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CHAPTER 1

GENERAL INTRODUCTIO N



Chapter 1

Over the past decades, numerous trace contaminavisbeen produced and released into the
environment as a result of anthropogenic activitiks industry, agriculture and transport.
Hydrophobic organic compounds (HOCs) such as ptoyctated biphenyls (PCBSs),
polycyclic aromatic hydrocarbons (PAHS), pesticiddiexins and furans, brominated flame
retardants (BFR), polyfluorinated compounds (PF&s)of particular concern since they are
very persistent, poorly degradable, bioaccumulatoan be transported over long distances
and stay in the environment for a very long ti(hg Either as a result of direct discharges or
hydrologic and atmospheric transport processes, dfpgatic environment becomes an
important sink for many of these contaminants. btewx these contaminants bind to organic
particles which eventually settle in depositionatas (2, 3) Aquatic organisms may get
exposed to these compounds, either directly thrahgir diet or through uptake from the
water column (dermal adsorption) or indirectly thgh HOC release after resuspension or
bioturbation and subsequent transfer of contamiamtbiota(4-8). To reduce the risks
associated with these persistent, bioaccumulasind, toxic (PBT) pollutants and to restore
ecosystem quality and beneficial uses like fistsesad recreation, the sediments are often
subjected to restoration (remediation) activit(®3. Remediation often costs tremendous
amount of efforts, resources and money, and maetikgs on monitored natural recovery and
more invasive capping and dredging.

Monitored natural recovery or natural attenuatienthe least disruptive and least
expensive restoration approach and is usually egpb sensitive and unique environments
(9). The deposition of clean particles and fresh dganatter are believed to be key
processes in natural recovery. Newly formed clegers cover the sediment surface and bury
the contaminants, eventually disconnecting thermftbe bed surface layer, the overlying
water, and aquatic organisms. In addition, procebke biological and chemical degradation,
sequestration and bed consolidation contribute de@eased contaminant exposure in time
and facilitate natural recover§l0). However, in aquatic systems with unfavourableewat
flow conditions or physical and biological distunices causing release of sediment-
associated contaminants, natural recovery mightdbehe optimal remediation strateffyl-
13). Furthermore, natural attenuation may take yeaeven decades.

In situ capping aims at reducing exposure by creating-2080cm protective barrier
made of clean material such as silt or sand onbix source material, which isolates
contaminated sediment§9). However, capping does not always sufficiently uwsl
contaminant transport due to permeability of cagpmaterials or wave pumpir(@4, 15) In
addition, capping may not be efficient in sensitao®systems and in systems with a dynamic
topography(9).

Dredging involves excavation of large quantitiesttoed contaminated material from
the aquatic environment. It is a highly site-spectechnique and is usually applied to
sediments liable to erosion and to variations idrblpgic conditions. Dredging, however,
leads to sediment disturbances and resuspensiamaédrlying deep sediment particles,
temporarily increasing pore water concentrationsasitaminants. Dredging is very disruptive
to the ecosystem. Moreover, inefficient removalcohtaminated sediment during dredging
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General introduction

may result in residual concentrations of contamsan sediment and pore water still
exceeding safe level§9). The dredged material is usually subjected to wleaning
techniques, viz. bioremediation and/or physicabsafion. Since the total volume of dredged
material is exceeding the capacity of the clearfamgilities and both techniques are quite
expensive, dredged materials typically are disposedonfined or hazardous disposal
facilities. Even though sediment dumping is cheapan cleaning, the costs of sediment
disposal at sediment depots are high and the nuofdecilities is limited(16, 17) Hence,
the need for depot capacity is widely acknowleddped ,social acceptance of the construction
of new depots is low. Public fear for leaching ohtaminants from depot is an important
factor causing delays or prevention in the realratdf new depot§l8).

It should be noted that remediation activities s$tiawt only reduce human health
risks and toxicological risks on the single spedgs®l, but should also reduce the impact of
sediment contamination on benthic communities. Birggland capping remove chemical risk
but at the same time partially or completely desrdenthic habitats and benthic
communities. Recovery of benthic communities foilagva major physical disturbance like
sediment dredging or capping, has been shown sovaey complex and site specific process.
Community recovery depends on a number of factarsh sas ecosystem resilience,
community composition, sediment characteristicsirbipgical conditions, duration and scale
of the disturbance and may last from 6 months toy&@rs (19-21) Thus, traditional
approaches are complex, do not always achieveeaikction goals for ecosystem and human
health protection and can even be destructive &iural environments. Therefore, new
remediation approaches are needed that either esupplt or provide less laborious, less
expensive, less disruptive alternatives to existmeghods, and which are still able to reduce
human and ecosystem exposure.

In the past decade, it has been shown that natwedlurring carbonaceous materials
in sediment, such as soot and charcoal, oftenregfdo as “black carbon” (BC) are able to
bind organic pollutants very effectively, reducirxposure and risk by one order of
magnitude or even mor@2, 23) This binding is similar to that of clean manutaed
carbonaceous materials like activated carbons (A€)sed in water-cleaning technologies
and as poison control for many yedfl-27) These findings have led to several studies
investigating whether deliberately added AC to yell sediment can reduce risks towards
aquatic organisms as well as the risks of transpod leaching of contaminan(28-30)
Rather than excavation and relocation of contarathahaterial, AC sorbent amendments
directly reduce chemical exposure on site, thusngasosts compared to traditional methods
(28, 30-32)

AC is a porous, manufactured material with a higinface area and affinity for
adsorbing organic chemical22, 23, 33, 34) AC reduces pore water concentrations by
sequestration of the chemicals through partitiomngdsorption to the surface within its pore
structure (35-38) In addition, AC has a slow kinetics of contaminaesorption, which
implies that fluxes of HOCs to the aqueous phasdaay, which limits contaminant mobility
in the aquatic environmelit2, 36) Early studies showed that the efficiency of A€pends
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Chapter 1

on several factors: (i) AC characteristics, e.gtipl@ size and pore geometf¥1, 39-41) (ii)
the steric properties of the sorbates, such asopydbicity, molar volume, and planarity of
molecular conformatiod2-45) (iii) AC dose applied11, 41, 46) (iv) sorption competition
among different HOC or organic matter (OM) adsabatfOM “fouling”) (47), (v)
homogeneity of the AC-sediment mixtu@8, 49) Furthermore, the redistribution of HOCs
in AC-amended sediment can be rate-limited, whieh bave a negative effect on the
remediation effectiveneg46, 48, 50, 51)

Even though much progress has been made over shgqes to better understand the
mechanisms by which AC affects bioavailability ahds toxicity of HOCs, there are two
main research gaps. First, it is unclear to wh&réxeductions of pore water concentrations
and bioavailability as detected in laboratory stsdiapply to field applications of AC
remediation technology. The effectiveness of ACatirents on the field scale may be
different for different types of AC applied. Secoifall scale applications of AC remediation
technology are to be considered premature, becatiment treatment with AC might cause
ecological and ecotoxicological side-effects thiabudd be known firs{52-56) Although
some studies on the ecological safety of AC amentknigave been performed, they can be
considered fragmentary and incomplete. For instamsere information is needed on
behavioural effects on benthic species, impactbamthic communities, and effects on the
level of the entire aquatic ecosystem including H&hsfer along the aquatic food chain.
Furthermore, an important question is how the t@ifibetween positive and negative effects
of AC amendments to benthic populations may beesdehd. At start of the present project,
data on AC effects on single species were limitedl @ontradictory. Data on higher levels of
biological organization were not available.

The current research was meant to increase our anistic understanding of the
effects of AC application on HOC exposure and tixiceduction for benthic species and
communities, and to bridge the gap between labogratad field settings for AC remediation.
This included the evaluation of alternative methofl&A\C deployment and application. The
obtained knowledge may help in gaining regulatageatance of this emerging remediation
technique and can be used to improve risk assessandndecision support with respect to
contaminated sediments, reduce risks caused bytpdlsediment sites, and take away public
resistance against contaminated sediments and eediemediation.

Sediment amendment with strong sorbents like cat®ous materials is a rapidly
developing management strategy. An overview of stege of the art for the use of
carbonaceous materials iassitu method for sediment remediation, covering techgickd as
well as ecotoxicological issues is presentedCivapter 2. This Chapter addresses the key
factors (e.g. AC dose, type, particle size, sedinagil sorbent characteristics) affecting AC
efficiency to immobilize HOCs in aquatic sedimeiatsd also discusses the literature on
biological responses to AC amendments.

Since sediments and AC types obviously differ imirttcharacteristics, it is highly
relevant to identify the affinity parameters farsitu sorption of HOCs to AC in order to be
able to design and evaluate applications of AC edirment remediation. IIChapter 3,
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General introduction

datasets from single and multiple site AC amendniggls are analyzed (a) to identify the
variation in effectiveness of AC and (b) to expltwevhat extent HOC binding to AC may be
generalized for different AC types in different sednts in different field settings.

Activated carbon is known to bind sediment-bound@4Gtrongly and to efficiently
reduce their bioavailable fractions. However, éBeaf AC on HOC sediment-to-water fluxes
have not been studied, whereas exposure to palagimunities may depend on such fluxes.
Moreover, it is not clear how the presence of A@ ancurrence of bioturbation interact. In
Chapter 4, combining experimental and modelling approachés, efficiency of four
treatments, viz. no AC addition, powdered AC aaditigranular AC addition and addition
and subsequent removal of GAC (sediment stripping),investigated by evaluating
polychlorobiphenyl (PCB) pore water concentratiosgdiment-to-water fluxes, DOC-
inclusive mass transfer coefficients, and survofaiwo benthic species. This is the first time
that support for DOC facilitated transport in adi@&C remediation setting is obtained and
evaluated by model analysis.

Apart from the advantageous effects of sedimertrinent with AC, AC itself may
have negative effects on aquatic organisms, ratkieguestion to what extent the addition of
AC to sediments can be considered ecologically. siferefore, effects of AC addition on
locomotion and ventilation, sediment avoidance,taliby and growth of two benthic species,
Gammarus pulexand Asellus aquaticusin clean versus polycyclic aromatic hydrocarbon
(PAH) contaminated sediments are evaluated iniassef single species laboratory bioassays
(Chapter 5).

Although AC binds toxic compounds, it cannot beecubut that there may be negative
effects on the biological system. It is importamttthese possible side-effects are properly
addressed before AC amendments can be implemestedsafe and accepted method for
sediment remediation. i@hapter 6, a conceptual model to quantify the trade-offterms of
biomass changes, between the advantageous PAHitymdaduction and the negative effects
of AC on populations of benthic species is devatbpad presented. The model describes
population growth, incorporates concentration-dffetationships for PAHs in the pore water
and for AC, and uses equilibrium sorption modelsgbmate PAH pore water concentrations
as a function of AC concentration.

At the time of starting this research, AC effectdsés were limited to single species
laboratory tests. However, it can be hypothesizest tictual community effects are less
severe in field settings, where recolonization eg@nd where dispersion of AC and fresh
input of organic matter will continuously form nelabitats on top of treated sediments.
Therefore, inChapter 7, the effects of sediment treatment with AC on theovery of
benthic communities over time are described. Feffitist time, the significance of AC effects
is analysed using variance partitioning of the camity data, quantifying the relative
impacts of time and environmental variables onréwevery of the community.

So far, the effectiveness af situ AC amendments mainly has been shown for
reduction of HOC pore water concentrations and eptrations in benthic invertebrates, yet
its effectiveness and safety have never been testdle level of entire food chains including
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Chapter 1

fish. In Chapter 8, the effects of three different AC treatments,. vimxing sediment with
powdered AC, mixing with granular AC, and mixingtlvigranular AC with subsequent
removal of granules, i.e. sediment stripping, @®eased on polycyclic aromatic hydrocarbon
(PAH) and polychlorinated biphenyls (PCB conceirad in pore water, benthic
invertebrates, zooplankton and fish. In additian|dpical side effects of AC amendments for
the aforementioned scenarios are assessed for fighevaluating functional group
abundances, lipid contents and condition factors.

In the final chapter Ghapter 9), the results of the project are summarized and
synthesised. Benefits and risks associated with #gplication are considered and
perspectives are defined.
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Abstract

Carbonaceous materials (CM) such as activated narf®C) or biochars have been shown to
significantly reduce pore water concentrations aiséls by binding hydrophobic organic
chemicals (HOCs) present in aquatic sedimentshénpresent study, we review the current
state of the art for the use of CM as an extensiethod for sediment remediation, covering
both technical and ecological angles. The reviedreskes how factors such as CM type,
particle size and dosage, sediment characterigtio$,properties of contaminants affect the
effectiveness of CM amendment to immobilize HOCadnatic sediments. We also review to
what extent CM may reduce bioaccumulation and ttyiof HOCs and whether CM itself
has negative effects on benthic species and contiesinThe review is based on literature
and datasets from laboratory as well as field grigith CM amendments. The presence of
phases such as natural black carbon (BC), oil garac matter (OM) in the sediment reduces
the effectiveness of CM amendments. CM additionmeapto improve the habitat quality for
benthic organisms by reducing bioavailable HOC eotrations and toxicity in sediment.
Negative effects of CM itself on benthic specidsany, have been shown to be mild. The
beneficial effects of reducing toxicity at low Chbricentrations most probably outweigh the
mild negative effects observed at higher CM conegians.

Introduction

Economic activities associated with industry, gmagvpopulation and agriculture have led to
increasing emissions of pollutants to the envirommeand aquatic sediments have been
identified as a sink for many hazardous chemi¢h)s2) Hydrophobic organic compounds
(HOCs) such as polycyclic aromatic hydrocarbons HBY polychlorinated biphenyls
(PCBs), chlorinated pesticides, dioxins, methylmeycand brominated flame retardants are
of particular concern due to their high persisteand toxicity. Although these compounds
adsorb strongly to particulate matter, sediment begome a source of pollution by chemical
desorption or particle ingestion by biota, and tmugy have considerable impact on the
quality of aquatic ecosysten(z-7).

Management of such contaminated sediments inchatdkkeing emissions, monitoring
and classifying polluted sediments by risk for hasyand ecosystems, and sediment quality
assessments using water and sediment quality stdas well asn situ and ex situ
remediation measures for polluted sediments. Ticadit technologies for maintaining
concentrations of chemicals within sediment quaditigeria mainly rely on removing the
sediment by dredging an situ capping with clean materials like sand, silt, layc Dredging
is a highly site-specific technique, applied foe tkreatment of contaminated sediment
deposits liable to erosion and variations in hyolgad conditiong(8). Treatment methods for
dredged sediments are expeng@g and economically-feasible methods like landfagnon
ripening in depot are time-consumiit0, 11) Dredging and capping techniques for long-
term cleanup projects with large-scale treatmedta@mplicated site topography require high
investmentg8). Intensive sediment treatment can also causeidetion of benthic habitats
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and lead to resuspension of underlying sedimericfes, temporarily increasing pore water
concentrations of HOCEL2, 13) Moreover, inefficient removal of contaminated isaeht
may result in residual HOC concentrations in sedinad pore water still exceeding target
values(8). In contrastjn situ capping aims to create a protective barrier fgaaorsms and is
a potentially effective remediation method. Howewerch barriers do not always sufficiently
reduce contaminant transport. For instance, perititgabf capping materials or wave
pumping has been shown to cause contaminant trenspseabed sedimen{d4, 15)
Increasing the effectiveness of capping requiresusge of “active barriers” such as modified
zeolite materials, with higher retention time, e&d of clean sediment or safi®).

In the past few years it has been shown that cadswus materials (CM) like soot
and charcoal, often referred to as “black carb®C)(or “hard carbon”, may bind sediment-
bound HOCs very strongly, with sorption affinity nstants up to one to two orders of
magnitude higher than those for amorphous orgardtteam (OM) (17-20) Recent societal
demands for less disruptive, less expensive, ané gfticient remediation processes have led
to the exploration of the potential of adding CMgls as biochaf21) or commercial activated
carbon (AC), to polluted sediment as a means difigied pore water HOC concentrations.
The proposed applications for situ treatment of HOCs based on the addition of CM to
sediments, or foex situmethods such as mixing CM in sediment slurriesndudredging,
transportation, or processing, are very promismgiéw of their high effectiveness and low
cost(13, 22-27) The science underlying this field of CM applicatiis rapidly evolving and
appears to focus on a set of research questiohgdhabe divided into three categories: (a)
mechanistic and technical aspects of CM applicat{dh ecological and ecotoxicological
effects of CM application and (c) modeling the efeof CM amendments for various
scenarios. The technical aspects include issuel sscCM type, dosage and mixing
procedure, i.e., all issues that optimize CM ampion as an efficient and cost-effective
method. The ecotoxicological issues relate to tmgrovement of sediment quality due to the
immobilization of HOCs, to possible negative effect CM itself on aquatic organisms, or to
the interplay between the latter two effects, whicély balance each other out. Such studies
concern the species, community, or ecosystem Ewvelmay yield safe limits for the use of
CM in the aquatic environment.

The present review provides an overview of theesttt the art as regards the
environmentally safe use of CM as an extensive atetbr sediment remediation, covering
both technical and ecological angles. The primaryia not to summarize the environmental
chemistry underlying the role of CM in aquatic $ednts, as this has been covered by earlier
reviews(18, 20, 28-3Q)The key questions from a user’s point of view ahat type of CM
should be used; at what dosage; whether thereyi;mlnence of HOC type; how CM should
be mixed with the sediment; whether CM amendmeducges bioaccumulation and risks;
whether CM addition is ecologically safe; and wieetthe effects of CM use can be roughly
predicted using simple models. These questiongrdete the order of the following sections,
starting with a brief history of CM amendment resha Our final aim was to identify
knowledge gaps and prospects for CM amendmentiak-eeduction method for sediments.
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CM amendment technology
A brief history of CM amendment technology

In the late 1960s, it was discovered that orgaratten in soils and sediments was the main
binding phase for hydrophobic organic compoufgiy, and the paradigm of normalizing the
solid-water distribution coefficient to total orgartarbon (TOC) was further developed in the
1970s(32, 33) This concept was later challenged by severalriggl including (i) elevated
sediment-water partition coefficients, (ii) nondar sorption isotherms, and (iii) multi-phasic
desorption kinetics, as well as the presence df glomseg18, 19, 28, 30)These observations
led to the suggestion that multiple-domain sorptekes place in sediments and that naturally
present carbonaceous materials, like soot and ,chansmonly referred to as BC, strongly
bind HOCs(19, 20, 29, 34-37)urther research focused on investigating thpgnaes of BC
(38, 39) developing methods for its quantificati¢l®, 38-43) and obtaining a mechanistic
understanding of sorption to BQ7, 44, 45) Finally, in view of the similarities between BC
and commercial AC, it was suggested to use AC her immobilization of hydrophobic
organic compounds in sediments and soils, just deme in water treatmef6-50)

The first trials with CM addition involved laborajotests focusing mainly om situ
applications for PCB and PAH contaminated sediméh®s 27, 51-54) Subsequently, the
first pilot-scale field experiments were conductedin situ stabilization of HOCs using AC
(23-25, 55, 56) Additionally, cross-linked laboratory and situ field studies have been
performed to assess the impacts of environmentaditons on contaminant exposui23,
57). Both studies found that dietary patterns of cldfiier and deposit feeder¢®3) and
polychaetes (deposit feeder§7) varied between exposure conditions and resulted in
differences in bioaccumulation from untreated an@ Keated sediments. However, the
literature on simultaneous situ and ex situAC amendment tests is limited to these two
studies, which shows the need for further reseakcbummary of the reviewed literature and
the main findings reported in it are provided irbleal.

Carbonaceous materials-related research has benomeefocused on estimating AC
sorption parameters for different compound classseciated with the sediment pore water.
Activated carbon—water partitioning coefficientsa) measured for systems involving AC
and clean water appeared to correlate poorly withdeted data(58, 59) This may be
explained by attenuation of HOC sorption to A& situ sorption parameters for AC are better
able to account for OM fouling and yield betteregnent between measured and predicted
aqueous HOC concentratiof@O, 61)

Effects of CM type and particle size

This section discusses the effect of the type aadigke size of AC on the reduction of
contaminant availability and the design for sedib@eansing. An overview of the literature
on AC applications to reduce pore water HOC comeéinhs is provided in Table 1. Several
studies showed a high effectiveness of virgin, -d@ased AC, TOG, or TOG-NDS 50x200
mesh (75-30Qum), providing almost complete removal of aqueousdd@ >99 %)(12, 13,
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23, 24, 27, 52, 54, 57, 62-6@ot only regular AC but also coconut charcoalMmebto be an
efficient sorbent for sequestering HOQ@37). Regenerated AC was found to be equally
effective as virgin carbond.3) and is commercially available at a much lowergaod thus
more suitable for field applications.

Several experiments clearly showed the importanceA© particle size for the
reduction of aqueous concentrations of organic aamgs(13, 64, 66, 67)At equal dosages,
smaller particle sizes decrease the aqueous pbaszminant concentrations more efficiently
due to the larger external surface area of theesrand the short intra- and inter-particle
diffusive path lengthg66, 68) Based on particle size, there are two categaiesC.
Granular activated carbon (GAC) is defined as hgnanminimum of 90% of the sample
weight retained on a 18@m standard sieve (80 mes(f9). Powdered activated carbon
(PAC) is defined as a material with particle sizggnarily smaller than 18@m (70).
Carbonaceous materials with particle diameters5otor 300 um, which, according to the
aforementioned classification of AC, can be regdrde fine particle GAC, have been found
to be most efficient in immobilizing HOQ42, 13, 23, 24, 27, 40, 66, 71, 1{8¢e Table 1).
Significant reduction of PAH pore water concentrasi has been obtained after amendment
of contaminated sediments using PAC with particies of 15 to 149 ung71, 73, 74)
Amendments with virgin coarse GAC were found nobéoas effective in reducing aqueous
HOC concentrations as fine GAC, due to the smaillenber of particles per unit mass of
treated sediment and s@¢ll2, 67, 71) No substantial decrease in aqueous PCB condenat
was observed in experiments with granular carbamtipe diameter 420-1700 um) after 1
month (66, 71) However, crushing the granules to 75 to 250 pchrdsult in effective
reduction of agueous PCB concentratilf3, 66)

The sorption of HOCs is affected not only by CMtude size, but also by pore
geometry. For instance, the sorption capacity ofroy@ores is believed to be lower than that
of mesopores and micropores due to the smaller churface area to pore volurfGs).

In conclusion, reduction of HOC pore water concaiins can be achieved using
CMs of different types and origins. However, moftedive reduction of freely dissolved
concentrations, especially at short time scaleghtnbe achieved by using sorbents with
smaller particle size.

Effects of CM dosage in sediment remediation

Since HOCs repartition to CM, the degree of reaductf HOC in pore water is limited by
mass transfer and depends on the CM dosage heequantity of CM added to the sediment
per unit of volume or weighfl3, 22, 53, 66)Many sediment factors affect the CM dose
needed to achieve a particular reduction of porgéemwaoncentration, for instance, the
presence of competing sorbing phases such as OM,oB®il (75). The dose is also
influenced by sorption competition among HOC or @bsorbates (OM “fouling”), and the
physico-chemical properties of the adsorbates, asdmydrophobicity, sorbate planarity, and
molecular volume.
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Table 1.Summary of characteristics and results of studigessoil and sediment carbonaceous material (Ggralment.

CM (Manufacturer) Type Origin  SSA?, Particle size, Dose, Mixing Treatment  Reduction Reduction in Adsorbate  LogKac® Reference
mé/g mm wt%  regime, rpm duration,d inCw, %  SPMD® uptake, %
TOG®/TOG-NDS virgin granulated coal 935 0.074-0.297 3.2 2-3 31 7 6 - DDT - (13)
Calgon Carbon 0.074-0.177 83 80 -
(Pittsburgh, PA, USA) 938 0.075-0.3 34 3 28 74 83 PAHs - (27)
180 84 -
28 87 77 PCBs 7.5
180 92 7.6
- - - 7.5 (60)
938 0.075-0.3 0.34 3 28 70 68 PAHs - (66)
1.7 81 84 -
34 84 87 -
0.34 44 17 PCBs 7.4
1.7 74 45 7.7
34 87 73 7.4
0.025-0.075 34 3 28 97 - PCBs - (84)
938 0.075-0.3 0.7 2-3 30 82 54 PCBs - (63)
13 94 83 -
25 97 92 -
1032 0.020-0.25 - - - - - PAH/PCB - (86)
938 0.074-0.177 3.2 2 31 91 80 DDT - (65)
938 0.075-0.3 34 3 28 87 - PCBs (52)
938 0.075-0.3 04 3 28 69 - PCBs 7.0 (12)
16 77 7.2
1.9 77 7.3
2.6 97 7.1
938 0.075-0.350 2.6 - 28 77 - PCBs - (64)
180 82 -
938 0.075-0.350 2.0 2 28 96 78 PCBs - (54)
180 98 91 -
540 99 97 -
- 0.075-0.3 2-3.2 rotovator 180 80,73 PCBs 8.1 (23)
injector - -
3.4 2 14 8b - PCBs - (57)
37 -
34 4 28 99 - PCBs - (62)
AC (Sigma —Aldrich) virgin powdered - - 0.037-0.149 0.2 6 78 37 - PAHs 8.1 (73)
0.5 71 8.6
2 93 8.1-9.1

4 94 8.5




ACRS Aquacarb RS re-activated coal 900 0.595-2.38 3.2 2-3 31 44 - DDT - (13)

Westates Carbon (Santa granulated 0.074-0.177 83 91 -
Fe Springs, CA, USA) 0.074-0.177 3.2 2 31 95 91 DDT - (65)
0.595-2.38 3.2 2-3 28 - 8 DDT - (13)
6.4 - 20 -
9.6 - 46 -
0.074-0.177 0.8 28 - 21 -
180 - 30 -
780 - 73 -
1.6 28 - 50 -
180 - 80 -
780 - 95 -
3.2 28 - 87 -
180 - 95 -
780 - 99 -
F400 Calgon Carbon virgin granulated coal 1100 0.42-1.7 3.4 3 28 2 - CcBB - (66)
(Pittsburgh, PA, USA) 0.075-0.25 67 -
0.5-1 3.2 2-3 31 15 - DDT - (13)
0.074-0.177 66 67 -
AC830 Aquacarb® virgin granulated coal 900 0.595-2.38 3.2 2-3 31 19 - DDT - (13)
Westates Carbon (Santa
Fe Springs, CA, USA) 0.074-0.177 43 45 -
SAE  Super (Norit, virgin powdered coal 1300 50%-<0.015; 2 - 42 96;55 - PAH - (71)
Amersfoort, The 3%>0.150 1 - 2 90 - PAH 7.2 (74)
Netherlands) 3 99 - 7.9
6 >99 - 7.7
15 >99 - 7.8
30 >99 - 7.7
Aquacarb 208 virgin granulated coal 1050 - 0.43-1.7 2 - 42 80 - PAH - (71)
(Chemviron  Carbons, 1200
Feluy, Begium)
Silcarbon TH90 Extra powdered - - 0.02;80%<0.045 02@B7 no mixing 365 50 - PAH - (56)

aSpecific surface area (SSA)Semi-permeable membrane device (SPMDpgKac values from(61). © Average Lotlac value from(60). ° Reduction in the
PCB uptake in polyethylene samplers for a 3.7% @@l dose after five years of AC amendm@). ' Relative reduction of uptake in POM samplers placed
in subsurface sedimer{7). ° Relative reduction in POM uptake applied in suefdayer (57). " Average % reduction of freely dissolved aqueous
concentration in urban soil/water/PAC suspensibAsgrage % reduction of freely dissolved agueouseatration in creosote soil/water/PAC suspensions;
Average % reduction of freely dissolved aqueouscentration in urban soil/water/GAC suspensidriBependent on sediment def86).' Capping with
PAC-clay mixture(56).
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In a number of empirical studies, a dosage of 8%0AC proved sufficient to reduce
HOC concentrations in the aqueous phase by 9998 imdnths(13, 23, 54)(see Table 1).
Activated carbon dosage is often designed to do(ilde outcompete) the existing TOC
content of a sedimer(iL3, 23, 53, 66)Very recently, Kupryianchyk et a{61) provided a
mechanistic model to estimate the necessary ACgadsa a particular reduction of the initial
pore water concentration. Their model calculatesrdquired dosage as a function of HOC
sorption affinity to AC, accounting for the sorptiaffinities to competing phases such as OC
and BC. Single average situ LogKac values, with associated standard deviations (S&ew
7.2 (0.3) for PCBs (Ld§ow 4.9-6.3) and 8.5 (0.5) for PAHs (Lkgw 5.2-6.9). The
Freundlich exponentaf) were optimized per compound class and amounted te=0.74
(for PCBs) and: oc=0.82 (for PAHS), suggesting non-linearity of thesitu PAH sorption to
AC. An AC dose as low as 1% was found to be swfitio reduce pore water concentrations
of PAHs by up to 90%61). Despite the differences in sediments and PAC tygpegloyed,
the variation of apparent L&gc for PAHs and PCBs was found in a relatively narrawge.
The LoKac estimates were two to three orders of magnituseedothan the distribution
coefficients for virgin PAC(76), which is most probably due to OM fouling. The situ
LogKac, value for PCBs can be compared to the mean valresofior tri-, tetra-, and penta-
chlorinated PCBs, which was recently reported ie likerature(60). The higher LoBac
estimates for PAHs as compared to PCBs can be ieggdldy the greater extent @ftt
interactions and the higher planarity and molecslaface area of PAHs compared to PCBs
(45).

The analysis by Kupryianchyk et a(61) clearly illustrates how thdn situ
effectiveness of AC for HOCs can be limited by cetnpg phases such as OM and BC.
Furthermore, AC sorption strength, and more gehe@ll sorption strength, is affected by
competition between co-adsorbing HOCs and by se¥#D&C molecular properties, such as
sorbate planarity. Several studies demonstratead@Nasorption is one order of magnitude
weaker for nonplanar ortho-substituted PCBs thanpfanar PCBs with comparabkeow
values (18, 45, 77, 78) This variation was assumed to be caused by difteabilities to
change to a planar conformation, and is also ws#sd the slight difference betwermnsitu
Kac values for PAHs and PCBs inferred from data repbitethe recent AC amendment
literature(61).

Another factor that plays an important role in th#inity of HOCs for CM is
molecular volume. Higher molecular weight compouneiguire larger solvent cavities for
solvation, which requires more ener@gQ). This is most probably the reason why these
compounds have high&sc values.

The above description shows which factors eventuddtermine the redistribution of
HOCs in AC-amended sediments following thermodymasquilibrium, i.e., at long time
scales. However, HOCs in AC-treated sediments #iem mot at equilibrium. For instance,
sediments treated with up to 3.4% AC demonstrat@togressive decrease in equilibrium
aqueous HOC concentrations, by 77 to 97% after atmdy 92% after 6 months, and by
99% after 18 month&l2, 13, 27, 54, 63, 64, 6@jpr details see Table 1). Transfer of HOCs
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from sediment to AC is affected by various rateititions. Desorption from sediment is
often slow due to rate-limiting diffusive mass & along the porous structure within the
solid (29, 30, 59, 68)which can have an overall impact on the remezhagffectiveness.
Subsequent adsorption of HOCs to AC may be kingtitienited by slow diffusion towards
the sorbent particle center, which may take mootheven year$10, 53) Higher doses of
AC imply a higher concentration of CM particlestire sediment, thus shortening diffusion
path lengths and facilitating HOC transport.

Mixing CM with sediments

Mixing plays a crucial role in the effective redoct of aqueous concentrations of organic
pollutants, because it stimulates the contact betwdOC, CM, and sediment particles. The
better the contact, the faster re-equilibratiotH@fCs between sediment and AC takes place.
For initially mixed systems, the average sedimatime per CM particle may be assumed to
be distributed spherically around the CM particdend HOC mass transfer occurs via
molecular diffusion, leading to much faster equilibn conditions than in non-mixed systems
(53). The majority of experimental research has beeticdeed to mixed sediment—AC
systems that mimic anticipated equilibrium condaisian the field after long contact periods
(13, 25, 27, 53, 54, 59, 6@ee Table 1). Brandli et 1) performed laboratory experiments
with intensively mixed (shaken end-over-end) systenvhereas Cornelissen et &h6)
evaluated AC amendment efficiency in non-mixed ades. We are aware of only one study
that compared the effects of brief initial mixin§AC (2 min of mixing vigorously by hand
and left undisturbed for up to one year) versusnsive mixing (up to one year at 100 rpm)
(59). After one month of contact time, the reductionpofe water PAH concentrations as
measured by passive samplers was found to be ggbaéfly and thoroughly mixed systems
(97% vs 98%). However, the mixing regime was sugggke$o have a higher impact on
sediments with higher PAH availabilit{59). In conditions of large PAH availability,
desorption from the sediment is a fast process aitirge gradient towards the CM patrticle.
Low availability implies slow desorption from thediment particle and a low gradient.

So far, five pilot-scale studies have evaluatedsiids modes of AC addition and
mixing into sediment under field conditio®3-25, 56) These studies considered technical
challenges and feasible solutions for site-spe@fiplications of AC. Remediation of a tidal
mudflat area was accomplished by covering the sexlirsurface with AC and mixing it into
the biologically active layer (upper 30 cm) withbarge-mounted rotovator and a crawler-
mounted slurry injecto(23, 24) Post-treatment evaluation revealed that the ysinfection
system resulted in less homogenous mixing tharrdtevator device, even though AC was
unevenly distributed in the upper layer of sedim&&mixing or multidirectional mixing was
suggested to improven situ AC amendment. The assessment five years aftetmesd
showed that the sediment retained AC levels conpparim the target dose of 3.4(65).
Mixing of AC with HOC-contaminated sediments hasoabeen performed with a rototiller
mixing unit, tine sled device and a trim pi#5). A novel form of pelletized AC (SediMite)
has been applied in a wetland region with an awhl dispersal devicg€25). However,
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results regarding the mixing effectiveness of thasiés in terms of pore water concentrations
or bioaccumulation are not yet available. Recentigrine underwater sediment treatment
with PAC capping, relying on bioturbation-inducedximg (no initial mixing) has been
reported(56). This study compared different methods of sedinoapping with the addition
of PAC only, PAC mixed with clay, and PAC covereidhasand. The results clearly showed
that montmorillonite clay was an effective carrieaterial for AC, causing the anticipated
positioning of sorbent layers on the seabed. Cigfication resulted in reduced losses of fine
particles and a more even distribution of PAC, amgared to other modes of sediment
capping(56). However, in contrast with earlier field trial83, 24) Cornelissen et al[56)
observed only moderate effects of sorbent amendnmeast probably due to ineffective
mixing. Their best performing scenario used a PAdy-mixture, and resulted in a reduction
of only 50% of the pore water PAH concentration angduction of no more than a factor of
10 in the sediment-to-water flux. Recently, Choakt (55) confirmed that non-uniform
distribution of AC in treated sediment retarded P@RBss transfer into AC particles. In
summary, initial mixing of CM with sediment and selguent remixing can be advantageous
due to the more homogenous distribution of CM betwsediment particles, which facilitates
HOC mass transfer.

Ecotoxicological effects of CM amendments

As outlined in the previous section, many studiagehdemonstrated a high potential of CM
for reducing aqueous and thus bioavailable conatatrs of HOCs (see Table 1). We are
aware of only a few studies that have shown reduogttity, i.e., reduced mortality in
contaminated sediments after CM additi&7, 74, 80, 81)Apart from this advantageous
effect, however, CM itself has also been showratgse negative effects on aquatic organisms
in laboratory settingés1, 52, 74, 82-84)Consequently, the application of AC as a usafdl a
safe remediation technique requires informationpossible ecological side effects, namely
effects on biological parameters of various ben#dpecies, potential impacts on exposed
communities, and effects on the quality of the gieland benthic environment. Data at these
higher levels of biological organization are shithited. This section reviews the existing
evidence for the advantageous effects of CM on doie@aulation and toxicity of
contaminants, followed by a review of the information possible negative effects of CM
amendment.

Effects of CM amendment on HOC bioaccumulation

Since HOCs mainly partition between sediment orgamatter and adipose tissue of aquatic
organisms, the biota-to-sediment accumulation fa@ttio between HOC concentration in
adipose tissue and in sediment) is often usednasasure of bioaccumulation from sediment.
Several studies reported a 1-2 orders of magnitdderease in biota-to-sediment
accumulation factor after CM amendme@7, 51, 62, 65, 85-90)Early studies mainly
investigated natural factors attenuating the bioamdation of HOCs from contaminated
sediments namely, the type and amount of natupattgent CM, (e.g., char, soot, cog],
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88, 89) structural and physico-chemical properties of HOCs (51, 85) sediment
characteristicq87, 91) and biological factorg87). Several studies also focused on the
effectiveness of CM amendment in terms of its pitdkto reduce bioavailable concentrations
(see Table 1) and on the decrease in the bio-umibk¢OCs after different contact times
between sediment and CM (see Table 2). It has bBhewn that bioacumulation of PCBs
decreases by 70 to 95% within 1 mofiR, 51, 52, 63, 64, 84 recent study found a 90%
reduction of PCB bioaccumulation in polychae(Beanthes arenaceodentataxposed to
sediment amended with 3.4% AC for 14 d under laboyaconditions(57). Interestingly,
only 40 to 48% reduction of PCB uptake was foungbamnallelin situ tests. This effect was
explained by the deposition of fresh surface sedimeéth a new available fraction of PCBs
(57). Moreover, bioaccumulation of PCBs in polychadtem in situ untreated sediment was
significantly lower than that foex situsediment, indicating that environmental conditions
might greatly modify toxicity effects on benthicgamisms. Finally, it has been shown that
CM actually decreases PAH and PCB toxicity of sexfita to the amphipod&mpelisca
abdita and Gammarus pulexthe mysid shrimpAmericamysis bahjathe isopodAsellus
aquaticus,and the aforementioned polychaetes, and incraasesurvival of these species
(57, 74, 80, 81)

Occurrence of ecotoxicological effects

Toxicological effects of CM sediment amendment barstudied at species level, community
level, or ecosystem level. An overview of the cothe available literature is provided in
Table 2. Studies at species level usually used @ntipsuch as survival, growth, egestion
rate, lipid content, reproductivity, or behaviovdadance, locomotion, ventilation). However,
it has been shown that behavioral changes may aclevels much lower than lethal or
growth-inhibiting concentrations, either as a restildirect toxicity or as a protective defense
mechanisn{92).

Survival of benthic species is usually studied abdratory tests with a standard
duration of 28 d (see Table 2). Many organisms sg&gdoto sediment amended with CM
showed high survival raté€24, 52, 57, 65, 74, 81, 8 xposure to sediment enriched with 2
to 3% AC led to a 25% decline in the survival of fhreshwater clar@orbicula flumineaand
a 50% decline in the survival of the freshwater hippd Gammarus pulex (74, 84)\s for
growth rate, some studies demonstrated no efféctgCoaddition, or only mild effects (less
than 7% reduction) for the cla@orbicula flumineathe musseMytilus edulis the polychaete
Neanthes arenaceodentatand the amphipodammarus pulex57, 63, 65, 74)Higher
growth reductions have been reported for the isapad., Asellus aquaticysand worms,
namely, EGy= 5.3 and 3.4% AC, respectively2, 57, 74)Janssen et g57) did not observe
any effects of sediment amended with AC on thallgmantent ofNeanthes arenaceodentata
under laboratory and field conditions. However,eotteports show decreasing lipid contents
in worms.Lumbriculus variegatushowed lipid content reductions of 22, 28, and 38tr a
28-d exposure to sediments enriched with (82), coal(51), and charcoal51), respectively.
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Table 2. Summary of reported ecotoxicological effects abomaceous materials (CM) on single species anthizetommunities.

Ecotoxicological Species CM: type, size and dose Duration Results fReence
endpoint
Mortality N. arenaceodentata AC: TOG (Calgon, Pittsburgh, PA, USA) 28 days not significant (52)
L. plumulosus 75-300 pm, 3.4%;
M. eduli ReAC: (Aquacarb RS, Westates Carbon, Santa Fedays not significant (65)
Springs, California, USA) 74-177 um
AC: TOG (Calgon, Pittsburgh, PA, USA)
74-177 pm, 3.4%
M. balthica AC: TOG (Calgon, Pittsburgh, PA, USA) 28 days 25, 15%, <5%, respectively  (63)
75-300 um, 2.5, 1.3, and 0.7%
M. nasuta AC: TOG (Calgon, Pittsburgh, PA, USA) 28 days not significant (24)
74-177 pum, 3.2%
A. aquaticus AC: Organosorb 200-1 (Desotec Activated CarboB8 days not significant (82)
C. volutator Belgium), 90% < 74um, <25%
G. pulex AC: SAE Super (Norit, Amesfoort, The28 days LG=3.1% (74)
A. aquaticus Netherlands), =15 um, < 30% not significant
N. arenaceodentata AC: TOG-NDS (Calgon , Pittsburgh, PA, USA) 14 daysn situ  not significant (57)
75-300 um, 3.4% 14 daysex situ
Growth/ N. arenaceodentata AC: TOG (Calgon, Pittsburgh, PA, USA) 28 days decrease by 50% w.w. (52)
condition index L. plumulosus 75-300 um, 3.4% non-significant decrease
M. eduli AC: TOG (Calgon, Pittsburgh, PA, USA) 28 days minor decrease in average (65)
75-300 um, 3.4% condition index
C. fluminea AC: TOG (Calgon, Pittsburgh, PA, USA) 28 days non-significant decrease (63)
74-177 pm, 3.2%
G. pulex AC: SAE Super (Norit, Amesfoort, The28 days not significant (AC < 3%) (74)
A. aquaticus Netherlands), B=15 um, < 30% ECs50=5.3%
N. arenaceodentata AC: TOG-NDS (Calgon , Pittsburgh, PA, USA) 14 daysn situ  non-significant difference (57)

75-300 um, 3.4% 14 daysex situ




Lipid content Limnodrilus sp Coal, 1.48% 28 days decrease by 28% (51)
Charcoal, 1.48% decrease by 38%
L. variegatus AC: Organosorb 200-1 (Desotec Activated Carboh6 weeks decrease by 75% (82)
Belgium), 90% < 74um, < 25%
H. reticulatus AC: 100-400 mesh (Sigma-Aldrich, Oslo, NorwayR28 days non-significant decrease (72)
N. diversicolor 37-149 pm, 2%
N. arenaceodentata AC: TOG (Calgon, Pittsburgh, PA, USA) 28 days non-significant decrease (52)
L. plumulosus 75-300 um, 3.4%
N. arenaceodentata AC: TOG-NDS (Calgon , Pittsburgh, PA, USA) 14 daysn situ  non-significant difference (57)
75-300 um, 3.4% 14 daysex situ significant decrease
Avoidance/preference A. aquaticus AC: Organosorb 200-1 (Desotec Activated Carbo8,days non-significant avoidance (82)
C. volutator Belgium), 90% < 74um, 4, 7, 15, and 25% significant avoidance
G. pulex AC: SAE Super (Norit, Amesfoort, The3 days non-significant avoidance (74)
A. aquaticus Netherlands), B=15 um, < 30%
Locomotion/ventilation G. pulex AC: SAE Super (Norit, Amesfoort, Thel day non-significant change (74)
A. aquaticus Netherlands), B=15 um, < 30% 5 days
Reproduction L. plumulosus AC: TOG (Calgon, Pittsburgh, PA, USA) 28 days non-significant decrease (52)
75-300 um, 3.4%
Egestion rate L. variegatus AC: Organosorb 200-1 (Desotec Activated CarbohQ days 1% AC disturbs normal (82)
Belgium), 90% < 74um, 1, 2, 4, 7, 10, 15, and 25% feeding behaviour
Diversity, abundance Benthic community AC: TOG-N{Tlgon, Pittsburgh, PA, USA) 6 and 18 non-significant  difference (23)
50-200 pm, 3.2% months between AC and control
sediment
AC: Silcarbon TH90 Extra (Silcarbon Aktivkohle5 and 11 significant decrease in  (56)
GmbH, Kirchhundem, Germany), 80% < 45 pnmonths abundance and richness
AC-only, AC+sand, and AC+clay capping
Bacterial AC: Organosorb 200-1 (Desotec Activated CarboBgveral weeks non-significant  difference (82)
community Belgium), 90% < 74um, 0, 2, 4, 10, and 20% between AC and control

sediment
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The reduced lipid content (74%) was caused by medideeding (92%) by these worms when
exposed to sediment with 10% A@B2). The results of chronic exposure of worms to
sediment with 10% AC resulted in a gradual decraaskpid content by 74% over four
months(82) whereas egestion rates of worms exposed to 4% &&tneéd by 92% over 10 d
(82). Oil soot (0.34%) was reported to reduce sedin@mtater transfer of PAH, which was
explained by a reduction of bioturbation activityy bLimnodrilus sp. (83).
Preference/avoidance behavior responses were igaest for the specie€orophium
volutator, Asellus aquaticusasndGammarus pulexsing different sediments containing up to
30% AC (74, 82) However, avoidance could not be proven from ta,ddue to inconsistent
dose—response relationships. The absence of bebdkvesponses like locomotion and
ventilation of Asellus aquaticusand Gammarus pulexhas been demonstrated in whole-
sediment behavioral toxicity teq{&4).

