR 2005a, b; Fjeld et al.
2005) and adjusted to 1% total organic carbon (TOC)
which is more representative for Norwegian marine sedi-
ments than 2.5% TOC used by the Convention for the
Protection of the Marine Environment of the North-East
Atlantic (OSPAR). For a range of the new compounds, the
lack of sufficient data has made it impossible to establish
the upper limit of Class I (cf Appendix 1). The other classes
(class II-V) represent increasing degree of damage to
ecological communities in the free water masses or in the
sediments. The basic information is data from laboratory
tests on acute or chronic toxicity.
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The upper limit of class II represents the concentration
above which long-term exposure may cause effects on
sufficient number of species to damage community struc-
ture and function. This class border is defined as the
Predicted No Effects Concentration value for chronic
exposure (PNEC y.onic)- For compounds where a quality
standard (QSsediment) 1S proposed in the EU Water Frame
Directive, this is used as PNECyonic. For the other
compounds, the PNEC ,,arine sediment OUtlined in the EU Risk
Assessment Reports (RAR) is used when available, and for
the remaining compounds the PNEC,onic is calculated
according to the guidelines in the European Commission
(2003) EU-TGD. Equilibrium partitioning has been used to
calculate PNECqcgiment, from PNECqcawater for compounds
where little data on sediment toxicity is available. The EU-
TGD equilibrium partitioning calculations are based on
suspended sediment with assumed 10% TOC, but a more
realistic level of 1% TOC has been used to represent
Norwegian seabed sediments.

The upper limit of class III is defined as the concentra-
tion for which exceedance over short periods of time could
damage ecological communities. Maximum Admissible
Concentration Quality Standard or PNEC;,termittent (€quiv-
alent to PNEC, ) are used for seawater if available from
official EU documents after which equilibrium partitioning
calculations are used to calculate the PNEC, ., for sedi-
ments giving the upper border of class III. Alternatively, an
acute/chronic ratio equal to the PNEC,yo/PNEC ponic for
seawater is used to calculate the PNEC,yic sediment: FOT
some compounds, the PNEC, .y sediment 1S calculated
according to RAR and QS documents of the EU from
short-term toxicity tests and applying appropriate assess-
ment factors (AF) as outlined in the EU-TGD. For some
metals species, sensitivity distributions for acute toxicity
are available and have been used, with an appropriate AF,
to define the PNEC cytc sediment-

The border between class IV and class V denotes
concentrations above which more severe community effects
are expected from short-term exposure. The border is
calculated as the PNEC,yte sediment Multiplied by the ratio
between the borders of class III-IV and class V-V for
seawater (the latter being calculated in the same way as for
the border between class III and IV, but using lower AFs).

The principles of class definition are illustrated in Fig. 1.
Using the EU-TGD principles strictly to determine PNEC
values has created some practical problems due to the very
conservative AFs for chemicals with limited toxicity data.
For many compounds, this has resulted in PNECs well
within the background range given by OSPAR (2005a, b)
and also below the detection limits achieved in high quality
analytical laboratories. Also the information on toxicity
may be very different among compounds of similar
molecular structure (e.g., individual PAH components)

@ Springer

Upper limit QSSS"WE'e’ MAC-QS PNEC, termittent
of background PNEC 1, onic PNEC, iormitent X 2-10
| 1] v Vv
Background Moderate Bad Very bad
Background No toxic | Toxic effects | Toxic effects Severe
levels effects following following acute
chronic short term | toxic effects
exposure exposure

Fig. 1 Principles of the Norwegian environmental quality classifica-
tion system for contaminants in seawater and sediments (SFT 2007a);
for abbreviations see text

resulting in unlikely differences in PNECs. Hence, strict
coherence to the EU risk assessment principles was
considered not to produce a useful tool for environmental
management. It has therefore been decided to omit two of
the AFs that are considered to represent the least increase in
the risk of underestimating the environmental hazard: (a) an
AF of 2-10 for extrapolation of freshwater toxicity data to
marine organisms and (b) an AF of 10 to account for
exposure through ingestion of sediment for substances with
logKow >5. These deviations from the EU-TGD principle
was adopted by the authorities on a pragmatic basis
pointing out that the PNECs will have to be revised as
new toxicity data become available.