Cho et al.(23) conductedn situ experiments to estimate AC amendment effects on
the benthic community. Biodiversity and abundanesenestimated after 6 and 18 months for
sediment treated with up to 3.2% AC. No significatdtistical difference was found before
and after treatment with AC. A similar experimeatesstimate effects of AC capping on the
benthic community has been performed by Corneligteal. (56). They found that benthic
macrofauna composition and biodiversity were affédity the AC amendments, with an AC—
clay mixture having a lower impact on the commuritgn AC only or AC covered with
sand.

In summary, the available reports suggest thattiaddof CM to bed sediment has
little or no effect on the survival of benthic ongems. The greatest effects seem to occur in
worms, but they did not cause significant increasesortality at the 3 to 4% CM levels used
in this remediation scenario. It must be noted tdoemunity effects will be even less severe
in field settings, where dilution, recolonizati@nd fresh input of organic matter will provide
new habitat on top of treated sediments.

Mechanisms of ecotoxicological effects

Sediment-dwelling organisms like worms may be nsreceptible to CM amendment, since
they are exposed to CM not only via direct contadtalso via ingestion of CM particles. As
mentioned in the previous sectidn, variegatushad a decreased lipid content and egestion
rate after long-term exposure to sediments enriefidtdCM (51, 82) The literature suggests
several mechanisms for such negative effects othizespecies.

First, L. variegatusmay be affected by CM-enriched sediment due tack@mistry of
CM (taste, smell, compositionbl, 82) since it has been shown that even 1% carbon
amendment can affect the feeding activityLofvariegatus (93) Another explanation may
relate to the surface reactivity of CM, with itgghiaffinity for lipids, carbohydrates, and
proteins(94, 95) It has been hypothesized that CM may sorb nugidmat serve as a food
source for worms or impair digestion procesge® 82) but no statistically or biologically
relevant effect of AC has been found on enzymevidigior digestive fluid surfactancy in AC-
amended sedime(62).
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Toxicity of carbonaceous materials can also beamnptl by secondary effects on test
conditions affecting habitat quality, e.g., an g®se in the pH and decrease in the oxygen
content of the test systems, which may be explaimethe presence of metgl82). Direct
toxicity may originate from CM constituents, suchassociated metals, which may constitute
up to 3.5% of CM mass and can be released to paterwer overlying water or in the gut
(82). Consequently, whole sediment toxicity tests sthoule out such artifacts if only effects
of AC are to be detectdd4).

It must be noted that reported effects of CM mosihginate from small-scale
laboratory experiments and will probably be leskevant in ecologically realistic field
settings. After all, under field conditions, thepply of nutrients will most likely outcompete
the binding capacity of CM due to scale and proémhgupply, and will thus not be a limiting
factor. Effects of pH or oxygen will be progressyweattenuated by the large buffering
capacity of (usually calcareous) sediments andralne-aeration. Fluctuations of pH or
oxygen will not be fundamentally different from thatural fluctuations of these variables
due to community metabolism and aerobic respiraftamthermore, apart from some deposit
feeders, many sediment-dwelling organisms acquigr tnutrients and oxygen from the
overlying water and are thus relatively insensitteeconditions in the sediment bed. The
problem of toxicants associated with CM can belgagsicumvented by using non-toxic AC,
analogous to the use of AC in drinking water prapan and water purification. Finally, it
must be noted that the highest impact of largeesdelpersal of AC will be the total physical
disruption of benthic habitats and benthic commesitThere is therefore a need for more
ecological recovery studies to validate these egpens. So far, only one study
demonstrated that the benthic community functignalltered by HOCs present in the
sediment, recovered after addition of A@6). Studies on biodiversity development and
recovery of functional endpoints in different fieddttings are thus highly relevant.

Fate and transport model simulation in CM amendment
scenarios

To date, several CM amendment studies have usespwe and fate models. These models
aimed to improve mechanistic understanding andtilyedominant processes governing
HOC transport in sedimeft, 22, 53, 59, 66, 68, 83, 97, 9&nother rationale for modeling
approaches has been the a prestimation of AC dosage for effective remediati@1l).
Other studies used biodynamic models based on a baance approach to understand and
predict HOC bioaccumulation in organisms while actng for the effect of AQ62, 63, 65,
84, 96) Some studies combined HOC intraparticle diffusimodels or desorption and
adsorption by native or added particles with bicayic modeling53, 97, 99)

It is generally believed that slow sorption of HOGSAC in sediment is controlled by
diffusion from natural CM and subsequent diffusitimn AC particles. Consequently, the
exchange rate of contaminants among sediment leartihie surrounding water, and natural
and applied sorbents (assuming perfectly mixed itongd) has been widely described using
diffusion-based models. Typically, transport modglin AC amendment studies involves
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modeling the release of HOCs from the sedimenigbastto water, followed by uptake in the
AC particles(22, 53, 59, 68)Mechanisms behind this mass transfer were exgblloyeAhn et

al. (68). They demonstrated that a branched kinetic mocahprising PAH macropore
diffusion with kinetic exchange of PAHs between mapores and micropores, fitted the
experimental observations better than an intrapgartliffusion model and a pore diffusion
model. Defining macro- and micropores allows twpety of sorption behavior to be modeled.
Other dual domain diffusion approaches have used rporous diffusion in amorphous
carbon as well as slow solid-phase diffusion ind=sed-phase organic carbffy 98)
Werner et al(53) used an intraparticle diffusion model to simulgdte effects of AC dosage
and particle size on the mass transfer of PCBstinsent. Their simulations showed that
increasing the AC dose, as well as reducing ther@dius, increased the observed reduction
of the aqueous concentration of contaminants. Thisceptually agrees with the earlier
experimental observations related to effects ofigarsize, which have been discussed in the
current review.

Several authors demonstrated a systematic ovemdgiim of AC amendment
efficiency (53, 73, 100)For instance, Werner et 3) found that &c value for virgin AC
had to be reduced by a factor of 16 to obtain adgdamf their model to experimental data.
They explained the difference by organic mattetifg, which was discussed in “Effects of
CM dosage in sediment remediation” section. Moderestimation might also originate from
the assumption of uniformly mixed, homogenous systeensuring short diffusion distances.
In the case of non-mixed, spatially heterogenegstems there is higher resistance to mass
transfer, so a reduction of HOC pore water conegintis obtained in days for well mixed
systems might take years to achi€¢v®).

Cho et al(101)developed a heat transport model to indirectlyreste the importance
of advective pore water movement and mechanicgedsson to PCB mass transfer in an
intertidal mudflat. They concluded that for nonfonin distribution of AC particles in the
sediment bed, the transport rate of HOC might gaifstantly improved by advective flow
and mechanical dispersion. Overall, site-specifiexternal conditions like tidal pumping,
bottom currents, and sediment resuspension woultfibate to accelerating HOC binding in
real non-mixed AC-amended sedimeifl®1) However, in contrast with their modeling
results, these effects were not evident at Hunpeigt, in their five-year post-treatment
monitoring study(55).Whereas these model studies emphasized the tfuside transport
mechanisms, Matilla and Ver{89) studied HOC fate using a CM-inclusive non-steadyes
mass balance model of chemical transport to olataimore realistic estimate of the potential
risks of organic chemicals. Inclusion of BC resdlie the best model fits and had a major
effect on the mass balance.

Similarly, CM-inclusive models have been formulatied HOC bioaccumulation,
which were applied either dynamically or in theitealy-state solution. These models
demonstrated the ability to predict concentratiohgontaminants in organisms by species-
specific combinations of all routes of uptake ahchi@ation, while accounting for binding to
CM (57, 62, 63, 84, 87, 96, 97, 102-10Biodynamic modeling parameterized for site-
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specific exposure conditions demonstrated differeegponses in terms of PCB tissue
concentrations of three invertebrate species repteg different dietary patterr(86). The
model was further used to test the effect of ACitamld on the potential reduction of PCB
availability and internal tissue concentrations. ddbpredictions clearly communicate the
impact of AC amendment on bioavailability and toRCB concentrations to sediment
management authoritie®6), although they ignore local variability in AC arsdiment
distribution. Effects of ecological factors on HQfibaccumulation have been studied by
Moermond et al(87, 104) who demonstrated that ecosystem structure,the.dominant
species, as well as chemical aging in sedimengctff HOC accumulation in aquatic
organisms. The systematic overprediction of biotag¢diment accumulation factors in
steady-state models could be explained by (a) negfenetabolic transformation of HOCs in
the model and/or (b) neglect of binding to CM. Moteet al.(63, 84)and Selck et al106)
explored geochemical and biological factors affegtHOC uptake and investigated the
relative importance of dietary and aqueous uptakdes for HOC accumulation using a
model approach. They argued that HOC reductionshé agueous phase alone are not
sufficient to effectively reduce HOC uptake by seent-dwelling organisms, and emphasized
the importance of addressing sediment ingestiommg&xposure route from CM-amended
sediments.

Recently, elaborate mass transfer and bio-uptakdetachave been developed that
link sediment geochemistry with contaminant bioalet processes in order to simulate the
long-term fate and bioaccumulation of HO@GS, 97, 99, 106)

Conclusions and prospects

The present review has provided an overview ofofacthat affect the effectiveness of CM
amendment to immobilize HOCs in aquatic sedimesush as the type, size, and dosage of
CM, sediment characteristics and properties ofamirtants. An average situ Kac derived
from literature data may be useful when designingA& dosage foiin situ sediment
remediation. The effectiveness of a CM dosage megyend on the presence of other
carbonaceous materials than AC, like BC, oil, ad. Bor most applications, a 2 to 4% AC
dose appears to be sufficient. Other key factarefiective remediation are sufficiently small
CM patrticle size and sufficient mixing.

Literature data suggest that the addition of CMbéd sediment in the 2 to 4% range
has only mild direct effects, if any, on benthigamisms. Effects will probably be smaller in
actual field settings. In contrast, the effect dl @mendment on the reduction of HOC
exposure and toxicity is dramatic, with up to 100}fpore water concentration reductions
and significantly increased survival of benthicenebrates in contaminated sediments. This
implies that the net effect of CM addition will eft be an improvement of habitat quality,
especially for highly toxic sediments. Future watkould combine CM and toxicant dose—
response relationships for benthic species, sotligabreak-even point can be assessed more
accurately and for different habitats.
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Because sediment characteristics such as partizée mineralogy, bulk density,
biological activity, and contamination level ardfelient for different locations, remediation
strategies using AC should probably be site-spedior instance, CM amendment can be a
successful and cost-effective method for sites wépositional and cohesive characteristics,
where the probability of sorbent translocation raitteorporation into contaminated sediment
is low and continuous sampling and monitoring cdake place. Otherwise, natural processes
like tidal pumping, wind shear stress, or biotuidrat might affect aqueous HOC
concentrations due to resuspension of particleezgsa contaminant6l01) In the case of
deeper waters, sloping areas or sites with lowdinsent stability or more extreme erosion
conditions, specific measures may have to be takeninstance, CM layers may need to be
stabilized with additional layers of sand, grawelclay(56). Capping with such layers would
decrease the risk of contaminated CM being disdevgéhin the aquatic environment and
would limit the footprint of CM itself. In low engy environments, the use of powdered CM
could be favorable, since HOC transfer from sedimtlerCM can be relatively fast. On the
other handin situ application of powdered CM by spreading might ba&bpematic due to the
transportation of fine particles with the watetdss contaminated sites.

The literature offers no descriptions of CM apgii@as in intensiveex situtreatments
of sediments. Further promising alternatives tostaxg in situ techniques could include
remediation techniques such as the addition of GMrédged sediment followed by storage
in a depot, isolation of dredged materials by Clela, and cleaning dredged sediments with
subsequent deposition or use on land.
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Chapter 3

Abstract

Contaminated sediments can be remediated by adwifgpnaceous materials (CM), e.g.
activated carbons (AC). Here, we analyze publisth@@sets from AC amendment trials to
identify variation in the effectiveness of AC indiging pore water concentrations of
hydrophobic organic contaminants (HOCs). The amalyses a model that separates the
contribution of HOC sorption to AC by parameterzitige sorption contributions by
amorphous organic matter and black carbon (BCapfiears that sorption to BC increased
with LogKow, whereas sorption to AC showed a relatively narramge of affinity properties
with a median Freundlich Lé@ac value of 7.2 (ug/kg)/(ug/L)" (IQR=7.0-7.5) for
polychlorinated biphenyls (PCBs) and 8.6 (IQR=8.83)8 for polycyclic aromatic
hydrocarbons (PAHSs). Estimated Freundlich exponemse ng 4=0.74 for PCBs and 0.82
for PAH. Sorption to AC was stronger than to BC ¢bemicals below Ldgow~6.3-6.6. For
HOC risk reduction this is favorable, because cleataiwith lowKow show generally higher
bioavailable concentrations.

Introduction

Aquatic sediments form an ultimate sink for legaoyptaminants such as persistent organic
compoundg1), thereby posing a source of exposure to aquatisystems. Sediment-bound
contaminants may become available to organismsugiradesorption from sediment or
particle ingestion(2). In the past few years several studies demondtrdte ability of
carbonaceous materials (CM), like soot and chayaoién referred to as “black carbon”
(BC), to bind sediment-bound hydrophobic organiemltals (HOCSs) very efficientl{3-5).
This limits the mobile and bioavailable concentasi of contaminants, which has been
hypothesized to have beneficial effects on ecobigisks of HOCs as well as the risks of
their transport and leaching. The sequestratiol©fCs can be significantly enhanced by
addition of manufactured carbon materials suchctisaeded carbons. Therefore, over the past
years the potential of adding CM such as commemtélated carbons (AC) to polluted
sediment as a means to reduce pore water HOC doattens has been explor€d, 7)
Several studies demonstrated that addition of 3e4%AC results in dramatic reduction of
pore water concentration of HOG8-12) The results of these studies suggest that AC
addition may be used in sediment remediation asffazient and safe engineering approach,
which is less disruptive compared to dredging.

Since sediments and AC types obviously differ imirticharacteristics, it is highly
relevant to identify the affinity parameters farsitu sorption of HOCs to AC in order to be
able to design and evaluate applications of AC edirment remediation. For instance,
sediments with high natural CM or oil contents adhg may sequester HOCs very effectively
(13, 14) thus limiting the added value of AC amendmentgtifermore, sediments contain
considerable quantities of particulate and disgbheeganic matter known to attenuate
sorption to CMs, including activated carbafigl-16) Particle sizes and compositions may
differ among sediments, thus affecting the rate/liith HOCs equilibrate between dissolved
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and sorbed states, including the state of HOCs doaAC after intentional AC amendment
in a remediation contextL7). In turn, AC differs among brands and types intiplar size,
porosity, surface area and composition, which mkp affect the intended enhanced
sequestration of native HOCs. Despite the abowegetare other arguments supporting limited
variation in reported HOC sequestration among Adirsent combinations. Organic matter
fouling may overrule differences in AC sorption pecties by pore blocking or competitive
sorption mechanisms. Differences in AC sorptionacay or HOC - AC sorption isotherms
may become irrelevant at the targeted low conceaoirdevels after AC amendme(it8, 19)
Third, studies that aimed at exploring the efficierof AC from a remediation perspective
have used similar criteria for AC characteristiegy(, small particles with a high porosity).
This may limit variation in reported data. Consetlye a major question is to what extent
situ sorption to AC varies among HOCs, sediments and t%@es because of the
aforementioned factors, and to what extent the afsgeneric 'activated carbon sorption
parameters' is warranted. We are not aware of arlieestudy addressing the variation in
effectiveness of AC by analyzing datasets fromlsiing multiple site AC amendment trials.

Here, we explore to what extent HOC binding to A@ynhe generalized for different
AC types applied to different natural sedimentsr @oproach used the concept of multiple
domain equilibrium sorption(4, 15, 20-24) applied earlier to distinguish between the
respective sorption contributions of amorphous oigaatter (AOM) and natural CM. The
in situ contribution of sorption to activated carbon wapagated from total sorption by
parameterizing and subtracting the sorption coutitins by AOM and BC. A large dataset
covering 63 PCBs, 10 PAH, 2 types of AC and 9 sedisiwas obtained from the literature
(10, 12, 25, 26)

Methods

Modeling in situ sorption of native hydrophobic organic contaminans to
added activated carbon

After addition of AC to contaminated sediment, tA€ will compete with the original
sediment organic matter phases to establish a @@ Borption equilibrium. The sorption
equilibria can be expressed by common isotherm tems whose parameters reflect the
overall efficiency and quality of the sorbent.

The equilibrium redistribution of HOCs upon additiof powdered AC can be
quantified from the decrease relative to the ogbjpore water concentratiorCf ) after AC

addition. Assuming equilibrium and presence of twain sorption domains, i.e. amorphous
organic matter carbon (OC) and BC, HOC equilibridistribution in the sediment bed before
AC addition can be defined as:

Csed = fOC KOCC:VC\)I + fBCKBC (CV?/ )anBC (1)
where Cseq (Ng/kg) is the concentration sorbed to the togaliment mixture (OC, BC, etc),
which is assumed to remain unchanged after AC iaddiandfoc is the organic carbon
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fraction (kgpo/kgsed, fsc is the fraction of BC (kg/kgsed, Koc is the organic carbon
normalized sorption coefficient for OC (L/&g, Kscis the Freundlich adsorption coefficient
for BC (ng/kgc)/(Mg/L)"™ B¢ andne gc is the Freundlich exponent for BC. This summation
thus accounts for the fact that not only amorphanggnic matter (AOM, quantified as OC),
but also BC acts as sorbent for HO@Bs 4, 14, 27) After the addition of AC and allowing
sorption to AC to be non-linear as parameterizedthy Freundlich isotherm, a new
equilibrium state has to satisfy:

Csed = fOCKOCc:\j/;/ + fBCKBC (C\J/;/ )nFVBC + fACKAC (q/ )anAC (2)
in which Kac is the Freundlich adsorption coefficient for AGy(kigac)/(Lg/L)"™ €, fac is the
fraction of added AC (kg/kgsed, Cy is the HOC pore water concentration after AC

amendment (ng/L), andrac is the Freundlich exponent for AC. Note that teeohd and
third term in eq 2 may also accommodate lineartsmrgthroughn: = 1) or may be replaced
by other non-linear models such as the Langmuiradanyi models, if require(28).

AssumingCseqremains the same before and after AC additionleaysd 2 now can be
combined to yield:

fOCKOCC:\/(\)/ + fBCKBC(C\?\/)nEBC = fOCKOCC:&/ + fBCKBC(C\:I/;/)nEBC + fACKAC(C:\:I/;/ )anAC (3)

which after rearrangement yields:

K pe = foc Koc (Cﬁ _C\}v) + chKBc_(C\z )nF'BC - (C\}v )nF'BC_ (4)
fAC (C\i/) F,AC

Eq 3 shows how for any give@,, , the reduced pore water concentrat@p, can be

calculated from AC dosdac), chemical dependent affinity constants for amorsh, black-
and activated carbonK{c, Kge, Kac) and the Freundlich exponentsggc, Neac). The
equation also shows how the effect of AC dose fftiivel right hand side term) decreases if
more organic matter and black carbon (the first #ra second right hand side terms) are
present in the sediment. Note that eq 3 can onlysdieed numerically, because of the
exponents in the BC and AC termia. situ HOC Kac values, however, can be calculated
directly from eq 4 once the other parameters anthbi@s are known. If all concentrations
relate to equilibrium, eq 4 returns an equilibrissorption coefficient. If not,Kac is
conditional.

Parameterization of the model

Description of dataset.Thein situ Kac values were estimated using eq 4 and data for six
PCB homologue groups and 10 PAHs in nine differsatliments reported earlier by
Zimmerman et al. (2004, 2005), Cornelissen et2006), and Sun and Ghosh (2008). Data
for PCBs were not reported for individual congeneso we grouped them as
dichlorobiphenyls (di-CB), trichlorobiphenyls (@B), tetrachlorobiphenyls (tetra-CB),
pentachlorobiphenyls (penta-CB), hexachlorobiphenghexa-CB), heptachlorobiphenyls
(hepta-CB) and octachlorobiphenyls (octa-CB), assgnsimilar sorption properties per

44



In situ sorption of hydrophobic organic compoundsédiment amended with activated carbon

homologue group. Studied PAHs were benzo[a]pyr&aP), benzo[b]fluoranthene (BbF),
benzo[e]pyrene (BeP), benzo[ghilperylene (BghiRnzm[k]fluoranthene (BKF), chrysene
(CHR), fluoranthene (FLU), indeno[1,2,3-cd]pyreneR), phenanthrene (PHE), and pyrene
(PYR). Details of the dataset are provided as supywp information (Table S1). Sum
concentrations¥Cseg ranged from 0.33 to 87 mg/kgRCB) and 2.0 to 160 mg/kgRAHS)
and were typically measured using rigorous (somnatiquid-liquid) extraction techniques.
Initial sum concentrations in the pore water ranfyech 0.010 to 2.3 ug/LXPCB) and 92 to
620 pg/L EPAH) and were measurexk situdirectly after liquid-liquid extraction or using
passive samplers such as polyoxymethylene (55 pcknss). After AC amendment, sum
concentrations in the pore water were much lowarging from 0.004 to 0.55 pg/ERPCB)
and 0.0002 to 0.034 ug/ERAH). Equilibration times after AC amendment ranean 28
to 180 days (Table S1). To approach true AC-waterlibqum, PAH aqueous phase
concentrations were measured after elevation gbéeature (60°C)25).

Parameterization of the model. Chemical pore water concentration€y(, C,,) and

sediment characteristi€sc, fsc, fac, were all measured (see Table S1).

The Koc values for amorphous carbon were calculated frompound class specific
quantitative structure property relationships (QSPRken from van Noor(29, 30) For
PCBs the QSPR reads g = 0.53 (Ncj — 0.33Norno) + 3.27, wherdNg is the total number
of chlorine atoms andNyiho IS the number of ortho-chlorines. For PAHSs, theP@Sis:
LogKoc = 1.11 Lodkow— 1.14. Loé#lowValues for PCBs and PAHs were taken from Booij et
al. (31) and Hawker and ConngB2).

BC Freundlich sorption affinity constants for alidividual chemicals Kgc) were

calculated from the pore water data prior to AC itold (CJ), using the dual domain
approach as condensed in e@41,20-24) which can be rearranged to:

_ 0

Kge = Coed foc():KnS;:CCW (5)
foc(Cl)

Values forCeeq Cy, foc, andfsc were used as published (see Table S1),Kanrgdvalues for

amorphous carbon were estimated as described above.

As for non-linearity of sorption to BC and AC, threcenarios were followed. The
first scenario used a non-linear model approachvhwch the Freundlich exponents were
optimized (i.ensac # 1 andnggc# 1) such, that variability in Freundlich affinitystants
(Ksc, Kac) was minimized. This procedure follows the logiatth Freundlich coefficient that
better approaches the true value will lead to nam@urate and less variable estimates of the
Freundlich affinity constants. Mechanistically, then-linearity scenario is supported by
many observations of curved isotherms at higheceotmationg3, 4, 33) Although values
for ng ac andng gcare chemical as well as sorbent specific, litemtlata show that chemical
differences are primarily expressed through thetgmr affinity constan(3, 4, 20, 22, 23)
Freundlich exponents are affected by surface saarahenomena which are reported to be
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similar for structurally similar chemicald8). Consequently, in the nonlinearity scenarios
Ng ac Was optimized per chemical class rather than atled per individual chemical.

The second scenario used a model from Zhang and3Blg that estimates BC
Freundlich exponents from sediment BC and TOC cdénten

Ne g = 0410+ 0454e 0288¢/TOC (6)

where TOC is total organic carbon. Zhang and(B®) derived this expression from PHE
isotherms to BC. Consequently, this scenario testashat extent PHE sorption to BC is
representative for the wider group of chemicaldyaral in this study. BC and TOC data were
used as reported (Table S1) and extracted values wged to calculatedr gc. Because eq 6
was derived from BC sorption data, this scenarie mat applied to AC.

The third scenario used a linear sorption model imclv the Freundlich exponents
were set to 1 (i.edrac= Nesc= 1). This scenario is supported by recent obsematihat at
very low concentrations, isotherms for CM may ajppfo linearity (18, 19) and by the
observation that HOC sorption to fouled CM is mianear than to virgin CM27).

Sensitivity analysis.Following Accardi-Dey and Gschwer{@4) and Lambert et al.
(24), a simple sensitivity analysis was performed Ipesging allK,c estimations atg ac and
Nggc plus and minus 10% of their optimum values. Thigvjates a rough estimate of the
sensitivity of the model outcome i.e. sorption ¢ieefnt to variations in theg-values and
also illustrates the correlation betwd€st andng.

Results and discussions
In situ black carbon sorption parameters

Scenarios for calculatingnggc. The best fit to the data, that is, the smallestatian in
calculatedKgc values per chemical, was observed wWiHgc optimizea= 0.82 for PCBs and
NeBCoptimized= 0.83 for PAHsS (Table 1, Scenario 1; Figure la)isT8uggests than situ
sorption of PCBs and PAHs to BC was non-linear as described befor@, 4) The fitted
Freundlich exponents lie in the upper range of éhpeviously reported for pure BC, i.e.,
Negc = 0.6 - 0.8(3, 4, 20, 34-36)This means that the curreint situ sorption is closer to
linearity than reported from laboratory studies hwpure BC (27). Lower pore water
concentration ranges or fouling with OM may expltia differencg18, 19) Variation of the
Freundlich exponent by + 10% did not increase tgation (SD) in théKgc values for both
PCBs and PAHs. Therefore, any uncertainty in Fraandéxponents did not significantly
affect estimation of PCB and PAKkc values.

The second scenario usedgc values calculated with eq 6, which was originally
derived for PHE33). For this compound, the resulting g is 7.6 + 0.2 (Table 1, Scenario
2). This is very close to the value obtained infttet scenario (Logsc = 7.5 £ 0.2, Table 1),
whereng gc was optimized to obtain minimum variation in régwy Kgc values. For the other
chemically similar PAHs, e.g. FLU and PYR, the wauvere also close (difference of 0.1
Log unit), whereas for CHR, BbF, BaP, BeP, PER, &R BghiP, th&c values calculated
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using eq 6 were identical to those estimated WHEC opimized(Table 1, Figure S1). Also for
PCBs the two scenarios resulteKig: values that were close (0.1 Log unit differenaedie,
tri-, tetra-, penta-, hexa-, and octa-CB, Tablerliylentical (hepta-CB, Table 1).

The third scenario, assuminggc = 1, was included for completeness and yi&lgds
values that are 0 to 0.3 Log units lower than thiseen the other two scenarios for the
calculation ofng gc (Table 1, Scenario 3). Compared to Scenario lydnation (SD) inKgc
values, however, increases by a factor 1.5-2 foor@pounds (di- and penta-CB, PHE, FLU,
PYR, CHR, BbF, BeP, PER) whereas the variation dseonly for one compound (tri-CB),
also by a factor 1.5. Considering all scenarioscaeclude that the results from the optimized
non-linear scenario are to be preferred for theerurdataset and therefore are used for further
discussion and calculations.

Kgc values calculated withng gc opiimizd. The Kgc values per chemical calculated withgc
optimized Varied with SD < 0.3 Log unit (Table 1). This ings that despite the variation in
sediment characteristics and methods ukgd,values varied less than a factor 2.5. Kgg
values increase between lKagy = 4.5 and 6.5 and appear to level off at highegkgy
values (Figure 1l1a). This may suggest that sorption the first mentioned range is
hydrophobicity driven partitioning, whereas surfamsorption prevails for the more bulky
compounds at higher L&gw. Individually modeled Lolrgc values for PCBs were one
order of magnitude lower than those for PAHs, whagrees with earlier reported BC
sorption constants for these compound clagz2s23, 37)

In situ activated carbon sorption parameters

The Kgc values calculated withe gc optimizedwere used as input for the calculationkat (eq
4). Consequently, the contribution of sorption {© Bt the reduced pore water concentration

C,, was accounted for using the independently estinaten-linear BC isotherms.
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Table 1.BC-water and AC-water Freundlich affinity consta(8®) for PCBs and PAHSs, calculated using eq 4@math Ne optimizea@NANE optimizest 10% and
ne- values individually calculated using the exporenhodel eq 6.

PCBs LoKow n* Scenario 1 Scenario 2 Scenario 3 Scenario 1 Scenario 3
Optimum LogKgc LogKsc LogKgc LogKsc Literature Optimum LogKac LogKac LogKac Literature
LOgKBc NEBCopt - 10% NeBcopt T 10% n=0.410 + (np = 1) values LOgKAc NEACopt - 10% Neacopt + 10% (np = 1) values
(NFpc=0.82)  (Npec=0.74) (Neec=0.90) 0.454¢0288¢7TOC (Neac=0.74) (Ne.ac=0.67) (Ne.ac=0.81)
di-CB 4.9 3 6.3 (0.3) 6.4 (0.2) 6.4 (0.2) 6.4 (0.2) 6.1 (0.5) 535.7 7.1(0.1) 7.1(0.1) 7.2 (0.1) 7.3(0.3)
tri-CB 5.5 9 6.6 (0.3) 6.7 (0.4) 6.7 (0.4) 6.7 (0.4 6.4 (0.2) 5.9 59 7.1 (0.4) 7.1 (0.4) 7.1(0.3) 7.2 (0.4) 7.3%8.1
tetra-CB 5.9 9 7.3(0.1) 7.4 (0.2) 7.4 (0.2) 7.2)0 7.0 (0.2) 5.9-6.7 6.3, 7.3(0.3) 7.4 (0.2) 7.3(0.3) 7.3(0.5) 7.07.5
6.3
penta-CB 6.3 9 7.7 (0.2) 7.7 (0.2) 7.7 (0.2) 7.2)0 7.5(0.3) 6. 6.7,6.7 7.3(0.3) 7.3(0.3) 7.3(0.4) 7.2 (0.5) 7.157.8
hexa-CB 6.7 5 8.3(0.1) 8.4 (0.1) 8.4 (0.1) 8.4)0. 8.1(0.1) 7178 7.8 (0.1) 7.8 (0.1) 7.8(0.2) 7.7 (0.2)
hepta-CB 7.1 5 8.6 (0.1) 8.6 (0.1) 8.6 (0.1) 8.a)0 8.4 (0.1) 7418 7.8 (0.1) 7.8 (0.1) 7.7 (0.1) 7.7 (0.1)
octa-CB 7.5 5 8.5 (0.2) 8.6 (0.1) 8.6 (0.2) 8.@)0. 8.5(0.2) 7879 7.6 (0.3) 7.6 (0.3) 7.6 (0.3) 7.6 (0.3)
PAHs LogKow  n* Optimum LogKgc LogKsc LogKgc LogKsc Literature Optimum LogKac LogKac LogKac Literature
LogKgc Negcopt - 10%  Negcop + 10% n=0.410 + (ne=1) values LogKac Neacopt - 10%  Neacop + 10% (ne=1) values
(Nesc=0.83)  (Nesc=0.74)  (Nesc=0.91)  0.454¢928BCMOC (NFac=0.82)  (Npac=0.74)  (Npac=0.90)
PHE 4.6 7 7.5(0.2) 7.6 (0.2) 7.4 (0.2) 7.6 (0.2) .3(.3) 54, 5759, 7.7 (0.3) 7.7 (0.3) 7.7 (0.3) 8.0 (0.3) 7.8
5.6-6.%, 5.8,
6.0°
FLU 52 14 7.7 (0.1) 7.8 (0.1) 7.5(0.2) 7.8 (0.1) 7.4(0.2) 546.3,65 8.6 (0.3) 8.5(0.2) 8.6 (0.3) 8.9 (0.3) 8.2
PYR 52 14 7.7 (0.1) 7.8 (0.1) 7.5(0.2) 7.8 (0.1) 7.4(0.2) 6.3 6.6, 6.4, 8.6 (0.3) 8.5 (0.2) 8.6 (0.3) 8.9 (0.3) 8.5
6.3, 6.3,6.8
CHR 5.8 14 8.6 (0.2) 8.6 (0.2) 8.5(0.2) 8.6 (0.2) 8.4 (0.1) 71469, 69 8.8 (0.4) 8.7 (0.3) 8.8 (0.3) 9.0 (0.4) 8.7
BbF 5.8 14 8.6 (0.2) 8.6 (0.2) 8.5(0.2) 8.6 (0.3) 8.4 (0.1) 7269, 69 8.8 (0.4) 8.7 (0.3) 8.8 (0.3) 9.0 (0.4) 8.6
BaP 6.0 7 8.6 (0.3) 8.6 (0.3) 8.5 (0.3) 8.6 (0.3) 5®.3) 73771,70 8.5 (0.5) 8.5 (0.5) 8.6 (0.5) 8.8 (0.6) 8.9
BeP 6.4 14 8.6 (0.2) 8.6 (0.2) 8.6 (0.3) 8.6 (0.2) 8.6 (0.3) 7413 8.4 (0.5) 8.3 (0.5) 8.6 (0.4) 8.6 (0.6)
PER 6.4 14 8.6 (0.2) 8.6 (0.2) 8.6 (0.3) 8.6 (0.2) 8.6 (0.3) 7413 8.4 (0.5) 8.3 (0.5) 8.6 (0.4) 8.6 (0.6)
InP 6.6 7 9.0 (0.3) 8.9 (0.3) 9.0 (0.3) 9.0 (0.3) 0@®.3) 8376,74 8.3(0.7) 8.2 (0.7) 8.5 (0.6) 8.5 (0.7) 9.2
BghiP 6.9 7 9.0 (0.2) 9.0 (0.2) 9.1 (0.2) 9.0 (0.2) 9.1(0.2) 78479,76 8.5 (0.5) 8.4 (0.6) 8.4 (0.7) 8.6 (0.6)

* number of data on whicKg is based.

'(34),%(3), %(22), “(44), *(39), °(40), "(23), °(4).
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The best fit to the data was observed withc = 0.74 for PCBs andg ac = 0.82 for PAHSs.
These values are close to the Freundlich exponkatsaere fitted for BC. The fact that the
fit was best withne ac < 1 means that part of the variability in the dataindeed relates to
non-linear sorption as captured by the Freundletmtin eq 2. The sensitivity analysis
showed that changes m ac by £10% results in negligible (up to 0.1 Log unifjanges in
LogKac values (Table 1). The linear model, however, redulte significant changes in
LogKac (up to 0.3 Log unit) and an increase in variat{®D) in LogKac. Therefore, we
conclude that the results from the optimized noedr scenario are to be preferred for AC as
well, and therefore are used for further discussioda calculations.

For PCBs, PHE, FLU, PYR, CHR and BbF, SD in corresiiag in situ LogKac
estimates per chemical is between 0.1 and 0.4tHeohigher molecular weight PAHs BaP,
BeP, PER, InP and BghiP), SD range from 0.5 to Dablg 1, Figure 1b). The variability per
chemical (SD from 0.1 to 0.7) may reflect the difigces in site conditions and types of AC
used. The relatively low variation in LEgc for PCBs and low molecular weight PAHs can
be understood if these chemicals are more avaifablequilibrium redistribution than higher
molecular PAHs. After all, the model as condense@q 4 assumes that HOCs originally
bound to BC, can be redistributed to AC. If (a)rigolecular PAHs are distributed more
slowly, and (b) the kinetics of this process vanath the type of BC, this will result in a
higher variation in apparent LEgc values for sites with different types of BC, detmore
since equilibration times ranged from 28 to 180 sdgyable S1). This explanation is
supported by literature data from Jonker and Koabn@8), who calculated ‘fractions
unavailable for equilibrium distributionfgp's) for six native PAHs and seven types of BC.
For charcoalfuep's were negligible, but for traffic soot, oil so@tpod soot, coal, and diesel
soot,fuep's were approximately 0.5 for PHE and increased watlghly 50% with increasing
PAH molecular weight. If their hypothesis of occbrsof PAHS in the soot core holds for the
current sediments, 'apparelgc values after AC amendment in fact may be overedéad)
dependent on the magnitude of thgy's. Note that Lol§ac values would be overestimated to
a similar extent (because BC dominates the nuntenateq 4) so that this speculated bias
would not affect our evaluation of AC competititeength.

In contrast to the Ldgsc values (Figure la), Ld¢nc values hardly increase with
LogKow (Figure 1b). Between Ld&gpw = 4.9 - 6.3 for PCBs and 5.2 - 6.9 for PAHSs, the
change in LoBac is not significant (Kruskal-Walligy2(5) = 3.353,p = 0.340 for PCBs and
x2(5) = 4.537p = 0.475 for PAHs). Consequently, the variabilityn situ LogKac values can
be captured in a single median value per chemileasc Interquartile ranges are 7.0-7.5
(median 7.2) for PCBs. and 8.3-8.8 (median 8.6)P/AHs. The absence of a dependency of
LogKow agrees with earlier observations for virgin CMdyiela can be explained by linear
hydrophobic partitioning being much less importéort sorption of HOCs to powdered AC
than surface sorptiof38).

Thein situ Kac estimates are in a good agreement with recematitee datg39, 40)
and are approximately one to two order of magnitogieer than the distribution coefficients
measured earlier for virgin A@8) (Figure 1b).
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Figure 1. BC-water (a) and AC-water (b) Freundlich affinitgnstants (SD) for PCBs (circles), and
PAHSs (triangles), as a function of Udgy. Ksc andKac are calculated using eqs 4 and 5 withc =
0.82 andngac = 0.74 for PCBs andggc = 0.83 andhg ac = 0.82 for PAHs (Table 1). Open symbols
are pure AC- water distribution coefficients takkeom the literaturg38).
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This may be explained by the lower concentratiordieg in the experiments with pure AC
or by ‘fouling’ of the AC adsorption surfaces bytumal organic matter in the sedimeas,
27, 41-43) Fouling played no role in the experiments witlgin AC as this was washed prior
to use(38).

Despite the attenuation of HOC sorption, the ACbeats were sufficiently powerful
to reduce the pore water concentrations (Table Bigrestingly, Lo¢ac - LogKow trends
and differences between PCBs and PAHs are quitgasifor the virgin AC and thén situ
AC data (Figure 1b).

Using the calibrated model, the relative contribng of OC, BC and AC to total
sorption can be estimated using eq 3. The relam@ortance of sorption to BC and AC is
substantial. Before addition of AC, BC accountedd® (for octa-CB) to 94% (hexa-CB) and
96 (BghiP) to 99% (PHE) of the total sorption forB¥Cand PAHS, respectively (Figure S2
and S3). Addition of AC resulted in a calculatedis&ribution of chemicals in the system and
then BC accounted only for 10 (di-CB) to 45% (o€} and 5 (FLU and PYR) to 39%
(BghiP). The added AC, in turn, accounted for 50%tge¢CB) to 90 (di-CB) and for 60%
(BghiP) to 95 (FLU and PYR) of the total PCBs amsHB, respectively (Figure S2 and S3).
To compare the sorption strength to BC and AGagKsgc ratio was calculated for each
individual PAH and PCB homologue group. It appeatbdt the ratio decreases with
increasing hydrophobicity of the compounds for be@®Bs and PAHs (Figure S4). For PCBs
and PAHSs, the ratio is higher than 1, i.e. AC is 8tronger sorbent, for chemicals with
LogKow < 6.3 and 6.6, respectively. This is favorable franrisk reduction perspective
because these chemicals typically are the mostailadle in aquatic sediments. For PCBs
and PAHs with higher Ld§ow values, BC seems to be stronger, implying thakybul
molecules of compounds with high Lgy might need more time to reach the AC sorption
sites.

Implications for designing an activated carbon dose

The calibrated model now can be used to predictetfextivity of AC amendments given
native OM and BC contents of aquatic sedimentsndgJihe above calibrations &fac, Kgc,
Neac @and nege, €q 3 can be used to generalize the effect of Aditian on pore water
concentrations. This may facilitate the design of dé3ing for PCB and PAH contaminated
sediments. To illustrate the reduction of HOC agse@oncentrations under natural
conditions, eq 3 was solved numerically for PHE, BaRd InP as example chemicals.
Furthermore, a high and a low sorption scenarioewalculated in order to predict the
consequences of parameter uncertainty (optimkggand Kac + 95% CI, optimizedng +
10%). It appears that even with sorption affinitgrggmeters at the low ends of their
uncertainty ranges, the pore water concentrationssanificantly reduced (up to 90%)
already at AC levels of 1 % (Figure 2 and Figurg. Ssurthermore, it appears that the
predicted effectivity of AC decreases with incregsihydrophobicity of the PAH. This
follows from the fact that binding to AC was modelelentically for these chemicals (i.e.
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LogKow independentKac), whereas sorption to the competing phases OM B@dwas
observed to be stronger at higher Keg.

Once sufficient field data are available, it wi# bequired to validate the applicability
of our conceptual model under sualsitu conditions.
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Figure 2. Effect of AC dose on the reduction of PHE (dottd®BP (short dash), and InP (long dash)
agueous concentrations. The reduction in aguecuseotrations after AC amendment was calculated
numerically using eq 3 and the optimized AC bindagameters as presented in Table 1.
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Supporting Information

Table S1.Reported data on AC amendment of sediment systachsndividually calculated affinity
parameters fain situsorption of hydrophobic organic compounds to BG AQ.

AC Contact Sediment -~ Ceu C\?v' Gy, OC, AC, BC, logKac, logKac,  peterence
time, d type ua/kg ng/L ng/L % % %  Negcop=0.82Ng acop=0.74

TOG® 28 Freshwater di-CB 10 20 0.1 322 161 064 63 6.6 1
Calgon Carbon sandy tri-CB 10600 580 50 322 161 064 69 7.6
tetra-CB 23950 490 180 322 161 064 7.3 73
(virgin powderec penta-CB 8530 60 40 322 161 064 7.6 7.1
bituminous coal, Freshwater di-CB 50 10 01 370 185 0616 60 72
75-300 pm) sandy wi-CB 31230 1550 180 370 1.85 0616 7.1 76
tetra-CB 40650 700 320 370 1.85 0616 75 7.2
penta-CB 12040 80 50 370 185 0616 7.7 71
Freshwater, di-CB 840 300 3 517 2.5850.365 6.2 72
clay/silty  tri-CB 2540 410 6 517 2.5850.365 6.6 7.4
tetra-CB 1950 110 10 5.17 2.589.365 6.9 71
penta-CB 670 16 6 5.17 2.5850.365 71 6.7
Freshwater di-CB 10  0.85 0.16  0.83 0.4150.258 6.6 7.0
sandy tri-CB 40 25 135 083 0.4150.258 6.9 6.6
tetra-CB 110 2.5 15  0.83 0.419.258 73 7.0
penta-CB 90 05 0.33  0.83 0.4150.258 7.8 73

TOG® 28 Marine, ri-CB 10  1.95 001 150 3.4 020 6.4 6.9 2
Calgon Carbon sandy tetra-CB 250 8.8 0.1 150 3.4 0.20 7.2 75
penta-CB 1250  10.2 0.8 150 3.4 0.20 8.0 76
(virgin powderec hexa-CB 3423  10.9 218 15034 020 8.4 76
bituminous coal, hepta-CB 3635 5 145 150 34 0.20 8.7 7.7
75-300 um) octa-CB 1348 125 035 150 34 0.20 8.7 7.7
180 Marine, ri-CB 10  1.95 001 150 34 020 6.4 6.9
sandy tetra-CB 250 8.8 0.15 150 3.4 0.0 73 75
penta-CB 1250  10.2 0.4 150 3.4 020 7.7 76
hexa-CB 3423 109 118 15034 0.20 8.4 7.9
hepta-CB 3635 5 143 150 3.4 0.20 8.7 7.8
octa-CB 1348  1.25 033 15034 020 8.7 7.8

TOG® 28  Marine, ti-CB 10  2.42 0.38 150 0.34 0.20 6.3 6.7 3
Calgon Carbon sandy tetra-CB 250 9.4 406 150034 0.20 7.3 71
penta-CB 1250 12 642 150 0.34 0.20 76 73
(virgin powderec hexa-CB 3423  16.6 101  1.500.34 0.20 8.2 7.8
bituminous coal, hepta-CB 3635  9.33 62 150 0.34 020 85 7.9
75-300 pm) octa-CB 1348 2.6 2 150 0.34 0.20 8.4 7.7
Marine, i-CB 10 242 001 150 1.7 020 6.3 72
sandy tetra-CB 250 9.4 013 150 1.7 020 73 7.8
penta-CB 1250 12 075 150 17 020 76 7.7
hexa-CB 3423  16.6 225 15017 0.20 8.2 8.0
hepta-CB 3635  9.33 3 150 1.7 0.20 8.5 7.8
octa-CB 1348 26 1 150 1.7 0.20 8.4 7.7
Marine, ti-CB 10 242 001 150 34 020 6.3 6.9
sandy tetra-CB 250 9.4 0.13 150 3.4 0.0 73 75
penta-CB 1250 12 075 150 3.4 0.20 76 7.4
hexa-CB 3423  16.6 225 15034 0.20 8.2 7.7
hepta-CB 3635  9.33 225 150 3.4 0.20 8.5 76
octa-CB 1348 26 138 150 34 0.0 8.4 7.1
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Table S1.(continued)

Contact Sediment Ceds C\?v , C\}V , OC, AC, BC, LogKsgc, LogKac,

AC time,d  type HOCs ua/kg % % %  Ngpcop=0.83 Ngac opi=0.82

Reference

ng/L ng/L
Sigma-Aldrich 31 Harbour, PHE 1100 16.8 4.9 395 02 0.25 7.6 8.0 4
silty FLU 2930 29.8 3.7 395 0.2 0.25 7.8 8.6
(untreated PYR 3900 54 106 395 02 0.25 7.7 8.3
powdered, CHR 5400 45 2.3 395 0.2 0.25 8.8 8.8
37-149 um) BbF 7000 8.8 62 395 02 025 8.7 8.3
BeP 1240 2.1 1.4 3.95 02 025 8.4 8.1
BaP 3800 3.3 3 395 0.2 0.25 8.7 7.8
PER 1420 0.64 0.63 39502 025 8.9 7.1
InP 2220 0.48 047 395 02 0.25 9.2 7.6
BghiP 2030 0.43 0.4 395 0.2 0.25 9.2 8.1
Harbour, PHE 1100 16.8 2.8 3.95 05 0.25 7.6 7.9
silty FLU 2930 29.8 079 3.95 05 0.25 7.8 8.8
PYR 3900 54 2.8 3.95 05 0.25 7.7 8.5
CHR 5400 45 0.5 3.95 05 0.25 8.8 9.2
BbF 7000 8.8 2.3 395 05 0.25 8.7 8.7
BeP 1240 2.1 045 39505 0.25 8.4 8.5
BaP 3800 3.3 1.03 39505 0.25 8.7 8.7
PER 1420 0.64 032 39505 0.25 8.9 8.5
InP 2220 0.48 033 395 05 0.25 9.2 8.5
BghiP 2030 0.43 025 39505 0.25 9.2 8.7
Harbour, PHE 1100 16.8 098 395 2 0.25 7.6 7.7
silty FLU 2930 29.8 0.6 395 2 025 7.8 8.3
PYR 3900 54 1.2 395 2 025 7.7 8.2
CHR 5400 45 014 395 2 0.25 8.8 9.1
BbF 7000 8.8 049 395 2 025 8.7 8.8
BeP 1240 2.1 013 395 2 0.25 8.4 8.5
BaP 3800 3.3 0.3 395 2 025 8.7 8.6
PER 1420 0.64 007 395 2 025 8.9 8.7
InP 2220 0.48 014 395 2 025 9.2 8.6
BghiP 2030 0.43 012 395 2 0.25 9.2 8.6
Harbour, PHE 1100 16.8 14 395 4 0.25 7.6 7.3
silty FLU 2930 29.8 017 395 4 0.25 7.8 8.5
PYR 3900 54 025 395 4 025 7.7 85
CHR 5400 45 042 395 4 025 8.8 8.4
BbF 7000 8.8 025 395 4 025 8.7 8.7
BeP 1240 2.1 005 395 4 025 8.4 85
BaP 3800 33 0.1 395 4 025 8.7 8.8
PER 1420 0.64 003 395 4 0.25 8.9 8.8
InP 2220 0.48 0.06 395 4 0.25 9.2 8.7
BghiP 2030 0.43 006 395 4 0.25 9.2 8.6
Harbour, PHE 6200 128 3.9 650 2 0.9 7.6 8.0
sandy/silty FLU 24000 171 1.3 6.50 2 0.9 7.8 8.6
PYR 24000 261 2.3 6.50 2 0.9 7.7 8.3
CHR 31000 21 035 650 2 0.9 8.8 8.8
BbF 29000 18.4 057 650 2 0.9 8.7 8.3
BeP 5400 4.2 011 650 2 0.9 8.4 8.1
BaP 22000 9.8 032 650 2 0.9 8.7 7.8
PER 4000 1.3 015 650 2 0.9 8.9 7.1
InP 8000 1.18 011 650 2 0.9 9.2 7.6
BghiP 8000 0.88 011 650 2 0.9 9.2 8.1
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Table S1.(continued)

AC Contact Sediment |, o Cau C\?v, Gy, OC, AC, BC, LogKec, LOgKsc, Reference
time, d type pa/kg ng/L ng/L % % % N pcop=0.83N¢ ac op=0.82
Sigma-Aldrich 31" Harbour, PHE 1100 59 2.17 158 2 012 75 7.4 4
sandy FLU 1600 59 0.25 158 2 012 7.6 8.4
(untreated PYR 1700 59 0.4 158 2 012 7.7 8.2
powdered, CHR 1730 8 0.1 158 2 012 8.4 8.7
37-149 pm) BbF 890 6 009 158 2 012 8.2 8.5
BeP 640 1.8 0.04 158 2 0.12 8.5 8.6
BaP 300 2.8 0.04 158 2 0.2 8.0 8.3
PER 490 0.59 0.02 158 2 012 8.8 8.7
InP 180 0.45 0.02 158 2 012 8.4 8.3
BghiP 310 0.36 0.02 158 2 0.2 8.8 8.5
Harbour, PHE 70 3.8 0.02 191 2 0.09 7.4 7.9
sandy FLU 470 37 0.02 191 2 0.09 7.4 8.8
PYR 700 48 0.02 191 2 0.09 7.5 8.9
CHR 300 1.8 0.02 191 2 0.09 8.3 8.6
BbF 170 0.98 0.02 191 2 0.09 8.3 8.3
BeP 50 0.21 0.02 191 2 0.09 8.3 7.7
BaP 130 0.33 0.02 191 2 0.09 8.6 8.2
PER 60 0.21 0.02 191 2 0.09 8.4 7.8
InP 40 0.05 0.02 191 2 0.09 8.7 7.4
BghiP 50 0.05 0.02 191 2 0.09 8.8 75

Benzo[a]pyrene (BaP), benzo[b]fluoranthene (BbFgnzm[e]pyrene (BeP), benzo[ghi]perylene
(BghiP), benzolk]fluoranthene (BkF), chrysene (CHR)oranthene (FLU), indeno(1,2,3-cd)pyrene
(InP), phenanthrene (PHE), and pyrene (PYR)

1(10), %(12), (26), %(25)

“at 60° C followed by 47 d at 22° C
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Figure S1.BC-water Freundlich affinity constants (SD) for PCRircles) and PAHs (triangles),
calculated using eq 4 with optimized (closed symbols), and: calculated using the exponential
model eq 6 (open symbols).
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Abstract

Sediment amendment with activated carbon (AC) ipr@mising technique foin situ
sediment remediation. To date it is not clear waetthis technique sufficiently reduces
sediment-to-water fluxes of sediment-bound hydrdyh@rganic chemicals (HOCs) in the
presence of bioturbators. Here, we report polycdidmphenyl (PCB) pore water
concentrations, fluxes, mass transfer coefficieants, survival data of two benthic species, for
four treatments: no AC addition (control), powdeAd addition, granular AC addition and
addition and subsequent removal of GAC (sedimeaigpshg). AC addition decreased mass
fluxes but increased apparent mass transfer caftec due to dissolved organic carbon
(DOC) facilitated transport across the benthic la@ug layer (BBL). In turn, DOC
concentrations depended on bioturbator activityclhwas high for the PAC tolerant species
A. aquaticusand low for AC sensitive speciés variegatus A dual BBL resistance model
combining AC effects on gradients, DOC facilitatemhsport and biodiffusion was evaluated
against the data and showed how the type of resistdiffers with treatment and chemical
hydrophobicity. Data and simulations illustrate tbemplex interplay between AC and
contaminant toxicity to benthic organisms, and hdifferences in species tolerance affect
mass fluxes from sediment to the water column.

Introduction

Contaminated sediments may pose a risk for theogmall quality of surface wate(&, 2)
Various remediation strategies like dredgiimgsitu capping andn situ treatment have been
developed to reduce the risk associated with canted bed sediment. Such strategies often
aim at reducing the fluxes of hydrophobic orgariericals (HOC) from the bed sediment to
the overlying water, making them less available tmtake by aquatic organisms and
accumulation in the food we3). Consequently, sediment to water transfer is goontant
endpoint when developing, evaluating or comparimgtaminated sediment remediation
alternatives.

Adding activated carbon (AC) to sediment has beespgsed as a remediation
technique to reduce HOC release to the overlyingmd, 5). AC is known to bind sediment-
bound HOC strongly and to efficiently reduce tHaoavailable fraction$6, 7) Most earlier
studies addressed the effectiveness of powderaedhtmat carbon (PAC), whereas granular
activated carbon (GAC), i.e. activated carbon waitparticle size >300um, has been studied
less frequently8). A recently proposedx situtechnique, referred to as ‘sediment stripping’,
uses addition and subsequent removal of GAC teeaygtclean the sediment without leaving
substantial traces of A@B). Sediment-to-water fluxes of HOCs are an importandpoint to
assess the relative effectiveness of such treagn{@nt HOC fluxes are hypothesized to
decrease if carbon phases like PAC or GAC are ptasesediment9, 10) Such fluxes,
however, may also be affected by bioturbation. Bioation may increase the fluxes by
mixing of particles and pore watgdll, 12) It has been shown that in low-energy
environments, bioturbation is likely to be of equalportance as particle resuspension
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transport or to even dominate the contaminant meverm the upper sediment laydas3-
15). The mechanism behind bioturbation-driven releasecamtaminants from sediment
includes upward transport of contaminants sorb&udaily to the sediment particles, i.e. to
the sediment-water interface, followed by contamisadesorption to the interfacial water
with subsequent diffusion through the benthic b@updayer (BBL) to the overlying water
(16). Additionally, it may be hypothesized that biotation decreases the thickness of the
BBL and affects dissolved organic carbon (DOC) emi@tions, processes that both affect
the fluxes of HOCs.

To date, it is not clear how the presence of AC @airrence of bioturbation interact.
Bioturbation may increase fluxes such that AC addimay be less effective than anticipated.
On the other hand, added carbon phases like AC lraag negative impacts on the habitat
quality and benthic organisms therefore may redte& activity (10, 17) Several studies
have reported negative effects on growth and saha¥ benthic organisms. Koelmans and
Jonker(10) showed that addition of black carbon (BC) redubedurbation, which together
with BC's sorption capacity might constitute a lleudock’ on sediment bound contaminants,
thus decreasing exposure for benthic invertebrdt@gsortant current questions are: whether
this mechanism also is relevant for AC, and fofeddnt AC alternative treatment scenarios,
like PAC addition, GAC addition or sediment stripgi Furthermore, it is important to know
whether bioturbation can reduce the effectivenésediment remediation with AC.

The primary aim of this study was to assess thectfEness of four remediation
scenarios: (a) no treatment (control), (b) additbdrpowdered AC, (c) mixing with granular
AC, and (d) sediment stripping with granular AC. Rathts were pore water concentrations
in the treated sediments, as well as sediment-vilatezs, the latter through measurement of
chemical mass released from the bed iangitu sediment-to-water mass transfer coefficients
(KL), which express the rate of contaminant releas®a the sediment bg@®, 10, 14, 18, 19)
The second aim was to investigate the effect ofubbattion on the effectiveness of the four
remediation scenarios and to further develop matelsintegrate the different processes.

Sediments treated according to the four scenarere vaken from a field remediation
trial experiment running at the experimental fagilthe Sinderhoeve (Renkum, The
Netherlands). Pore water concentrations were atsyrnaeasured using negligible depletion
passive samplind20), whereas laboratory flux measurements followed ritethodology
recently developed by Koelmans et(® 10) using Empore disks as a sink for HOCs in the
overlying water. Flux measurements included treatmewith two bioturbators, i.e. the
sediment dwellet.umbriculus variegatusnd the waterlousAsellus aquaticusTo test the
impact of AC treatment on bioturbation activity,ettsurvival ofL. variegatusand A.
aguaticusin the test sediment was checked using 28-d latmyrdioassays. Measured fluxes
were interpreted mechanistically using mass trarspodels.
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Materials and Methods
Chemicals and materials

Details on chemicals, materials, and pretreatmémhaterials are provided as Supporting
Information.

Activated carbon treatments

Sediments were taken from a field scale remediatited at the Sinderhoeve facility
(Renkum, The Netherlands). For this field experimeanhtaminated freshwater sediment was
dredged from The Biesbosch National Park, The Nethdd, in the second half of 2011.
Organic carbon contentipc was 0.0471+0.0016 (n=3)}1;PCB concentration in the
Biesbosch sediment was 700 pg/kg, 2ndPAH concentration was 11 mg/kg (Table S1).
These values as well as concentrations of metatd, petroleum hydrocarbons and DDT in
the sediment were above threshold effect ley2ls 22) Forty four tons of the dredged
material (d.w. 53%, bulk density 1.7 thmwas transported to the experimental facility
Sinderhoeve, Renkum, The Netherlands, where fdohes (15n length, 1.5-2 m width, 1 m
depth) were prepared prior to the experiment. Tlitnsnt was sieved on a 20 mm sieve,
diluted with groundwater to 20% d.w. and homogethizstter 4 h, 25% of the sediment was
pumped into ditch 1 (untreated sediment) and 25%eftediment into ditch 2. The sediment
in ditch 2 was amended with 170 kg PAC to obtain 4%. in the upper 10 cm of the
sediment (PAC sediment). Granular activated car340® kg) was added to the remaining
50% of the Biesbosch sediment and mixed for 3 hnThalf of this mixture (25% of the
original sediment quantity) was pumped into ditc(GRAC treatment). The other half of this
mixture was mixed for two days (in total 48 h)eaftvhich the GAC was sieved out with a 1
mm sieve. The latter procedure thus 'strips’ the BI®@n the sediment in 48 h, after which
GAC also is removed by sieving. The resulting segbpsediment (25% of the original
sediment quantity) was pumped into ditch 4 (“steigp sediment). Because of the large
quantities of sediment, industrial sieves (1.6xi0 mesh size 1 mm) and two electric
submersible pumps, i.e. Tsurumi Pump KTV2-80 (400WH& 3-phase 80 mm hose
coupling), were used on site. The sediment in atlhaéis was allowed to settle for four days
before sampling.

A representative mixed sample was taken from ed&ch dsing a PVC core sampler
(4 cm inner diameter) and on the same day transpaot the laboratory. The mixed sediment
samples were homogenized with an electrical stimefl0 min, after which the sediment was
diluted with water from the corresponding ditchaichieve a liquid solid ratio of 5, which is
comparable to the conditions in the ditches. Theultieg slurry was homogenized
mechanically and then divided in eight represevgasubsamples using a Retsch sample-
divider. Three samples, each made by pooling twosauples from the sample-divider
together, were transferred to 2.5 L brown colorettlés, which were shaken horizontally
(120 rpm) at room temperature for 28 d. One subsamas used for the survival experiment
and one for a determination of PCB concentratiarthé sediment and pore water.
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Determination of PCB concentrations in pore water

Pore water concentrations were measured using ygiyethylene (POM) negligible
depletion passive samplin@0). The details are provided as Supporting Informati®GB
agueous concentrations were calculated from theesdrations measured in the sampler
(Crom) using previously published POM-water equilibriyrartition coefficientsKpom (23,
24).

Organisms

Asellus aquaticusvas collected from the (uncontaminated) Duno pon@®oorwerth (The
Netherlands), using a sampling bucket. In the latooy, organisms were sorted to groups
with a size range 4-7 mm, which were kept in aeratgpper free water in a white bucket in a
climate-controlled room at 18 °C. Prior to the S&ays and flux experiments, organisms were
fed dry poplar leaves collected in the fieldimbriculus variegatyscultivated in house, was
kept in reared glass aquaria at 18 °C. Chlorine-ttellulose served as substrate, and the
aquaria were continuously flushed with copper fre¢er. Once a week, the organisms were
fed with pulverized flake fish food.

Survival experiment

Survival ofA. aquaticusaandL. variegatusn the untreated, PAC, GAC, and stripped sediment
was tested with whole-sediment bioassays followpngviously published procedurés?).
Briefly, 10 individuals were added to beakers witltm wet sediment and 200 ml (féc
aquaticu$ and 50 ml (forL. variegatu3 copper-free water. The beakers were aerateddand
aquaticuswere fed dry poplar leaves over a 28-d period. &geriment was performed in
triplicate in a climate-controlled room at 18°C hvid 12:12 light:dark cycle. Survival was
determined by gently transferring the beaker cdritea tray and counting living organisms.

Flux experiment

Flux measurements followed previously publishedugeand procedurd®, 10) This method
uses a setup with sediment and overlying waterhithvEmpore disks (ED) are placed. The
disks act as a sink for HOCs in the water and irdufiux from the sediment to the overlying
water. Disks are replaced from time to time andyaea for HOCs, from which fluxes and
mass transfer coefficients can be calculai@d10) In short, after the 28-d equilibration
period, the sediment samples from the brown bottlee transferred to 12 PVC cylindrical
cores (three cores per AC treatment; height 60imner diameter 6 cm). After settling for one
week, 10 individuals of.. variegatuswere added to one core per AC treatment (*no AC”,
“PAC”, “GAC” and “stripped”) and 10 individuals &&. aquaticusvere added to another four
cores. Per core, two Empore diskere placed, one directly above the other intamé& made

of stainless steel gauze (mesh size 1 mm) (FiglreS8pporting Information), which then
was connected to a stirring rod. Gauze frames wesggned such to keep the disk surfaces
fully open to the overlying water and were posiédnat a distance of 10 cm from the
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sediment surface. The twelve stirring rods were eoted by a chain driven by one stirring
motor to ascertain equal stirring conditions in twes. Stirring of the overlying water
occurred by rotation of the disks at the highesisgale rate before sediment resupension
occurred (30 rpm). Empore disks were replaced inotrexlying water at incremental time
intervals after 0.17 (4 h), 1, 2, 7, 14, 28, 42] &6 d. Nephelometric turbidity (NTU) in every
core was measured on a weekly basis using a pertatilidity meter (Aquaflud!, Turner
designs, Sunnyvale, CA, USA). Because overlyingewabuld not be sacrificed for DOC
measurements, turbidity was used as a proxy f@obisd organic carbon (DOC), assuming 1
NTU = 1 mg/L DOC(25).

Chemical analysis

Empore disks and untreated sediment were extracied an Accelerated Solvent Extractor
(ASE 350, Dionex, USA) and then cleaned following girocedure described in Jonker and
Koelmans(20). PCB concentrations in sediment, Empore disks, RO were determined
using GC-ECD. Details on the chemical and instrurdeantalyses are provided as Supporting
Information.

Data analysis

The flux of PCBs from the sediment pore water todherlying water @seq pg/mé/d), can be
described as a product of the concentration gradietween pore- and overlying water, and

the sediment-to-water mass transfer coefficieﬁzt (m/d)(9, 10, 26)

Beq = KE(CPW _Cow) 1)

where Cpy and Cow (ng/L) are the concentrations in pore water aneérlging water,

respectively. The reciprocal 8 can be interpreted as the overall transport @sist, which

is the sum of the transport resistances relatingnédecular diffusion in the sediment bed,

transport across the BBL, and bioturbation. If molac diffusion in the sediment bed is not

rate-limiting, 1/K_ equates t¢12):
1_1, h

KL & DKyp,

()

The termh/DyKgpp accounts for the impact of bioturbation whdre(m) is the average
bioturbation depth in the sediment bé&x,is a biodiffusion coefficient, representing pasicl
diffusivity in the bed (ffd), K is the sediment-to-water partition coefficientkd) andpy, is
the dry density of the particles (kg/(32). If BC and/or AC is present in sedimelt, can be
approximated a&7).

Kd = fOCKOC + fBCKF,BCCQ\'/:\;BC_l + fACKF,ACCIZr’]\'/:\;AC_l (3)

in whichfoc, fsc andfac are the organic carbon, black carbon and activeaelolon fraction of
the sedimentKoc the organic carbon normalised partition coeffitidf: gc and Ke ac the
Freundlich adsorption coefficients for BC and AGpectively, anthg gc and ng ac are the
Freundlich exponents for sorption to BC and AC eetipely. The parameter is the water-
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side BBL mass transfer coefficient (m/d). If DOCpiesent in the water, transport of DOC
associated HOCs may contribute to the overall BBassntransport. Based on a model
analysis provided by Ter Laak et(aB) we derived the following expression foXderivation
provided as Supporting Information):

k=K, +K°K,,.[DOC] (4)
wherex now is the apparent DOC-inclusive mass transfer caeffic(m/d),K is the mass
transfer coefficient of freely dissolved PCBs (m/&)°°“is the mass transfer coefficient of

L

DOC-bound PCB (m/dKpoc is the DOC-water partition coefficient (L/kg) afldOC] is the
concentration of DOC in the aqueous phase (kg/L).

Apart from the flux in eq 1, the Empore disk in tbeerlying water induces an
additional flux@ep (ng/nf/d) from the overlying water to the disk:

C
Go = KLED(COW - KESI’:&BJ (5)
d

where KLED (m/d) is the apparent mass transfer coefficiemt HOC transfer from the

overlying water to the Empore diskgp is the concentration in the;§phase on the Empore
disk (ng/kg) and K;°“*® is the PCB G Empore disk-to-water equilibrium partition

coefficient (L/kg). Note that the apparekitLED may account for DOC facilitated transport like
K_in eq 4, that isK ™ = K

Caterony T KL K poc[ DOC] . The effect of the serial fluxes on the
HOC concentration change in the overlying water lbarcalculated by combining the right
side of eqs 1 and 5 and correcting for sedimerfaserareafses n°), Empore disk surface
area fep, MP), and overlying water volumé/gw, m°). This yields a mass balance equation
for the overlying water, which can be complementth similar mass balance equations for
the pore water and the Empore disks. These eqsatene published befor®, 10)and are
provided as Supporting Information. The model wted to the cumulative masses of PCBs
extracted by the Empore disks, which yields estsatf the mass transfer coefficient for the
Empore diskK *°, the pore water concentration at time z€p, (o, andK, (9, 10) In most
cases the model fitted the data well (Figures S®-38 case of PCB detection limit problems
for individual Empore disk extractions, accurats tiould not be obtained. Further details on
the model equations and fitting procedure are pleias Supporting Information.

Pilot experiments with phenanthrene and free fi@aEmpore disks, resulted i~

of 3.3 m/d in pure water (Figure S2). The currembtimized K™° values averaged 20 m/d

(interquartile (IQR) range 4.9-43 m/d) (Table S&hjch is a factor of 6 higher than the value
obtained from the pilot test and ~100 times highan previously reported values of 0.18 and

0.24 m/d for PCBs and PAK®, 10) The individualK® values varied among systems and

congeners but showed no trend with either PCB Iphbicity or turbidity (multiple
regressionp = 0.181) (Table S7).

71



Chapter 4

Treatment effects on partition coefficients weretdéd using one-way ANOVA
followed by Tukey’s post-hoc tegh € 0.05) using PASW Statistics 17.0 (SPSS, ChicHgo,
USA). Non-linear and multiple linear regression lgs@s were performed in Microsoft Excel
2010 (Microsoft Corporation, Redmond, WA, USA).

Results and discussions

Effects of AC treatment on PCB pore water concentrions and sediment-
water partitioning

Here we discuss the efficiency of the treatment€ R&dition, GAC addition and sediment
stripping in reducing pore water concentrations ammleasing sorption to the sediment, as
compared to the control. Treated sediments werdilagied for 28 d after which pore water
concentrations were determined. Sediment treatmetis PAC, GAC, and sediment
stripping with GAC resulted in reductions of aqueausPCB concentrations of 100, 85 and
93%, respectively. FokE;3PAH these concentration reductions were 100, 938, @r%.
Treatment effectiveness generally was higher foHRRAan for PCB (Figure S3 and S4),
which is explained by the higher affinity and thhigher sorption of PAH to AC due to the
higher planarity and molecular surface area of PAbimpared to PCBE7, 29) At equal
dosages, i.e. 4% d.w., PAC reduces the aqueousrwatons more efficiently than GAC
because of the larger external surface area oddahment and the short intra- and interparticle
diffusive path length¢30). Note that we used equilibration for 28 d, whicAymot have
resulted in full equilibrium, especially for the GAtreatment. Still, these pore water
concentrations can be regarded as a proxy for talegen equilibration results of remediation
with AC. After all, 28 d of shaking will acceleratiee exchange and transport processes that
occur in the sediment at the Sinderhoeve field, sitel thus mimics a much longer post
remediation state.

The organic carbon-normalized sediment—water distion coefficients (Lofoc)
were calculated from the organic carbon cont&sd) (PCB concentrations in sedime@i{y
and POM-SPE based pore water concentratipq)( The resulting values were observed to
increase linearly with Ldgow according to LoKoc = (1.53 = 0.05)LoEow — (3.35 £ 0.35)
(R?=0.993; Figure S5). Ldfpwvalues were taken from van No¢BtL).

Effects of sediment treatment with activated carboron survival of A. aquaticus and L.
variegatus. Prior to the flux experiments the tolerarafebioturbators in Biesbosch sediment
was assessed using whole sediment bioassays. Testiod of the bioassays with.
aquaticuswas designed at 28 d. However, mortality of thgaaoisms was already observed
after 21 d, so the assay was terminated after &ledposure. The bioassay with aquaticus
revealed a decrease in survival in all treatmeb®s36%, Figure S6). Survival followed the
order PAC sediment > GAC sediment / stripped sedirreuntreated sediment (Figure S6),
with % survivors in untreated sediment being dtiadfly lower than in all AC-treated
sediments (one-way ANOVA, F (3, 8) = 14.55%65 0.001). This again confirms the positive
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effect of AC treatments on habitat quality fAr aquaticus(17). However, in this case
mortality still occurred in the AC treatments, wiimay have been caused by negative effects
of AC in combination with PCB, PAH and metal toxyc{17, 32) In contrast téA. aquaticus

L. variegatussurvived at all treatments and the number of iicdials were not statistically
different between treatments (one-way ANOVA, F &3,= 1.323,p = 0.333) (Figure S6).
From the bioassay results it was concluded that pecies survived sufficiently long to
enable studying the impact of bioturbation on sestinwater exchange of HOCs.

Effects of bioturbation and AC treatment on turbidity. Turbidity in the overlying water
was measured as a direct indicator of bioturbationthe systems without bioturbators,
average turbidity was low, except in the PAC sedin{Eigure S7 and S8). The high turbidity
in the PAC treatment was caused by suspended ftheakticles, which were observed in the
overlying water. In the presenceAdf aquaticusturbidity was enhanced in all systems, which
is attributed to bioturbation. In the presencd.ofariegatus turbidity was enhanced only in
untreated and in stripped sediment, i.e. the syswithout AC particles in the sediment. We
explain the lack of turbidity enhancement in the@And GAC treated sediments by a
reduction in bioturbation activity.

This reduction was not caused by mortality becasisevival was 100% for this
species (Figure S6). However, negative AC partefects have been reported far
variegatus such as reduction of egestion rate and lipidemr{83-35) Koelmans and Jonker
(10) reported a reduction in bioturbation activity lafnodrilus sp. in sediments to which
black carbon was added. Recently, effects of PACpopulation density of.. variegatus
under field conditions have been repor(d6). Therefore, sublethal effects on the activity of
the species are plausible and may have causedeadedn bioturbation activity.

PCB mass fluxesPCB uptake by the Empore disks showed an initedesduring which the
chemicals were extracted from the overlying watelljpwed by a second, slower uptake
stage, which was related to release from the sedimed (Figure 1, Figure S9-S20). The
guantity present in the overlying water at timeozeras negligible compared to the total
extracted quantity (i.eQep >> Qpw.t=g). This implies that the extracted PCBs origindien
the sediment, which is an important prerequisitetiie later assessment f . In systems
with bioturbators, the cumulative curves were miamear than in non-bioturbated systems
(Figure 1).
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Figure 1. Measured removed cumulative amount of CB-105 fawarlying water (a) in untreated,
PAC, GAC, and stripped Biesbosch sediment in theemte of bioturbators and (b) in untreated
sediment in the presenceAfaquaticusaandL. variegatus

This phenomenon was observed previoysl§) and shows that bioturbation causes higher
PCB release rates from the sediment. Releaseditigamvllowed the order PCB-4420 >18
>105 >28 >118 >138 > 31 >180 >153>155 >209 >170 >194 >204, which is roughly the order

of increasing PCB hydrophobicity (Table S3). In thygstems without bioturbators, PCB
removal in PAC treated sediment was up to 4 tinoeget, which is explained by the lower
pore water concentratiory in the presence of PAC (Table S3), causing a layradient
for transport to the overlying water (eq 1). In tBAC treated and stripped sediment, the
removed amounts were not always lower than in atecesediment (Table S3). This lack of
clear treatment effect for GAC and stripped sedinmeay relate to sediment heterogeneity or
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lack of equilibrium. Compared to GAC, PAC has a mingher surface area and is better
dispersed thus causing fast equilibration with Bi@&Bs. In the short term, treatment effects
thus can be expected especially for this treatnidm. presence dk. aquaticusn untreated,
PAC, GAC, and stripped sediment increased the atrexdracted by the Empore disks by 74,
1.6, 11 and 10 times, respectively, compared tosilee treatments without animals. In the
presence ol. variegatusthe increase was a factor of 30, 2.6, 4.8 and r2Spectively.
Remarkably, the factor increase is the least ferttbatment in which HOC sorption affinity
was highest (PAC). This suggests that mobilizaltipiioturbation may have been effectively
blocked by increased binding. It is unlikely thlaé$e differences between extracted amounts
can be explained by decreased bioturbation. Afterthe relative differences between
extracted amounts occur already in the first staigeclease, at time scales for which the
bioassays showed no negative effects.

Modeled pore water concentrationsEstimates of the initial pore water concentratiGay(

=0) decreased among treatments in the order untreat8dC > stripped > PAC sediment
(Table S4), which agrees very well with the resolt?OM-SPE experiment. However, the
estimated values were 2-50 times higher than thusssured with the POM passive samplers
(Figure S21). POM-SPE detects truly dissolved P@Bcentrations whereas the modelling
yields apparent total aqueous phase concentratiamsh may include DOC bound PCBs.
Consequently, we hypothesize that the differenexj@ained by the presence of DOC-bound
PCBs in the pore water. DOC would increase appgrerd water concentrations dependent
on the quantity of DOC and the PCB binding cons{art 38) Multiple regression analysis
showed that the fitted pore water concentrati®ag, = Significantly correlated with the
measured turbidity (NTU) as a proxy for DOC in thet systemsp(= 0.019) as well as with
LogKow as a proxy for the PCB-DOC binding const@pt= 0.030) (Table S7), which
confirms the hypothesis. Because the animal and tA@tments were shown to have
substantial effects on turbidity, they also affectiee initial apparent dissolved concentrations
in the pore waters. The relative increase in poagewconcentration in the presence of DOC
can be defined as follows:

ch _ ch 1

Cowizo  Cho” +Cpoc[DOC] 1+ Ky [DOC]

(6)

in which CZ>" (ug/L) is the truly dissolved PCB concentrationasred with POM passive
samplersCpoc is the concentration of PCB associated with DO@Kg), [DOC] is the DOC
concentration approximated from NTU (kg/L) akgoc = Cpod Chn" is the DOC-water
partition coefficient (L/kg). Eq 6 was used to swite DOC-water partition coefficients
(LogKpoc, L/kg). The resulting Logpoc values were positively correlated with gy
(Figure 2,p = 0.010, 0.008, 0.023 for untreated, GAC, angp#d sediment, respectively).
The regressions were statistically different froacle other, which implies that DOC binding
properties differed among treatments. Such diffeesnare plausible because differences in
bioturbation and presence of AC fines may haveltegun variations in DOC composition
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among the treatments. The regression for untresgdoment, Lo poc =0.96 LodKowt0.26,
can be assumed to reflect binding to amorphousnargaatter and is close to previously
published regressions of PCBs to DOC or humic a(38s 40) This analysis supports the
hypothesis that the observed difference betweely tiissolved and apparent aqueous
concentrations is explained from binding to DOCe Titaction of aqueous PCB concentration
bound to DOC was calculated from:

Fooe = ool 00 @
1+ K0 [DOC]

and ranged from 37 (CB-52) to 99 % (CB-194, 204) mrcreased with increasing Lidgw

(Figure S22). Apparent Ldg,. values calculated with the appar€y, -0 values appeared

to be up to two Log units lower than those basetruy dissolvedCpy values measured with
POM-SPE (Figure S5), an effect known in the literatas the ‘third phase’ effe@7, 38)
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Figure 2. Dissolved organic carbon — water sorption coeffitie(LoKpoc, L/kg) of PCBs in
untreated, GAC, and stripped sediment calculatetwex 2.

LogKpoc = (0.79 + 0.25) LoKow + (1.2 8+ 1.63), B=0.471,p = 0.010 (for untreated sediment),
LogKpoc = (0.74 + 0.24) Loow + (2.92 + 1.57), B= 0.454,p = 0.008 (for GAC sediment),
LogKpoc = (0.96+0.36) LoBow + (0.89+2.43), R=0.420,p=0.023 (for stripped sediment).

Effects of sediment treatment and bioturbation on mass transfer coefficients for
sediment water exchange.PCBK*L values for untreated sediment without bioturbators

showed no trend with hydrophobicity and had a medi®67 m/d (IQR range 0.05-0.078)
(Table S5). This range agrees very well to previousported values for systems were BBL
transport was rate limiting (Table S6). The facattmo trend with hydrophobicity was
observed is also consistent with transport beitg lienited in the BBL because molecular
diffusivities in water have limited rang®). However, our present values are not consistent
with intra- or interparticle diffusion in the sedemt bed because hydrophobicity should have
a large impact on the effective diffusivity govergithese in-bed processes. Therefore, we
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conclude that transport in the BBL and not in-béffusion was rate limiting, which also
supports the assumption underlying eq 2.

The K*L values for PAC, GAC, and stripped sediment systaitisout bioturbators

were partly in the above range, but also much higiagies up to 483 m/d were estimated,
especially for more hydrophobic PCBs (Table S5xdise the treated sediments generally
were more turbid than the untreated system with@ittirbation, the higher values may relate
to colloid or DOC facilitated mass transfer of tREBs across the BBI28, 41, 42) a

hypothesis which also is consistent with the pesitrend betweerK*L and Lo&ow and the
high values observed fdf =

The Ki values for systems with bioturbators were up to tunes higher tharKi

values for non-bioturbated systems. It is not jikéhat animal activity would affect the

gradient in eq 1, because mixing in the overlyirgexr already occurred by the Empore disk
stirrer and pore water PCB concentrations are oppased to drop given the negligible
depletion of the sediment top layers in this typéux experimentg9, 10) Consequently, we

explain this as an effect of bioturbation on thiekhess of the BBL or by an increase in
sediment porosity enhancing advective processeshat sediment interface and thus
facilitating PCB transport to the overlying watéd). However, bioturbation also contributed

to turbidity so these higheK*LvaIues also may be explained from DOC facilitatedsm
transfer. The differences iKt values between AC treatments wih aquaticusvere not so

pronounced. For worms, howeveKivaIues were elevated for systems with worms in

untreated sediment, but not for the systems wighsédiments treated with PAC (Table S5).
This again can be explained with decreased bicddgictivity ofL. variegatusin the systems
with AC-treated sediment which resulted in decrdaBEB mass transfer. This absence of

Ki enhancement in the variegatusworm treatments matches with the absence of tiiybid

enhancement in these systems, with was discusee@ aind explained from sublethal effects
of AC or generally black carbon on activity of tverms(10).

From the above observations we conclude that thearexement of mass transfer
across the BBL may have been driven by DOC fatglitaransport. Just like for the effect of
DOC on apparent solubility enhancement describeavgbtransport enhancement would
depend on the DOC concentration and the affinitthefPCBs for the DOC. This was tested

using multiple regression analysis, which revealesignificant correlation between LKQ*

and LoKow (p = 0.0002), thus confirming the hypothesis. Theemelgnce of Logton

measured turbidity (LogNTU) as a proxy for DOC was significant p = 0.146) (Table S7).
Several factors may explain the lack of signifieafar NTU. First, NTU is a rough proxy for
DOC in the systems, which most probably was a mxaf humic acids and natural colloids
from the sediment and resuspended fines from thetrA@ted sediments, which may have
varied over time and among cores. Furthermorerahge of NTU values was less than that
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of the LodKow values. Finally, variability in modelleKt values was considerable and may

have been larger than that for model@gy o values, for which the NTU dependence was
significant.

Mechanistic interpretation of mass transfer coeffieents. The detected dependence of
Kz on LoKow may also be mechanistically explained by evalmatibeqs 1-4. Combination

of eq 2 and 4 and simplification yields:
1 1 N h 1 A

K~ K_+KP®K__[DOC] D,K,g K,+KPC°NTUIOIOKS, K, (®)

in which b anda are intercept and slope of the linear relationdlogKpoc= aLogKowtb,
DOC/NTU an empirical ratio between [DOC] and NTwgdal is h/Dyg,. This equation was
evaluated using our measured medfarof 0.067 m/d, measured treatment spedifianda
estimates (Figure 2) and measutégvalues (Figure S5), and [DOENTU-10° (25, 43)

Values for K ”°¢ were taken as 0.82, based on data provided by Ter Laak et al, shoaing

more or less constant ratio of 0.02+0.01 betweagrstnt boundary layer diffusivities for
DOC-bound and freely dissolved PC&s8). The factoh/Dya, (=1) was estimated as 11060
(d/m)(L/kg) based on a typical bioturbation depthhef3 cm, a sediment densigy, of 1.5
kg/lL and an average biodiffusion coefficiel, of 1.8210° m?%d (44). Using this
parameterization, a theoretical scenario analy$ithe dependence ok, on LodKow
indicates that the transport resistance in the BBLate limiting for the PAC and stripped
treatments, whereas for the untreated and GACntezat also biodiffusion plays a role,
especially for the less hydrophobic congeners Kg6) (Figure 3). From this evaluation
we conclude that no term in eq 8 can be a priagiested and that the processes molecular
diffusion, DOC facilitated transport and biodiffasi all are potentially relevant in the
interpretation of the fluxes from the treated sestits.

Consequently, the full model as condensed in e@$8 tested quantitatively by fitting
the (composite) parameteks®° andA against the data. The other parameters were et at
values mentioned above, which were all indepengenédasured or taken from the literature.
Measured and modeleg,” values were not normally distributed and spannestders of
magnitude and therefore were Log-transformed. Thedeh fit (2 parameters and 46
observations) was highly significant (F-tgst; 0.0147), despite the scatter in the data (Figure
S23). The estimate for the apparéqt® was 0.00173 m/d (0.00036 - 0.01260, 90%Cl). This
is lower than the<, value for dissolved PCB (0.068 m/d), which canelzplained from the
humic aggregate associated PCBs having lower drffies in the BBL than freely dissolved

PCBs(28). The factorK ”°“/K is 0.025, which agrees very well to the 0.02+0K)1°° /K
ratio calculated from the data by Ter Laak e28). The estimate for the composite variable
A (=h/Dpm) was 11030 (d/miL/kg) (1105 — 51592, 90% CI), which also has ahhig

uncertainty, yet is practically identical to thelua of 11060 (d/mjL/kg) which was
calculated above using independent measured amchtlite data. From this analysis we
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conclude that the new integrated model is condistéth the data and that DOC facilitated
transport as well as biodiffusion affected the ntemssfer of PCBs.

100 1.
80 -
60 4~
40 1

20

% Resistance in BBL

O T T T 1

Figure 3. Percentage resistance to PCB transport in the &Btulated with eq 8, as a function of
PCB hydrophobicity, for the four remediation scéosr

Implications

The present study showed that sediment treatmemhh WC decreased pore water
concentrations and fluxes of PCBs. The efficienéythe AC-treatments decreased in the
order PAC > sediment stripping > GAC. This improwof sediment quality increased the
survival ofA. aquaticuswheread.. variegatuswas tolerant to all treatments. The presence of
bioturbators may lead to increased turbulencegssed fluxes and thus decreased efficiency
of sediment treatment with AC if the bioturbat@ach asA. aquaticusare tolerant to AC. If
bioturbators are not tolerant to AC as was the ¢asé. variegatusin PAC sediment, AC
might cause a decrease activity of the organisnasremenhancement of the flux occurs.
Sediment stripping, i.e. addition-removal of GAQJ dot have a negative effect on the test
species, which is an advantage of this remediagohnique. AC treatments and bioturbation
substantially enhanced mass transfer coefficientsDOC facilitated transport of HOC
through the BBL. Consequently, this process shialdaken into account when evaluating
the effectiveness of AC treatment or in the riskeasment of contaminated sediments, since
traditional pore water concentration alone may westemate mass fluxes and bioavailability.
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Supporting Information

Methods details

Chemicals and materials.Virgin powdered coal-based activated carbon SAgeBparticle
size 1-150 um) and granular activated carbon GA@Y2 (0.425 - 1.70 mm) were obtained
from Norit Activated carbon, Amersfoort, The Netlaeds. Empore” disks with a diameter

of 47 mm and coated with a;§phase with a volumeV(;®) of 144 um were obtained from

J.T. Baker, The Netherlands. Prior to use, thesdvgre cleaned with 10 ml methanol using a
vacuum filter and then air dried. Polyoxymethylesteets (POM; thickness 16n) were
obtained from CS Hyde Company, Lake Villa, IL, USBefore use, coupons of desired
weight (approximately 30-100 mg) were cut, washé&ti Wwexane, acetonitrile, and methanol,
and air-dried. The PCBs standards IUPAC number2@828, 29, 31, 44, 52, 66, 72, 77, 101,
103, 105, 118, 126, 138, 143 (internal standad9, 153, 155, 156, 169, 170, 180, 187, 194,
204, and 209 were obtained from Promochem (Wesaim@ny). CB-72 was obtained from
Ultra Scientific (North Kingstown, RI, USA). Othehemicals used were hexane and acetone
(Promochem; picograde), methanol (Mallinckrodt Bak&eventer, The Netherlands; HPLC
gradient grade), acetonitrile (Lab-Scan, Dublieldnd; HPLC grade), 2,2,4-trimethylpentane
(Mallinckrodt Baker, Deventer, The Netherlands),ridead Nanopure water (Sybron-
Barnstead, Dubuque, IA, USA), calcium chloride (Merp.a), sodium azide (Merck; p.a.),
aluminum oxide-Super | (ICN Biomedicals, Eschwe@eymany), and silica gel 60 (Merck;
70-230 mesh). Prior to use, silica gel was activatie180 °C for 16 h, and aluminum oxide
was deactivated with 10% (w/w) Nonopure water.