In addition to the classification of single compounds,
some compound groups that traditionally have been
particularly valuable in environmental management are
classified: sumPCDD/PCDF, sumPCB;, and sumPAH .
For these, it has not been possible to use the principles
above. Hence, for sumPCDD/PCDF and sumPAH;¢ in
sediments the classification in Molvar et al. (1997) is
retained. For sumPCB,, a US classification system by
MacDonald et al. (2000) has been adopted. For tributyl tin
in sediments the previous classification (Molvar et al.
1997) has been retained for management purpose since the
effects based classification outlined above (also included)
has resulted in extremely low levels relative to those found
in open Norwegian coastal areas.

To ensure transparency in the definition of the classes a
background document has been published outlining and
explaining the calculations and presumptions made for each
of the compounds (SFT 2007b).

4 Implication for sediment management

The revised classification system shall serve the same
purposes as the 1997 version, i.e., being a tool for
classification of environmental quality of Norwegian
marine arecas and a support for evaluating the need for
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cleanup of contaminated sites. For a large number of sites,
the development in environmental quality of the sediments
has been followed over long time by use of the 1997
classification, even since before it was published. Adopting
the revised classification thus gives a discontinuity in such
time series. The authorities have not requested that
retrospective reclassification is done for such sites, and
one must assume that for several of them the old
classification will still be used for comparison reasons.
For environmental risk considerations, only the revised
system will be used. Hence, it is anticipated that the two
systems will run in parallel for many years and with slightly
different objectives for use.

The revised classification is more easily applied to
potential sediment cleanup situations. It is obvious that an
effects based classification is a more appropriate tool for
evaluating the need for remedial actions than one based on
distribution of concentrations alone. This is also the main
reason why the classification has been closely linked to the
Norwegian guidelines for risk assessment of contaminated
sediments (Bakke et al 2007). In these guidelines, a three-
step tiered risk evaluation is adopted based on the analysis
of contaminants and toxicity of the sediments, and specified
support parameters. Non compliance in tier 1 (environmen-
tal risk) triggers performance of a more thorough tier 2
(environmental and human health risk). Non-compliance of
tier 2 triggers a sediment remediation planning process,
alternatively a site-specific tier 3 evaluation, the non-
compliance of which triggers the same planning process.
The upper limits of class II in the classification system are
equal to the acceptance criteria in tier 1 of the risk
guidelines. Hence, exceedance of class II, even for only
one of the compounds in question suggests a possibility of

Table 2 Classification of metals and organic contaminants in seawater

ecological damage and hence leads directly to a require-
ment of an environmental and human health risk assess-
ment (tier 2). Compliance to class II is, however, not the
only condition for not having to perform a tier 2 risk
assessment. To cover for combined effects of contaminant
mixtures (which is not included in the classification system)
and toxicity of compounds not analysed for, tier 1 also
includes acceptance criteria on general sediment toxicity
based on selected screening tests.

5 Conclusions

The Norwegian classification of contaminants in sediments
has moved from a system based on distribution of
contaminant concentrations to one based on environmental
effects and closely linked to the risk assessment principles
of the EU. The present classification is also in harmony with
the Norwegian guidelines for risk assessment of marine
sediments and represents a useful tool for marine environ-
mental management. The European Union risk assessment
system is in continuous development and one must expect that
new or improved quality standards will be developed and
approved by the European Commission, and that new
substances also will be included in the system in the future.
The Norwegian classification and risk assessment systems
should be intermittently revised to reflect these developments.

Appendix 1
Norwegian classification system for metals and organic

contaminants in seawater and sediments (SFT 2007a)
Tables 2 and 3

I I I v \%
Background Good Moderate Bad Very bad
Metals
Arsene (ug As/L) <2 2-4.8 4.8-8.5 8.5-85 >85
Lead (ng Pb/L) <0.05 0.05-2.2 2229 2.9-28 >28
Cadmium (pg Cd/L) <0.03 0.03-0.24 0.24-1.5 1.5-15 >15
Copper (ug Cu/L) <0.3 0.3-0.64 0.64-0.8 0.8-7.7 >7.7
Chromium (pg Cr/L) <0.2 0.2-3.4 3.4-36 36-360 >360
Mercury (ug Hg/L) <0.001 0.001-0.048 0.048-0.071 0.071-0.14 >0.14
Nickel (png Ni/L) <0.5 0.5-2.2 2.2-12 12-120 >120
Zink (ug Zn/L) <l.5 1.5-2.9 2.9-6 6-60 >60
PAH
Naphtalene (ug/L) <0.00066 0.00066-2.4 2.4-80 80-160 >160
Acenaphtylene (nug/L) <0.00001 0.00001-1.3 1.3-33 3.3-33 >33
Acenaphtene (ug/L) <0.000034 0.000034-3.8 3.8-5.8 5.8-58 >58
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Table 2 (continued)