Determination of PCB concentrations in pore waterPCB concentrations in sediment pore
water were determined using the POM-SPE met{&@). An amount of wet sediment,
corresponding to about 10 g of dry weight, was ghtunto a full glass 50 mL bottle and the
bottle was filled with an aqueous solution of sadiazide (50 mg/L) and calcium chloride
(0.01 M) in Millipore water. After the addition @ POM coupon with a known weight, the
bottles were shaken on a shaker table &2and 150 rpm for 28 d. Then, the pieces of POM
were recovered, cleaned with wet tissue, and extlawith acetonitrile. Finally, internal
standard (CB-209) was added. PCB aqueous condensatvere calculated from the
concentrations measured in the sampl@gofy) using previously published POM-water
equilibrium partition coefficient&pom (23, 24)

Chemical analysis. Empore disks were extracted twice with 20 ml metthamsing an
Accelerated Solvent Extractor (ASE 350, Dionex, J.S&xtracts were concentrated to 1 mL,
exchanged to hexane, and cleaned oveD#silica gel columns. Eluates were concentrated
to 1 mL, desulpherized using Cu powder in the stirac bath, and exchanged to iso-octane.
Eluates were reduced to 0.2 mL and the internaidstal (CB-143) was added. Recoveries
and experimental and analytical blanks (three peryel2 samples) were used in the analysis.
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The recoveries ranged 85.3(£3.2) — 113(+3.9)%. Datee corrected for blanks. Untreated
sediment (approximately 1 g d.w.) was extractechwid ml hexane/acetone (3:1 v/v) using
ASE, and then cleaned following the same procedwgrdor Empore disks. The sediment
analysis was done in triplicate with relative SD30%%.

Instrumental analysis. PCB concentrations in sediment and Empore diske weasured by
splitless injection of 1 puL of sample in an upgrdeP5890 series GC Il gas chromatograph
equipped with an HP 7673A autosampler system, twed silica capillary columns, CP Sil-8
CB and CP Sil-5 CB (both 50 m; d.i. 0.15 mm; d.2®pm), and tw&°Ni electron capture
detectors. The injector and detector temperatuere ®50 and 325 °C, respectively. Carrier
gas was K (1 mL/min). Concentrations in POM were determimeda TRACE GC Ultra,
equipped with a Triplus autosampler and an eleatapture detector (all Thermo Scientific,
Waltham, MA, USA). Samples were injected on-coluoma deactivated fused silica pre-
column (2 m), connected to a Zebron ZB-5Msi anefftcolumn (30 m, d.f. 25 um, d.i. 0.25
pum) Phenomenex, Torrance, CA, USA.

Estimating sediment-water mass transfer coefficiestK

The contaminant flux from the sediment bed in thileolatory sediment core systendsd;
ug/m’/d), can be described as the product of the oveglarent sediment-to-water mass

transfer coefficient K<*L) and the concentration gradient between pore w@tey, ng/m°) and

overlying water Cow, ng/m°) (9, 26)

* 1
Poeq = KL(CPW _Cow) = W(CPW _Cow) (1)
—+

K Dbdeb

The right hand side of eq 1 quantifies two resistgnagainst sediment-water transfer: an in-
bed resistance described biDyKg, and a benthic boundary layer (BBL) mass transfer
resistance ki whereh (m) is the average bioturbation depth in the sedinbed,Dy is a
biodiffusion coefficient representing particle digfvity in the bed (ifid), K4 is the sediment-
to-water partition coefficient (L/kghy is the dry density of the particles (kg/L), ands the
water-side DOC-inclusive benthic boundary layer srtaansfer coefficient (m/d).

When an EmpoFé(' disk is present in the overlying water the addiioflux @gp
(m/d) from the overlying water to the disk can lediked as:

C
@G = K,I_ED(COW - K ELE)',Eng (2)
d

where KLED (m/d) is the mass transfer coefficient for HOsf@r from the overlying water

C18

to the Empore diskCgp is the concentration in the Empore disk (ng/kg) ke is the

HOC disk to water equilibrium partition coefficiefit/kg). The effect of the serial fluxes on
the HOC concentration change in the overlying wagar be calculated by combining the
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right side of eqs 1 and 2 and correcting for sedinsairface areaAi.q m), Empore disk
surface areagp, n), and overlying water volum&/éw, n) (9, 10)

. ED
Aoy = A (C )+ S e ( K(E:gl,?:ls - COWJ 3)
d

-C
dt Vow TV,
The concentration change in the Empore disks candmkeled as:

dCED — KFDA‘ED _ CED
- COW K EDC18
d

(4)

in which V? is a volume of an octadecylsilicagCphase of the Empore disk. For the pore
water, a similar mass balance can be defined:

1o - S, =C) ®

dt V.,

where Vpy is the apparent pore water volume. The total giyanf HOCs extracted with
Empore disk Qzp) can be calculated from the modellégh values (eq 4{9, 10)
Qe = CenVeo” (6)

The parameterBseq Acp, Vow, andV,? are known from the experimental conditions.
At time zero, concentrations in the initially mixgdre and overlying water can be assumed
equal Cow.t=0 = Cpw.t=0= Co). The apparent pore water volumé.f) stands for the volume of
water required to contain the initial sediment-bdUdAOC Q) minus HOC mass in the
overlying water that can be estimatedvag = (Qr - VowCo)/Co (9, 10) K:°“** were taken
from the literaturg45).

Eqgs 3-6 were numerically solved in Microsoft Exagdjng an Euler integrator and
variable time step. At the Empore disk replacentiemés, modeled values f@gp were reset
to zero. K °, Kt , andCy were optimized by fittingQep to the measured values using the

Excel Solver tool with scaling of parameters andlative least squares criterion.

Equilibrium partition coefficients were calculateds the ratio of the PCB
concentrations in sediment and the initial con@mn in the pore water from the model
fitting (Cpw.t=0) Or from the POM-SPE measurements.

The DOC-inclusive mass transfer coefficientan be expressed as a function of DOC
concentration as follows. In the absence of biatidm and when DOC-associated PCBs
contribute to the exchange of PCBs across the B pverall contaminant flux from the bed
will be (28):.

Bees= KL(CPW _Cow)"' KEOC (CEVCJC _Cc?v(\jlc) (7)
where K is the mass transfer coefficient of freely dissd\PCBs (m/d)K"*“is the mass

transfer coefficient of DOC-bound PCB (m/@)p° and C3.° (ng/L) are the concentrations

of DOC-sorbed PCBs in pore and overlying watempeetvely. Assuming linear partitioning
between DOC and watdr0, 46) CP°°=KpocCw[DOC], where Kpoc is the DOC-water
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sorption coefficient (L/kg), and [DOC] is the contetion of DOC in the agqueous phase
(kg/L). Eq 7 now can be rewritten to yield:

P™ (K + K%K p0c[DOC)) (Couy =~ Cou) ®)
where K, +K°K,,.[DOC]=« is the apparent DOC-inclusive BBL mass transfer
coefficient.
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Table S1.Concentration of PCBs, PAHs, metals, mineral od ®DT in Biesbosch sediment.

C. mglkg Threshold effect C. uglkg Threshold effect
’ levef, mg/kg ' levef, pg/kg
PAHs PCBs
Naphthalene 0.51 0.03 CB-18 14 (0.7)
Phenanthrene 1.1 0.09 CB-20 10 (0.3)
Anthracene 0.87 0.05 CB-28 74 (1.9)
Fluoranthene 2.2 0.11 CB-29 1.0(0.01)
BenzoR]anthracene 1.2 0.07 CB-31 43 (1.2)
Chrysene 1.4 0.11 CB-44 14 (0.7)
BenzoK]fluoranthene 1.0 0.06 CB-52 82 (1.2)
BenzoR]pyrene 1.1 0.09 CB-101 75 (4.1)
Benzophi]perylene 0.78 CB-105 17 (0.8)
Indeno[1,2,3ed|pyrene 0.64 CB-118 29 (0.7)
>PAHs 11 0.87 CB-138 69 (3.2)
Metals CB-149 80 (2.3)
As 50 7.2 CB-153 95 (2.9)
Cd 6.5 0.68 CB-155 3.0(0.1)
Cr 190 52 CB-170 19 (0.7)
Cu 120 19 CB-180 40 (1.2)
Hg 5.1 0.13 CB-194 7 (0.3)
Pb 170 30 CB-204 4(0.1)
Ni 26 16 CB-209 22 (1.0)
Zn 920 124 >PCBs 700 (28) 22
Total petroleum 700 TOC, % 5.86 (0.51) )
hydrocarbons
>'DDT/DDE/DDD 0.22 0.0045 BC, % 1.15 (0.19) -
dref(21)
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Table S2 PCB mass transfer coefficierit(fD, m/d) for untreated, PAC, GAC, and stripped sedimneith and without bioturbators, viA. aquaticusandL.

variegatus
Treatment Untreated PAC GAC Stripped Average Median
h h
PCB N A L N A L N A L N A L (SD) (25 /75
percentile)
CB-18 6.397 54.52 7.047 45.30 29.54 52.82 n.a. 17.15 055.241.60 54.24 53.64 35 (22) 43 (15/54)
CB-20 19.71 56.16 8.755 50.34 52.94 33.86 7.779 5.375 1327. n.a. 64.76 10.30 31 (22) 27 (9.5/52)
CB-28 11.79 5.192 30.15 n.a. 0.508 42.73 0.867 6.402 n.a.33.58 2.176 51.40 18 (19) 9.1 (2.9/33)
CB-29 9.464 47.49 6.145 0.212 51.82 11.20 0.054 n.a. 518.01.200 31.76 25.62 18(19) 11 (3.7/29)
CB-31 9.753 53.45 7.268 49.98 51.95 38.00 18.32 11.01 4455. 9.565 3.56 55.16 30 (22) 28 (9.7/52)
CB-44 10.00 n.a. 10.63 49.46 51.99 54.39 53.50 n.a. 55.293.50 n.a. 53.53 39 (21) 52 (13/54)
CB-52 11.58 15.41 0.532 n.a. 4.960 51.51 1.929 n.a. n.al.274 17.11 40.93 16 (18) 12 (1.9/17)
CB-105 13.70 2.808 39.30 29.79 17.56 46.87 24.63 43.79 2353. 36.33 50.61 53.14 34 (17) 38 (23/48)
CB-118 23.51 6.256 43.90 9.228 2474 43.40 n.a. 4474  74.5029.98 49.30 41.58 22919) 16 (4.5/42)
CB-138 2.913 17.16 1.227 n.a. 37.26 41.30 1.000 31.24 73.5433.80 2.356 na. 17 (17) 10 (2.5/33)
CB-149 n.a. 15.64 1.435 27.50 0.530 24.81 0.468 n.a. 5.590.872 18.42 na. 11(11) 5.6 (1.4/18)
CB-153 13.88 12.46 n.a. 15.66 25.63 5.033 2.099 33.70 316.10.901 0.172 27.99 14 (11) 14 (3.6/21)
CB-155 16.38 48.84 44.16 10.06 n.a. 54.13 34.87 n.a. 56.73.047 47.43 10.00 30 (22) 35 (10/48)
CB-170 26.47 21.87 0.809 10.47 14.80 4,744 36.13 22.72 4222. 3.875 0.475 0.415 14 (12) 13 (3.1/22)
CB-180 20.07 21.98 1.596 21.26 n.a. 32.95 n.a. 29.02 26.52.808 28.12 7.259 19 (11) 22 (10/28)
CB-194 24.37 53.45 50.55 n.a. 2.951 46.21 n.a. 45.06 54.38.647 4.881 n.a. 28 (24) 35 (3.4/49)
CB-204 n.a. n.a. 36.78 0.020 2.658 43.77 2.675 24.52 n.a.0.687 28.58 47.19 21 (20) 25 (2.7/37)
CB-209 n.a. n.a. 0.828 22.16 n.a. 38.61 32.23 0.777 53.589.75 2.289 12.38 42 (21) 22 (2.3/39)
Average (SD)  15(6.9) 29(21) 17(19) 24(18) 22(21) (1) 13(17) 21(15) 34(21) 16(17) 24(22) 33(20)
('\2";3'7"“5'3,1 14 22 7.3 22 16 42 2.1 23 27 3.9 18 41
percentile) (9.9/20) (14/51) (1.4/37) (10/41) (2.6/41) (33/47) (0.8/25) (6.4/31) (17/55) (1.6/34) (2.4/47) (11/52)

“N” relates to the non-bioturbated systems, “A'tlh@ systems witlh. aquaticusand “L” to the systems with. variegatus



Table S3 Cumulative PCB quantities removed, ng, from wated, PAC, GAC, and stripped sediment, with anthauit bioturbators, vizA. aquaticusandL.
variegatus

Untreated PAC GAC Stripped
N A L N A L N A L N A L
CB-18 186 180 695 717 665 187 7.04 111 9.67 8.05.62010.7
CB-20 408 344 204 443 186 478 303 303 178 20.35.24 422
CB-28 161 128 385 116 945 119 134 233 105 8.90 .53818.6
CB-29 16.3 934 121 346 802 321 463 393 521 346 .662154
CB-31 10.2 511 509 599 337 829 645 798 635 427141 8.03
CB-44 455 332 161 269 201 704 238 91.8 452 174  1246.5
CB-52 175 380 111 134 708 178 185 291 231 189 029133
CB-105 17.8 179 191 102 108 189 16.0 815 29.1 27.1 13828
CB-118 16.1 155 129 844 122 146 208 88.0 300 332 12@5.4
CB-138 15.7 212 130 837 878 978 187 754 249 177 1227.3
CB-149 28.7 373 249 149 170 216 347 133 471 516 2796.4
CB-153 119 278 176 10.2 127 121 143 925 389 408 1836.7
CB-155 6.26 545 636 647 879 122 889 387 145 16.31.96 23.6
CB-170 551 299 192 777 208 478 717 192 371 9.033.22 881
CB-180 995 672 468 799 6.88 820 640 395 119 185745 194
CB-194 242 180 146 447 369 538 641 156 465 7.20 617124
CB-204 322 950 724 083 131 104 064 712 311 414067 4.33
CB-209 3.74 944 711 365 443 073 205 655 173 2.63.684 2.93

“N” relates to the non-bioturbated systems, “A'tlh@ systems witlh. aquaticusand “L” to the systems with. variegatus




Table S4 Pore water concentration at time ze@{ o, NG/L) in untreated, PAC, GAC, and stripped sedithaith and without bioturbators, ViA.
aquaticusandL. variegatus

Untreated PAC GAC Stripped
N A L N A L N A L N A L

CB-18 9.009 6.892 69.70 0.348 0.738 0.919 n.a.  7.870 12.68.805 3.058 5.455
CB-20 26.37 13.01 12.17 22.64 1.195 2918 1492 21.869235n.a. 14.81 23.76
CB-28 7497 4782 9.199 n.a. na. 0291 6.169 8.779 n.A8.858 23.13 3.626
CB-29 9.072 8.369 3585 23.86 1455 1492 1726 n.a. 60.732.34 0.579 9.892
CB-31 4469 1766 33.74 1980 0.507 0.444 0.670 6.607651.83.835 10.25 3.539
CB-44 26.31 na. 1039 16.14 4.290 5.245 3214 na. 125742 n.a 14.13
CB-52 6.981 7.424 1431 na. 2772 0305 5360 n.a. n.8.241 5.371 6.229
CB-105 9.320 84,51 7.537 1.004 1497 0.956 2.359 11.45173.61.000 2.728 2.989
CB-118 4951 14.26 2.415 0.603 4.872 0536 n.a. 8.244 (010.0.600 2.740 1.727
CB-138 4958 3.017 40.23 n.a. 0.079 0.344 10.00 2.468 52.40.168 13.42 n.a.

CB-149 n.a. 6.049 62.48 0.166 n.a. 1.281 n.a. n.a. 2.308%417 3.613 n.a.

CB-153 2241 5702 na. 0199 0.135 2826 4.706 3.032 80.502.33 243.5 0.360
CB-155 4071 4225 1531 0602 na 0673 0884 na. 188804 1916 8.062
CB-170 0.575 0.358 7.515 0.123 0.656 1.327 0.062 0.527470.00.886 10.65 10.41
CB-180 1.708 0.801 10.06 0.105 n.a. 0400 n.a. 1.210 0.123%05 0.558 1.399
CB-194 1.239 4877 0195 na. 1.711 0.238 n.a. 1.251 0.93885 2.833 n.a.

CB-204 n.a. na. 0.067 4386 0.641 0.024 0405 0.209 n.an.a. 0.067 0.050
CB-209 n.a. na. 2706 0.186 na. 0006 0.176 0.251 0.20€270 4.520 0.056

“N” relates to the non-bioturbated systems, “A'tlh@ systems witlh. aquaticusand “L” to the systems with. variegatus




Table S5 Apparent PCB mass transfer coefficien’rﬁz(, m/d) for untreated, PAC, GAC, and stripped sedimwith and without bioturbators, ViA.

aquaticusandL. variegatus

i h h
N Umrzated L N IDAA = GAA = L N Strf e L Average sb Median perzcse(ntile per705e(ntile
CB-18 0.012 3.842 0.014 2412 0892 2498 0.000 0.079 680.10.800 0.472 0.082 0.939 1.277 0.320 0.063 1.272
CB-20 0.077 0.137 0.077 0.089 1553 2.315 0.126 0.009 4%0.3 n.a. 0.166 0.091 0.453 0.756 0.126 0.083 0.255
CB-28 0.071 0.277 0.277 n.a. 0.000 8.172 1.089 0.135 n.a0.987 0.128 0.305 1.144 2.498 0.277 0.130 0.816
CB-29 0.045 0989 0.382 7135 0.386 15.88 134.0 n.a. 34270.164 273.4 0.059 84.00 1425 0.989 0.273 102.7
CB-31 0.059 4426 0.072 0.184 0506 2.780 1.163 0.044 58.10.004 0.028 0.112 0.795 1.396 0.135 0.055 0.670
CB-44 0.053 n.a. 0.072 0.066 0.317 1.392 0.554 n.a. 0.2X12053 n.a. 0.196 0.324 0.433 0.196 0.066 0.317
CB-52 0.076 125.1 0.037 n.a. 0.241 13.85 0.002 n.a. n.ad.444 0.484 0.093 15.60 41.33 0.241 0.076 0.484
CB-105 0.067 0.218 4.218 0.883 0810 2512 0576 5.961 430.65.108 11.07 1.466 2.794 3.288 1.175 0.626 4.441
CB-118 0.316 5.173 1537 6.445 0357 4232 0.000 0.991 830.231.29 8298 3.984 6.395 9.029 4.108 0.347 6.908
CB-138 0.185 380.0 3.367 n.a. 136.4 4.616 0500 192.2 111.€248.8 49.12 na. 102.7 1329 30.36 3.679 178.3
CB-149 n.a. 328.8 5.361 203.7 0.000 2.585 0.000 n.a. 44,042  409.6 na. 1111 161.3 6.042 2.585 203.7
CB-153 0.046 3794 n.a. 258.2 2845 0.618 0.708 164.6 253718.19 6499 256.9 231.8 224.6 256.9 9.448 331.9
CB-155 0.057 1.291 10.12 2.152 0.000 2.152 0.976 na. 9.620.102 5.710 0.248 2.130 3.121 0.976 0.175 2.152
CB-170 0.013 331.0 4.128 483.8 0.222 0.490 258.0 303.5 .522813.19 649.9 0.048 189.4 2229 1209 0.423 310.4
CB-180 0.078 3279 7.640 2181 0.000 3.001 0.000 233.1 .43019.071 3079 6.524 1179 1441 8.355 2.270 250.2
CB-194 0.134 6.728 28.98 n.a. 0.222 3.080 0.000 1850 20.29.386 1.636 na. 5996 9.891 1.011 0.240 5.816
CB-204 n.a. n.a. 150.9 158.3 0.183 8.836 62.80 324.0 n.a0.000 305.2 43.6 117.1 126.7 62.80 8.836 158.3
CB-209 n.a. n.a. 4923 0970 0.000 134.7 1265 0.885 0421788 0.020 423.7 56.77 1356 0.928 0.513 4.009
Average 0.086 126.3 13.88 1005 23.69 11.87 25.66 95.69 .610319.73 157.2 49.17
SD 0.077 166.9 36.08 146.4 7252 30.96 67.14 128.1 .418059.65 2315 122.8
Median 0.067 5.173 4.128 4.428 0.279 2.891 0.565 5.961 29.6 0.800 8.298 0.248
25" percentle  0.049 1.140 0.077 0.905 0.046 2.361 0.000 0.135 880.20.164 0.472 0.092
75" percentle  0.077 328.3 7.640 1923 0.734 7.283 1.144 192.2 .31369.071 305.2 5.254

“N” relates to the non-bioturbated systems, “A'tlh@ systems witlh. aquaticusand “L” to the systems with. variegatus
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Table S6. Literature HOC sediment-to-water mass transfer faoents K*L values for untreated
sediment without bioturbators

HOCs K mid Reference
PCBs 0.03-0.19 Erickson et §14)
DDE, DDD, PCBs 0.07-0.53 Granberg et(dl?)
TCDD 0.1 Valsaraj et a(26)
PAHs 0.01-0.1 Koelmans et(Q)
PCBs 0.03,0.14 Connolly et §8)

Table S7.Parameters and statistics of multiple regressioalyaas used to study the effect of
hydrophobicity (Loékow) and turbidity (LogNTU) on PCB pore water concatitn (Lo®Cpw i=0),

PCB mass transfer coefficient for the empore dKI{E(), and PCB sediment-to-water mass transfer
coefficient (LogK" ).

Statistics  LogCewro  LOgK™  Log K*L
R? 0.052 0.018 0.087
ANOVA d.f. 2,185 2,185 2,185
F 32.34 1.726 8.786
p 8.510" 0.181 0.0002
Intercept Value 39.35 1.820 -4.109
(SE) (15.49) (0.410)  (0.879)
t 2.541 4.440 -4.674
P 0.012 1.540° 5.710°
LogKow Slope -5.168 -0.111 0.617
(SE) (2.362) (0.061)  (0.130)
t -2.188 -1.827 4.741
p 0.030 0.069 4.250°
LogNTU Slope 0.050 -0.023 0.198
(SE) (0.021) (0.063)  (0.135)
t 2.366 -0.360 1.462
P 0.019 0.719 0.146
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Bioturbation and DOM enhance contaminant fluxesnfigediment treated with powdered and granular AC

Figure S1.Empore disks mounted in a stainless steel framused in the flux experiment.
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250 -
¢ Stirred
200 A Unstirred
—— Modeled
150 A

0 1 1 1 I 1
0 20 40 60 80 100

Time (minutes)

Figure S2.Result of pilot test to determine the extractidficiency of Empore disks in pure water.
Graph shows the decrease of phenanthrene (PHEgmbaton in water @,) upon addition of an
Empore disk, under stirred and unstirred conditi®@aid lines represent model fits to the data, see
below. Removal from the aqueous phase was meagsuragueous subsamples of about 2 ml in a
quartz-glass cuvette using a Perkin-Elmer LS50Brftaeter at an excitation wavelength 250 nm and
an emission of 366 nm. Mass transfer rate constantsptake into the disks were calculated using a
two-compartment (water and disk) reversible kinatadel(49):

— =0 ~(Kep+kp)t
Cy =k, ke
kED + kb ( b ED )

where C, ., is the PHE concentration at time zekg; is the forward (to the disk) first order uptake

rate constant ark}, is the rate constant for the opposite (backwarogess. Fittedtepr was 46.1 d for
the stirred and 18 dfor the unstirred system. Assuming transport thtothe laminar boundary layer

at the disk surface is rate limitinkgp (dl) equates td(LED Acp/Vow. With a double sided disk surface

of 3.4710° n? and water volume 0.2B0° m® this yields mass transfer coefficierkg™ of 1.3 and
3.3 m/d" for the non-stirred and stirred systems respdgtive
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Figure S3.Relative reduction of equilibrium pore water comtcation of PAHs in Biesbosch sediment
treated with AC according to the following scenari¢a) capping with PAC, (b) mixing with GAC,
and (c) stripping with GAC
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treated with AC according to the following scenariga) capping with PAC, (b) mixing with GAC,

and (c) stripping with GAC
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B Measured O Modeled

Figure S5. Organic carbon-normalized sediment—water distrivutcoefficients (LoKoc) as a
function of LodKow, calculated asC..{Cwfoc with Cy measured (closed symbols, measured with
POM-SPE) an®,, modeled (open symbols).
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Figure S6. Survival (SD, n = 3) ofA. aquaticusand L. variegatusafter 21-and 28-d exposure
respectively. Exposure was to Biesbosch sedimezstad with AC according to the following
scenarios: mixing with PAC, mixing with GAC, anddgaent stripping with GAC.
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Untreated
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Figure S7. Appearance of the test systems in the flux erpemt. Transparent systems show the
stirring rods to which the Empore disks were colenbc

98



Bioturbation and DOM enhance contaminant fluxesnfigediment treated with powdered and granular AC

T T
oS OO o O O
S 0 O T A

QLN ‘S1prqan,

120

Time, w
ONon-bioturbated B A. aquaticus & L. variegatus

Untreated

ONon-bioturbated B A. aquaticus & L. variegatus

Stripped

300

GAC

=3
w
N
n

o

Time, w
ONon-bioturbated B A. aquaticus & L. variegatus

Time, w
ONon-bioturbated B A. aquaticus & L. variegatus

Figure S8. Effect of sediment treatments PAC addition, GAGQitdn and sediment stripping on

turbidity in the absence and presence of bioturbatdz. A. aquaticus and L. variegatus
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Figure S9.Measured (marker) and modeled (line) extractedsronb®CBs from overlying water using
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Figure S11.Measured (markers) and modeled (lines) extractasisnof PCBs from overlying water
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using Empore disks, for untreated sediment Withariegatus
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Figure S12. Measured (marker) and modeled (line) extractedsneisPCBs from overlying water
using Empore disks, for non-bioturbated PAC sedimen
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Figure S13. Measured (marker) and modeled (line) extractedsneisPCBs from overlying water
using Empore disks, for PAC sediment withaquaticus
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Figure S14 Measured (marker) and modeled (line) extractedsnuisPCBs from overlying water
using Empore disks, for PAC sediment wlithvariegatus
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Figure S15. Measured (marker) and modeled (line) extractedsneisPCBs from overlying water

using Empore disks, for non-bioturbated GAC sedimen
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Bioturbation and DOM enhance contaminant fluxesnfigediment treated with powdered and granular AC
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Figure S16. Measured (marker) and modeled (line) extractedsneisPCBs from overlying water
using Empore disks, for GAC sediment withaquaticus
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Figure S17.Measured (marker) and modeled (line) extractedsneisPCBs from overlying water
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using Empore disks, for GAC sediment wlithvariegatus
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Figure S18. Measured (marker) and modeled (line) extractedsnaisPCBs from overlying water
using Empore disks, for non-bioturbated strippedirsent.
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Figure S19. Measured (marker) and modeled (line) extractedsneisPCBs from overlying water
using Empore disks, for stripped sediment wAtlaquaticus
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Bioturbation and DOM enhance contaminant fluxesnfigediment treated with powdered and granular AC
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Abstract

Amendment of contaminated sediment with activagathan (AC) is a remediation technique
that has demonstrated its ability to reduce aqueomeentrations of hydrophobic organic
compounds. The application of AC, however, requirdermation on possible ecological
effects, especially effects on benthic specieseHae provide data on effects of AC addition
on locomotion and ventilation, sediment avoidanoeytality and growth of two benthic
species, Gammarus pulexand Asellus aquaticysin clean versus polycyclic aromatic
hydrocarbon (PAH) contaminated sediment. ExposorBAH was quantified using 76 pum
polyoxymethylene passive samplers. In clean sedingh amendment caused no behavioral
effects on both species after 3-5 days exposuresffest on the survival oA. Aquaticus
moderate effect on the survival &. pulex(LCs0=3.1% AC) and no effects on growth. In
contrast, no survivors were detected in PAH comateid sediment without AC. Addition of
1% AC, however, resulted in a substantial reductbrwater exposure concentration and
increased survival o. pulexandA. aquaticusby 30 and 100% in 8 days and 5 and 50%
after 28 days exposure, respectively. We conclide AC addition leads to substantial
improvement of habitat quality in contaminated seghts and outweighs ecological side
effects.

Introduction

Aquatic sediments polluted with hydrophobic organtompounds (HOCs) such as
polyaromatic hydrocarbons (PAHs) and polychloridatephenyls (PCBs) may become a
source of secondary pollution, thus posing a rskaquatic organismgl, 2) Traditional
remediation methods include dredging of pollutedirment with subsequent deposition of
dredged material in sediment storage facilitiegnasitu capping with clean materials. These
methods focus on remediation of the total concéintraf contaminants and are thus usually
laborious, time-consuming, and expensive. Moreotlegy may lead to complete physical
deterioration of benthic habitats and benthic comitres. Anin situ technique based on
addition of carbonaceous materials (CM), like aidd carbon (AC), to contaminated
sediments has recently been suggested as an tlterta dredging. Many studies have
demonstrated high effectiveness of CM applicatiorrdduce the bioavailable fractions of
HOCs(3-6), the bioaccumulation of HOQS8, 6-9)and thus the toxicity of sediment-bound
HOCs (10, 11) Notwithstanding this advantageous effect, howeitenas been shown that
CM itself may have some negative effects on aquatganisms(6, 8, 9, 12) raising the
guestion to what extent the addition of AC to seshits can be considered ecologically safe.
In previous studies, many organisms exposed tareedi amended with 2-4% AC
showed high surviva(9, 11-14) As for growth inhibition, some studies demongdaho
effects of AC addition, or only mild effects, fdre clamCorbicula flumineaand the mussel
Mytilus edulis (7, 14)The greatest effects seem to occur in worms. @raaductions have
been reported foNeanthes arenaceodentata ,(3yhereas lipid content and egestion rate
reductions have been observed.imbriculus variegatug6, 12) These studies have mainly
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focused on the effects of AC on sediment-dwelliegithic organisms, assuming them to be
the most sensitive benthic species, since theyeapmsed to CM via direct contact and
ingestion of CM particles. Many sediment-dwellingganisms, however, acquire their food
and oxygen from the overlying water, so the effeft€M on species inhabiting the bottom
sediment and overlying water should not be overolok

Previous work on effects of AC focused on tradidilbendpoints such as mortality or
growth, but behavioral changes may occur at muatedla@oncentrations than those inhibiting
survival and growth, and may reveal negative imp#tat would otherwise be miss@d).

Therefore, the objective of this study was to espessible effects of AC amendment
on two contrasting benthic species under laboratomnditions, using a suite of behavioral
and traditional endpoints. To our knowledge, ndieastudies addressed the effects of AC on
macroinvertebrate behavioral endpoints such as oma@rtebrate locomotion and
ventilation. Gammarus pulexandAsellus aquaticusvere selected as test organisms because
they (a) are common invertebrates in freshwateitduab (b) differ in sensitivity to pollutants
of various types, and (c) have different specie#igc properties in terms of behavior,
feeding strategies, and uptake routes, complengeritinose of previously studied aquatic
organisms, and thus providing better representadiobenthic communities. Furthermore,
these species are an important food source forapyed invertebrates, fish, and waterfowl
and thus play an important role in the benthic-giel@oupling of the food chain transfer of
HOCs. Impacts of AC amendment were tested usingneed taken from uncontaminated
versus highly contaminated sites. Our whole-sediméh toxicity tests with clean sediment
used locomotion, ventilation, avoidance, growth amaortality as endpoints. Because of the
acute toxicity, our tests with contaminated sediimesed only mortality as a toxicological
endpoint. In the latter tests, aqueous HOC exposume accurately determined using
polyoxymethylene (POM) passive samplers. The requiHOC POM-to-water partition
coefficients were obtained by extrapolation fromefficients measured at a range of
methanol-water mixtures.

Materials and methods
Chemicals and materials

Virgin powdered coal based activated carbon NoAESSuper was obtained from Norit
Activated Carbon (Amersfoort, The Netherlands).niimic the long-term condition of AC in
field applications, AC was washed prior to expeniseas described previously by Jonker et
al. (12). Briefly, demineralized water with AC was heatedlO0C for 30 min while stirring.
After AC had been allowed to settle, the overlyimater was decanted, and the procedure was
repeated twice. Finally, AC was dried at XD®vernight.

Polyoxymethylene (POM) film (76 pum thickness) wasrghased from CS Hyde
Company, Lake Villa, IL, USA. Following previouslyublished procedures, POM passive
samplers were prepared by cutting the film intgost{70 mg each) and cold-extracting them
with hexane (30 min) and methanol (3x30 min), aftbich they were air-drie(lL6).
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Acenaphthene (ACE), acenaphthylene (ACY), anthg&iNT), benzo[a]anthracene
(BaA), benzo[a]pyrene (BaP), benzo[b]fluoranthen8bK), benzol[e]pyrene (BeP),
benzo[ghi]perylene (BghiP), benzo[K]fluoranthene KKR chrysene (CHR),
dibenzo[a,h]anthracene (DBA), fluoranthene (FLU)ndeno[1,2,3-cd]pyrene (InP),
naphthalene (NAP), phenanthrene (PHE), and pyréneR) were obtained from Sigma-
Aldrich or Acros Organics, The Netherlands, alllwé purity of >98%. Internal standard 2-
methylchrysene (99.2% pure) was supplied by the iGonity Bureau of Reference (BCR),
Geel, Belgium. Other chemicals used were: hexarmk ametone (Promochem; picograde),
methanol (Mallinckrodt Baker, Deventer, The Netaerds; HPLC gradient grade), ethanol
(Merck, Darmstadt, Germany; p.a.), acetonitrilelbiScan, Dublin, Ireland; HPLC grade),
calcium chloride (Merck; p.a), sodium azide (Aldiri®©9%), aluminum oxide-Super | (ICN
Biomedicals, Eschwege, Germany), and silica ge(M6rck; 70-230 mesh). Prior to use,
silica gel was activated at 180 °C for 16 h, andhmahum oxide was deactivated with 10%
(w/w) Nanopure water (Barnstead). To prevent phegoadation of PAH, brown or
aluminum foil covered glassware was used.

Organisms

Gammarus pulexwere collected in the spring and summer of 200ehfeonon-contaminated
brook (Heelsumse Beek, Heelsum, The Netherlad®llus aquaticusvere collected from a
non-contaminated pond (Duno pond, Doorwerth, Theth&l&ands). Organisms were
transferred to the laboratory and kept in whitekets filled with aerated copper-free water in
a climate-controlled room at 18°C and 12:12 h liggatk cycle. Organisms were fed on dry
poplar leaves which were collected in the fieldioPto the experiments, organisms were
acclimatized for a month and sorted to obtain aigrof organisms with a narrow body size
range (4—7 mm).

Sediments

Uncontaminated freshwater sediment was sampletho® Veenkampen, Wageningen, The
Netherlands, using a sampling bucket. The natigelytaminated sediment was taken from a
previously stored batch, which had originally beedged from Petroleum Harbor (PH),
Amsterdam, The Netherlands. An overview of the eoi@tions of PAHs, PCBs, and metals
is provided as Supporting Information (Table S1 &2). The sediments were passed over 2
mm sieves, homogenized and amended with AC tomBt&i concentrations of 0, 1, 3, 6, 15,
and 30% (d.w.). Subsequently, sediments were honiog on a roller bank for 48h and
stored at 4° C in the dark for 2 months until use.

Toxicity tests

Motility patterns measured with Multispecies Freshvater Biomonitor (MFB).
Movements were measured using a Multispecies FrashvBiomonitor (MFB), following
previously published procedurékb, 17) The MFB measures different types of behavior. (e.g
locomotion, ventilation, feeding) of aquatic spacy recording changes in a high frequency
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alternating current caused by the movements ofisges in the MFB chambers. Locomotion
and ventilation generate currents of different Gieagies, viz. <2.5 Hz and 2.5-8 Hz,

respectively. Effects of AC addition da. pulexandA. aquaticusn Veenkampen sediment

were tested using two exposure times: 1 and 5 dager to the experiment, MFB test

chambers were placed in PVC aquaria (15x15 cn&dfiith aerated Cu-free water. Beakers
(50 mL) were filled with a 1 cm layer of sedimemtdaa 3 cm layer of Cu-free water, after
which the systems were left for 24 h to allow thdiment to settle.

In the 1-d exposure experiments, a single orgamigs placed in a system containing
“clean” AC-free sediment, and left there for 24after which the organism was transferred to
an MFB test chamber and its behavior was recorded @ 24-h period (control). The same
individual organism was then placed in a systemtainimg AC-enriched sediment for 24-h
exposure, after which its behavior was recordeth&n same MFB chamber for 24 h. The
experiment was replicated at n=20, using 20 indiaid in 20 MFB chambers simultaneously.

A slightly different procedure was followed for Sekposure. First, one individual
organism was placed in a system with AC-free sedirfa 5 d, after which the organism was
transferred to an MFB test chamber and its behavas recorded for 24 h. The organism was
then transferred to a clean aerated system witth éomsisting of autumn-shed poplar leaves.
After a 24-h recovery period, the organism was gdam a system containing AC-enriched
sediment, and after 5 d of exposure its behavia reaorded in the same MFB chamber for
24 h. This procedure was replicated using 20 indiais in 20 chambers simultaneously. For
positive controls for this methodology we refeotar previous work15, 18)

Sediment avoidance.The sediment avoidance experiment followed procesiyreviously
published by our laboratoryl9). Plastic boxes (20x10x10 cm) were divided into two
compartments using a plastic barrier. One compantiwas filled with 2 cm of Veenkampen
sediment with 0% AC, the other with AC-enriched Weampen sediment. The control
contained sediment with 0% AC in both compartmeAfserwards, copper-free water was
carefully added to a level of 2 cm and the systeraee left in a climate-controlled room
(18°C and 12:12 h light:dark cycle) for 24 h tooallthe sediment to settle. Subsequently, the
plastic barrier was carefully removed and 20 indiinls were gently added to the water, so
that they were free to inhabit their preferred sett. After 72 h the temporary barrier was
replaced, and the number of individuals in eachpamment was recorded.

Survival and growth. Survival of G. pulexandA. aquaticusexposed to AC-enriched clean
Veenkampen sediment was tested by adding 10 indigdwith a length in the range of 4-7
mm to beakers with 50 mL wet sediment and 200 mppeo-free water. The beakers were
aerated and organisms were fed on dry poplar leavesa 28 d period. The experiment was
performed in quadruplicate in a climate-controliedm (18°C and 12:12 h light:dark cycle).
Survival was determined by gently transferring teaker content to a tray and counting
living organisms. The length of the survivors watedmined using a binocular microscope
(magnification 10x).
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The same procedure was followed for the contamihBte sediment, except that the
test duration for this supposedly toxic sedimentswsot fixed a priori, and that a
representative portion of this sediment was usedddtermine aqueous PAH exposure
concentrations, as described below. Test duratias aesigned at 28 d, or earlier in case of
100% mortality in the acutely toxic controls. Sirtbés situation already arose after 7 d, the
assay was terminated after 7 d of exposure. Tolenamparison with the 28-d whole-
sediment assay with clean sediment, the quadriplieasay was repeated for the most
relevant treatments with 0 and 3% AC.

Assessment of PAH exposure concentration in the Psediment bioassayPAH aqueous
concentrations were measured using POM passive lseango this end, representative
subsamples of 0.5 g (d.w.) of the AC-treated sedimérange O, 1, 3, 6, 15, and 30% AC)
were added to 50 mL bottles. The bottles weredildth the water overlying the original
AC-treated sediment, now supplemented with 25 mggddium azide (biocide), 0.01 M
calcium chloride and one POM sampler, leaving axiprately 10 mL of headspace. Bottles
were shaken horizontally (100 rpm) at 18°C for 280M strips in the 50-80 um range have
been shown to reach equilibrium within this timeipe (20). After equilibration, POM strips
were dried with a tissue and Soxhlet-extracted.edys PAH concentrations were calculated
from concentrations in POM and POM-water equilibripartition coefficientsKpowm). Krowm
values for PAH sorption to 76 um POM are not knoyet, so we measured them for the
PAHs dominating the mixture (PHE, ANT, FLU, and PYRsing a previously published co-
solvent method?21). For details, the reader is referred to the Supmpinformation (Table
S3, Figure S1).

Factors that might interfere with AC or PAH toxjcicould be eliminated as follows.
Oxygen, pH, and ammonia were monitored on a webkbis. Oxygen was always higher
than 90%, due to the aeration of the water in tbakbrs, and thus could not explain the
effects in the assays. Average pH was 7.7 £ 0.® {H fluctuations are unlikely to have
caused effects either, because the fluctuation® Wwevited and becausé. pulexand A.
aquaticus have been found to tolerate alkaline environmergsy well (22). Levels of
unionized ammonia were 0.33 + 0.51 mg/L regardééssC dose, whereas 24-h k&values
reported forG. pulexandA. aquaticusare 4.3 and 9.5 mg/L NHN, respectively(23, 24)
The AC (as received and washed) was analyzed ftal taqua regia extractable)
concentrations of heavy metd#b, 26) Concentrations of Cr, Cu, Ni, Zn, Pb, As in ACreve
such that even at 30% AC, the contribution of AQimb metals was less than 5% of the total
concentration (Supporting Information, Table S2)isTimplies that metals did not interfere
with treatment effects. A contribution to controbrtality can also be considered negligible
for two reasons. First, sulfide levels on a molasib (169 mmol/kg) by far exceeded total
metal levels on a molar basis (12 mmol/kg), thuspkeg metals fully precipitated as metal
sulfides(27). Consequently, they were unavailable for uptakenbertebrates. Second, any
remaining exposure to sediment-bound metals woellinbited because bof@. pulexandA.
aquaticusprimarily relate to sediment surface and overlyweger.XPCB concentrations (170
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1ng/kg) were a factor four lower than probable dffaancentrations of 670 pg/kg as reported
by MacDonald et a28).

Chemical analysis

Representative subsamples of the sediment (1 g) dwere extracted with Accelerated
Solvent Extraction (ASE 350, Dionex, USA) using 6fL cyclohexane/acetone (1:1).
Extracts were concentrated to 1 mL, exchanged ttobgxane, and cleaned up ovep@d
columns. The eluates were reduced to 1 mL, excliatmyacetonitrile and rereduced to 1 mL,
after which 2-methylchrysene was added as an iatestandard. POM samplers were
Soxhlet-extracted with 70 mL of methanol for §16). Clean-up and analysis were identical
to that of the sediment samples. Extracted PAH= vgerantified using a Hewlett-Packard
model 1100 HPLC. After injection of 20 pl of sampt®mpounds were separated on a 4.6
mm Vydac guard and analytical reverse phase ¢@lumn (201GD54T and 201TP54,
respectively) which were thermostatically contrdlk 22 °C. The mobile phase consisted of
methanol/water. Detection was done using an HP MBD detector operating in the multi-
emission wavelength mode. Numerous experimental amalytical blanks were used.
Average clean-up recoveries ranged from 71 + 5BPAH) to 95 + 6.3% (InP) (n=3). All data
were corrected for the resulting values.

Total organic carbon and native black carbon cdatehsediments were determined
in triplicate using the chemothermal oxidation noettdescribed by Gustafsson et @O9).
Organic carbon was removed by thermal oxidatio®7 °C, inorganic carbon bin situ
acidification. The samples were analyzed using An1lE10 CHN elemental analyzer (CE
Instruments, Milan, Italy). Quality assurance irgd several procedure blanks and reference
samples, following previously published proceduBs 31)

Data analysis

The significance of differences between sedimeatlblcarbon contents was tested using
unpaired t-tests. In the MFB experiments, meanruamon and ventilation were calculated
for each individual. Because data were not nornmdiijributed (Kolmogorov-Smirnov tegd,
<0.05), Kruskal-Wallis H tests were applied to tést significant differences between
observed behavioral patterns and AC concentratidhg. null hypothesis (no difference
between groups) was rejected when significancelovasr than 0.05. Results of the survival,
growth, and habitat choice experiments were andlyeng one-way ANOVA. All analyses
were performed with PASW Statistics 17.0 (SPSSc&lo, IL, USA). Dose-response data
were modeled using the (best fitting) four-paramktgistic model available in SigmaPlot 8.0
(Systac Software Inc, San Jose, California, USA)ictv was also used to calculate dg@nd
ECso.
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Results and discussion
Sediment and AC characteristics

Relative errors in replicated PAH concentration sseements were small (1.2 — 4.4% and 2.1
— 8.6% for PH and Veenkampen sediment, respectiV@lle S1), confirming the quality of
the analytical methods used. Total PAH concentnafi®®AH) in the PH sediment was 1107
mg/kg, which classifies this sediment as heavilllysed according to Dutch standar(B2,
33). PAH concentration ratios ANT/178, FLU/(FLU + PYRBaA/228 and InP/ (InP +
BghiP) were 0.55, 0.42, 0.21, and 0.56, respegtivathich would identify the PAH
contamination as of pyrogenic origi{34). Total PAH concentration in the ‘clean’
Veenkampen sediment was 4.7 mg/kg, which is abdactr 8 below toxicity thresholds
(Table S1). PAH concentration ratios ANT/178, FLELU + PYR), BaA/228 and InP/ (InP +
BghiP) were 0.0015, 0.48, 0.0004, and 0.42, resmdgt which would identify the
background PAHs as of petrogenic / pyrogenic origdoth clean and contaminated
sediments had a native black carbon (BC) contemtbolit 2% (Table S1). These BC levels
were not statistically different from each othemgaired t-testt,; = -2.12,p = 0.548).

Toxicity tests

Motility patterns measured with the Multispecies Freshwater Biomonitor (MFB). These
experiments tested whether the locomotion and hatioin of the species were affected by
sediment AC levels. The validity of these tests wasessed in our earlier work, showing
negative effects of pharmaceuticals on locomotiad sentilation ofG. pulex (35) The
current study used the MFB to characterize two gypé behavior ofG. pulex Lower
frequencies (0-2.5 Hz) corresponded to locomotidntle species, i.e. walking and
swimming. After 1 d of exposure to AC containingdiseent, the median time spent on
locomotion behavior by individuals in all treatmexinditions proved variable, ranging from
6 to 45% (Figure S2a). This variation in locomotiwes been observed before and might be
explained by individual variability in terms of ftacs such as specimen characteristics
(gender and body size), feeding state, and presd#mm@Entaminant$l5, 36) The variation in
locomotion was, however, independent of the AC eatration in the sediment (Kruskal-
Wallis, y»(5) = 7.488,p = 0.187). Similarly, no difference between AC treants was
observed at the higher frequencies of 2.5-8 Hzresponding to ventilation in amphipods
(Kruskal-Wallis, y2(5) = 7.862, p = 0.164)A. aquaticusdemonstrated similar behavioral
patterns (Figure S2b), although the time it spentocomotion was lower than f@. pulex;
only 3-4% AC amendment did not affect the actidafyA. aquaticugKruskal-Wallis,y»(5) =
4.844,p = 0.435 for locomotiony,(5) = 3.572,p = 0.613 for ventilation). Even after an
extended (semi-chronic) exposure of 5 d, thereweagifference in locomotion or ventilation
between AC treatments, neither 16t pulex(Kruskal-Wallis, y»(5) = 7.382,p = 0.194 for
locomotion, y»(5) = 7.827,p = 0.166 for ventilation) nor foA. aquaticus Kruskal-Wallis,
x2(5) = 2.720p = 0.743 for locomotiony»(5) = 2.821p = 0.728 for ventilation) (Figure 1).
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Figure 1. Percentage of time spent on locomotion and veiatilaactivity (median, 75 percentile,
n=20) after 5-d exposure of (&). pulexand (b)A. aguaticugo non-contaminated sediment enriched
with AC.

Sediment avoidance.Our whole-sediment avoidance experiments aimedesb Wwhether
invertebrate species would avoid or prefer commitcontaminated sediments containing
AC, as a function of AC dose. The validity of thlestt setup was assessed in our earlier work
(19).
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Figure 2. Number (SD, n=4) ofs. pulex(a) andA. aquaticugb) retrieved from each AC treatment
after 3 d of exposure to non-contaminated sedimdper bars represent individuals recovered from
sediment containing 0% d.w. AC; lower bars (blackpresent individuals from AC-containing
sediment (from left to right O, 1, 3, 6, 15, and30.w. AC).

In the current studyG. pulexandA. aquaticusindividuals distributed themselves randomly
over the aquaria containing AC-free sediment irhlmmpartments, i.e. the control systems,
(open bars in Figure 2), as well as in the aquaiia AC. Consequently, they did not
demonstrate any preference for, or avoidance ofeAfiched sediment up to AC levels as
high as 30% (one-way ANOVA, F (5, 18) = 0.9®45= 0.454 forG. pulexand F (5, 18) =
1.504,p = 0.238 forA. aquaticuy The results of this experiment are in generataqpent
with those obtained by Jonker et @) who did not observe clear avoidance of AC sediment
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by Asellus aquaticusor Corophium volutatoreither, as indicated by inconsistent dose—
response relationships.
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Figure 3. Survival (SE, n=4) of5. pulex(triangles) andA. aquaticugcircles) after (a) 28-d exposure
to non-contaminated Veenkampen sediment and (b)8atk symbols) and 28-d (open symbols)
exposure to contaminated sediment, as a functiétCoevel.
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Survival and growth. The whole-sediment 28-d toxicity tests wite. pulex in
uncontaminated Veenkampen sediment revealed dedreswrvival at higher AC levels
(Figure 3a). No survivors were found in systemdwgediment enriched with 6, 15, and 30%
AC. The lethal concentration for 50% of the tespuylation (LGo) was determined to be
3.07% (SD 0.64). Possible explanations for theseeH€xts include dilution of the nutritional
quality of sediments, or possible adsorption ofeasial nutrients(6, 12) In contrast toG.
pulex A. aquaticussurvived at all AC concentrations, in numbers \Wwhiere not statistically
different from the control group (one-way ANOVA(¥, 18) = 0.600p = 0.701) (Figure 3a).

The whole-sediment toxicity tests with highly cantaated PH sediment showed no
survivors of either species in the controls, afvaty 7 d of exposure (Figure 3b). This
confirms the acute toxicity of this sediment andlso why the experiment was terminated on
the eighth day of exposure. In contrast to therckadiment, AC amendments now appeared
to cause increased survival, leading to maximunaigalr of 30-35% and 100% fdB. pulex
and A. aquaticusrespectively, at 3% AC or higher (Figure 3b). Rekably, the increase in
survival was already highly significant at the |@iveevel of AC addition, i.e. 1% (Figure 3b).
In the 28-d sediment test with 3% AC added to thmes contaminated sediment, AC also
caused increased survival Af aquaticusbut less than in the 8-d test (Figure 3b). Agam,
survivors were found in the sediment without AC.

As for G. pulex on the uncontaminated Veenkampen sediment, theme wo
significant size differences between individualp@sed to sediments enriched with 0, 1, and
3% AC (one-way ANOVA, F (2, 9) = 0.22fh,= 0.806) (Figure S3). The size Af aquaticus
however, decreased with increasing AC levels, dtimagh the difference was small, it was
statistically significant. The effect concentratitor 50% of the test population (E§ was
determined to be 5.30% (SD 1.59).

Linking observed mortality in contaminated sedimentto PAH exposure
concentrations

To test the hypothesis that the observed advantageffect of AC amendment to the heavily
contaminated PH sediment was due to a decreasmawdiable concentrations of PAHS,
PAH exposure was determined using POM passive samplrhese could not be employed
directly in the test systems because PAH trandgpdtie bed sediments would have been too
slow to reach chemical equilibrium with the samplastead, the samplers were equilibrated
in parallel systems, in which the AC-amended sedimavere suspended. The resulting
exposure concentrations can be assumed to apptbasé in the actual bioassay systems,
because (a) both sediment-water-AC systems wegadlrat equilibrium prior to exposure so
that differences in turbulence would not causeeddiices in aqueous PAH concentrations,
and (b) organisms as well as POM samplers extractgtigible amounts of PAHs from the
AC-enriched sediment (less than 2.5 + 0.3% forQfe AC treatment and less than 0.05 +
0.005 % for the 30% AC treatment). Addition of 1,63 15, and 30% d.w. AC resulted in
reductions of aqueoWSPAH concentrations by factors of 10, 150, 400, Z&H0 and more
than 5000, respectively (Figure S4). The obseriéidrdnces in mortality between different
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AC levels can be qualitatively explained by comparthe PAH concentrations with PAH
toxicity data for the test organisms. PHE, ANT, Fldnd PYR constituted more than 95% of
the aqueou&PAH concentration. Because the relative potencigbese four PAHs differ,
the additivity of their response was addressedguttie toxic unit (TU) approach, i.e., the
total toxicity of the dominant PAH was expressedaasum of the ratios of the aqueous
exposure concentrations and threshold effect cdrateans (LGo) for each of the individual
PAHs in the mixture(37, 38) To our knowledge, no Lfg values forG. pulexand A.
aquaticushave been published for these PAHs. Therefore PaEl exposure levels were
compared with LG values for two closely related Gammari@mmarus aequicaudand
Gammarus locustdn 48-h toxicity tests witls. aequicaudandG. locusta LCsgvalues for
PYR were determined to be 74 and 61 pg/L, thos&lidi 50 and 43, and those for PHE 170
and 150, respectivel89). For ANT, the LG, was assumed to be equal to that for PHE, given
the similarity between these chemicals (Keg, molecular weight and shape). Assuming that
the PAH LGy values forG. pulexcan be approximated by the average valuesGor
aequicaudaandG. locusta allows the calculation of TU values for the diffat AC treatment
conditions (Table S4). The decrease in TU valuesltoost zero at higher AC levels is
consistent with the increased survival of both gme¢Figure S5). At TU=1 (LogTU=0),
survival is approximately 2%, instead of the théoedly expected 50% (Figure S5). We
hypothesize that the lower survival was causedheylbonger exposure time in the current
toxicity test, i.e. 8 d as compared to 2 d for tited literature data. Assuming a first-order
mortality modeIN(t)=Noe* whereN andN, are the numbers of individuals at tintesd zero,
respectively, andt is the mortality rate (&) (40), 50% survival after 48 h yields a mortality
rate constank of 0.35 d' for the literature data on Gammarids (see Sl &cudation). Using
the same model, 2.5 % survival after 8 d (Figurgy&&ds a mortality rate constakiof 0.46

d! for the current experiments. Although associatdth wonsiderable uncertainty, this
analysis shows that the current TU-based dose mespourves are consistent with those
reported in the literaturg¢39), and thus that the observed advantageous effecAf
amendment on the test species can be explainedtfremeduced combined toxicity of the
PAH mixture.

Implications

Given the complexity of ecosystems, complete cetyaiegarding the absence of ecological
side effects of AC amendments cannot be given.cEffmnay be different for other types of
AC, other organisms and other environmental comakti Still, given the existing literature,
the current work has narrowed down the uncertawityh respect to safe ranges of AC
application by including behavioral endpoints andtifer extending the range of species
tested.

The current study used uncontaminated sediments rtfay represent the most
vulnerable ecological settings. Using test redsiutisn this sediment to answer the question of
safety would follow the precautionary principlechase AC effects may be more pronounced
in the absence of other stressors. The series ofewdediment behavioral toxicity tests with
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clean sediment demonstrated the absence of bebhkggponses like locomotion, ventilation
or avoidance. Our tests witA. aquaticusidentified no negative effects for up to 28 d,
whereas the application level of 2-4% would affegpulations ofG. pulexto some extent. It
is not likely, however, that this would lead toiextion of this species. After all, in actual AC
applications, AC levels will be subjected to sorpat&l variation, leaving sufficient refuge
for sensitive species such @s pulex In addition, AC can be applied to top layers oy
that subsequent deposition of fresh organic matidrdispersion will lead to lower levels.

It must be noted that AC will never be applied teao sediments, only to
contaminated sediments. Our study used a highlyacainated sediment representing a 'hot
spot' contaminated site. In such a case, additida4dv% AC yielded a striking improvement
of sediment quality in 28-d chronic whole-sedimbiaiassays wittA. aquaticusas well asG.
pulex where the latter species again proved to be tbset reensitive. Assuming that AC
removes the toxic chemicals from the water phdse,question remains why AC addition
eventually caused 100% mortality &f pulexin clean sediment, whereas it did not lead to
complete extinction in the contaminated sediment. pfesent, we have no conclusive
explanation for this, although these results are mexessarily contradictory. After all, it
cannot be ruled out that the habitat quality of seeliments was partly affected by other
factors than PAH and AC levels, such as organidenguality, macrochemistry or substrate
geometry(41).

Most earlier studies support the current obsematitinsensitivity to AC dosages of 2
to 4%. Many organisms exposed to sediments ameniiledCM, up to an unrealistically high
level of 25%, still showed high survivé@8, 9, 12-14) As for growth, no studies demonstrated
significant effects of AC addition on either marimefreshwater specigs, 14) The greatest
effects seem to occur in worms, but they never teagktinction at the 2-4% CM levels used
in this remediation scenario. Moreover, effectsAd@ observed in short-term laboratory
studies might not occur in the field. Communityeets probably are less severe in field
settings, where recolonization and fresh input rgfaaic matter will continuously form new
habitats on top of treated sediments.

In conclusion, application of 2-4% activated carbtin remediate contaminated
sediments can be considered beneficial and faverfdsl benthic species, especially those
linked to the water column.
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Supporting Information
Calculation of mortality rates

Following Traas et al(40) exponential mortality with a constant death rateassumed to
occur in toxicity experiments:
N(t)=Noe™ (1)
whereN biomass density or number of individuals at tind, the number of animal &0, k
the mortality rate (d) andt the duration of the experiment{d
For the 48 h Lgowe have: LnNK/Np) = -kt

Ln (50/100) = -k

k=0.35 (d")
For the 8 d LG s (because 2.5% survives):

Ln (2.5/100) = -&

k=0.46 (d"
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Determination of polyoxymethylene-water partition efficients for
phenanthrene, anthracene, fluoranthene, and pyrene

POM-water distribution coefficientfoy) were determined with a co-solvent meth@d,
42). This method extrapolaté& oy values measured at a range of methanol-water nestu
to 0% methanol. In short, 76 um POM strips (250-6%f) CS Hyde Company, Lake Villa,
IL, USA) were added to 250 mL bottles, each filleith a mixture of methanol and nanopure
water (O, 10, 15, 20, 30, 40, and 50 volume % mmethasupplemented with 25 mg/L sodium
azide (biocide) and 0.01 M calciumchloride. Eachthaerol-water-POM system was
duplicated. Methanol-water mixtures were carefsgliyked with 100 puL PAH stock solution,
such that PAH solubilities were not exceeded. Bstilvere closed and shaken horizontally
(100 rpm) at 18°C for 6 weeks. After equilibratiaihe POM-strips were extracted and
analysed for PAHs as described in the MaterialsMathods section. The aqueous phase was
extracted twice with 20 mL hexane and analysedP#Hs as described in the Materials and
Methods section.

POM-methanol/water (Ld§py) partitioning coefficients were calculated @sow/Cu,
where Cpopm is the PAH concentration in POM art@), is the PAH concentration in the
methanol/water mixture. POM-water coefficienksdy) were estimated by extrapolation the
LogKpum values to 0% methanol using linear regressionufieids1, Table S3). Following ref
(21), two extrapolations were compared: regression aiKley versus the volume fraction
methanol using the range off@go<0.5, and regression only using the range df@5<0.3.
Results are presented in (Table S3). The regressiog the widest range of figor<0.5 was
considered most robust. These values were usethdoexposure and toxicity evaluation in
the sediment bioassays. The overall average staretaors in these Ld{om values were
0.08-0.11 Log unit (Table S3). Comparison of thgKeou values with literature data (Table
S3), shows that they agree well to those obtaineh fthe Lodkpom - LogKow relationship
that was previously published for partitioning &Bs to the same 76 um POM mate(iz0).
This confirms an earlier observation by Jonker &welmans(16) that LoKpomLogKow
relationships for PAH and PCB patrtitioning to POlytee very well.

134



Ecotoxicological effects of AC amendments on magestebrates in non-polluted and polluted sediments

Table S1.PAH and PCB concentrations of Petroleum Harbor) @td Veenkampen sediment.
PAHs, mg/kg Petroleum Veenkampen PCBs, pg/kg Petroleum Veenkampen

Harbor Harbor
PYR 277 (3.1) 1.5 (0.05) CB-18 8.4 (0.3) <LOD
FLU 195 (5.1) 1.4 (0.03) CB-20 7.3 (0.4) <LOD
PHE 150 (3.4) 0.81 (0.07) CB-28 4.3(0.2) <LOD
AEN 124 (1.9) <LOD CB-29 15 (0.7) <LOD
ANT 98 (1.3) 0.28 (0.01) CB-44 15 (0.6) <LOD
CHR 57 (4.6) 0.25 (0.01) CB-52 7.6 (0.2) 1.4 (0.05)
BeP 53 (1.9) 0.12 (0.01) CB-101 11 (0.1) 1.6 (0.01)
BaA 49 (3.5) 0.09 (0.003) CB-105 14 (0.6) <LOD
BaP 27 (4.2) 0.05 (0.002) CB-118 4.1 (0.1) 1.2p.0
BbF 25 (4.0) 0.08 (0.003) CB-138 11 (0.1) 2.5 (9.09
InP 14 (2.9) 0.03 (0.001) CB-149 18 (0.7) <LOD
NAP 12 (0.41) <LOD CB-153 15 (0.4) 1.7 (0.07)
BghiP 9.6 (2.3) 0.04 (0.001) CB-155 21 (0.8) <LOD
BkF 8.3(7.2) <LOD CB-180 6.1 (0.1) 0.91 (0.08)
AYL 4.8 (0.32) <LOD CB-194 12 (0.5) <LOD
DBA 2.6 (0.67) 0.04 (0.001) CB-204 1.3(0.1) <LOD
CB-209 0.60 (0.02) <LOD
>PAH 1107 (43) 4.7 (0.32) >PCBs 170 (7.7) 9.3 (0.42)
Thresholq 40 Thresholq 676(28)
concentration concentration

TOC,%  6.2(0.06) 9.8 (0.41) BC, % 2.1(0.15) 1.8 (0.25)

Values are given as means (n= 3)
LOD =0.01-0.13 pg/L

Table S2.Concentration of metals in Petroleum Harbor sediraed AC.

As Cu Pb Zn Ni Cr > Metals

Background concentration of metals in0,24 0,88 6,8 4,2 0,11 0,11 12
PH sediment, mmol/kg d.w.

Concentration of metals in AC, 0,059 0,11 0,018 0,11 0,57 054 14
mmol/Kgac
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Table S3. POM-76 - water partitioning coefficients (n=12)r fhenanthrene, anthracene,
fluoranthene, and pyrene

PHE ANT FLU PYR PHE ANT FLU PYR
0.1<f\e0r<0.5 0.14c0<0.3
Intercept (LogKpom) 4.56 4.29 511 5.13 4.43 4.03 4.98 4.97
SE 0.08 0.11 0.09 0.09 0.07 0.11 0.08 0.08
Cl Lower 95% 4.37 4.03 4.92 4.93 4.25 3.75 477 784.
Cl Upper 95% 4.74 4,54 5.31 5.33 4.60 4.30 5.18 175.
Slope -4.67 -3.89 -516 -5.09 -3.95 -239 -436 -4.17
SE 0.27 0.37 0.28 0.29 0.35 0.56 0.41 0.40
Cl Lower 95% -5.27 -471 579 574 -4.82 -3.765.38 -5.14
Cl Upper 95% -4.08 -3.07 -453 -4.44 -3.08 -1.033.35 -3.19
R? 0.97 0.92 0.97 0.97 0.95 0.75 0.95 0.95
LogKpom * 4.66 4.66 5.13 5.13

* LogKpom Values derived from the L&gow — LodKow relationship Lo&pom = 0.791 Lodow +
1.018 for PCBs based on data reported in SI(R&f

Table S4.Exposure concentration and Toxic Units of PAHs daretion of AC level in Petroleum

Harbor sediment

PHE ANT FLU PYR
LCso (ng/L) for -
Gammaridae 148-174(39) 148 43-45(39) 61-74(39)
AC level in sediment, % Gv (ug/L) TU*

0 37 9.27 9.28 5.37 0.618
1 3.00 1.20 1.10 0.50 0.062
3 0.30 0.10 0.01 0.04 0.004
6 0.15 0.03 0.04 0.01 0.002
15 0.03 0.02 0.02 0.00 0.001
30 0.01 0.01 0.01 0.00 0.000

* TU of 1 would imply 50% mortality in a 48 h toxigitest assuming concentration additivity. TU
calculated as TU = £"7LCsy ™" + C/NVTILCs™T +C,YILCsy ™ + C,""FILCsy” R, PAHSs with
negligible concentration were omitted from TU cédtions.
** Assumed to be equal to the kgfor PHE.
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Figure S1. POM-water / methanol (Ld&y) as a function of the volume fraction of methafwi
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Figure S1. (continued) POM-water / methanol (lg,) as a function of the volume fraction of
methanol for phenanthrene (a), anthracene (b);ghtbene (c), and pyrene (d).
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Figure S2. Percentage time spent on locomotion and ventilasictivity (median, 78 percentile,
n=20) by (a)G. pulexand (b)A. aquaticusafter 1-day exposure to Veenkampen sediment esdich
with AC.
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Figure S3.Size (SE, n=4) o6. pulex(triangles) and\. aquaticugcircles) individuals recovered after
28-d exposure to non-contaminated Veenkampen sadiesea function of AC levels in the sediment.
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Figure S5. Log Survival (%) ofG. pulexin Petroleum Harbor sediment enriched with AC as a
function of Log TU estimated for two marine Gamiday Gammarus aequicaudand Gammarus
locusta For calculation of TU values see Table S4.
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Abstract

Adding activated carbon (AC) to contaminated sedinfes been suggested as an effective
method for sediment remediation. AC binds chemicslgh as polycyclic aromatic
hydrocarbons (PAHS), thus reducing the toxicitytred sediment. Negative effects of AC on
benthic organisms have also been reported. Herpresent a conceptual model to quantify
the trade-off, in terms of biomass changes, betvwieemdvantageous PAH toxicity reduction
and the negative effects of AC on populations ofthie species. The model describes
population growth, incorporates concentration-dffetationships for PAHs in the pore water
and for AC, and uses an equilibrium sorption motel estimate PAH pore water
concentrations as a function of AC dosage. We ik the model using bioassay data and
analyzed it by calculating isoclines of zero popala growth for two species. For the
sediment evaluated here the results show that A§ safely protect the benthic habitat
against considerable sediment PAH concentratiorlsresas the AC dosage remains below
4%.

Introduction

Sediment contamination by hydrophobic organic commpls (HOCs) has been recognized as
an environmental problem for decadé¥s Sediment-dwelling and pelagic organisms may be
exposed to these compounds, either directly thrabgir diet or through uptake from the
water column or interstitial water, or indirectlgrough HOC release after resuspension or
bioturbation. Dredging with subsequent disposahefdredged material in sediment depot is
the most common technique to remediate contaminsgeliments. Dredging, however, is
expensive, laborious, and can lead to resuspensiforsediment material, increasing
concentrations of HOCs in the overlying water. Mwe&r, dredging is also very invasive,
which may be a problem in vulnerable ecosystemse®é/, amendment of contaminated
sediments with activated carbon (AC) has been mepa@s a less disruptive, less expensive,
and more efficient remediation techniq(®). Severalin situ and ex situ studies have
demonstrated the advantageous effects of AC apipicasuch as the reduction of
bioavailable HOC pore water concentratig@s6), reduced HOC bioaccumulati¢8, 5, 7-9)
and reduced toxicity of sediment-bound HQ@s10-13) Despite these advantageous effects,
it has also been hypothesized that AC itself mayeheegative impacts on the habitat quality
for benthic organisms. It is important that thessgible side-effects are properly addressed
before AC amendments can be implemented as a safea@epted method for sediment
remediation. For several aquatic species, a vamétndverse effects of AC have been
observed in laboratory settings, such as mortgity7) growth inhibition (4, 9) and a
decrease in lipid conte(i, 14)

A major question is under what conditions the inweraent of habitat quality due to
HOC immobilization would compensate for the possibégative effects of AC itself on the
habitat quality for benthic aquatic organisms. Aiddially, there is a need for a framework
allowing these counteracting effects to be germzdli Such a framework could be calibrated
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for different chemicals, ecosystems, and activatadbon types and then used for decision
support in the management of contaminated sediments

Here we present a general approach to the condepugeling of the development of
a population of benthic invertebrates in contangdasediments amended with AC. The
model calculates the direct effects of AC addittonthe population, the secondary effects of
AC on the reduction of pore water PAH concentratjand the effects of these reduced PAH
exposure concentrations on the population. As sihehmodel is also capable of quantifying
the trade-off between the advantageous HOC toxretiuction and the negative effects of
AC addition on macroinvertebrate populations. Thepscof the model is to describe effects
for the first weeks after AC amendment. We are awére of earlier studies modeling the
combined effects of AC amendment and HOCs on beptbpulation development.

The general model is implemented for a specific caseg sediment- and species-
specific toxicity data derived from our previougiyblished 8- and 28-day whole sediment
laboratory bioassayét). We briefly summarize the characteristics of thbamssays and
introduce the modeling approach. The bioassays uszd to test the effects of AC addition
(0, 3, 6, 15, and 30% d.w.) to uncontaminated sedimand to sediment natively
contaminated with PAHSs, for two specigSammarus pulexand Asellus aquaticusThe
experimental results showed that AC addition (a&d$eto lower survival and to growth
inhibition of these species in uncontaminated sedimand at the same time (b) facilitates
survival of both species in the PAH-contaminatedirsent (4). G. pulexand A. aquaticus
were selected as test organisms because theymraaoinvertebrates in freshwater habitats
and have been widely used in ecotoxicological sts(di5, 16) They differ in their sensitivity
to AC (4), and have different species-specific propertisshsas behavior, feeding strategies,
and routes of HOC uptakél7), and thus provide a good representation of benthic
communities. Moreover, these are the two speciasitave been most frequently studied in
Europe in regards to how they are affected by AC. S¢dment was a highly contaminated
‘hot spot’ sample from Petroleum Harbor (PH, Amdgen, The Netherlands), with a total
PAH concentration of 1,100 mg/kg. Yield responsesthe interrelated effects of PAH
toxicity and activated carbon addition @ pulexandA. aquaticuswere analyzed using a
general population growth mod@8). The effect of AC addition on PAH aqueous exposure
concentrations was quantified using an AC-inclugigeilibrium sorption submod¢l9, 20)
The model was parameterized using literature dadatlaa concentration-effect relationships
and mortality rates derived from the laboratoryesxpents(4).

Methods

Model description
Population dynamics in sediment amended with ACOne of the most basic models of
population growth is the logistic growth modB, 21) A population with sufficient food and

space to grow tends to grow at a rate that is ptmgpal to the population size and is
commonly described as:
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dB_, ([, B
® —ef1-2] &

whereB is biomass (mg) is a growth rate constanttjj and population growth is limited by
the carrying capaciti (i.e. an upper limit of population size) (mg). Wesame that in the
first relatively short period, as in the 28-d tagidests from which the majority of the input
parameters for the model were deriv@ld, the population is unconstrained by resource
limitations, that isB is small relative td<, and the population growth follows an exponential

pattern(18):.
dB

Whereas population growth occurs through productiorassimilation, growth failure may
occur through respiration, natural mortality, andrtality caused by toxic chemicals. These
are the factors we included in the growth modelsgRation was described as a gross loss
term and was not subdivided into costs for maimeaagrowth, and reproduction. Population
growth due to reproduction and recolonization isnetevant for our toxicity test systems and
is therefore omitted. Similarly, the model does ocotsider biomass losses due to inter- and
intra-specific competitions or predation. The rasgltpopulation growth equation follows
previously published approach€s8, 22, 23) and details the rate constantin eq 2 as
follows:

m
= 0K~ =i = o )B @
wherek, is an assimilation rate constant'jdk; is the respiration rate @, kinis a growth
inhibition rate (&), anduna, #ac, andupari are rates constants for natural mortality, mastali
due to AC and mortality due to individual PAHrespectively, (d). The summation term
adds up the mortality rates due to mlindividual PAH to obtain one overall mortality rate
(O_upani) for the PAH mixture present in the sediment poeter. The use of these mortality
rate constants implies that mortality is assumethaaa first-order process, proportional to
population size. Following Traas et &4), the mortality ratg (d%) due to the stressors, i.e.
either an individual PAH (or mixture of PAHs) or AG modeled to depend on their
concentratiorC (png/L) in the water, according to:

,uz%ln[1+(l_g j } (%)

where LCsp is the concentration at which 50% mortality is efved in a single species
toxicity test (ug/L),b (> 0) is a slope parameter of the concentration-respaurve on a
linear scale, an® is the duration of the single species toxicity test)(dParameterization and
calibration of the model egs 3 and 4 is detailddwe

Trade-off between toxicity reduction and negative fects of activated carbon.The trade-
off between the advantageous effect of PAH toxicgyuction and the direct negative effects
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of AC addition on the test species was addressed) uke parameterized and calibrated
model to calculate population equilibria. The pogala equilibrium for a species is the
combination of model variables that results in @& population with zero growth. In our
case, these model variables are % AC and total Bé&ttentration. The equilibria can be
visualized graphically by plotting the line of zegoowth for each of the species. The lines of
zero growth are called isoclines, and separateréiggons in the state space where the
population increases from the regions where thellatipn decreases.

Since the population equilibrium occurs when thpydation density is not changing,
we can calculate the isoclines by equatiBgitin eq 3 to zero, or:

m
B(Ky =K = Kinh = Moot = Hac Z;,/JPAHi) =0 5)
i
Eq 5 has two solutions. The first soluti@ = 0, is called a trivial equilibrium and effectiye
represents the absence of the species, which tinerisfnot relevant from an ecological point
of view. The second solution balances the assimiatate constantk, to all loss rate
constants in the model, that is, the rate constéortgespiration, growth inhibition, and
mortality:
m
Hac =Ky =K =Kip = oo — ;/JPAHi (6)
=

Eq 6 shows that ik,, ki, kinn, @andpna, are known, the mortality rate constant due to(Afz)
can be calculated for any value of the mortalite due to PAHYX Upani), and vice versa. It is
more convenient, however, to express eq 6 in taiike control variable€ac (as % AC)

and the aqueous concentration for RAE|,, or even better, the total concentration of PAH

in the solid phase. This can be achieved by subatiteq 4 parameterized for AC infQ,
and substituting eq 4 parameterized for PAH toxitito ppan i, Which yields:

bac i \b
1 C &1 Cw
In| 1+| —£¢ =k, —K = o~ In 1+( i j (7)
Dac [ (LC?OCJ ] t ; DPAHi [ LC,,

Eq 7 determines the isocline, linki@jc values (% AC) to those values @f, in the mixture

of PAHs that result in zero growth of the populatiso ay lpani can be calculated for each
AC concentration. Note that numerous combinatidnsoacentrationsC,, in the pore water

mixture of PAHs may result in the same value X@ipani (the right-hand summation term in
eq 7). However, the actual composition of the PAKtane in the sediment pore water is
fixed and sediment-specific, and under equilibricomditions has to relate to a fixed ratio of
solid phase PAH concentrations in the sediment. éfbex, we first calculated the isocline-

SUpani from eq 7 and then fitted the pore water concéotia C,, of the four dominant

PAHSs, constituting more than 95% of the aqueBB&H concentration (phenanthrene (PHE),
anthracene (ANT), fluoranthene (FLU), and pyren€RP (4), to fulfill two criteria: (a) the

> Upani Value calculated from the four fitte@,, values equates to this required isocline-
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>Upani, and (b) the solid phase PAH concentratid®|s, for the four dominant PAHs as
calculated from the fitted values f@,, by equilibrium sorption modeling are in agreement
with the corresponding PAIE._, ratios in the PH sediment (Table S1). For this eosion of

pore water concentrations of individual PAHE,() to solid phase concentration€(,)

single or multiple domain sorption models may bleed, that may or may not account for
sorption non-linearity to ‘hard carbon' phasd®, 20, 25-28)depended on the case
considered. Here, we decided to keep the modelrgeaed to follow the approach that
seems to be accepted most frequently in the rditerdture, which is a multiple domain

Freundlich sorption mod€10, 19, 20) The model accounts for the distribution of PAHg©OV

the organic matter domains of organic carbon (Qf@)ldack carbon (BC) and added AC:

zCéed = fOCZ K(i)CC\iN + chz Kliac (C\IN )nF‘BC + fACZ ch (C\I/v )nF'BC (8)
= = i=1 i=1

where) Cqeq (L0/kQ) is the sum concentrationrmafPAHSs sorbed to the total sediment, which
is assumed to remain unchanged after AC additind f@, fsc, andfac are the fractions of
OC, BC, and AC, respectively (kgig, Koc is the organic carbon normalized sorption
coefficient for OC (L/kgc), Ksc and Kac are the Freundlich adsorption coefficients for BC
and AC, respectively, (ng/kg)/(nghf)andnggc and ngac are the Freundlich exponents for
BC and AC, respectively. The conversion of the PAbrtality rate § pani) tO pore water
concentrations and then to PAH concentrationsensdiment solid phase that correspond to
the actual composition of the sediment can be pmdd for any sediment using this
procedure. For a given PAH mortality rapgueani), however, sediments with a different PAH
profile will yield a different) Csegbased on eq 8. In summary, for a given level ofiPACseq

this model procedure provides the value of % AC vidiich a stable population of zero
growth can be expected, or vice versa. It is comrgrno have the isocline expressed in terms
of Y Cseq (solid phase) rather than pore water concentrat&ince total contaminant
concentrations are the common descriptors in sediopgality management. With respect to
the application of eq 8 we formulate three disckisn First, non-equilibrium may cause pore
water concentrations to be higher than predictethisyequilibrium model. Second, eq 8 may
yield theoretical values fdrCseqthat are beyond the range of PAH concentrationsvfoch

the BC and AC sorption parameters were calibraféitd, at highC,,, sorption behavior

may not comply with the Freundlich model becaussabéiration of the AC and BC surfaces.
To better address saturation of the surface of lkbardon materials such as BC and AC,
Langmuir or Polanyi-Dubinin-Manes models have beaggested beforé9). Because of
better data availability and the lesser numberasameters needed, we evaluated a Langmuir
model scenario as an alternative to eq 8:

m : m : : m KBC i m KAC i
ched = fOCZ I<OC(:W + fBCZ |d<BCC:Wi + fACZ |d<AE::\Ni (9)
i=1 i=1 i=1 l+ d CVV i=1 l+ d C:VV

CBC CAC

max max
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whereKg is the initial slope of the isotherm equal to soebent-water distribution coefficient
(L/kg) at low C},, andCpax is the maximum adsorption capacity (ug/kg) of sleebent. A
detailed explanation of eq 9 is provided as Suppgthformation.

Parameterization of the model

As explained in the introduction, the model wasapaterized using data derived from 28-d
and 8-d exposure experiment with uncontaminated BAdH-contaminated sediment,
respectively, amended with different AC concentragi(4). To our knowledge, this is the
only dataset available that can be evaluated icdnéext of the proposed model framework.

Biomass estimation.Biomass B) was monitored by counting the number of individua a
series of whole-sediment toxicity tests describegl/ipusly (4). The observed numbers were
converted to biomass using length - dry weightti@tahips established by Graca et(8b)
(Table 1). FoiG. pulex the relationship reads: DW= 3 LnL - 5.64, wherdDW andL are
the dry weight (mg) and length (mm) of an individi@aganism, respectively. FoA.
aguaticus the relationship is: LW = 2.7 LnL - 4.58. Assimilation and respiration rates,
estimated from the balanced energy equation, vakentfrom the literatur€36, 37)(Table
1).

Mortality and growth inhibition rates. Natural mortality ofG. pulexandA. aquaticuswas

estimated from the observed mortality in the expental controlg4) by fitting eq 3 to the

dose-response curve with paramet@rs;, Kinn, Hac, andppan Set to zeroLCLC, bac, andDac

(eq 4) forG. pulexwere derived from a series of AC toxicity testalfle 1)(4) andpac was
calculated using eq 4. Fd@t. aquaticus no concentration-effect curve could be derived to

calculate LC/C andbac, sopac was estimated as total mortality observed in #winsent

minus natural mortality4). For both speciekn, was set to zero since no growth inhibition
was observed in the AC toxicity tests.

Mortality due to PAHs in AC-amended sediments wakuated in two different
ways. For the purpose of modeling the populationagtyics during the bioassays, mortality
due to PAHs was calculated as total mortality olesgtin our laboratory experiments minus
natural mortality and mortality due to AC. This uske assumption that mortalities due to
multiple stressors (here PAHs and AC) can be asdwadditive (eq 3)18, 38) Factors that
might interfere with AC and PAH toxicity in the tedike oxygen, pH, un-ionized ammonia,
metals, other HOCs) were irrelevant as was showsuirprevious papd#). For the purpose
of modeling the isoclines, mortality due to PAHEPH sediment was estimated using eq 4, as
described above. To our knowledge,i®, andb values forG. pulexandA. aquaticushave
been published for individual PAHs. However, it li@®en shown previously that the shape of
the dose-response curve, which is determined bynibdian sensitivity of the exposed
populations, is similar for compounds with the samade of actior(39). Thus,f, the slope
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parameter of the log-transformed dose-responsearship (# = 1b), was assumed to be the
same for all individual PAHSs, both f@. pulexandA. aquaticugTable 1)(39).

As for LCsq, the values for two closely related gammar@ammarus aequicaudand
Gammarus locustavere taken to feed the model (Table(4)) since species with similar
traits have similar sensitivity to stress¢is). Using the previously published approddh,
theLCso for ANT was assumed to be equal to that for PHEgmithe similarity between these
chemicals (Lo&ow, molecular weight, and shape) and between theal fthronic values
(41).

Sediment characteristics.The total concentrations of PAHs in the systéit{J, foc, fac,
and fac were determined experimentally and are given inl@ &4 (4). The Koc values for
amorphous carbon were calculated from compounds cigeecific quantitative structure
property relationships (QSPRs) taken from van N@&2). The QSPR for PAHS, is: L&@c

= 1.11 LoKow— 1.14. Lo¢kowValues for PAHs were taken from Booij et @?3). Following
(19), BC and AC Freundlich sorption affinity constafus all individual chemicalsKgc and
Kac) and their Freundlich exponents were estimatedgugreviously published dafao, 25,
28, 44-47) Values forKq for BC and AC were taken from Jonker and Koelmg@®y and
corrected for one order of magnitude organic mdtieling, as reported previous(29, 31)
Adsorption capacitie€nax Were taken from van Noof82-34)

Uncertainty analysis. A robust uncertainty analysis was performed foe tisocline
calculations by varying the values of the inputgpaeters within a range of plus or minus one
SD (Table 1). If no SD was available, the input pater value was varied within 20% of the
values (Table 1). The resulting lowest and highsstline estimates were plotted together
with the isocline at the default parameter values.
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Table 1.Default model parameters (SD)

G. pulex A. agquaticus
Biological parameters
Assimilation rate k", d* 0.052(36) 0.05% (37)
Respiration rate  k.°, d* 0.034(36) 0.008" (37)
Natural mortality  pne, d* 0.0069 (0.0021) 0.0019 (0.0022)
Activated Carbon
1 3 6 15 30 1 3 6 15 30

0.0260 0.1987 0.2398 0.2398 0.0050 0.0062 0.0041 0.0036 0.0064
(0.0165) (0.0823) (0.0021) (0.0021) (0.0030) (0.0115) (0.0045) (0.0089) (0.0056)

AC toxicity 28-dLCse™, % 3.1 (0.64) -
b,c
b y 4.5 -
Dac’, d 28 28
Polyaromatic hydrocarbons
PAH toxicity 2-dLCsy’, /L (40) PHE ANT FLU PYR PHE ANT FLU PYR
150 150 50 60 150 150 50 60
b°' - 2.36 2.36
Dpatt, d 2 2
Sorption affinity  LogKsc™ (ug/kgso)/(ug/L)"™¢ 7.5 (0.2) 7.5(0.2) 7.7 (0.3) 7.7 (0.3) 75(0.2) .5{0.2) 7.7 (0.3) 7.7 (0.3)
parameters LogKac™® (UG/KG)/(Ug/L)"™*C 7.7 (0.3) 7.7 (0.3) 8.6 (0.3) 8.6 (0.3) 7.7(0.3) .7{0.3) 8.6 (0.3) 8.6 (0.3)
LogC2C 9, ug/kg 6.91 6.91 6.73 6.73 6.91 6.91 6.73 6.73
Log C2° 9 nglkg 7.45 7.45 6.97 6.97 7.45 7.45 6.97 6.97
Log K $°", Likg 5.56 5.76 6.04 6.04 5.56 5.76 6.04 6.04
Log K" Likg 7.76 7.96 8.06 8.06 7.76 7.96 8.06 8.06
nF,Bcb'E, - 0.7 0.7
Neac™, - 0.7 0.7

®Uncertainty analysis used value +SDncertainty analysis used value +10%alculated using data frod). “L mg = 20.7 kJ36). *Estimated using data
from (10, 25, 28, 44-474s summarized if19). 'b (=1/8) estimated using data frof89). °Estimated using data fro(82-34)"Estimated using data fro(80).
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Results and discussion
Modeling population dynamics in AC-amended sediment

Mortality rates due to AC and PAHSs. The results of the whole-sediment 28-d toxicityges
with G. pulexand A. aquaticusin uncontaminated sedime() were used to calculate the
mortality rates due to AC. F@. pulex the mortality rate due to AC gradually increasgs
increasing AC concentration and appears to levfehtofiigher AC concentrations, i.e. > 15%
(Figure Sla). This may suggest that addition of AGhase very high concentrations will
probably cause 100% mortality of the population.cntrast toG. pulex A. aquaticus
survived at all AC concentration and its mortalites due to different AC concentrations
were very low and not statistically different fraane another (one-way ANOVA(5, 18) =
0.514, p = 0.763) (Figure S1). Therefore, the average vailfi.005 ¢ for all AC
concentrations was used to calculate the isoc(aeslescribed in the next section).

The results of the whole-sediment 8-d toxicitygesith G. pulexandA. aquaticusn
heavily contaminated sediment were used to caleuta mortality rates due to PAHs. An
increase in AC concentration in PAH-contaminatediment leads to an exponential decrease
in mortality rates for both species (Figure S1k)gasting that 1 - 3% AC efficiently removes
PAHSs from the sediment pore water and thus redusks associated with these chemicals.

General model results WhereaKupryianchyk et al(4) evaluated the results of the bioassay
using statistical tests, we here evaluate the muglalf the population dynamics in these
laboratory tests. The agreement between modelednagasured values for the biomass
increase in the bioassays is good@omulexandA. aquaticusn uncontaminated and heavily
contaminated sediment (Figure 1).

25 -
@)} 20 -
E ) -
e
3 15 & i
2 2 |
< 10 EE' -
= /
m .