I 1I I v \%

Background Good Moderate Bad Very bad
Fluorene (ng/L) <0.00019 0.0019-2.5 2.5-5 5-50 >50
Phenantrene (pg/L) <0.00025 0.00025-1.3 1.3-5.1 5.1-10 >10
Anthracene (pg/L) <0.11 0.11-0.36 0.36-3.6 >3.6
Fluoranthene (ng/L) <0.00029 0.00029-0.12 0.12-0.9 0.9-1.8 >1.8
Pyrene (ng/L) 0.000053 0.000053-0.023 0.023-0.023 0.023-0.046 >0.046
Benzo[a]antracene (pg/L) <0.000006 0.000006-0.012 0.012-0.018 0.018-0.18 >0.18
Chrysene (ng/L) <0.07 0.07-0.07 0.07-0.14 >0.14
Benzo[b]fluorantene (ng/L) <0.000017 0.000017-0.03 0.03-0.06 0.06-0.6 >0.6
Benzo[k]fluorantene (pg/L) <0.027 < 0.027-0.06 0.06-0.6 >0.6
Benzo(a)pyrene (ng/L) <0.000005 0.000005-0.05 0.05-0.1 0.1-0.5 >0.5
Indeno[123cd]pyrene (ug/L) <0.000017 0.000017-0.002 0.002-0.003 0.003-0.03 >0.03
Dibenzo[ah]antracene (pg/L) <0.03 0.03-0.06 0.06-0.6 >0.6
Benzo[ghi]perylene (ng/L) <0.00001 0.00001-0.002 0.002-0.003 0.003-0.03 >0.03

Other organic compounds
¥DDT (ng/L) <0.001 0.001-0.025 0.025-0.25 >0.25
Lindane (ng/L) <0.02 0.02-0.04 0.04-0.2 >0.2
HCB (pg/L) <0.013 0.013-0.05 0.05-0.47 >0.47
Pentachlorobenzene (pg/L) <1 1-2 2-10 >10
Trichlorobenzene (png/L) <4 4-50 50-100 >100
Hexachlorobutadiene (ug/L) <0.44 0.44-0.59 0.59-5.9 >5.9
SCCP (ug/L) <0.5 0.5-1.4 1.4-2.8 >2.8
MCCP (pg/L) <0.10 0.10-0.59 0.59-1.2 >1.2
Pentachlorophenol (png/L) <0.35 0.35-1 12 >2
Octylphenol (pg/L) <0.12 0.12-0.27 0.27-1.3 >1.3
Nonylphenol (pg/L) <0.33 0.33-2.1 2.14.1 >4.1
Bisphenol A (ng/L) <l.6 1.6-11 11-110 >110
TBBPA (pg/L) <0.052 0.052-0.9 0.9-9 >9
PBDE (ug/L) <0.53 0.53-1.4 1.4-2.8 >2.8
HBCDD (ng/L) <0.31 0.31-1.1 1.1-2.2 >2.2
PFOS (ng/L) <25 25-72 72-360 >360
Diuron (pg/L) <0.2 0.2-1.8 1.8-3.6 >3.6
Irgarol (ng/L) <0.008 0.008-0.05 0.05-0.25 >0.25
Tributyl tin

TBT-ion (ng/L)-effects based <0.0002 0.0002-0.0015 0.0015-0.003 >0.003

DDT dichlorodiphenyltrichloroethane (3DDT is the sum of DDT and the degradation products DDE and DDD), HCB heksachlorobenzene, SPCC
short-chained (C10-13) polychlorinated paraftins, MPCC middle-chained (C14-17) polychlorinated paraffins, 7TBBPA tetrabromobisphenol A,
PBDE pentabromodiphenylether, HBCDD heksabromocyklododecane, PFOS perfluorated octylsulphonate, 7BT tributyl tin

Table 3 Classification of metals and organic contaminants in sediments

I I I v \%
Background Good Moderate Bad Very bad
Metals
Arsene (mg As/Kg) <20 20-52 52-76 76-580 >580
Lead (mg Pb/Kg) <30 30-83 83-100 100-720 >720
Cadmium (mg Cd/Kg) <0.25 0.25-2.6 2.6-15 15-140 >140
Copper (mg Cu/Kg) <35 35-51 51-55 55-220 >220
Chromium (mg Cr/Kg) <70 70-560 560-5,900 5,900-59,000 >59,000
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Table 3 (continued)