0 gﬁi

0 5 10 15 20 25

BwmopeLLep , Mg

Figure 1. Modeled vs. measured biomass (xSD)Xfpulex(triangles) andA. aquaticus(squares).
Open symbols relate to 28-d toxicity tests in uniaotinated sediment, closed black and closed gray
symbols relate to 8- and 28-d toxicity test in PAéhtaminated Petroleum Harbor sediment amended
with AC, respectively. Dashed line is the 1:1 line.
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The agreement between modeled and measured dataescvalues for two different test
durations, i.e. 8 and 28 days (Figure 1). Althotlgh latter agreement does not demonstrate a
full validation of the model, it provides some soppfor the assumed validity of the first-
order approach as condensed in eqs 2 and 3.
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Figure 2. Population dynamics of. pulex(a) andA. aquaticus(b) in uncontaminated sediment
amended with 0, 1, 3, 6, 15, and 30% AC d.w. Thekera correspond to a biomass (SD) measured in
the 28-d toxicity test. The markers were delibdyaset apart by +1 d to avoid overlap of error bars
(xSD).

Population dynamics in uncontaminated AC-amended skment. The calculated mortality
rates were used as input to model the populatioeldpment ofG. pulexandA. aquaticusn
uncontaminated and heavily contaminated (PH) seadimie appeared that amendment of
uncontaminated sediment with 1% AC has no or omgyvmild effects on the modeled
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population dynamics do&. pulex(Figure 2a). Addition of 3% AC leads to an approately
50% inhibition of biomass development, comparedhe control group. Amendment of
sediment with AC > 3% has a significant effect@npulexand eventually leads to extinction
of the population. As foA. aquaticus addition of AC to clean sediment also affects the
modeled biomass development of the species. Howéverpredicted decrease in biomass
can largely be explained by growth inhibitionAfaquaticusather than mortality caused by
AC addition (Figure 2b). After all, the fitted grtlwinhibition constant is about three times
higher than the mortality rate constant at sedinfgDtconcentrations exceeding 3% (Table
1).
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Figure 3. Population dynamics db. pulex(a) andA. aquaticus(b) in PAH-contaminated sediment
amended with 0, 1, 3, 6, 15, and 30% AC d.w. Thekera correspond to biomass (£SD) measured in
the 8-d toxicity test. The markers were delibeyaggt apart by + 0.5 d to avoid overlap of errarsba

(SD).
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Population dynamics in PAH-contaminated sediment amnded with AC. In contaminated
PH sediment without AC, the modeled effect of PAdistheG. pulexpopulation is severe
and leads to a rapid decline of the population idengthin several days (Figure 3a). AC
addition is able to improve survival of the speckgen the highest doses of AC, however, do
not completely ‘mask’ the high levels of PAHs inetlPH sediment, which results in a
predicted extinction of the population Gf pulex(Figure 3a). Note that the 30% AC curve,
which represents the condition with the highestioctidn of PAH pore water concentrations,
does not provide the best overall growth condifenG. pulex.This can be explained by the
fact that at these high AC levels, the negativeaf of AC are bigger than the positive
effects of the reduction of pore water concentretiand associated toxicity of the PAHS.
Instead, the curve for 3% AC appears to provideetieb compromise for this species.
Similarly, exposure oA. aquaticusto contaminated PH sediment without AC also le@ads
extinction within several days. Addition of AC tétdiBediment again leads to survival, which
for this AC-tolerant species requires only 1% A@Gd aloes not show any decline at higher
AC concentrations (Figure 3b).

The assimilation, growth, respiration, growth inhidm, and AC- and PAH-related
mortality rate constants as specified in Table d Rigure S1 may be lumped into one overall
value per AC concentration in the PH sediment, frohich a population half-life can be
calculated. If we define the time of extinctionfasr times the half-life, the calibrated model
predicts that 3% AC extends the time to extincfimm approximately 8 to 16 days f@.
pulexand from 12 days to infinity fok. aquaticus.

Modeling the trade-off between toxicity reduction ad negative activated
carbon effects on macroinvertebrate populations

The previous section evaluated model simulationstii@ conditions of our previously
published bioassays. Here we address the main &itheopaper, i.e. the exact trade-off
between PAH toxicity reduction and negative AC etffeonG. pulexandA. aquaticus by
simulating population equilibria for PH sediment.eTkquilibria are plotted as isoclines
defining all combinations of AC dosage (% AC) awotht PAH concentration in sediment
(XCseg that yield zero growth of the population, and vehthe PAH ratios of the individual
PAHs that make uRCses agree with the ratios in the PH sediment (FigdreThe PAH
concentration matching that of PH sediment is néukeFigure 4. Lower concentrations can
be regarded as dilutions of PH sediment, wheregtsehiconcentrations resemble hypothetical
sediments with a higher loading of PAHs. F@r pulex the population equilibrium in
untreated sediment is observed at ¥0gq4= 3.23 (1,700 mg/kg) (Figure 4a, intersect of
isocline with 0% AC line). This means that the pepioin grows if the PAH concentration in
untreated PH sediment is lower than this value.irknease iny Cseqincreases the toxicant-
related mortality and therefore requires an in@dasoncentration of AC to keep the
population at equilibrium.
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Figure 4. Isoclines, i.e. lines of zero growth, f@. pulex(a) andA. aquaticus(b). An isocline
separates the part of the state space where thaatiops decrease (dashed area) from the state spac
where the populations increase (blank area). Tlaekbimarker corresponds to the position of
Petroleum Harbor sediment in the state space. Tiwectbaqueous PAH exposure to sediment PAH
concentrations, a Freundlich sorption model (ey&) used.

Increasing Loy Cseqfrom 3.23 to a theoretical value of 5.34 (i.e.02®0 mg/kg) requires an
AC dose of 0% increasing to 4%, that is, about 1@pr 70,000 mg/kg of extP8Cseq This
agrees to an unrealistically high AC binding capacf 7 g PAH per g of AC, which
illustrates the limitation of the Freundlich modelcorrectly describe sorption behavior at the
highest concentration levels in Figure 4. A furthmerease in the PAH concentration becomes
lethal and causes growth inhibition of the popolatiBesides the limit i} Cseq there is a
similar upper limit in the AC dose, which is indied by the higher bound of the isocline.
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When Lo@ Cseq gradually varies from -1.00 to 5.34 (i.e. from ® 220,000 mg/kg), the
tolerance to AC gradually varies from 4.0 to 5.5 @figure 4a). The maximum tolerance
for PAHs is reached at an AC dose of about 4% aniddicated, is unrealistically high (220
g/kg PAH). This is explained by the Freundlich smmptmodel used (eq 8), which assumes
equilibrium sorption to high affinity materials su@s black carbon and activated carbon
without a sorption maximum.

For A. aquaticus the population equilibrium for untreated sedimenbbserved at
Log) Cseq= 3.02 (1,600 mg/kg) (Figure 4b, intersect of igoelwith 0% AC line). Since the
mortality of A. aquaticusdue to AC is constant in the range of 1 - 30% AE. 0.005 & on
average), the isocline is constrained mainly byttxecity of the PAHSs in the sediment pore
water. This implies a limit to the tolerance to PAHRghich in this case is calculated as
LogY Cseq = 4.82 (65,000 mg/kg), and no limit to the tolerarfne upper bound) for AC
(Figure 4b).

Once the isocline of zero growth has been estimated can predict what range of
AC additions may be considered safe for a spetfiesafe’ is defined as sustaining a habitat
quality sufficient for population growth. For instze, for a sediment with LOCseq = 4.30
(20,000 mg/kg), population growth is expected touncbetween AC concentrations of 0.5
and 5.5 % (Figure 4). We emphasize that this resaibnditional, i.e. it depends on the model
formulations, the species used, the conditionfiéntést and the specific sediment employed
in the tests. However, individual PAH profiles imuatic sediments may show limited
variation. For instance, the PAH contaminationhe PH sediment we studied was identified
to be of pyrogenic origit4). Consequently, we assume that the isoclineStgoulexandA.
aquaticus may look very similar for other sediments of pyag origin, since PAH
concentration ratios for this type of sedimentssshmarrow rangé8).

The results of the uncertainty analysis show thatutiicertainties in model parameters
at both ends of their uncertainty ranges (eith&Dtor + 10%) yield considerable uncertainty
in the exact position of the isoclines (Figure SR)s still possible, however, to define safe
ranges of AC application, albeit by taking the @mative estimates of the isoclines that
define the state space in which population&ofpulexandA. aquaticusincrease over time
(Figure S2).

Using the same approach, isoclines were also ledédcliusing a Langmuir sorption
approach (eq 9). In this scenario the isoclineswstite same general shape as the ones
calculated with the Freundlich model, with almodéntical values for AC% (Figure S3).
However, the isocline values for Lp@seqare 1.3 to 1.8 unit lower than calculated usirgy th
Freundlich model (Figure 4 vs. Figure S3). Thisxglained by the fact that at equal values of
Cw, the Langmuir model (eq 9) calculates lower valiogsy Cseq than the Freundlich model
(eq 8) does, due to inclusion of sorption saturatibt equal values 0f Cseq the Langmuir
model thus calculates higher agueous phase coatiens resulting in higher toxicity and to
a smaller area in the state space where biomassogevent is positive @/dt > 0). In
untreated sediment (AC % = 0), the population @guilm is calculated at LGgCseq~ 2.72
(530 mg/kg) for both species (Figure S3), whiclhige times lower than predicted with the
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Freundlich isotherms (Figure 4). This result agiaetser to the experimental observation that
both species did not survive in bioassays witheated PH sediment, but did survive when an
AC dose of 1% was adddd). Increasing Loy Cseq from 2.72 to a theoretical value of 3.34
(i.e., 2,200 mg/kg) now requires an AC dose of Oreasing to 4%, that is, about 1% AC
per 900 mg/kg of extrd Cseq (Figure S3). This agrees to an AC binding capaait9.090 g
PAH per 1 g of AC, which complies to the maximunsagbtion capacitiesy{Crmay provided

by van Noort(32), which were used as input in the model. Basedhen_Langmuir scenario
(Figure S3), a maximum of about 1 g/kg PAH with A@ver than 4% would be a
conservative estimate of the limits for populatgsawth.

In conclusion, a Langmuir modeling approach showsslter agreement with
experimental observations than a Freundlich approAtthough higher AC concentrations
might have an effect on the biomass developmersensitive species such &s pulex the
overall effects of AC addition to PAH contaminatgtes are expected to be advantageous as
long as AC is added at optimum concentrations 4%6). At these AC concentrations, the
positive effects of AC in terms of reducing PAH ity outweigh direct negative effects of
AC.

Implications

The previous sections have shown how concepts fropulption ecology, environmental
chemistry, and ecotoxicology may be unified in awge framework to evaluate the
interaction between multiple stressors, where ohdhe stressors has an advantageous
(antagonistic) effect on the other. Once sufficigabchemical characteristics of sediments are
known, like in a typical site-specific risk assessm) the state space where these
characteristics support population growth of bentommunities can be simulated, taking
into account the uncertainty in input parametdrsetessary, equations for population growth
(eq 3), dose-response (eq 4), or exposure mod@in@ and 9) may be adapted. This may
include more detail in modeling for increased maalin higher tier assessments. For instance,
better parameterization of Langmuir type sorptiardels (eq 9), which also may account for
sorption competition, may further increase real&rthe high concentration ranges ¥}Cseq
such as they may occur at ‘hot spot’ locations. @Bee higher realism implies increased
uncertainty, one might also choose for simplificatof the sorption or effect submodels (e.qg.,
(26, 27). If accurate pore water concentration data asglae, it may be preferred to use eq
7 directly, thereby omitting relatively complex pton submodels. Furthermore, the validity
of current assumptions such as additivity of AC &mdcant mortality, and translatability of
AC effects across sediments may be studied in ehetasl.

The current framework was evaluated for a specifise¢c but may be generally
applicable to cases where sorbents are added IB@osediments as amendments. Several
recent approaches in sediment or soil treatmenttheseoncept of sorbent addition, using,
e.g., biochars, nanoparticles, or cldgs 49) As such, the conceptual modeling approach
presented here may be used as a supporting tookknassessment or when designing
sediment remediation scenarios. Obviously, fodfi@bplications more factors and processes
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need to be considered. For instance, the curredemmplementation addressed the potential
effects of sorbents shortly after amendment ofraedt, which is a relevant time frame for
recolonization of benthic habitats. However, aljlouhis was realistic in terms of test
species, environmental conditions and use of ngts@taminated natural sediments, effects
may be different at longer time scales and for otyyges of AC. Reported effects of AC from
laboratory experiments may be less pronounced atogically realistic field settings. After
all, deposition of fresh organic matter and disjpersof AC will form a new habitat for
benthic species and may decrease or even elimeffgets observed in laboratory studies
(50). Furthermore, effects of AC could originate froeduction in the availability of trace
nutrients(3), which may be replenished more easily in an ogstem. Consequently, future
work has to address the model’s potential for fiedlldation and application, including more
accurate constraining of parameters where neceasdrynderstanding their variability under
natural conditiong27, 28) This includes accounting for other variables #ratimportant for
biomass growth, like nutrient loads, dissolved @tygontent, presence of macrophytes or
carrying capacity(51, 52) Also, the use of other indicators of improved iemvmental
guality than biomass, like biodiversity or specdsindance, may be explored. Field-relevant
processes such as colonization, competition andapion are available already in ecological
models(52) and can easily be linked to the model construntpgsed and evaluated in this
paper. Future work should also include validatidnparameters using field data from
demonstration sites.
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Supporting Information

Modeling the trade-off between toxicity reduction ad negative activated
carbon effects on macroinvertebrate populations usg a Langmuir
sorption approach

At low concentrations, monolayer adsorption onto B& AC can be described with a
Langmuir model:
sed axC\N (1)
1+ bC,
where Chax (Lg/kg) is the maximum adsorption capacity of soebent and (L/pg) is the
sorption affinity. At low concentrations, whé@,y << 1, eq 1 reduces to:

CSE‘ p—
whereKy is the sorbent-water distribution coefficient (JkCombining eqgs 1 and 2 yields:
K4Cw
Copg=—20 3
d 1+ KdCW ( )

Now the pore water concentrations of individual RAlE,, ) can be converted to solid phase
concentrations ¢._,) by adding a Langmuir term as in eq 3 for BC ad#l e for AC to a

linear partitioning term for amorphous organic rat{(OC). This yields eq 9 in the
manuscript:

m KBC m KAC i
e o 3 e D e @
i=1 1 i=1 1+ d C\N
CBC CAC

max max

Table S1 Concentrations of four dominant PAHs, organic &tk carbon content in Petroleum
Harbor sediment

Concentration

Crhe, mg/kg 150 (3.4)
Cant, mg/kg 98 (1.3)

CrLu, mg/kg 195 (5.1)
Cryr Mmg/kg 277 (3.1)
> Cses Mg/kg 1100 (43)
foc, % 6.2 (0.06)
fac, %0 2.1 (0.15)

Values are given as means (SD, n = 3).
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Figure S1 Mortality (SD) ofG. pulex(triangles) andh. aquaticugsquares) due to AC (a) and PAHs
(b) as a function of AC concentration

164



Modeling trade-off between PAH toxicity reductiord aregative effects of sorben amendments to contardieatéments

-1 1 3 5
LogCsed, mg/kg

A. aquaticus A b

-1 1 3 5 7
LogCsed, mg/kg

Figure S2.Uncertainty in the isoclines, i.e. lines of zerowth, forG. pulex(a) andA. aquaticugb).
Uncertainty ranges have been estimated usinglinmael parameters plus and minus SD or 10% of
their values (Table 1¥..qwas calculated numerically using eqs 7 and 8
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Figure S3.lIsoclines, i.e. lines of zero growth, f@. pulex(a) andA. aquaticus(b). An isocline
separates the part of the state space where thaatiops decrease (dashed area) from the state spac
where the populations increase (blank area). Tthen@rker corresponds to the position of Petroleum
Harbor sediment in the state space. To convert arguePAH exposure to sediment PAH
concentrations, a Langmuir sorption model (eq 9 used.
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Chapter 7

Abstract

Using activated carbon (AC) for sediment remedratioay have negative effects on benthic
communities. To date, most AC effect studies wér@tsterm and limited to single species
laboratory tests. Here, we studied the effects & #n the recolonization of benthic
communities. Sediment from an unpolluted site wagraded with increasing levels of AC,
placed in trays and randomly embedded in the algite, which acted as a donor system for
recolonization of benthic species. After 3 and Idnths, the trays were retrieved and benthic
organisms identified. Aositive trend with AC was detected for speciesnalance after 3
months, whereas after 15 months a negative tretid AC was detected fdrumbriculidae
and Pisidiidae. On the community level, statisti@ahlyses showed a considerable recovery
in terms of species diversity and abundance in Bthsy and full recovery of the community
after 15 months. This was explained from migratodrindividuals from the donor system,
followed by further migration and reproduction bétspecies in the next year. AC treatments
explained 3% of the variance in the community d@tas work suggests that AC community
effects are mild as long as AC levels are not g (i1-4%).

Introduction

Contaminated sediments pose a risk to aquatic @mvients by inducing changes in benthic
communities(1-4). Methods to remediate contaminated sediments airedaicing sediment
toxicity and traditionally rely on dredging. Howeyeéredging is costly, laborious, may result
in incomplete removal of the contaminated sedintenn resuspension of large amounts of
contaminated particles, or may fail to reduce pmager concentrations of contaminar&s.
Moreover, sediment remediation by dredging leadsh® total physical deterioration of
benthic habitats and benthic communities. Sedinaam¢ndment with strong sorbents like
activated carbon (AC) has been proposed as amaiies to dredgind6, 7) It has been
shown that AC efficiently reduces aqueous conc&atra of hydrophobic organic compounds
(HOCs) in aquatic sedimen(§-8), bioaccumulation of HOCs from contaminated sedisien
(9, 10) and thus decreases the toxicity of sediments iffereint benthic species, e.qg.
Ampelisca abditaGammarus pulexAmericamysis bahjaAsellus aquaticysLumbriculus
variegatus (11-14) At the same time, sediment amendment with AC rnaye negative
effects on aquatic organisms. Reported negatiexesfinclude mortality t&ammarus pulex
and Corbicula fluminea growth inhibition in Corbicula fluminea Mytilus edulis and
Neanthes arenaceodentatand decreased egestion rates and lipid contehumbriculus
variegatus(13-18) However, these observations relate to closed latagyraxperiments with
single species. We hypothesise that actual commfiects are less severe in open field
settings, where recolonisation occurs and whengedsson of AC and fresh input of organic
matter will continuously form new habitats on top toeated sediments. Species in field
settings may have a higher tolerance to stressoasrasult of competition and selectid®,
20). If effects of AC originated from a reduction imetavailability of trace nutrient{d5, 21)
this would be less serious in an open system whateents would be replenished more
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easily. Macrophytes will contribute to diversity mabitat by providing refugee and local
differences in sediment structure, thus stimulabimgliversity of benthic speci€22). We are
aware of only one study that directly compared aombant effects in laboratory bioassays
with community effects in the field(4). They found that only 1.9% oin situ
macroinvertebrate variation in the field was exmpdal by laboratory bioassay responses,
which supports the relevance of the aforementiaikyiating processes. Hence, translating
observed laboratory effects at the species levehéocommunity level in the field can be
problematic. Apart from the translation issue, thixing of AC into sediments on a large
scale may partially disturb benthic habitats andtie communities. Consequently, studies at
the community and ecosystem level are essentadgess the ecological consequences of AC
applications. To date, only three studies addreSseffects on the community level. Cho et
al. (23) observed no effect of the sediment amended wi#8#3AC on diversity and
abundance of benthic communities after 6 and 18timohexposure. Cornelissen et @4),
reported that benthic macrofauna composition anerdity were affected by different AC
cappings, with an AC—clay mixture having a lowepaunt on the community than AC only or
AC capped with sand. Naslund et @5) reported a considerable negative effect of a 1s2 m
AC capping treatment on macrofauna richness. Ttiegse studies show that the information
on community level effects still is limited and ¢@dictory. Mixing AC into the sediment
typically will be associated with a severe physidsturbance of the sediment and relatively
strong initial effects to the community due toimdiy high AC concentrations in the sediment
top layers. Consequently, it makes sense to cansaemunity effects in terms of recovery
potential, i.e. by investigating recolonization tife amended sediments after an initial
removal of benthic species. To our knowledge, tffects of AC amendments on the
recolonization by benthic invertebrates have nenbeddressed before.

The aim of the present study was to determine fleete of AC concentration on the
recovery of benthic communities in treated sedimentr time. Community composition was
characterized in terms of species diversity anchdbhnoce prior to treatment, after short-term
recolonization (3 months) and after longer-ternolegization and community development
(15 months). Five AC concentrations (0-10%) westetg in a controlled and replicated yet
ecologically realistic field experiment, includingteraction with macrophytes. To better
isolate ecological effects of AC only, a non-padiditsite was used. The key questions are: (1)
what are the effects of sediment treatment with@Che benthic community; (2) how does
the subsequent recovery of benthic communities mpen time; and (3) which
environmental variables play a role during the vecyp process. Measurement of AC was
included in all treatments to be able to addresslting term fate of AC after sediment
treatment.
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Materials and methods
The study site

The colonization experiment was conducted in anontaninated natural ditch in “de
Veenkampen” (VK), an experimental field site of Véaghgen University, The Netherlands
(51°58°52"N, 5°37'25"E). The ditch (3 m width, 1 depth) is surrounded by extensive low-
productive grasslands and fed by deep groundw&&or to the experiment, the benthic
community composition was assessed, showing thesepoe of Insecta, Gastropoda,
Malacostraca, Bivalvia, and Oligochaeta. Prior le experiment, a sediment sample was
taken for analysis of organic matter content. Tégiraent had a native black carbon (BC) and
total organic carbon (TOC) content of 1.8 and 9.8ré&&pectively (Table S1, Supporting
Information). Although there was no direct sour€eantamination for the ditch, the presence
of hydrophobic contaminants such as polychlorobaghdPCB) and polycyclic aromatic
hydrocarbons (PAHSs) was tested and reported prelid4). Total PAH and PCB were 4.7
mg/kg and 9.3 pg/kg, respectively, which is farolelpublished toxicity thresholds, (Table
S1).

Community colonization experiment

In short, colonization was studied by first remaysediment from the site, cleaning it from
invertebrates, treating the sediment with AC, pgttihe treated sediment back in the ditch in
trays, and monitoring the recolonization in thesgd, where the surrounding community acts
as a continuous donor system (Figure S1).

Sediment was collected from the site using 0.5 meshsize net in May 2009, sieved
on a 2 mm mesh sieve, homogenized on a rollerb@n®4 h, and stored for two weeks in 26
L polyethylene buckets without headspace at 20°Ccrate anoxic conditions. These
conditions eliminated all macroinvertebrates inesrtb prevent false colonization during the
experiments. After anaerobic treatment, powdered &0 = 15 um , SAE Super, Norit, The
Netherlands) was added to get final concentratiyris 4, 6, and 10 % d.w. Prior to use, AC
was wetted to remove air pockets. After mixing wit€, sediment was homogenized on a
rollerbank for 1 week. Open polypropylene trays X286 x 15 cm) were filled with 2 L of the
treated sediment resulting in a sediment thickméss cm and embedded in the unpolluted
donor sediment at a distance of 0.5 to 1 m fronhedber. The randomly embedded trays
included 20 trays (five AC treatments, 4 replicafes community assessment after 3 months
and an identical set of 20 trays for community assent after 15 months. Trays were
connected to wires spanning the width of the ditcbrder to prevent the trays from sinking
too deep in the sediment. The experiment was eaédcut the period from June 2009 till
October 2010. After 3 and 15 months of exposuretitags were carefully retrieved. First,
macrophytes present in the trays were removed alelcted for dry weight determination.
Second, a representative mixed sediment subsangdeiakken from each individual tray to
determine TOC, BC and added AC (see below). Fin&dlycollecting the macroinvertebrates
present in a tray, the sample material was sieved0® pm mesh size to reduce the sample
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volume, preserved in 96% ethanol and stored at 4°@e laboratory, benthic animals were
sorted out from the remaining material under a ditar (magnification 10x), counted, and
identified to the lowest possible taxonomic levatsng available keys. This was done by
certified biologists specialized in benthic invérate identification. Additionally, three
macroinvertebrate samples from the donor systene waken with a standard dipnet (mesh
size 0.5 mm) from a surface area of approximateB 8. To eliminate any possible
influence of cross-contamination with AC, these gka® were taken at a distance of 10 m
from the AC-treated trays, one upstream and twordgtengam. Thresediment samples for
TOC, BC and AC determination were taken outsidettags (VK samples) at the centre of
the test site, 10 cm from the trays with the higl#gS concentration (i.e. 6-10%).

TOC and BC were determined in quadruplicate ushregriothermal oxidatio(26). In
short, organic carbon was removed by thermal oxidaat 375°C (CTO375) and then
inorganic carbon byn situ acidification with 2M HCI. The samples were ana&gaising an
EA 1110 CHN elemental analyzer (CE Instruments,aiilltaly). AC was determined in
guadruplicate using a wet chemical oxidation metlie¥eloped and validated for this
purpose (27, 28) Briefly, sediment samples oxidized by 0.1M poitass dichromate in
concentrated sulfuric acid solution were analyzeidgithe CHN elemental analyzer. Quality
assurance included many blanks and reference sanipb¢e that these methods for BC and
AC are operationally defined and not fully seleeticTO375 will also detect part of the AC,
whereas the wet oxidation method is expected tectieesidual carbon (RC), composed of a
constant background level of natural BC plus add€dRC=BC+AC).

Statistical analyses

Univariate analysis.AC treatment effects on the benthic community wstedied using
univariate community measures: number of taxa, ispeabundance, and the Shannon
diversity index H), describing the species diversity of the bentimiomunity:

H=-3(pInp) M)

i=1
wherep; is the relative abundance of a taxipoalculated as the proportion of individuals of a
given taxon to the total number of individuals lire ttommunity, and is the number of taxa
in the community.

The univariate community measures were normalliridiged (Kolmogorov-Smirnov
testp = 0.05) and therefore one-way ANOVA followed byKey’s post-hoc test were applied
to test for treatment effects. A two-tailed t-tests used to test for differences in the absolute
abundance of species in each of AC treatments &ftand 15-month exposure periods. The
relationship between the tested variables was efudiith Pearson’s correlation. The null
hypothesis (no difference between treatments) vegacted when p<0.05. Results were
reported as a trend if 0.05<p<0.10. All analysesewserformed with PASW Statistics 17.0
(SPSS, Chicago, IL, USA). Linear regression analygas performed in Microsoft Excel
2010 (Microsoft Corporation, Redmond, WA, USA).
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Multivariate analysis.Redundancy Analysis (RDA) with partitioning of tvariance was
used to detect patterns and origins of variatiothe macroinvertebrate data, 4) Prior to
the multivariate analysis, the data were Log(abond#&l) transformed. First, RDA was
performed to quantify the variance explained byekelanatory variables (treatment, duration
of exposure, macrophyte biomass) together. Thenexiplanatory power and significance of
each variable were determined through a seriesngies constrained RDAs, followed by
Monte Carlo permutation tests with 499 permutatiolbe multivariate analyses were
performed with CANOCO 4.5 for Windowg9).

Results and discussion

Total organic carbon, black carbon and activated cebon after three and
fifteen months

Mean (x SD) TOC after 3 and 15 months of exposuithé AC-treatments varied from 8.1 (+
1.1)to 12.2 (x 1.9) and from 5.2 (= 1.6) to 11+3)(6) % d.w., respectively (Figure S2a), thus
showing some variability between the treatmentwelsas between time points. The analysis
of AC content with the wet oxidation method shoveegood proportionality with nominal
AC concentrations up to 10% AC in the samples takiéer 3 months (RC = 0.57 (£0.04)
(nominal AC) + 2.39 (+0.25), R= 0.94; Figure S2b). The intercept of the regmsdine
agrees well to the apparent 2 % RC in the contFajufe S2b), which relates to the
background of natural BC in the Veenkampen sediméné slope of the regression line
(0.57+0.04) indicated that the wet oxidation metlvagtured approximately 57 % of initial
AC, which is approximately 10-30 % lower than tleeaveries of powdered AC reported
earlier (27, 28) This could be explained from dilution of AC thraty have occurred due to
deposition of fresh organic material as was alsseoled in a long-term field experiment at
Hunters Point, in San Francisco Bay, U@R). Analysis of the sediment adjacent to the trays
with 6 and 10 % AC (samples VK1, VK2, and VK3 igbie S2b) showed some higher RC
contents compared to the controls (0% AC) andédrihial AC content in the ditch. We have
no conclusive explanation for these differencesatinot be ruled out that besides dilution,
some transfer of AC from the trays to the nearaurdings may have occurred during the
long term exposure period. However, the differenaeRC between tray and VK samples can
also be explained from heterogeneity in the natuialsediment, or from the difference in
sampling method and pre-treatment of tray sedirsantples versus VK sediment samples.
The AC content in the treatments with 6 and 10 %, A@s lower than nominal AC
concentration in the samples taken after 15 mofkigaire 1). Other than local dilution with
fresh OM, we have no conclusive explanation fos tiiservation.

The comparison of results from the wet oxidationthoud with those obtained with
CTO375 reveals the superiority of the former methodjuantifying AC (Figure S3). The
results of the BC analysis with CTO375 also show iaarease with nominal AC
concentration, but the method sensitivity is abdt times lower than that of the wet
oxidation method. Apparently, the CTO375 methodlke of detecting about 15% of the AC
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type applied in this study. This agrees to eartibservations of carbon losses during the
oxidation process of AC at 375°(28, 30, 31) The results of this study imply that the wet
oxidation method can be suitable for analysis ofiA€nvironmental samples.

10 -
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Figure 1. Measured activated carbon (AC) concentration (8f3) with the wet oxidation method, vs.
initial, nominal AC concentration in the Veenkamsdiment after 3 (open symbols) and 15 (closed
symbols) months of exposure. AC is calculated asdifference between total residual carbon (RC)
and natural black carbon (BC). The dashed linkasit1 line.

Community effects after three months of recolonizadn

After 3 months of exposure, a total of 26 taxa wdestified in the treated sediments, most of
them belonging to taxonomic classes of Insecta,aBia, Gastropoda, Hirudinea, and
Oligochaeta. Taxa that occurred in large numbersalin treatments were Pisidiidae,
Lumbriculidae, Tanyponidae, and Erpobdella octaeuld@he number of taxa in the trays
varied from 4 to 11 (Figure S4a) and was not sigaiitly different between treatments (one-
way ANOVA, F (4, 16) = 1.148p = 0.370). The number of individuals ranged fron® 18
1100 individuals/rh (Figure S5a). Remarkably, the absolute abundaficgpecies in the
controls without AC was lower than in treatment$tWAC (Figure S5a). The difference was
not statistically significant (one-way ANOVA, F (46) = 2.939p = 0.053), but still may be
interpreted as a trend. AC has been shown to h#eterial communities and to cause an
increase in bacterial productiof25). This may have an effect on nutrient cycles and
consequently might relate the observed differences in macrofauna abundance

In the donor system a total of 11 different taxa wekentified, dominated by other taxa
than in the AC-treatments, e.g. Planorbidae, Risdi Asellidae, and Cloeon. The number of
taxa ranged from 8 to 11 and the number of indiaisiwas 720 - 910 individualsfriFigure
S4a, Figure S5a). Comparison of the numbers of aaxhindividuals in the control trays to
those for the donor system shows that 65 % ofaka from the donor system were present in
the trays, and that taxa density in the controystrs almost 60 % lower compared to the
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donor system (Table 1). Interestingly, the bentddmmunity recolonized the AC-treatments
to a greater extent, viz. 72-94 % of the taxa a&3@% % of the individuals.

The mean Shannon index (x SD), ranged from 1.40.1%) to 1.74 (x 0.18) for the
AC treatments (Table 1, Figure S6a) and the obdedr#erences were too small to be
significant (one-way ANOVA, F (4, 16) = 0.93®, = 0.467), suggesting that sediment
amendment with AC did not have an effect on biodiig and abundance of the benthic taxa.
The slightly higher Shannon index in the donoreystvas not significantly different either.

Macrophytes found in the trays belonged to the naruic groupsChara sp Elodea
nuttallii, Potamogeton obtusifoliysGlyceria spand Alisma plantago-aquaticaThe most
abundant species found in all treatments Wsra sp Analysis of macrophyte density
showed a significant difference amongst treatméme-way ANOVA with post-hoc, F (4,
16) = 5.767,p = 0.005), (Figure S7a). However, no relationshgtween macrophyte
composition and densities and benthic compositionalmundance was found after 3-m
exposure (Pearson’s correlation, r (21) = 0.228,0.320).

Community effects after fifteen months of recoloniation

After long term exposure of 15 months, the treatimevere still dominated by taxonomic
classes of Insecta, Bivalvia, Gastropoda, Hirudiraea Oligochaeta. A total of 25 taxa (vs.
26 after 3-month exposure) was identified in theatments. Numerically abundant were
Lumbriculidae, Tanypodinae, Erpobdella octocul@meon, and Pisidiidae. The number of
taxa in the trays varied from 5 to 14 (Figure S4diy not differ significantly between
treatments (one-way ANOVA, F (4, 16) = 1.6Q8= 0.222) and was comparable to the
situation after 3 months post-treatment. The nunobendividuals ranged from 930 to 5200
individuals/nf. The abundance of species slightly decreasedimdtieasing AC (Figure S5b),
however, this was not significant (one-way ANOVA(4; 16) = 0.496p = 0.739). The donor
system community now was dominated by the same ohsarved in the treatments, e.g.
Chironomini, Lumbriculidae, Tanypodinae, Erpobdetietoculata, Cloeon, and Pisidiidae.
The number of taxa in the donor system ranged ®8oim 12 and the number of individuals
from 1040 to 1410 individuals/m(Figure S4b and Figure S5b). Comparing the nunober
taxa and individuals in the control trays to théadfor the donor system 15 months after
treatment, it appears that 94 % of the taxa froendbnor system were observed in the trays
and density was almost twice as high as in the dsygiem (Table 1). We have no conclusive
explanation for the higher density. To some exthig may be explained from missing
individuals from the donor system with body sizefhm, as was mentioned in the method
section. However, natural spatial heterogeneity prayide a more plausible explanation. As
trays and donor systems were ~10 m apart, someahalfference in habitat quality may
have developed in 15 months. As for the AC-treats)efb-103 % of the taxa from the donor
system were present, whereas species density Wwad9lP % of that in the donor system
(Table 1). This indicates that after 15 monthskibathic community completely recolonized
the sediment treated with up to 10 % AC. This alsows that the trays did not act as barriers
for recolonization for any of the species.

174



Long-term recovery of benthic communities in sedisiamended with activated carbon

Mean (£ SD) Shannon index ranged from 1.25 (x 0t@9).54 (x 0.44) for the treated
sediments (Table 1, Figure S6b), and was not éiffebetween AC-treatments (one-way
ANOVA, F(4, 16) = 0.582p = 0.680). Again the value for the donor system wlaghtly
higher compared to AC treatments (1.89 * 0.06)nmatsignificant.

Macrophytes present in the trays wethara sp Elodea nuttallii Potamogeton
obtusifolius Fontinalis sp and Alisma plantago-aquaticaThe variation in macrophyte
densities between AC-treatments was not signifigame-way ANOVA, F(4, 16) = 1.999,=
0.143) (Figure S7b) and quite comparable to theropaytes densities after 3-month
exposure period.

Time dependence of community recovery

The previous sections showed that there were nuifisgnt AC treatment effects on the
recovery of the benthic community. However, theustence of progressive recolonization
was clear and statistically significant. After 3 mim exposure over summer (June to October
2009), some of the taxa were already present ih hignbers, often equal to those found in
the donor system. At that time, the total numbdrsdividuals of all species were already
similar in the trays and in the donor system. Arylater, i.e. 15 months post-treatment (June
2009 to October 2010), species abundance was hohmer than after 3 m of exposure but
also higher than in the donor system. This suggésitsrecolonization during the first three
months occurred mainly through active or passivgration of individuals from the donor
system to the treatments, whereas recolonizatian the following year occurred through
both migration of adults and juvenile recruitmgB®). No obvious patterns in dominant
fauna, presence of tolerant versus sensitive spaxald be observed between treatments,
with two exceptions. First, a decreased abundamdeumbriculidae was observed in the
treatments with AC-sediment after 15 months (Tab® Figure S8a). The difference in
absolute abundance was statistically significame{oway ANOVA, F (4, 16) = 3.02§ =
0.049) with the 10% treatment deviating from thbeos (Tukey post hoc test). Negative
effects of AC addition on Lumbriculidae have beeparted previouslyl5, 16, 21, 33)It has
been argued that sediment amendment with AC noy aflanges the geochemical
characteristics of the sediment but also the dietandition of deposit feedef21). When
exposed to sediment enriched with AC, which hasaarlutritional value, worms may start to
metabolize their own lipids in order to avoid sten. In the short term this can lead to a
decrease in lipid content, ingestion and egesttesr as has been shown in earlier laboratory
experimentg15, 16, 21, 33)In the long term, however, these processes migglt in a
decreased abundance of the populations. Secondbtimelance of Pisidiidae was shown to be
significantly lower after 15 months compared to 8nath exposure period (t-test, Table S3,
Figure S8b).
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Table 1 Recolonization, biodiversity and macrophyte dgras a function of treatment and tfine

System or AC 3 months 15 months
Recolonizatior?, % Shannon Macrophytes, Recolonizatior?, % Shannon  Macrophytes, g
treatment, % . . . :
Taxa Individuals index g d.w. Taxa Individuals index d.w.
Donor system - - 1.88 (0.35) - - - 1.89 (0.06) -
0 64(9.3Y 38 (21f 1.51(0.219  0.41(0.24 94 (11f 190 (749 1.43 (0.20) 1.34 (1.07
2 94 (37) 92 (24) 1.62 (0.53) 0.71 (0.49) 75 (17) 183 1.25 (0.29) 0.39 (0.56)
4 72 (19) 63 (17) 1.40 (0.11) 1.73 (1.29) 88 (15) 155 1.41 (0.32) 0.64 (0.62)
6 89 (27) 74 (53) 1.74 (0.18) 0.16 (0.14) 85(5.8) 91®B) 1.31(0.19) 1.22 (0.62)
10 86 (25) 99 (24) 1.43 (0.25) 1.68 (0.21) 103 (26) 5 (#28) 1.54 (0.44) 0.31 (0.13)

Values are given as means (SD, =3, n=5).
®Calculated as number in trays divided by numbeuimounding donor system *100%.
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Furthermore, after 3 months a positive trend wittréasing AC dose was detected for this
species (one-way ANOVA, F(4, 16) = 2.713+ 0.067). However, after 15 months, this trend
was no longer significant (F(4, 16) = 1.6305= 0.215) suggesting a decrease of AC effects
over time. These AC effects can also be explainedltered dietary conditions of the clams,
which may cause reduced feeding and, in turn, mdiugrowth and reproductio(B4).
Additionally, exposure to AC might lead to gill-gjging by fine AC particles that affect both
feeding and respiration of the animé®). Earlier studies showed ecotoxicological effedts o
AC on bivalve molluscs and worn{$3, 15-18, 21)and identified these species as sensitive
to AC application. Now that our data reveal simiteends in realistic field settings, we
suggest that the further investigation of the gesisi of these species in realistic field
settings is a research priority.

Multivariate analysis of the community data

RDA revealed that 49.5% of the variation in theadat was explained by duration of the
exposure, AC content (WO method), and presence atrophytes. The remaining
unexplained variation may be due to biological dastunaccounted for in this study, like
predation, competition, sediment habitat charasties, food quality and availability, pH,
temperature, or oxygen content. The duration ofoske to the AC treated sediment was
highly significant in the forward selection procegluexplaining 43.6 % of the total variation
in the benthic community structurp € 0.002) (Table 2). AC explained 3% of the vadati
which also was significantp(= 0.020). An AC community effect based on variance
partitioning has not been reported before. Interght, the contributions of macrophytes
density was the smallest, i.e. 2.4%, and not Sicamt @ = 0.108).

Table 2 Partitioning of the variance in the communityalat
Initial AC as explanatory = Measured AC as explanatory

variable variable
Variation Variation
Source explained, % p value explained, % p value
AC content 9.00 0.008 3.10 0.020
Exposure time 44.8 0.002 43.6 0.002
Macrophytes 2.40 0.046 2.20 0.108
Unexplained 43.7 - 51.5 -

% 9% variation explained, as obtained from redundamanalysis with activated carbon (AC)
concentration, exposure time and macrophytes gemsiexplanatory variables.

Using the nominal AC concentration instead of ACaswed with WO, yielded a higher

impact of AC (9% variation explained and highern#igance; Table 2). However, we

consider the result with measured AC as more tealsd relevant because (a) it better
reflects actual exposure, and (b) the other expbapavariables were also considered after
exposure.
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The first two RDA axes accounted for 44.7 and 3.bf%ariation in the samples and
species data, respectively. The first RDA axis shewlear separation of the samples based
on the duration of the exposure, i.e. trays retribafter 3- months are on the left-hand side
and those retrieved after 15 months are on the-hghd side of Figure 2a. The second RDA
axis relates to AC concentration with the highesel in the lower part of the graph (Figure
2a). Accordingly, taxa found in few systems regasdlAC content and exposure time occupy
the centre of the ordination plot and belong to ridee, Zygoptera, Phryganeidae,
Gomphidae, Valvata, Viviparus, Bythinia, Physa, IAdae, and Glossiphonia heteroclita
(Figure 2b). Taxa in the left-hand side of the damg, viz. Aeshnidae, Hygrobiidae,
Notonectidae, Lepidoptera, and Libellulidae shostrang correlation with samples retrieved
after 3 months of exposure. However, the abundahdtkese taxa is so low (Table S2) that
absence of the aforementioned taxa in samplesevetti after 15 months should not be
interpreted as an AC treatment effect. Numericalbminant species in the study, e.g.
Lumbriculidae, Erpobdella octoculata, Tanypodin@kironomini, Cloeon, and Chaoboridae,
corresponded closely to samples retrieved aftantbth exposure and indicate a role of time
in recolonization process.

Although positions of samples and taxa along tloersgé RDA axis correlate with the
AC gradient (Figure 2b), treatments and taxa weteclearly separated or grouped based on
AC concentration. Moreover, a higher dispersalashgles of the same AC treatment after 15
months compared to 3 month exposure, suggestadhatal processes have a higher effect on
community structure, richness and abundance tretardances related to sediment treatment
and/or AC effects. Thus, our data do not suppaitt@ng impact of AC on the recolonization
of benthic communities.

Implications

In summary, the above analysis shows that the lweottimmunity recovered well in a period
of 15 months, despite addition of up to 10 % ACthe sediment. The detection of a
statistically significant effect of AC on the commty level was not considered to be
alarming because it was only 3%. After recoverg tltumber of taxa and their abundance
were comparable to that prior to treatment. Moreoagssemblage composition, taxonomic
richness and abundance found in this study agre#ibse reported recently for a wide range
of natural and semi-natural lentic water bodies)ststing of 18 Dutch drainage ditches and
small lakes(36). Consequently, we argue that our recolonized systean be considered as
having a good ecological statl$owever, whereas a positive trend with AC was deteéor
species abundance after 3 months, a negative we#hdAC was detected fdcumbriculidae
and Pisidiidae after 15 months. This illustrates $ensitivities of these species to AC in a
field community. This sensitivity was known fromrleer single species laboratory te$is3,
15-18, 21, 37)It can be argued that effects of AC reportedhia literature, such as altered
lipid content, ingestion and egestion rate, coodiindex, and mortality13, 15-18, 21, 37)
relate to species-specific life-history tra{@8). For instance, it has been argued before that
taxa ingesting the sediment and living with thedy completely or partially in the sediment
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are more sensitive and more affected by sedimeatrirent than other species that are more
or partly connected to the overlying wat@&3). Consequently, we suggest future studies
should explore the sensitivity of these species wider variety of realistic field settings.
Effects of AC additions on reproduction (the leasidied end point) would be of great
importance for a better understanding of AC effertdenthic communities in the long term.
As for other taxa, the effect of AC in the fieldegses to be absent or less severe than in the
laboratory experimentgl4, 16, 17) Despite the existence of species relatively se@asto

AC amendments, they were not extinct after lonmtexposureConsequently, at the level of
the entire community and for AC levels used in tecal applications (<4%), we consider the
effects of AC addition to unpolluted sediment tonhiéd.

Furthermore, it should be noted th&€ will never be applied to clean sediments.
Sediments that are to be remediated carry higherdrations of HOCs. For such sediments it
has already been shown that at AC concentratiofis <the positive effects of AC in terms of
reducing HOC toxicity, outweigh the negative ecatay effects of AC application and
therefore lead to a substantial improvement oftaalguality(14, 23, 33, 39)
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Supporting Information

Table S1 PAH and PCB concentration, total organic carbb®@) and black carbon (BC) content in
Veenkampen sedime(i4).?

PAHs C, mg/kg PCBs C, ug/kg
Acenaphthylene <LOD CB-18 <LOD
Acenaphthene <LOD CB-20 <LOD
Anthracene 0.28 (0.01) CB-28 <LOD
Benzoalanthracen 0.09 (0.002 CB-2¢ <LOD
Benzo[a]pyrene 0.05 (0.002) CB-44 <LOD
Benzolb]fluoranthene 0.08 (0.003) CB-52 1.4 (0.05)
Benzo[e]pyrene 0.12 (0.01) CB-101 1.6 (0.01)
Benzo[ghi]pyrylene 0.04 (0.001) CB-105 <LOD
Benzolk]fluoranthene <LOD CB-118 1.2 (0.06)
Chrysene 0.25 (0.01) CB-138 2.5 (0.09)
Dibenzol[a,h]anthracene 0.04 (0.001) CB-149 <LOD
Fluoranthene 1.4 (0.03) CB-153 1.7 (0.07)
Indeno[1,2,-cd]pyrene 0.03 (0.001 CB-15¢ <LOD
Naphthalene <LOD CB-180 0.91 (0.08)
Phenanthrene 0.81 (0.07) CB-194 <LOD
Pyrene 1.5 (0.05) CB-204 <LOD
CB-20¢ <LOD
Y PAH 4.7 (0.32) >'PCBs 9.3(0.42)
Threshgld concgntration 40° Probable effect 676
for intervention concentration
TOC, % 9.8 (0.41) BC, % 1.8 (0.25)
4 SD between parenthesis. LOD = limit of detection.
® ref (40).
°ref(41).
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Table S2 Taxa list of benthic macroinvertebrates.

Average absolute abundance in the AC treatments anid the donor system

Phylum Class Taxon 3 months 15 months
0 2 4 6 10 Doncgt O 2 4 6 10  Dondt
Annelida Oligochaeta  Lumbriculidae 240 3.00 2.00502 - - 36.6 6.75 10.3 19.8 1.50 0.87
Hirudinea ~ ClOSSIPRONI& 4 05 150 050 025 1.50 060 200 - 075 025 0.50.53
heteroclit:
Erpobdella 120 150 050 0.75 125 160 560 475 2.75 40053 2.18
octoculata
Mollusca Gastropoda  Viviparus - - 0.25 - - - - - - - 0.25 -
Valvata - - - 0.25 0.25 - - - 025 - - -
Bythinia - - 025 025 - - - - - - - -
Physa - - - - - 213 080 - - - - -
Planorbidae 020 0.25 0.25 - - 7.96 - 050 - 0.72500 -
Bivalvia Pisidiidae 5,60 17.8 135 14.3 223 3.077.00 3.25 250 5.75 6.67 2.44
Anthropoda Arachnida Hydracarina 0.20 - - 0.25 0.50 - - - - - 0.25 -
Malacostraca Asellidae 0.20 0.75 - 0.25 0.25 7.6®.80 - - 1.00 - 1.13
Insect: Cloeor - - - - - 471 36C 128 3.0 2.2t 3.28 6.9Z
Caenidae - 0.25 - - - - - - 0.25 - - -
Aeshnidae 0.40 0.25 - - - - - - - - - -
Gomphidae - 0.25 - - - - - - - - - -
Libellulidae 0.20 0.50 - - - - - - - - - -
Zygoptera - - - - - - - - - 0.25 - -
Notonectidae 0.20 0.50 0.25 1.00 - - - - - - - -
Corixidae - - - - - 2.87 0.40 025 025 - 0.75 9.
Naucoridae - 0.25 - - 0.25 - - - 025 - - -
Haliplidae 0.20 0.25 0.25 0.25 1.50 120 060 - -- 025 0.73
Dytiscidae - - - - - - 0.20 - - - 0.25 -
Hygrobiidae 0.40 - - - - - - - - - - -
Leptoceridae - - 0.75 0.50 0.25 0.67 - - 0.25 - - -
Phryganeidae - - - - - - - - 0.25 0.25 - 0.67
Lepidoptera - - - 0.25 - - - - - - - -
Chaoboridae 0.60 - - 050 - 093 360 10.3 55®561.50 5.24
Tanypodinae - 200 2.00 3.00 350 333 300 3U®0 6.25 15.8 11.7
Tanytarsini - 0.25 - 0.25 0.25 - - - - - 050 -
Chironomini 0.20 125 0.75 0.75 0.75 080 52.4.35644.5 555 520 29.6
Ceratopogonidae - 0.50 0.25 - 1.00 - 1.20 0.5(051.1.25 1.50 1.20
Orthocladiinae - 0.25 - - 0.25 4.33 - 0.75 0.50750 0.25 1.33

2The abundance in the donor system (0°Bisnnormalized to the surface area of that in A€@tments (0.04 H
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Table S3 Statistics of unpaired t-tests used to study dffect of the exposure time on absolute
abundance of Pisidiidae in different AC treatments.

AC d.f. t-value p-value’
treatment
0 8 -0.487 0.639
2 6 5.090 0.002**
4 6 6.518 0.001**
6 6 1.295 0.243
10 6 2.881 0.028*

*=p<0.05*=p<0.01
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Figure S1 Pictures of colonization experiment: (a) tesydravith AC-sediment before (to the left) and
after (to the right) the exposure, (b) macrobenfiresent in one of the AC-treatments.
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IS5 CTO375 a

0 2 4 6 10 VK1 VK2 VK3
AC nominal, %
[ 3 months M 15 months

8 1 WO b

0 2 4 6 10 VK1 VK2 VK3
AC nominal, %

0 3 months M 15 months

Figure S2 Total organic carbon measured with CTO375 meit81d, n=4) (a) and residual carbon
measured with wet oxidation method (SD, n=4) (b)hiea Veenkampen sediment after 3 (open bars)
and 15 (closed bars) months of exposure. “VK” edato sediment samples from the Veenkampen
donor system. Residual carbon (RC) is the sum tafrakblack carbon (BC) and added activated
carbon (AC) (RC=BC+AC). Linear regression of RCiaganominal AC for the 3 month data: RC %
= (0.57 +0.04Ynominal AC) + (2.39+0.25), &= 0.94.
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g - 3 months a

0 2 4 6 10 VK1 VK2 VK3
AC nominal, %
B WO OCTO375

8 15 months b

0 2 4 6 10 VKI VK2 VK3
AC nominal, %
B WO OCTO375

Figure S3 Residual carbon (SD, n=4) in the Veenkampen seulirafter (a) 3 and (b) 15 months of
exposure analyzed with wet oxidation (closed barg) chemothemal oxidation method (open bars).
“VK” relates to sediment samples from the Veenkamgenor system. Residual carbon (RC) is the
sum of natural black carbon (BC) and added activasgbon (AC) (RC=BC+AC)
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Figure S4.Number of taxa after (a) 3 and (b) 15 months ofosupe to AC-sediment. Boundaries of
the box plots indicate the 2%nd 7% percentile. Whiskers below and above indicatenti@mum
and maximum of the variables. The median is inédawith the black line. 'Donor’ relates to the
community in the system surrounding the treatedhsemts.
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Figure S5.Macrobenthos density, individualsinafter (a) 3 and (b) 15 months of exposure to AC-
sediment. Boundaries of the box plots indicate2Bizand 78' percentile. Whiskers below and above

indicate the minimum and maximum of the variablBise median is indicated with the black line.

'‘Donor’ relates to the community in the systemaurding the treated sediments.
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Figure S7.Macrophytes dry weight in the Veenkampen sediraerénded with AC after (a) 3 and (b)
15 months of exposure. Boundaries of the box pludicate the 28 and 7%' percentile. Whiskers

below and above indicate the minimum and maximurthefvariables. The median is indicated with
the black line.
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'‘Donor’ relates to the community in the systemaurding the treated sediments. Measured activated
carbon (AC) concentrations are provided in Figuzb. S
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Chapter 8

Abstract

In situ activated carbon (AC) amendment is a new directiorcontaminated sediment
remediation, yet its effectiveness and safety heexeer been tested on the level of entire food
chains including fish. Here we tested the effectsttoee different AC treatments on
polycyclic aromatic hydrocarbon (PAHs) and polyehiated biphenyl (PCBs) concentrations
in pore water, benthic invertebrates, zooplanktod fish (euciscus idus melanofusAC
treatments were mixing with powdered AC (PAC), mgiwith granular AC (GAC), and
addition-removal of GAC (sediment stripping). ACdseent treatments resulted in a
significant decrease in freely dissolved PCB andHRAncentrations. Sediment treated with
PAC showed a reduction of accumulation of PCBssh by a factor of 16 bringing pollutant
levels below toxic thresholds and had no significaagative effects on fish condition.
Bioaccumulation in fish was governed by uptake framater and zooplankton with fish-
zooplankton LogBMFs up to 1.76. Sediment amendmatit GAC did not yield reductions
in bioaccumulation in fish, due to limited reducisoof bioaccumulation in zooplankton and
invertebrates.

Introduction

Aquatic sediments are recognized to be a sink fanynhydrophobic organic chemicals
(HOCs) such as polychlorinated biphenyls (PCBs) pobycyclic aromatic hydrocarbons
(PAHs) which are released into the environment asesult of natural processes and
anthropogenic activities. In Europe, the Water Feanark Directive requires surface waters to
be chemically and ecologically healthy and safenbny cases contaminated sediments pose
a threat to this desired state, such that remedias needed. Traditional methods for
sediment remediation include natural attenuatiosemsliment removal by dredging ior situ
capping. However, these methods do not alwayscserffily reduce contaminant transport.
Moreover, the latter approaches are energy-intensixpensive and disruptive.

Sediment amendment with carbonaceous materialsatkeated carbon has received
increasing attention over the past decétie2) Early laboratory experiments showed that
activated carbon strongly binds HOCs present ingb@iment and thus reduces available
concentrations of the contaminan{8-6). Considerable progress has been made in
understanding mechanisms of HOC binding to conderebon phases like AC, both
through laboratory and pilot-scale field studfgés2, 7, 8) So far, the effectiveness iof situ
AC amendments mainly has been shown for reductidiGC pore water concentrations and
concentrations in benthic invertebrates. We ara@whonly one pioneering study addressing
AC effects on accumulation by figh). Three decades ago, Shea batested effects of AC
on PCB accumulation in short term (5 d) laboratexposures using goldfish and found a
70.9 to 99.9% reduction in PCB fish concentrati@@)s|t is not clear however, whether such
reductions are feasible in outdoor field scale #quaystems, where highly complex
processes and factors such as varying food web asittgn, food ingestion, omnivory or
secondary effects of AC on fish health ocf@#11) Furthermore, AC amendments should not
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only be efficient in reducing exposure to HOCs lalgo be ecologically safe. So far,
biological side effects of AC amendments have kstadied mainly for benthic invertebrates
(2, 12-16) We are not aware of studies that address biabegitects on fish or that consider
the entire food chain. Consequently, there is @ ieeecosystem scale studies evaluating the
effectiveness of AC that also address side eff@ctsigher trophic levels such as zooplankton
and fish. Because different AC types may diffeeffectiveness and ecological side effects,
also different AC treatment alternatives need teveduated.

The primary aim of the present study was to asdlesseffectiveness of AC in
reducing HOC concentrations in pore water, in itelenates, zooplankton and in fish, taken
from natural aquatic food chains, for three AC tmeants: mixing sediment with powdered
AC, mixing with granular AC, and mixing with gramul AC with subsequent removal of
granules, i.e. sediment strippifty7). Second aim was to assess biological side eftdoC
amendments for these scenarios, by evaluatingiimadtgroups abundances, lipid contents
and condition factors of the biota.

To this end, natively contaminated sediment wasigid, transported to the test site
where it was homogenized, inserted in the contystesns untreated or AC treated, thereby
constructing outdoor ecosystems mimicking naturatchés in The Netherlands.
Concentrations of PCB and PAH were monitored inirsedt, pore water, zooplankton,
benthic macroinvertebrates, and fish over time.eReater concentrations were measured
using POM-SPE passive samplers, inserted in sediss@nples agitated in the laboratory,
thus measuring concentrations forced towards 2Bsedudo-) equilibrium. Additionallyin
situ pore water concentrations were measured usingrsiay SPME fibers, inserted in
undisturbed cores for 30 d, thus sensing the imugitu concentration. Combining the two
approaches, the state of equilibrium in the AC+®edit-water systems can be evaluated.

Materials and Methods
Chemicals and materials

Virgin powdered coal-based activated carbon SAEeSyparticle size 1-150 um) and
granular activated carbon GAC 1240W (0.425 - 1.7@)mvere a kind gift from Norit
Activated Carbon, Amersfoort, The Netherlands. Bxyynethylene sheets (POM,; thickness
76 um) were purchased from CS Hyde Company, Lake MillaUSA. Before use, coupons
of desired weight (approximately 30-100 mg) werte washed with hexane, acetonitrile, and
methanol, and air-dried. Disposable SPME fiber qgldiber core diameter 11Qm,
polydimethylsiloxane (PDMS) coating thickness 28rB) was from Poly Micro Industries,
Phoenix, AZ. It was cut into pieces of 3 cm lengthich were shaken three times with
methanol and three times with Millipore water fohHP experiments. The PCBs standards
IUPAC numbers 18, 20, 28, 29, 31, 44, 52, 66, 72,101, 103, 105, 118, 126, 138, 143
(internal standard), 149, 153, 155, 156, 169, 180, 187, 194, 204 and 209 for invertebrate
and zooplankton analysis were obtained from PromwcliVesel, Germany). PCB (>99%)
congeners for fish analysis were purchased fromm&igldrich (Zwijndrecht, The
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Netherlands) and CN Schmidt (Amsterdam, The Nedhed). Internal standard was CB-112.
Florisil, pentane (picograde), dichloromethane dgrade) and isooctane (picograde) were
purchased from LGC standards (Wesel, Germany).hatilpacid and sodium sulphate were
obtained from Merck (Darmstadt, Germany). Anthr&@NT), benzo[a]anthracene (BaA),
benzo[a]pyrene (BaP), benzo[b]fluoranthene (BbF), enZo[e]pyrene (BeP),
benzo[ghi]perylene (BghiP), benzo[K]fluoranthene kKR chrysene (CHR),
dibenzo[a,h]anthracene (DBA), fluoranthene (FLU)ndeno[1,2,3-cd]pyrene (InP),
naphthalene (NAP), phenanthrene (PHE), and pyrénR) were obtained from Sigma-
Aldrich or Acros Organics, The Netherlands, allhwi purity of >98%. Internal standard 2-
methylchrysene (99.2% pure) was supplied by the iGonity Bureau of Reference (BCR),
Geel, Belgium. Other chemicals used were hexaneametione (Promochem; picograde),
methanol (Mallinckrodt Baker, Deventer, The Netheds; HPLC gradient grade),
acetonitrile (Lab-Scan, Dublin, Ireland; HPLC grad2,2,4-trimethylpentane (Mallinckrodt
Baker, Deventer, The Netherlands), Barnstead Naweopater (Sybron-Barnstead, Dubuque,
IA, USA), calcium chloride (Merck; p.a), aluminumxide-Super | (ICN Biomedicals,
Eschwege, Germany), and silica gel 60 (Merck; 70-8&sh). Prior to use, silica gel was
activated at 180 °C for 16 h, and aluminum oxide @eactivated with 10% (w/w) Nanopure
water. Contaminated freshwater sediment was drefiged The Biesbosch National Park,
The Netherlands, in the second half of 2011.

Study area and remediation scenarios

The field experiment was conducted from Decembél il September 2012. In December
2011 forty four tons of sediment (d.w. 53%, bullnsi¢y 1.7 kg/L) were dredged from The
Biesbosch National Park, The Netherlands, and patesd to the experimental facility
Sinderhoeve, Renkum, The Netherlands, where faemtichl ditches (1%n length, 1.5-2 m
width, 1 m depth) were prepared prior the expertm€&he sediment was sieved on a 20 mm
sieve, diluted with groundwater to 20% d.w., homoged for 4 h, after which 25% of the
sediment was pumped into ditch 1 (untreated sedjnaenl 25% of the sediment into ditch 2.
Powdered activated carbon (170 kg) was added tedtienent in ditch 2 to obtain a nominal
concentration of 4% d.w. based on the total voluohethe sediment (PAC sediment).
Granular activated carbon (340 kg) was added toréhsaining 50% of the sediment and
homogenized for 3 h. Then, half of this mixture¥25f the original sediment quantity) was
pumped into ditch 3 (GAC treatment). The other lo&lthis mixture was homogenized for 48
h, after which the GAC was sieved out with a 1 mave. The resulting stripped sediment
was pumped into ditch 4 (stripped sediment). Bezafsthe large quantities of sediment,
industrial sieves (1.6x1.0 m, mesh size 1 mm) ama ¢lectric submersible pumps, i.e.
Tsurumi Pump KTV2-80 (400V, 50Hz, 3-phase 80 mmehmmupling), were used on site.
After three months of acclimatization, in March 20&very ditch was divided into
three compartments by inserting non-permeable EPRIdber curtains. In order to
establishing an invertebrate community, the testesys were seeded with a mix of
invertebrates, mainly comprising macrocrustaceains., (Asselidae and Gammaridae),
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microcrustaceans (cladocerans, copepods, andrs)fifmails (primarilfLymnaea stagnaljs
dipterans (e.g., Chironomidae) and worrsnbriculus variegatys All animals but worms,
originated from uncontaminated ditches locatedhat $inderhoeve test siteumbriculus
variegatuswas cultivated in house (for details see ChapjeGélden orfe l(euciscus idus
melanotuy was purchased from KoiDream, Veenendaal, The défkthds. The fish
comprised 1 year old animals, reared in outdoordpofrive days after introduction of the
invertebrates, the fish was transported in plastigs (containing rearing pond water) to the
experimental test site. After acclimatization fppeoximately 20 minutes they were released
into their test compartment (10 individuals per gamment). The ditches were covered with
metal fences to prevent predation by piscivoroodsbi

Sampling

Samples were taken at six times (Figure S1). Terdehe total concentrations as well as
equilibrium (POM-SPE) PAH and PCB pore water comi@dions representative mixed
sediment samples were taken from each ditch witbnkins core sampler (g 4 cm). Sediment
samples forin situ equilibrium (SPME) pore water concentrations wtaken from each
compartment with a Jenkins core sampler (g 6 cm).

Fish was sampled by means of electrofishing equiprieeka-Gertebau, Germany)
and then sacrificed using metacaine (MS-222). lslgth and weight were measured on the
same day, after which the fish samples were stare®0°C until analysis. All fish operations
were carried out by certified animal experts. Mawrertebrates were sampled with a
standard dipnet (mesh size 500 um), sieved on mmki@ve, sorted on site and then stored at
-20°C until analysis. Macroinvertebrate samplesifitbe ditch with stripped sediment after 1
month were lost during chemical analysis. To ta@eptankton samples, 120 L of overlying
water was filtered over a plankton net (mesh s&quf, Hydrobios, Kiel, Germany). The
same day zooplankton samples were brought to therdtory and filtered through glass
microfibre filters (GF/C, Whatman, Maidstone, KeltK). Zooplankton was operationally
defined by the specified sampling and filtratiorogedures (i.e. water column solids > 55
pum), and therefore may also contain some algapesded solids and detritus. Consequently,
zooplankton samples were analysed for total orgeanibon (TOC) rather than for lipids. The
samples for TOC determination in zooplankton weraysed immediately. Samples for PCB
analysis were stored at -20°C until analysis.

Sediment samples were analysed for total organitemametals, PCB and PAH
concentrations, PCB and PAH pore water concentraiiesh and invertebrate samples were
analysed for PCBs and lipid contents. Zooplanktam@es were analysed for PCBs and
TOC.
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Analytical procedures

Total PAH and PCB concentrations in the sedimentMetals, mineral oil, PAH, PCB, and
other organics were analyzed by the certified latmmy OMEGAM (Amsterdam, the
Netherlands).

PAH and PCB concentrations in pore water.PAH and PCB concentrations in sediment
pore water were determinegk situusing the POM-SPE methdd8). An amount of wet
sediment corresponding to about 10 g of dry weighs brought into a full glass 50 mL
bottle, which was filled with an aqueous solutidnsodium azide (50 mg/L) and calcium
chloride (0.01 M) in Nanopure water. After the dabgh of a POM coupon with a known
weight, the bottles were shaken on a shaker tab®) &C and 150 rpm for 28 d, which is
sufficient to obtain equilibrium of the HOCs withet POM samplef18-20) Then, the pieces
of POM were recovered, cleaned with wet tissue, ASE extracted with acetonitrile.
Finally, internal standards (CB-209 and 2-methyskne) were added. PAH and PCB
agueous concentrations were calculated from edquilib concentrations measured in POM
(Cpom) using previously published POM-water partitioningefficients Kpom) (19, 20)
Because the sediments were shaken for 28 d, thikoshevould yieldin situ pore water
concentrations only if the sediments were alreadggailibrium at the moment of sampling,
like for instance in the control systems. In cage@d were still being transported to AC,
however, 1 month agitation yields the systems talbser to the equilibrium state than the
actual systems were at the moment of sampling. thxhdilly, PAH concentrations in pore
water were determineth situ using solid phase micro extraction (SPME) fib€gd),
containing a 3Qum thick coating of polyacrylate. These fibers wesgosed statically in
sediment cores that had been taken by a Jenkiesseonpler (g 6 cm). Cores were carefully
transported to the lab in order not to disturbdbee integrity. In the lab, 7 SPME fibers with
a length of 3 cm each were added to stainless steatlopeq21, 22) which were then
inserted into the upper 4.5 cm layer of the sedinoenes. The envelopes were left in the
cores in a fully undisturbed fashion for 30 day2@tC. Prior to insertion, the fibers had been
washed 3 x 30 min with 1:1 methanol:Millipore wagerd 3 x 30 min with Millipore water,
respectively. Upon finishing the exposures, theetopes were withdrawn from the cores one
by one and the fibers were recovered, cleaned wéthtissues, and put in autosampler vials,
fit with an insert containing acetonitrile. All ##pos from one envelope were pooled in one vial.
2-Metylchrysene was finally added as internal stadd

Biota analyses Invertebrate and zooplankton samples were exedacvith 70 mi
hexane/acetone (3:1 w/w) using Accelerated Soletitactor (ASE 350, Dionex, USA).
Extracts were concentrated to 1 mL, exchanged tartee and cleaned over8ly/silica gel
columns. Eluates were concentrated to 1 mL, desulptd using Cu powder in the ultrasonic
bath, and exchanged to iso-octane. Finally, alatelsi were reduced to 0.2 mL and internal
standard (CB-143) was added. Clean-up blanks (tbeeesvery 12 samples) and recoveries
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(three per every 12 samples) were determined. #H evere corrected for blanks. Recoveries
ranged 86-108%. Fish analysis used mixed samplafireé golden orfe individuals per
treatment, homogenized with a Waring blender. FBaimples were ASE extracted with
pentane/dichloromethane, supplied with 1 ml is@aoetand concentrated again to 1 ml.
Quality control included control samples of cod @&eti and numerous blanks.

Lipids in macroinvertebrates and fish were extrdatith chloroform/methanol/water
following Bligh and Dyer(23) and quantified gravimetrically. TOC in zooplanktsamples
was measured as a loss on ignition after combuati®20°C until constant weight.

Instrumental analysis. PCBs in zooplankton and invertebrate samples werasared by
splitless injection of 1 pL of sample in an upgrd¢P5890 serie s Il gas chromatograph
equipped with an HP 7673A autosampler system, twed silica capillary columns, CP Sil-8
CB and CP Sil-5 CB (both 50 m; d.i. 0.15 mm; d.2@um), and twSNi electron capture
detectors. The injector and detector temperatuere ®50 and 325 °C, respectively. Carrier
gas was B (1 mL/min). PCBs in fish were detected by GC-M$gsa Shimadzu 2010 Plus
GC coupled to a Shimadzu GCMS-QP2010 Ultra quadeupts detector (Den Bosch, The
Netherlands) equipped with a 30 m x 0.25 mm i.d8HK®lumn with a film thickness of 0.25
pum. A 1 pl sample was injected using split/splgl@sode with an injection temperature of
290 °C. Transfer line and source temperatures wasgectively 290 and 230 °C. The oven
program was as follows: 90°C, hold for 3 min, tt8nh°C/min to 170, 1.5 °C/min to 270, 30
°C/min to 300 °C hold for 3 min. lonization was feemed using electron impact ionization
(El) mode. PCBs 31 and 28 were quantified on m&\&2Bbh 258 as qualifier ion, CBs 52, 49,
47, 44, 74, 66 and 56 were quantified on m/z 292gu890 as qualifier ion, CBs 101, 99, 97,
87, 85, 110, 112, 118 and 105 were quantified on 326 using 324 as qualifier ion, PCBs
151, 149, 153, 141, 137, 138, 128, 143 and 156 \weemtified on m/z 360 using 362 as
gualifier ion, PCBs 187, 180, 207 and 170 were tfiad on m/z 394 using 396 as qualifier
ion, PCBs 202 and 194 were quantified on m/z 430gu432 as qualifier ion and PCB 206
was quantified on m/z 462 using 464 as qualifier io

PCB concentrations in POM were determined on a TRAT Ultra, equipped with a
Triplus autosampler and an electron capture datéatbThermo Scientific, Waltham, MA,
USA). Samples were injected on-column on a dedetivdused silica pre-column (2 m),
connected to a Zebron ZB-5Msi analytical column (@0 d.f. 25 um, d.i. 0.25 pum)
Phenomenex, Torrance, CA, USA). PAHs concentratiofOM were analyzed by HPLC as
described in re24).

Data analysis

Fish condition factorsK) were calculated from fish weight\{, g), and lengthl(, cm) using
Fulton’s Condition Factor formul@5):

K = 1oo\|’_—\£ (1)

Bioaccumulation factors (BAF, L/kg lipids) were calated a$26).
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C. ..
BAF = —biotalipid (2)
Cu

where Cyiota lipid 1S the lipid normalized (or in case of zooplankt@Gi©C normalized) PCB
concentration in biota (ng/kg lipids), ar@dy is the aqueous PCB concentration (ng/L).
Biomagnification factors were calculated(2s):

BMF - Cfish,lipid (3)
prey,lipid

whereCiish iipia IS the lipid normalized PCB concentration in fistgikg lipids) andCyyrey,iipia iS

the lipid normalized PCB concentration in prey kuplipids).

Statistical tests (one-way ANOVA followed by Tuksypost-hoc tesp = 0.05) were
performed using IBM SPSS Statistics 20 (SPSS, @bicdL, USA). Linear regression
analyses were performed in Microsoft Excel 2010cfisoft Corporation, Redmond, WA,
USA). The null hypothesis (no difference betweeratiments) was rejected wher0.05.
Results were reported as a trend if 0j68%10.

Result and discussion

Effect of sediment treatment with activated carbon on total and
bioavailable concentrations of contaminants

Y 10PAH and)'1;PCB (.7/PCB) in the Biesbosch sediment were and 11 mg/kig7@0 (450)
na/kg, respectively (Table S1). PAH and PCB lewaaslsvell as concentrations of metals were
a factor of 10, 32 and up to 40 above threshdlkecefevels, respectively (Table S®y7, 28)
The monitored total concentrations of these graafp®mpounds did not change significantly
over time for the untreated sediment (Figure SRjclvmeans that no substantial chemical or
biological degradation occurred for these compoufidhe total concentration of PAHS in
PAC, GAC, and stripped sediment decreased by 18l 43%, and the total concentration
of PCBs by 100, 22, and 16%, respectively. A sigaiit decrease in total concentrations can
be attributed to HOC sequestration in the sedinoenin case of stripped sediment, HOC
sequestration and removal from the sediment.

Pore water concentrations.POM-SPE based pore water concentrations of PAHSP& B
were determineex situafter equilibrating sediment for 28 d. After 1 afidnonths post-
treatment, sediment treated with PAC, GAC, and G&@iment stripping resulted ¥1,PAH
concentration reductions by 100, 93, and 97% (lEidyrxPCB concentration in PAC, GAC,
and stripped sediment decreased by 100, 70 and &&Jectively, after 1 month and even
further to 100, 84, and 90% after 4 months (Fidire
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Figure 1. ¥,3PAH andX;gPCB equilibrium pore water concentrations measwigd POM (a and b)

and SPME (c) passive samplers. PCB concentratiothei PAC treatment (a and b) were below LOD,
soCpy for PAC was close to zero.
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Treatment effectiveness was higher for PAH thanRQB (Figure 1, Figure S3 and S4),
which is explained by the higher affinity and thugher sorption of PAH to AC due to the
higher planarity and molecular surface area of PAbtapared to PCB&9, 30) At roughly
equal nominal dosages, i.e. 4% d.w., PAC reduced @hueous concentrations more
efficiently than GAC due to the larger surface avethe AC particles and the short intra- and
interparticle diffusive path length$31). Thus, sequestration by GAC will require a
significantly longer contact time of months to yedefore the maximum reduction of pore
water concentration is reached. The efficiency & theatments after 4 months decreased
with increasing LoBow of the compounds. We assume that the slower reduat pore
water concentration for more hydrophobic compouisdshe result of their slower mass
transfer from the sediment to AC. Compounds witghbr Lod<ow have lower effective
diffusion coefficients and thus are sequesteredenstowly by AC. Consequently, their
bioavailability is less affected by the added sathand they require longer time to achieve
bioavailability reductions similar to those obtairfer chemicals with lower Ld€pw.

Pore water concentrations of PAHs were also medsarsitu with SPME fibers. For
PCBs, all concentrations were below detection 8m8ediment treatments with PAC, GAC,
and sediment stripping with GAC resultedimsitu XPAH concentration reductions by 100,
50, and 90% (Figure 1 and S5). After 1 month, PAbtepwater concentrations in the
untreated sediment were two times higher than atléiter time points. This could be
attributed to the fact that the first sampling wlasie immediately after sediment pretreatment
(homogenization and dilution). Increased sedimegitation could have led to some
desorption of PAH resulting in higher pore waten@entrations. At 3, 4 and 6 months post-
treatmentjn situ pore water concentrations were similar in all timeents, suggesting a state
of pseudo-equilibrium (Figure 1).

Generally,in situ pore water concentrations measured with SPME \Wwewver than
those measured with POM-SPE (Figure S6). The diffez was within one order of
magnitude for less hydrophobic PAHs and 2 to 2de of magnitude for more hydrophobic
PAHs. There are two possible explanations for tifferénce. First, there could be actual
disequilibrium between sediment and pore watert thathein situ SPME pore water
concentrations could have been lower than the ibguin value, and detected as such by
SPME. This would imply that PAHs are desorbing frtme (treated) sediment rather than
being transported to the sediment. Agitation fomanth as is done with the POM-SPE
method then would accelerate desorption, thus expta the higher pore water
concentrations measured in POM strips. Alternagivielcould be possible that sediment and
pore water were in equilibrium, but that 1 monthtist exposure to the SPME fiber was
insufficient for the PAH to reach equilibrium withe fiber. This would explain the lower
concentrations inferred from SPME, as well as #ngdr difference for hydrophobic PAHSs, as
the uptake rates by SPME fibers are lower for clkatsithat are more hydrophobic. We argue
that this second explanation is more plausibletiiar following reasons. In the first place,
lower than equilibrium pore water concentrationg arot plausible for the natively
contaminated untreated Biesbosch sediment. Fareéhted sediments, addition of AC results
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in transport to the solid phase, which implies thaon-equilibrium would existin situ pore
water concentrations would be higher than equdibrivalues rather than lower. The second
explanation assumes non-equilibrium between trex fimd the pore water, which is plausible
because polyacrylate coated SPME fibers were wgleidh have a high partition coefficient
than PDMS coated fibers deployed previoudl®). Polyacrylate was required to be able to
detect the low PCB concentrations in the pore witewever, this also requires much longer
equilibration times in order to fully load the sdems under stationary conditions. In some
sediments, it has been shown that equilibrium n@ybe complete even after 7 wedR2).
Because of the uncertainties with respect to thiglESEata the subsequent interpretation of
bioaccumulation use the POM-SPE data, which camadseimed to reflect the equilibrium
pore water concentration especially for the lataetpoints.

Effect of sediment treatment with activated carboron biota

Zooplankton. Zooplankton samples were dominated by cyclopoidepods andChydorus
sphaericus Zooplankton biomass showed a slight increaséne,twhich probably reflects
natural seasonal variability (Figure S7). Zooplankbiomass was higher in GAC treated
sediment, which was statistically significant fbetdata after 3 months (one-way ANOVA, F
(3, 7) =16.28p = 0.002). It can be hypothesized that zooplankiemsity is positively related
to nutrient availability (Figure S11), because treailability of the phytoplankton the
zooplankton feed on, depends on these nutrientsitivo trends (i.e. 0.09<0.10) were
indeed found between zooplankton biomass, angHNQO3; and PQ as independent variables
(multiple regressiorp = 0.096 and 0.096 respectively).

TOC normalized concentration gfPCBs in zooplankton in different treatments
followed the order untreated > GAC > stripped > Pg&diment (after 1 month) and untreated
> GAC/stripped > PAC sediment (after 3 months) (iFgg2) and significantly correlated with
PCB pore water concentratiop £ 0.016). This shows for the first time, the effeeness of
AC treatments in reducing exposure of zooplankton.

To study the net accumulation of PCBs by zooplamkéine to uptake from all
exposure routes, bioaccumulation factors (BAF) wteulated according to eq 2. LogBAFs
increase linearly with Ldgow till LogKow is approaching 7, after which the curves level off
or even decline (Figure 3). LogBAF was linearly retated to Lo&ow (LOgBAF =
(1.18+0.10)Lodfow — (1.57+0.67),p = 1.410% R’=0.895). The leveling off is sometimes
explained from binding of PCBs to DOC, which in@eathe apparent aqueous phase
concentration. This artifact however, plays no toéeause the POM strips only detected the
truly dissolved PCBs. The leveling off could als® dxplained by slow uptake by the biota,
I.e. non-equilibrium, which however is not likelyvgn the long natural equilibration times
and the small size of the zooplankton species. Méeefore hypothesize that the leveling off
and downward curvature may be explained by limaegdilability, i.e. rate-limited release
from the sediment. Remarkably, the BAF values dfteronth are identical within error limits
(Figure 3) whereas the exposure concentrations s@mgiderably among treatments (Figure
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1). This shows that the treatments affect exposbrg, probably not the mechanisms
underlying the accumulation, i.e. algae or partinlgestion rates or kinetics of zooplankton-
water partitioning. After three months, the difieces among treatments are still limited
although an order of magnitude random scatter sefed. Consequently, this may be
explained by variation in zooplankton compositiomomg ditches due to variations in
macrophytes development or to random error duangpng and analysis. From the figure a
clear time effect between 1 and 3 months is obserdgain it is unlikely that this is
explained by slow bioconcentration into zooplanktdiowever, the difference in BAF
between 1 and 3 months may be explained by disbquih between measured sediment
pore water and the overlying water where the zodgtan reside33). On the short term, i.e.
in the first weeks post-treatment, zooplankton lgpaites with PCBs in the overlying water,
whereas in the pore water, concentrations rapidbp @lue to binding with PAC and GAC.
This implies that the measured sediment pore watecentrations do not accurately resemble
the higher overlying water concentrations to whiwé zooplankton is exposed. Consequently,
the 1 month calculated BAF values are too high.sTimechanism would imply that the
difference is the least for untreated sediment,ciwvhndeed is true (Figure 3). Another
explanation may relate to the inadequacy of the PEMNE method to deteitt situ pore water
concentrations if pore water is not in equilibriwmith the sediment particles. It is plausible
that after 3 months of exposure (i.e. 6 months-pestment) the sediment pore water is
closer to sorption equilibrium than after 1 monitk.(4 months post-treatment). This means
that after 3 months the data measured with POM motwsely reflect the true pore water
concentration. However, after 1 month agitationrhw®OM would still stimulate sorption to
(treated) sediment, leading to an underestimatigdheoactualn situ pore water concentration
and an overestimation of BAF. If indeed the 1 moB#F data would be one order of
magnitude lower, they would more or less coincidli the 3 month BAF data.

Macroinvertebrates. After 1 month, macroinvertebrates were mainly reprneéed by
Chironomidae and some snailsyfnnaea stagnal)s The lipid contents of invertebrates were
different between treatments (untreated>PAC>GAQ@xstd, one-way ANOVA, F (3, 8) =
7.267,p =0.011) (Figure S8). This clear treatment effectld partly be explained by
treatment effects on species fithess, or to treatnmeduced community shifts, or both.
Differences in community lead to differences in péamcomposition and thus to a different
lipid quantity and quality. After three months, pr€hironomidae were found which did not
show big variations in lipid content. A significafisictor two lower lipid content was detected
in the samples from the PAC sediment only (one-ABDVA, F (3, 8) =7.648p = 0.010). It
has been argued before that sediment amendmenPwithmay change the dietary condition
of deposit feeders by reducing the nutritional eaddi the sedimen(tL5, 34) In order to avoid
starvation, deposit feeders may start to live airtbwn lipids(5, 35)
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PCB analysis revealed that abundant congeners ©@te 138, 149, and 153. In
general a good agreement between PCB profilesdimeat and chironomids were observed
which suggest that sediment was a primary sour@Cd@ss to chironomids. Strong correlation
between PCB concentration in invertebrates andediingent and water was observeds
0.004 and 0.003, respectively, which is in line hwiearlier findings (36, 37) The
concentration of th&PCBs in macroinvertebrates after 1 month of exposuais 9.5 ug/g
lipids (ranging from 4.6 to 14.7 pg/g lipids) arajain remarkably, did not differ between
treatments (one-way ANOVA, F (3, 6) = 1.1¢750.373) (Figure 2). So, although POM-SPE
based pore water concentrations were reduced, iapan the PAC treatment (Figure 1),
exposure to the invertebrates was not. We hypateeshat POM based equilibrium
concentrations for this time point may have undereged the actual bioavailakie situ pore
water concentrations, due to sediment-pore wataregmilibrium as was mentioned above.
After 3 months of exposure (i.e. 6 months posttineat), they PCBs in macroinvertebrates
increased by a factor 2 to 2.5 in all treatmentsgpt the PAC treatment. The levels of PCBs
in invertebrates from PAC sediment did not changer time and were statistically different
from those found in other treatments (one-way ANQWA(3, 8) = 13.36p = 0.002). The
lower accumulation in PAC treated sediment now cdes with the low pore water
concentrations (Figure 1), which is explained frtime sediment being close to sorption
equilibrium, such that the POM based measuremestprovides a more accurate estimate of
thein situ pore water concentration.

The LogBAF values calculated for invertebrates eghffom 4.4 to 8.1 and showed a
linear increase with Ld§ow: LOgBAF = (1.48 + 0.10)Lo§ow — (2.72 + 0.69), B=0.775,p
=1.35-10%) (Figure 3). No clear treatment effect on bioaculation was observed, which is
in line with the lack of difference il PCBs observed in invertebrates from untreated, GAC,
and stripped sediment after 1 and 3 months of expo#Note that PAC treatment effects on
BAF could not be assessed because the pore wateemwoations required for calculating
BAF values were below detection limits in this treant.

Fish. Upon introduction to the ditches, one-year-old goldrfe had a condition index of 1.64
+ 0.13 (Figure S9). After 1 and 3 months of expediarthe treated sediments, the condition
index was approximately 1.40 £ 0.11, which is cdastd a good condition for fish according
to scales for salmon and trout. The slightly lowalue compared to the fish as received was
significant only for the PAC treatment after 1 ntonget the factor difference was too low to
be meaningful. Most importantly, treatment effeatsfish condition were not significant (1
month: one-way ANOVA, F (3, 8) = 0.748,=0.553; 3 month: one-way ANOVA, F (3, 8) =
1.030,p = 0.430). These results for the first time showt gediment treatment with GAC or
PAC has no negative effects on the condition df.flsish weight increased in time (Figure
S9), with fish from the ditch with GAC stripped s®ént having a slightly higher body
weight after 1 month, and with fish from the PA@ated sediment having a lower body
weight after 3 months.
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These differences, however, were not staticallgigant (1 month: one-way ANOVA, F (3,
8) = 3.830p = 0.057; 3 months: one-way ANOVA, F (3, 8) = 3.2ft4 0.083).

Analysis of lipid content revealed a decreasapms$ in time due to growth (Figure
S9). The observed variability is attributed to matwariability among fish individuals. No
treatment effects on lipids content were identifeébr 1 and 3 months of exposure (one-way
ANOVA, F (3,8) =0.930p=0.470 and F (3, 8) = 2.898= 0.102, respectively).

PCB analysis in fish showed that the most abunB&® congeners were 52, 49, 153,
101, and 149. The PCB profile in fish partly resteabthat of water (presence of lower
chlorinated congeners, e.g. 49 and 52) and thaediment (higher chlorinated congeners,
e.g. 149 and 153) (Figure S10). It has been arthesddirect uptake from water via the gills
is predominant in small fish individuals e.g., galife stages and for low Ldw PCB
congeners, whereas uptake from food dominatesutt ish and higher Logow PCBs(21,
38, 39) One-year-old golden orfe feeds mainly on zoopti@mkboth in pelagic and benthic
habitats and thus is subjected to PCB uptake frotin food and water.

The concentration of PCBs in fish after 1 month ranged from 0.23 (PA€R119
(GAC) ug/g lipids with levels in the PAC treatmdaging statistically lower than those in the
other treatments (one-way ANOVA, F (3, 8) = 5.786;0.021) (Figure 2). After 3 months,
>'PCBs concentrations in all treatments had increéised factor of 4 to 5, except for the
PAC treatment whergPCBs concentrations increased only a factor ofi@a&umulation in
the PAC treatment was significantly lower than intreated, GAC treated and stripped
sediment (one-way ANOVA, F (3, 8) = 126j8,= 4.4-10). These concentrations can be
compared to lethal body burden (LBBJ)0) concentrations in order to evaluate the effects of
the treatments on the reduction of risk for thash tpecies. For the untreated and GAC
treated sediment, molar PCB concentrations in Wighe similar to the LBB, which would
imply that the fish were exposed to lethal levalsp becaus® PCB in fish underestimates
total HOC exposure, because PAH exposure was mouated for) PCB body burdens in
the systems with GAC stripped sediment were loWwan the LBB, but not significantly given
the error inY PCB. In the PAC treatments howevéfPCBs molar concentrations were
reduced substantially by a factor of 16 (factoruawn range 3 - 89, for individual
congeners), compared to lethal body burdens foglin@stoxicity as present in the untreated
sediment systems. These data for the first timevsttmt PAC treatment reduces PCB
bioaccumulation in fish and reduces originally &tkxposure levels, to levels much lower
than lethal concentrations that would occur unagd fconditions. The data also show that
bioaccumulation is not reduced by the GAC treatneerty sediment stripping with GAC. To
identify the variables that explain the PCB bodyden in fish in the four ditches, the lipid
normalized PCB concentrations in fish were coreslatith the concentration in sediment,
pore water, zooplankton, and invertebrates. It apgzk that all four variables correlate
significantly with PCB concentrations in fistp (= 0.031, 0.005, 0.016, and 0.001,
respectively), indicating the importance of thesetes of exposure to PCB bioaccumulation
in fish. Probably, these significance levels aksfbect the relative importance of the exposure
pathways, invertebrates being more important tliareaus exposure and finally zooplankton.
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This means that the observed differences in acationl among chemicals and treatments
can be explained from the treatment specific déffiees in uptake by the organisms lower in
the food chain. A detailed mechanistic model ansly&s beyond the scope of this study but
will be addressed in a follow up paper.