I I I v v
Background Good Moderate Bad Very bad
Mercury (mg Hg/Kg) <0.15 0.15-0.63 0.63-0.86 0.86-2 >1.6
Nickel (mg Ni/Kg) <30 30-46 46-120 120-840 >840
Zink (mg Zn/Kg) <150 150-360 360-590 590-4,500 >4,500
PAH
Naphtalene (ng/Kg) <2 2-290 290-1,000 1,000-2,000 >2.,000
Acenaphtylene (ng/Kg) <1.6 1.6-33 33-85 85-850 >850
Acenaphtene (ug/Kg) <4.8 2.4-160 160-360 360-3,600 >3,600
Fluorene (ng/Kg) <6.8 6.8-260 260-510 510-5,100 >5,100
Phenantrene (ug/Kg) <6.8 6.8-500 500-1,200 1,200-2,300 >2,300
Anthracene (ng/Kg) <1.2 1.2-31 31-100 100-1,000 >1,000
Fluoranthene (ng/Kg) <8 8-170 170-1,300 1,300-2,600 >2,600
Pyrene (ng/Kg) <52 5.2-280 280-2,800 2,800-5,600 >5,600
Benzo[a]antracene (ng/Kg) <3.6 3.6-60 60-90 90-900 >900
Chrysene (ng/Kg) <44 4.4-280 280-280 280-560 >560
Benzo[b]fluorantene (ug/Kg) <46 46-240 240-490 490-4,900 >4,900
Benzo[k]fluorantene (ug/Kg) <210 210-480 480-4,800 >4.800
Benzo(a)pyrene (ng/Kg) <6 6-420 420-830 830-4,200 >4,200
Indeno[123cd]pyrene (ng/Kg) <20 20-47 47-70 70-700 >700
Dibenzo[ah]antracene (ng/Kg) <12 12-590 590-1,200 1,200-12,000 >12,000
Benzo[ghi]perylene (ng/Kg) <18 18-21 21-31 31-310 >310
PAH16 (ng/kg) <300 300-2,000 2,000-6,000 6,000-20,000 >20,000
Other organic compounds
PCB7 (ng/Kg) <5 5-17 17-190 190-1,900 >1,900
PCDD/F (TEQ; ng/Kg) <0.01 0.01-0.03 0.03-0.10 0.10-0.50 >0.50
>DDT (ng/kg) <0.5 0.5-20 20-490 490-4,900 >4,900
Lindane (pg/kg) <I.1 1.1-2.2 2.2-11 >11
HCB (ug/kg) 0.5 0.5-17 17-61 61-610 >610
Pentachlorobenzene (ug/kg) <400 400-800 800-4,000 >4,000
Trichlorobenzene (ng/kg) <56 56-700 700-1,400 >1,400
Hexachlorobutadiene (ng/kg) <49 49-66 66-660 >660
SCCP (ug/kg) <1,000 1,000-2,800 2,800-5,600 >5,600
MCCP (pg/kg) <4,600 4,600-27,000 27,000-54,000 >54,000
Pentachlorophenol (pg/kg) <12 12-34 34-68 >68
Octylphenol (ng/kg) <33 33-73 7.3-36 >36
Nonylphenol (ng/kg) <18 18-110 110-220 >220
Bisphenol A (ng/kg) <11 11-79 79-790 >790
TBBPA (ng/kg) <63 63-1,100 1,100-11,000 >11,000
PBDE (ug/kg) <62 62-7,800 7,800-16,000 >16,000
HBCDD (ug/kg) <0.3 0.3-86 86-310 310-610 >610
PFOS (ng/kg) <0.17 0.17-220 220-630 630-3,100 >3,100
Diuron (pg/kg) <0.71 0.71-6.4 6.4-13 >13
Irgarol (ng/kg) <0.08 0.08-0.50 0.5-2.5 >2.5
Tributyl tin
TBT (ng/kg)—effects based <1 <0.002 0.002-0.016 0.016-0.032 >0.032
TBT (ng/kg)—for management <1 1-5 5-20 20-100 >100

PAH polycyclic aromaic hydrocarbons, PCB polychlorinated biphenyls, PCDD/F polychlorinated dibenzodioxines/furanes, DDT dichlorodiphe-
nyltrichloroethane (XDDT is the sum of DDT and the degradation products DDE and DDD), HCB heksachlorobenzene, SCCP short-chained
(C10-13) polychlorinated paraffins, MCCP middle-chained (C14-17) polychlorinated paraffins, TBBPA tetrabromobiphenol A, PBDE
pentabromodiphenylether, HBCDD heksabromocyklododecane, PFOS perfluorated octylsulphonate, 7BT tributyl tin
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