The LogBAF values calculated according to eq 2iedabetween 5.3 and 7.5 (Figure
3) and again increased linearly with lKagy: LogBAF = (0.95 + 0.12)Logow + (0.05 *
0.80) (R=0.431,p = 4.910"). This trend was observed for all treatments at kiaik points.
No treatment effect on LogBAF was observed. Thiplies that the differences in PCB
bioaccumulation were determined only by the diffiees in PCB concentration in water,
invertebrates and in zooplankton, which in turneveaused by the different AC treatments.
These treatments, however did not visibly affeet fleding mechanisms of the fish, i.e. the
relative importance of PCB uptake from water venspiake through food ingestion or major
differences in fish diet as these would have afi@ @AF.

The treatment effects on 3 month bioaccumulatiogoidlen orfe can quantitatively be
explained as follows. GAC treatment and GAC stngpilid not affect PCB concentrations in
invertebrates, caused a factor 2 to 3 decreaseoaplankton PCB concentrations and a
decrease in pore water PCB concentrations by ori§c@r of 4. Because of these limited
effects, exposure through water and feeding wasigatficantly affected overall. In contrast,
PAC treatment caused a factor of 4 decrease inrtetvate PCB concentrations, a factor of
10 lower zooplankton PCB concentrations and an stihi60% reduction in sediment pore
water concentration. Given that orfe is a pelagb find feeds mainly on zooplankton, the
factor 16 reduction in PCB accumulation may havenbdriven by the same factor reduction
of PCB concentrations in zooplankton.
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Figure 4. PCB LogBMF for Leuciscus idus melanotwestimated using eq 3. The black and grey
symbols relate to the measurements done after 13antbnths of exposure (i.e. 4 and 6 post-
treatment), respectively.
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After 1 month of exposure the LogBMFs ranged frotnte O, being lower than values
predicted with equilibrium partitioning theory. &ft 3 months the LogBMF values were
approaching 1, thus indicating biomagnifiation, vdss LogBMF for some congeners with
low LogKow already reached values up to 1.76 (Figure 4). 8 hee several explanations for
the increase in apparent BAF and BMF values. FP€IB uptake is known to be slow,
leading to higher levels over time, especially fibe more hydrophobic congeners.
Equilibration of PCBs may take weeks to months dedpat on Lo&ow (38, 41)
Furthermore, growth dilution may result in lowereth equilibrium steady state
concentrations, especially for PCBs with higher Keg (38, 42)

Conclusions

Sediment treatment with AC resulted in a significatecrease of HOC pore water
concentrations, with PAC being the most efficidaliowed by sediment stripping and GAC.
In the short term, the effectiveness of the treatdecreased with increasing lkagy of the
compounds. POM-SPE passive sampling showed bettsults in predicting exposure
concentration than polyacrylate SPME fibers that midt reach equilibrium within 30 days.
Sediment treatment with PAC effectively reduced PKiBaccumulation in zooplankton,
invertebrates and fish. PCB concentrations in Wi&he reduced to concentrations far below
thresholds for baseline toxicity, which proves tapacity of PAC treatment to eliminate
HOC associated risks for fish. Presence of PAGéneicosystems caused lower lipid contents
in invertebrates but did not negatively affect toadition and growth of the fish. Sediment
stripping as well as sediment treatment with GA@¢d out to be not efficient in reducing
PCB bioaccumulation in biota but was not harmfuhmy of the biota either.
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Supporting Information

Table S1. Concentration of PCBs, PAHs, metals, mineral aid &DDT in Biesbosch

sediment.
PAHs C, mg/kg  Threshold effect = PCBs C, ua/kg Threshold effect
levef, mg/kg levef, pg/kg
Naphthalene 0.51 0.03 CB-18 14 (0.7)
Phenanthrene 1.1 0.09 CB-20 10 (0.3)
Anthracene 0.87 0.05 CB-28 74 (1.9)
Fluoranthene 2.2 0.11 CB-29 1.0 (0.01)
BenzoR]anthracene 1.2 0.07 CB-31 43 (1.2)
Chrysene 1.4 0.11 CB-44 14 (0.7)
BenzoK]fluoranthene 1.0 0.06 CB-52 82 (1.2)
BenzoR]pyrene 1.1 0.09 CB-101 75 (4.1)
Benzofhi]perylene 0.78 CB-105 17 (0.8)
Indeno[1,2,3ed|pyrene 0.64 CB-118 29 (0.7)
>'PAHSs 11 0.87 CB-138 69 (3.2)
Metals CB-149 80 (2.3)
As 50 7.2 CB-153 95 (2.9)
Cd 6.5 0.68 CB-155 3.0(0.1)
Cr 190 52 CB-170 19 (0.7)
Cu 120 19 CB-180 40 (1.2)
Hg 5.1 0.13 CB-194 7(0.3)
Pb 170 30 CB-204 4(0.1)
Ni 26 16 CB-209 22 (1.0)
Zn 920 124 >PCBs 700 (28) 22
Mineral oil 700 TOC,%  5.86 (0.51) -
>'DDT/DDE/DDD 0.22 0.0045 BC, % 1.15 (0.19)
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Chapter 9

Summary

Sediments contaminated with hydrophobic organictamomants (HOCs) may pose health
risks to aquatic organisms and humans. The rodtegpmsure include uptake from sediment
pore and overlying water, direct contact with comtaated sediment as well as consumption
of organisms that have accumulated contaminants flee sediments. The potential adverse
effects of HOCs are the main reasons to reducesexpand thus risks associated with these
contaminants. Selection and implementation of aedkation strategy (and combinations
thereof) mainly depend on site conditiofly. Contaminated sediments can occur in small,
localized areas like streams, rivers, and smakdaknd ponds or in vast areas like wetlands,
harbours, lakes and ocean basins. In some casgantoation is relatively local but in other
cases contamination may extend throughout a waerahd may have several more diffuse
sources, e.g. industrial discharges, agricultutadoff, and atmospheric deposition. The
thickness of the contaminated sediment layer a$ agelthe degree of contamination are
highly variable(2). Furthermore, the nature of the sediments may watgly and depends on
geological, hydrological characteristics of theesds well as human activities in the area. In
summary, the nature of sediments, the environmientghich they occur, and the type and
degree of contamination are highly variable. Takimg account this variability, remediation
methods that are flexible and widely applicablecamtaminated sediment management are
urgently needed. While traditional methods have waiibcontinue to prove useful and be
used, they have limitations. A physical limitatisrthat they are not feasible or appropriate in
hard-to-reach environments or in ecologically siresisites. An ecological limitation is that
they are highly disruptive and very often do natuee the risks associated with HOCs. An
economical limitation is that they are very expeasiand energy-intensive. Societal
limitations relate to public fear for leaching frodepots or risks to ecosystems. These
limitations make all parties involved in the progesf sediment remediation, e.g. policy
makers, engineers, sediment managers, and sciemtidbok for new alternatives to existing
remediation approaches that would be more efficiess disruptive, and less expensive than
traditional methods.

The primary aim of this thesis was to increase tstdading of the effects of
alternative methods of AC deployment and applicatia HOC exposure and risks reduction
for benthic species and communities. The resulthigfresearch may help to improve risk
assessment of contaminated sediments, to redeadised by polluted sediment sites, to
get regulatory acceptance of this emerging remiediaiechnique, and finally take away
public resistance against contaminated sedimentsediment remediation.

Amendment of contaminated sediments with situ sorbents is a developing
management strategy for addressing ecological amdah health risks posed by HOCs in
sediments. The current state of the art in AC sarbenendment technology as a method for
sediment remediation was reviewed @mapter 2. This review is based on literature and
datasets from laboratory as well as field studigbh WC application. The review provided a
discussion of how factors such as AC type, parscie and dosage, sediment characteristics,
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and adsorbates (i.e. HOC) properties affect theieficy of AC amendments in reducing
sediment pore water HOC concentrations. Furtherntbee effectiveness of AC in reducing
HOC bioaccumulation and toxicity to benthic specigas reviewed. Finally negative
ecological side effects of AC application like nadity or growth inhibition on benthic
species and communities were addressed. The literatiggests that the effectiveness of AC
decreases in the presence of other carbonaceoesiaisatike BC, OM, and oil. Important
factors increasing the efficiency of AC remediateme sufficient mixing, small AC patrticle
size, and optimal dose. Literature data suggestaldose of 4% AC is sufficient to reduce
aqueous concentration of HOCs, as well as HOC bigaalation and toxicity to benthic
species. Available reports show that the additiba% AC to sediments has only mild direct
effects on benthic organisms. This implies that dwerall effect of AC application in
contaminated sediments will be beneficial and wahd to a substantial improvement of
habitat quality for the benthic species and commes)i especially in highly contaminated
areas where the beneficial toxicity reduction ouglve any negative ecological side effects.

The effectiveness of AC may be less if BC is alyeadesent in the sediment.
Therefore, published datasets from AC amendmealstwere analysed to identify variation
in the effectiveness of AC for different BC congatibns Chapter 3). A conceptual model
framework was provided to assesssitu affinity constants for HOC sorption to BC and AC.
It was demonstrated that HOC sorption to AC isrgjey than to BC for PCBs and PAHs with
LogKow below 6.3 and 6.6. This can be advantageous fronskareduction perspective
because less hydrophobic HOCs are more soluble¢harsimore bioavailable compared to
more hydrophobic HOCs, and will be sequesterecerfasy AC. The developed model and
optimizedin situ Kgc and Kac can be used to design AC dosages given native QiVMBL
contents of aquatic sediments. It appeared thabfl%C is sufficient to reduce pore water
concentration by 99%.

The effectiveness of remediation with AC may bdeddnt for different types of AC
treatment. InChapter 4, effects of three different sediment treatmentshwAC, viz.
powdered AC (PAC) addition, granular AC (GAC) adiit and addition and subsequent
removal of granular AC (sediment stripping), on P@Be water concentrations, sediment-to-
water fluxes and mass transfer coefficients wesessed. It appeared that all these sediment
treatments with AC decrease pore water concentigtod PCBs. The efficiency of the AC
treatments decreased in the order PAC > sedimeppisty > GAC. AC addition was shown
to decrease mass fluxes but to increase apparess transfer coefficients due to dissolved
organic carbon (DOC) facilitated transport acrdss benthic boundary layer (BBL) at the
sediment-water interface. The presence of biotorbatolerant to AC addition (e.dA.
aquaticu$ may also stimulate DOC facilitated transport dDEl increase fluxes and thus
decrease the efficiency of sediment treatment wWith If bioturbators are sensitive to AC
(e.g.L. variegatusn PAC sediment), AC might cause a decrease ilodical activity, which
would have no effect on sediment-to-water fluxeH@Cs. A dual BBL resistance model
combining AC effects on PCB concentration gradiem®©C facilitated transport and
biodiffusion was evaluated against the experimemtala. The analysis of the results
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illustrated the variation in resistance among treatts and PCB congeners with different
hydrophobicity. The results of laboratory experitseand simulations showed the complex
interplay between AC and contaminant toxicity tontéc species, and showed how
differences in species sensitivity can affect nfasses from sediment to the water column.
This should be taken into account, (a) when evalgahe effectiveness of AC treatment or,
(b) in the risk assessment of contaminated sedsnesince traditional pore water

concentration alone may underestimate HOC bioawétkaand risk reduction.

If ecological side-effects of AC treatment exishey may be visible through
monitoring of sublethal behavioural endpoints, whoan be considered to be more sensitive
than traditional endpoints such as growth inhilbitar mortality. InChapter 5, we provide
data on effects of AC addition on locomotion andtilation, sediment avoidance, mortality
and growth of two benthic specigSammarus puleandAsellus aquaticusin clean versus
polycyclic aromatic hydrocarbon (PAH) contaminatesddiment. The series of whole-
sediment behavioural toxicity tests with clean selit demonstrated the absence of
behavioural responses like locomotion, ventilattwravoidance. Our tests with aquaticus
identified no negative effects for up to 28 d, wdas the application level of 2-4% would
affect populations ofs. pulexto a limited extent. It is not likely, however,aththis would
lead to extinction of this species. In contradi® clean sediment, no survivors were detected
in PAH contaminated sedimemtithout AC. Addition of only 1% AC, however, already
resulted in a substantial reduction of water expwswoncentration and increased survival of
G. pulexandA. aquaticus

These series of laboratory single species bioasslagwed that sediment treatment
with AC reduces the risks associated with HOCs auldstantially increases the habitat
quality for benthic organism<hapter 4 and5). At the same time it was shown that AC
itself may have negative impacts on benthic orgasi€hapter 4 and5). A key question is
under what conditions the improvement of habitadligyy due to HOC sequestration would
compensate for the possible negative effects of Atarefore, inChapter 6, a conceptual
model to quantify the trade-off between the advgedais and the disadvantageous effects of
AC on populations of two benthic species of différeensitivity was presented. The model
describes population growth, incorporates concgatraffect relationships for PAHs in the
pore water and for AC, and uses an equilibrium tsmmpmodel to estimate PAH pore water
concentrations as a function of AC dosage. The inwds calibrated using our bioassay data
(Chapter 5) and evaluated by calculating isoclines of zerpypation growth for two species.
The model framework was evaluated for a specifsecéut may be used as a generic tool in
risk assessment or as a tool in the design of sedinemediation. The framework is generally
applicable to cases where sorbents are addedlsoos@ediments contaminated with HOCs.

AC effects observed in laboratory single speciesdstenay be less severe in field
settings, where recolonization occurs and wheratdtauality may be maintained due to
fresh input of nutrients and organic matter. Thaemeflong term effects of AC application on
benthic communities were investigated by evaluating recolonization of AC treated
sediment by benthic communitie€Hapter 7). Sediment from an unpolluted site was
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amended with increasing levels of AC, placed iggrand randomly embedded in the original
site, which acted as a donor system for recolomzabf benthic species. After 3 and 15
months, the trays were retrieved and benthic osgasiidentified. Using univariate and
multivariate statistical analyses, a considerableovery in terms of species diversity and
abundance was observed already after 3 monthsudindcovery of the community after 15
months. This was explained from migration of indivls from the donor system, followed
by further migration and reproduction of the spearethe next year. AC treatments explained
3% of the variance in the community data. Negatiends with AC were detected for
Lumbriculidae and Pisidiidae which most probabhate to species-specific life-history traits.
However, none of these species was extinct aftendiths post-treatment.

So far, the remediation effectiveness and ecolbgida effects have been studied for
the benthic compartment only. It is not clear wietsuch effects can be observed on the level
of an entire aquatic food chain (including fishh real (i.e. not laboratory) aquatic
ecosystems. IIChapter 8, the effects of three different AC treatments,. yapwdered AC
addition, granular AC addition and addition and saduent removal of granular AC
(sediment stripping), on polycyclic aromatic hydadmwons (PAHs) and polychlorinated
biphenyls (PCBs) concentrations in pore water, Hiennvertebrates, zooplankton and fish
(Leuciscus idus melanofusvere investigated. Sediment treatments with ASulted in a
significant decrease in freely dissolved PCB andHRANncentrations. The untreated sediment
control showed concentrations in fish approachetbdl levels. Sediment treated with PAC,
however, showed a reduction of accumulation of P@B&ish by a factor of 16, which
resulted in PCB levels below toxic thresholds. Remnore, the treatments had no significant
negative effect on fish condition. Bioaccumulationfish was mainly explained by uptake
from water and food (i.e. zooplankton) with fisheptankton LogBMFs being up to 1.76 after
3 months of exposure. Sediment amendment with GAGL rbt yield reductions in
bioaccumulation in fish, due to limited reductiook bioaccumulation in zooplankton and
invertebrates, whereas these components of theiadoed web constituted the major uptake
pathways for fish.

The effectiveness of AC application

The effectiveness of AC amendments mainly depend$esorption processes from the native
sediment particles and subsequent sorption pragegseAC. Thus, besides sediment
geochemical characteristics, the efficiency of Afplecation depends on factors like particle
size, AC concentration applied, AC pore structure surface area.

The efficiency of AC application in sediment renatin can be evaluated by
measuring the reduction in freely dissolved HOC cemtrations in the overlying or pore
water or by HOC analysis in target organisms likeertebrates, fish or plants.

In Chapter 4, 5, and8, it has been shown that sediment treatment withpd%dered
AC results in almost complete, i.e. approaching%a0€emoval of HOCs from the sediment
pore water, closely followed by sediment strippmigh granular AC and sediment treatment
with 4% granular AC (reduction by 97 and 90%, resipely). Other studies applying up to
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4% AC have shown significant reduction of agueooscentrations of different classes of
HOCs, i.e. PAH, PCB and DDT, by up to 99¢8-10) However, in some cases AC

application appeared to be not so efficient, widah be explained by a high contaminant to
AC ratio resulting in saturation of the AC adsaopticapacity, and as a result a lower affinity
of HOCs for AC amendmel(10, 11)

As for reduction in bioaccumulation, the effects different AC types, doses and
particle sizes on bioaccumulation have been te&ied number of benthic invertebrates,
zooplankton, and fish. The results showed that iegjgbn of <4% of AC or similar
carbonaceous materials lead to significant (i.etaup00%) decrease in bioaccumulation and
in biota-to-sediment accumulation factors for ingbrateq3, 9, 10, 12-26)(Chapter 8), and
fish (27), (Chapter 8). In this project, it is shown for the first tinteat AC treatment also
reduces bioaccumulation in zooplankton and fistinguexposure for 3 months in outdoor
model ecosystem<LChapter 8). These results compare to those from an earlgys{a7),
which however was performed in the laboratory, ordgnsidered AC effects on
bioconcentration by fish in the short term (5 days)d lacked the presence of natural prey
species like zooplankton or invertebrate species.

In general, the effectiveness of AC to reduce lmoawlation appeared to be species-
specific, greatly depending on the physiology ametidvior of the organisms, which drive
factors such as ingestion rate, assimilation efficy and elimination. Reduced
bioaccumulation of HOCs agrees with reduced aquebase concentrations in response to
AC additions up to 4-5%3, 13, 26)but have been found to level off at AC dose >@)b In
long-term exposure experiments, reductions in HOQGueaus concentrations and
bioaccumulation were observed in the first yéar6) The non-significant improvement in
bioaccumulation after one year might relate to feet that HOCs with higher Ld&w are
subjected to slower mass transfer kinetics. ACigarsize has been shown to have an effect
on HOC bioaccumulation in the same way as on ageoncentrations which was discussed
in Chapter 2 (4, 26) In Chapter 8, it has been shown that at equal concentrationyi(t a
smaller particle and therefore higher surface deadljtates HOC sequestration and results in
lower bioaccumulation in aquatic organisms, whichswalso observed befof@8, 21)
Granular activated carbon (GAC) will require montiis even years to reach maximum
treatment efficienciesGhapter 8), (28). To improve the short term effectiveness of GAC
treatments, a higher GAC dose can be appld 30) A better efficiency of sediment
treatment with AC can also be obtained by homogeselistribution of AC particles in the
sediment, which can be achieved by enhanced mxingC re-applications. Mixing may be
insured as by mechanical mixir{§, 12) natural processes, e.g. dispersion by water flow,
wave pumping, or bioturbation. It has been shovat #pplication of AC without mixing is
nearly as effective as application with initial dfrimixing (31). In our field scale
bioaccumulation experiment€ljapter 8) we also observed a high effectiveness of the PAC
treatment after initial mixing only. We hypothesittet subsequent mixing by bioturbation
(32), turbulent dispersion due to wind induced presguagelienty33) or direct wind-induced
resuspensiofB4) ascertained sufficient mixing of AC.
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There are several additional factors that may arfte the effectivity of AC
amendment like attenuation which can be a resudt cdmpetitive sorption or pore blocking
by other dissolved compounds and particles, egmit substance$35). The degree of
attenuation usually depends on AC characteristiesdore size distribution and the ability of
target sorbates to compete with fouling substaneeas, physical-chemical properties like
molar volume and hydrophobicity, and the relatimuradance of non-target species per
available AC sorption sit€86). These processes can reduce the capacity of AGrkotarget
compounds and/or slow down sorption kineti¢s8, 17, 31, 35, 37)

Another important factor which potentially can atfeAC efficiency undein situ
conditions is bioturbation. I€hapter 4, it has been shown that the presence of bioturdato
tolerant to AC addition, may on the one hand enbamixing and facilitate HOC mass
transport to AC particles, but on the other harataase sediment-to-water fluxes of HOCs
and thus reduce the effectiveness of AC in lowerongrlying water concentrations.
Consequently, this process should be taken intoustovhen evaluating the effectiveness of
AC treatment, since measuring pore water concemtralone may underestimate HOC mass
fluxes and bioavailability.

It can be concluded that the maximum efficiencyAGf application, i.e. reduction of
freely dissolved HOC concentrations and HOC bioaudation in aquatic organisms, can be
achieved by applying AC with a small particle s&e high enough concentration and giving
sufficient contact time. Thus, the dose and partgize dependency can be explained by
kinetic processes for sequestration. The Kkinetifsth@se processes depends on the
homogeneity of the amended material and the preseincompeting sorbates.

The ecological safety of AC application

In this work, the ecological effects of the present AC in sediments were tested for three
benthic invertebratesAsellus aquaticusGammarus pulexand Lumbriculus variegatusin
three different sediments, one clean, one modgrgielluted and one highly polluted,
amended with two types of AC, powdered and granuiahC concentrations up to 30% d.w.,
in 6 different experiments after 3 to 28 days opasure Chapter 4 and5). In addition,
effects of AC application on benthic communitiesrevenvestigated by evaluating the
recolonization of such communitieSt{apter 7). Effects of AC on an aquatic food web were
studied by evaluating invertebrate and zooplanKtorctional group abundances and lipid
contents, and for fish, assessing effects on kpidatent, length, weight and condition factors
(Chapter 8). The series of sensitive whole-sediment behawiotoxicity tests withclean
sediment demonstrated the absence of subtle bemaVvisesponses like locomotion,
ventilation or avoidance. Our tests wakellus aquaticuglentified no negative effects for up
to 28 d, whereas the application level of 2-4% daffect populations dBammarus puleio
some extent. It is not likely, however, that thisul lead to extinction of this species. After
all, mortality was not complete and in natural isgg fresh inputs of organic matter and
nutrients will dilute AC concentrations and improttee quality of the habitat for these
species. Furthermore, AC will never be added targlenpolluted sediments. Addition of AC
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to contaminatedsediment had a positive effect on the survivderithic species. No negative
effects of AC application of AC were identified tre community or ecosystem level.

In the literature, survival, growth, lipid conternd behaviour are the main
ecotoxicological endpoints used to test AC effedikese were mainly investigated for
benthic species, mainly filter feeders, deposit tawlltative deposit feeders and carnivores.
Survival in sediments amended with AC in the ra@ge30% was solely tested for benthic
invertebrates. Most of the studies did not reporit aegative effect of AC amendment to
unpolluted sediments on the survival of benthic species like polychaeteNeanthes
arenaceodentatahe musseMytilus edulj the clamdvlacoma balthicaandMacoma nasuta
the amphipodd.eptocheirus plumulosuand Corophium volutator and the isopodisellus
aquaticus(12, 19, 24, 38-42)(Chapter 5). A decreased survival was reported only for two
species, viz. the clanMacoma balthicaand the amphipidGammarus pulex17, 41)
However, in a series of experiments witintaminatedsediment amended with AC, positive
AC dose-response relationships, that is, an ineceaurvival of tested species, e.g. the
oligochaetd_umbriculus variegatyshe isopodAsellus aquaticushe amphipod§ésammarus
pulex and Ampelisca abditathe mysid shrimpAmericamysis bahiaand the polychaete
Neanthes arenaceodentataith increasing AC dose was obsern(88, 39, 41, 43)(Chapter
4 and5).

No or very mild effects on growth were observedtfer clamMacoma balthicathe
musselMytilus edulis the amphipodd.eptocheirus plumulosuand Gammarus pulexthe
freshwater clanCarbicula flumineaand the isopo#ésellus aquaticusn sediment amended
with <30% AC, and for the sea snaiassanus nitidyshe clamAbra nitida and the brittle
starAmphiuraspp in sediment capped with AQ7, 19, 24, 39, 41, 42, 44Chapter 5). The
growth behavior of the polychaet¢eanthes arenaceodentathowed a sediment-specific
response to AC amendmeli(i®, 44) No negative effects on the growth or conditioctda of
Leuciscus idus melanotygolden orfe) were reported in contaminated sedim@mended
with powdered and granular AClapter 8).

Lumbriculus variegatusvas shown to have a negative response to sedirtreatsd
with AC causing significant decrease in lipids @ni15, 40) For another worniNeanthes
arenaceodentatanconsistent results were observed. That is, thighsame sediment and AC
type, tests showed absence of effects as wellgmsfisant effects of AC on lipids content
which could not be explained by AC dodet, 39) Sediment amendment with <5% AC did
not have an effect on lipid contents in a numbespécies: the clafiMacoma nasutathe
amphipod Leptocheirus plumulosughe snailHinia reticulate and Nassanus nitidysthe
worms Nereis diversicolaorLumbriculus variegatusandNereisspp. (8, 12, 18, 19, 42)in
case growth, lipid and total biomass effects wdrgeoved, altered bioavailability of nutrients
in sediment was suggested as a potential mechdh&m4-46) (Chapter 7).

As for behavioral endpoints, preference/avoidaratealior was tested in two studies
for three benthic invertebrate species, viz. tlopasl Asellus aquaticusnd the amphipods
Corophium volutatorand Gammarus pulexusing different sediments amended with up to
30% AC (40, 41) (Chapter 5). The avoidance was either not obser@t), (Chapter 5) or
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could not be proven from the data, because of sistent dose-response relationshi#g).
No effects of AC on locomotion and ventilation welemonstrated foAsellus aquaticuand
Gammarus pulexn whole-sediment behavioral toxicity te¢4d ), (Chapter 5). A significant
reduction in egestion rate was observed for thenarmbriculus variegatug40).

The influence of AC amendment on the diversity ahdndance of macroinvertebrate
communities has been assessed in four field pilmies(3, 46-48) (Chapter 7). Addition of
2-10% AC to the sediment did not show any effeetscommunity abundance or diversity
after up to 1.5 year of exposuf®, 46) (Chapter 7), whereas the use of AC as a capping
material showed a significant effect on divergdy3) as well as on diversity and abundance
(47). These effects of capping can partially be exgldiwith seasonal variability or due to
substantial exceeding of target AC dose during AdCgment as a cap.

Only three studies investigated the impacts of A@emadments on bacterial
communities. An AC amendment to uncontaminated @rdaminated sediment with up to
20% AC had no effect on the bacterial community position (40, 49) whereas in another
experiment some alteration of bacterial communiti€s an increase in bacterial production
and respiration, was observétB). Notably, several studies showed the potentiahGfto
facilitate bacterial degradation of HOG®, 51)

It can be concluded that, generally, AC amendment®ntaminated sediment have a
beneficial effect on the survival of aquatic orgems. Some reduction in survival was
observed only for AC amendmentsulocontaminatedediment for two species. The majority
of tests with growth as an endpoint did not show adverse effects of AC application.
Studying AC effects on lipid contents revealed mgistent results, i.e. negative effects were
limited to two burrowing worm species out of theato/ species tested. However, reduced
growth and lipid content were the dominant seconééfects of AC amendments.

Evaluation of alternatives for the remediation of
contaminated sediments

For contaminated sediments, the remediation pragessally includes a site investigation, a
comparison of remediation alternatives, and a 8elecand implementation of one
remediation scenari(b2). An example of a qualitative comparative analydisemediation
alternatives is summarized in Table 1. Site char&ation was briefly discussed in the
beginning of this chapter and usually covers tistrithution, depth, types and concentrations
of contaminants in sediments and contaminant cdretgns in the aquatic biota. The
comparison of remediation alternatives usually delpeon several key factors, i.e. complexity
and costs of remediation approaches, the benefdsaasociated risks that can arise during
implementation and those that remain after remediafhe best option for a particular site
will be the one that stays within the regulatoryntext and will help to achieve maximum
efficiency with minimum adverse ecological effe@nad investments of time and ene(dy.
Monitored natural recovery or ‘natural attenuatios’the least difficult and least
expensivgl). It leaves contaminants in the aquatic environnbeihidoes not itself create new
risks. However the process of natural recovery mtghe decades and the success of this
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remediation approach is difficult to predict. Indétbn, in aquatic systems with unfavourable

hydrological conditions or physical disturbancesistag resuspension and thus release of
sediment-associated contaminants, natural recoregit be not the optimal remediation

strategy.

In situ capping of contaminated sediment with clean sikand can be a good option
in some areas. However, capping may not suffigjergtiuce contaminant transport due to
permeability or erosion of capping materials, fastance in areas with dynamic hydrological
and topographical conditiorf46). The material costs of this approach can be high.

Dredging is the most complex, invasive and expenéhb). Dredging may create
extra exposure, for instance through the resusperddi buried contaminants. Dredging is a
proven technology to remove contaminated sedimg@smanently from the aquatic
environment, but shifts the problem to another @lathere further management is required.
Dredging can be useful when applied to sedimeatisidi to erosion and to variations in
hydrologic conditions. However, dredging is vergrdptive to the ecosystem. Inefficient
removal of contaminated sediment during dredgingy mesult in residual concentrations of
contaminants in sediment and pore water still edicgesafe level$2).

AC amendment to contaminated sediments is a vdigiezft remediation technique
that can be a successfully used for the sites deftositional and cohesive characteristics as
well as in low energy environments, where the pobdlig of sorbent translocation after
incorporation into contaminated sediment is I@&, 53, 54) In the case of deeper waters,
sloping areas or sites with lower sediment stabilit more extreme erosion conditions,
specific measures may have to be taken, e.g. ig@timh with additional layers of sand,
gravel, or clay. Capping with such layers wouldrdase the risk of contaminated AC being
dispersed within the aquatic environment. Moreo®&t,can be applied when dredging is not
feasible or appropriate as well as in ecologica@nsitive sites such as wetlan(3).
Whenever ecological side-effects need to be coresiglea prognostic conceptual framework
Is now available that may be further developed de@sion support tool capable of balancing
the benefits against the ecological side effecis aitu AC treatmentsGhapter 6). Another
promising alternative to thm situ methods could be sediment strippifi) that could be
applied in combination with dredging as an altdugatto bioremediation or physical
separation cleaning techniques with subsequentrefishe stripped material on land or as
building materials. The material costs of sedimesrhediation with AC is one order of
magnitude lower than that of dredging and dispgS3), and even the cost for AC based
remediation can be reduced by using alternativbarerceous materials like biochar, coke
breeze and fly ash, or AC produced from biomasseyaoducts like pine chips or corn stalk
(10, 11, 19, 53, 56)A potential barrier for commercial use of AC bdisemediation
technologies is the regulatory context. It is watlown that addition of AC to sediments
reduces bioavailable concentration of contaminabist does not decrease their total
concentrations in sediment. This implies that agylas permissions for sediment re-use or
management are based on total concentrations, nmepiation of AC based technologies may
be hampered57). Although regulatory institutions start considerihioavailability in risk
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assessment and management of contaminated sedbBeB0) there is still a bias against
situ methods.

In conclusion, AC based sediment remediation teldymes offer great flexibility, i.e.
can be used along or in combination with other epginesjn situ andex sity and can be
applicable in a wide range of settings and sitdh different characteristics, and would avoid
some of the problems with traditional dredging aadping. Mild effects of AC itself, if any,
will be overshadowed by the advantageous effecMto sequestrate HOC and reduce the
risks associated with them.

Table 1. Comparison of remediation strategies.

Criteria MNA Capping Dredging AC
In situ Ex situ
PAC GAC Stripping
Complexity - ++ +++ + + ++
Costs - ++ +++ + + +
Efficiency + + +++ + ++
Risks + ++ +++ +- + -

depositional, cohesive, low

with dynamic L
energy, sensitive, deeper

L . hydrological )
Applicability sensitive, stable, y . .g waters*, sloping areas*,
. " conditions, . ) n/a
(type of sites) protected depositional . with low sediment
liable to .
i stability*, and extreme
erosion . .
erosion conditions*
Acceptance:
(a) regulatory +++ +++ +++ - - -
(b) public +- --- - - -

*specific measures should be taken, e.g. stabdizatith additional layers of sand, gravel, or clay
“+” refers to “high”, “-“ refers to “low”.

Outlook and recommendations

The past years, considerable progress has been madsderstanding benefits and risks
associated with AC application in contaminated sedits. Overall, the mild negative effects
of AC itself, if any, seem to be negligible commhte the ability of AC to sequestrate HOCs
efficiently, to limit their mobility and thereforéo reduce exposure of HOCs to aquatic
organisms and indirectly - humans. The results ffolinscale AC application studies showed
stability of AC in the environment and demonstratscefficiency in binding contaminants in
sediments several years after applicat®n6, 12, 53) At the same time, AC did not show a
significant impact on benthic communities basedtaa abundances and divers{B; 46)
and on an aquatic ecosystem as a whGlepter 8). The recent ecological studies suggest
that AC effects on the community and ecosysteml lakee absent or less severe compared to
those observed in single species laboratory tkatsyn from earlier studies. Consequently,
amendment of AC to contaminated sediment is considas a serious and promising new
remediation technique. However, since the main aive of any restoration process is to
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provide the utmost benefit with minimal risk, soméditional remaining questions may be
considered to further facilitate regulatory accap&of this new remediation technique in
full-scale applications.

Methods of AC delivery to the sediment remain to ébe@echnological challenge.
Ideally, AC delivery should be minimally invasivench avoid sediment resuspension and
increase of pollutant mobilization in the aquativieonment. On the one hand, enhanced
mixing will increase homogeneity of AC-sediment tpe and increase remediation
efficiency. On the other hand, mixing can be comed to be disadvantageous from an
ecological point of view since it may have a negaimpact on benthic communities in the
short term.

Another uncertainty relates to the long term sigbidf AC in aquatic sediments.
Despite AC has been shown to be stable after 3sy@ar6, 53) stability of AC under
unfavourable hydrological and geological conditianstill lacking.

So far, effects of AC application were mainly telsie laboratory bioassays with
survival, growth, behavior and lipid content astegological endpoints. To understand the
mechanisms of AC effects on benthic organisms arditge the biological responses across
different levels of biological organization, i.epezies, benthic communities and aquatic
ecosystems, AC effects on reproduction of indivis@s well as possible effects on following
generations may be addressed in future studies.

Because the method of AC application in sedimentediation is still novel, more
comprehensive studies including the community acabystem level like that i@hapter 8
are required. Especially, long-term effects on camity and food web structure and function
need to be investigated after application of AGeaal ecosystems. Consequently, full-scale
AC application studies need to be carried out anditared for a long period (e.g. for several
years) to be able to give an answer to the aboveomexd questions.

Further research may focus on developing modebipgroaches for the purpose of
understanding cause-effect mechanisms that undeqtierimental data. Furthermore, system
models may assist in predicting effects and benedit a certain AC-based remediation
strategy in the future. Such models should incatmithe fate of HOCs, the long-term
performance of AC, and take into account the effext benthic communities and aquatic
food webs and their associated uncertaintt€s 61) Models may better predict ecosystem
recovery under various remediation scenarios andh&lp decision makers and sediment
managers to select appropriate remediation appesa@hg. AC addition, capping, stripping)
at particular sites, define the extent of remedmgtiand make credible predictions of the
chemical and biota impacts based on the best g@antormation availablg62).

Comprehensive comparative analysis is needed tluaeathe benefits and risks of
AC amendment with respect to other traditional reiagon strategies, such as dredging and
capping. Even though costs of AC applications appedoe lower than those of traditional
methods, both pre-treatment and monitoring cosési rie be considered. A framework for
comparing decision criteria and the life cycle @ioiferent remediation strategies needs to be
established in greater detail.
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SUMMARY



Summary

Aquatic sediments form an ultimate sink for legamyntaminants such as hydrophobic
organic compounds (HOCs) and may become a soursecoindary pollution, thus posing a
risk to aquatic organisms and humans. Traditioeaiadiation approaches of contaminated
sediment, like dredging anish situ capping, are disruptive to benthic environments n
always efficient, and very expensive. Thereforay developments in remediation approaches
are needed that either supplement or provide &xwibus, less expensive, and less disruptive
alternatives to existing methods. Over the pastrsyghe potential of adding sorptive
materials, like activated carbons (AC), to pollusstiment, as a means to reduce aqueous
HOC concentrations, has been explored. The cumesgarch was meant to increase our
understanding of the effects of AC application o@E exposure and toxicity reduction for
benthic species and communities, and to bridgg#pebetween laboratory and field settings
for AC remediation.

In Chapter 2, we review the current state of the art for the aSAC as an extensive
method for sediment remediation, covering both el and ecological angles. In the
review we discuss how factors such as AC type,ighartsize and dosage, sediment
characteristics, properties of adsorbates, andepoesof other carbonaceous materials like
BC, OM, and oil affect the AC amendment efficienoyadsorb HOCs and to reduce HOC
bioaccumulation in benthic macroinvertebrates. i&® aeview to what extent AC may
reduce toxicity of contaminants and whether it hagative effects on benthic species and
communities. In the end we discuss if the effe€td© addition can be predicted using fate
and transport models.

Since sediments and AC types differ in their chiarstics, it is highly relevant to
identify the affinity parameters fan situ sorption of HOCs to AC in order to be able to
design and evaluate applications of AC in sedimemtediation. A conceptual framework to
assess affinity constants for HOC sorption to B@ AR is provided irChapter 3. It appears
that sorption to BC increases with gy, whereas sorption to AC shows a relatively narrow
range of affinity properties with a median Freuadlli LogKrac value of 7.2 for
polychlorinated biphenyls (PCBs) and 8.6 for pobjay aromatic hydrocarbons (PAHS).
Sorption to AC is stronger than to BC for chemidadéow Lodow=6.3—6.6. The developed
model and optimizedn situ Kgc and Kac can be used, when designing an AC dosage, to
predict the efficiency of AC amendments.

In Chapter 4, effects of three different sediment treatmenth wAC, viz. powdered
AC addition, granular AC addition, and addition asubsequent removal of granular AC
(sediment stripping), on PCB pore water concermnati sediment-to-water fluxes, and mass
transfer coefficients, are assessed. Sedimenintezstwith AC is shown to decrease pore
water concentrations of PCBs. Moreover, the efficieof the AC-treatments decrease in the
order PAC > sediment stripping > GAC. AC additienshown to decrease mass fluxes but
increase apparent mass transfer coefficients ddessolved organic carbon (DOC) facilitated
transport across the benthic boundary layer (BBlhe presence of bioturbators may also
stimulate DOC facilitated transport of HOC, incredkixes and thus decrease efficiency of
sediment treatment with AC. A dual BBL resistancedel, combining AC effects on PCB
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concentration gradients, DOC facilitated trans@ordl biodiffusion, is evaluated against the
experimental data. The analysis of the resultstilhtes the variation in resistance between
different treatments and PCB congeners with diffehgydrophobicity.

In Chapter 5 we provide data on effects of AC addition on lmation and
ventilation, sediment avoidance, mortality, andvgio of two benthic specieszammarus
pulex and Asellus aquaticysin clean versus polycyclic aromatic hydrocarbd®Ald)
contaminated sediment. The series of whole-sedirhehavioural toxicity tests with clean
sediment demonstrates the absence of behaviogabnses like locomotion, ventilation or
avoidance. Our tests with. aquaticusdentify no negative effects for up to 28 d, wiser¢he
application level of 2-4% AC would affect populat®of G. pulexto some extent. It is not
likely, however, that this would lead to extinctiohthis species.

Thus, a series of laboratory single species bigas$@ms shown that sediment
treatment with AC reduces the risks associated W@Cs and increases the habitat quality
for benthic organismdOhapter 4 and5). At the same time, it has been shown that Adfitse
may have negative impacts on benthic organidhater 4 and5). A key question is under
what conditions the improvement of habitat qualdye to HOC sequestration would
compensate for the possible negative effects of GChapter 6, a conceptual model to
guantify the trade-off between the advantageousthedisadvantageous effects of AC on
populations of two benthic species of different ssievity has been presented. The model
describes population growth, incorporates concgatraffect relationships for PAHs in the
pore water and for AC, and uses an equilibrium tsmmpmodel to estimate PAH pore water
concentrations as a function of AC dosage. The inmdealibrated using bioassay data
(Chapter 5) and evaluated by calculating isoclines of zerpypation growth for two species.
The current framework is evaluated for a speciise; but may be used as a tool in risk
assessment or when designing sediment remediattenasos and can be generally
applicable to cases where sorbents are addedlsoos@ediments contaminated with HOCs.

AC effects observed in laboratory single specietstenay be less severe in field
settings, where a better habitat quality may bentaaied due to fresh input of nutrients and
organic matter. Therefore, long term effects of Agplication on benthic communities are
investigated by evaluating the recolonization afthee communities ifChapter 7. Sediment
from an unpolluted site is amended with increasiegels of AC, placed in trays and
randomly embedded in the original site, which agsa donor system for recolonization of
benthic species. After 3 and 15 months, the trags ratrieved and benthic organisms
identified. From the univariate and multivariatatistical analyses, a considerable recovery in
terms of species diversity and abundance is obdeieady after 3 months, and full recovery
of the community after 15 months. This is explaitgdmigration of individuals from the
donor system, followed by further migration androgjuction of the species in the next year.
AC treatments explain 3% of the variance in the mwamity data. Negativerends with AC
are detected focumbriculidae and Pisidiidae which most probabliate to species-specific
life-history traits.

249



Summary

So far, the remediation effectiveness and ecolbgida effects have been studied for
the benthic compartment only. It is not clear wieetsuch effects can be observed on the level
of an entire aquatic food chain (including fishy, full scale i.e. not laboratory aquatic
ecosystems. IIChapter 8, the effects of three different AC treatments,. yapwdered AC
addition, granular AC addition, and addition andosmquent removal of granular AC
(sediment stripping), on polycyclic aromatic hydadmon (PAHs) and polychlorinated
biphenyl (PCBs) concentrations in pore water, bienthvertebrates, zooplankton and fish
(Leuciscus idus melanofusare investigated. Sediment treatments with ACultes; a
significant decrease in freely dissolved PCB andHRANncentrations. Sediment treated with
PAC shows a reduction of accumulation of PCBs sh foy a factor of 100, which results in
PCB levels in fish below toxic thresholds and had significant negative effects on fish
condition. Bioaccumulation in fish is mainly explad by uptake from water and food (i.e.
zooplankton) with fish-zooplankton LogBMFs being tgpl1.76 after 3 months of exposure.
Sediment amendment with GAC does not yield reduastia bioaccumulation in fish, due to
limited reductions of bioaccumulation in zooplanktand invertebrates, whereas components
of the aquatic food web are considered to be mgtake pathways for fish.

Finally, in Chapter 9, we summarize all benefits and risks associateith WC
application, evaluate alternatives for the remaaiabf contaminated sediments, and give an
outlook and recommendations for future studies.
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Klassieke verontreinigingen zoals hydrofobe orgams verbindingen (HOCs) komen
uiteindelijk vaak in waterbodems terecht. Deze wmtdems kunnen hierdoor zelf een bron
van verontreiniging worden en zo een risico vormear aquatische organismen en voor de
mens. Traditionele manieren om waterbodems teg&mizoals baggeren énsitu capping,
zorgen voor een grote verstoring van het benthistitieu en zijn niet altijd effectief, terwijl
zij wel hoge kosten met zich meebrengen. Daarofreisnodig om nieuwe methoden voor
reiniging van waterbodems te ontwikkelen die malgke zijn, minder kosten en minder
verstorend zijn dan de bestaande methoden. Deogigeljaren is de mogelijkheid onderzocht
om adsorberende materialen zoals actieve kool (f&@€)te voegen aan verontreinigde
waterbodems om zo de HOC concentratie in het wateerminderen. Dit onderzoek heeft als
doel om het effect van toevoegen van AC op HOC tetething en toxiciteitsafname voor
bentische organismen en gemeenschappen beter tgpéeg om zo het gat tussen
laboratorium en veld te dichten.

In Hoofdstuk 2 bespreken we de huidige stand van zaken voor etegfbhet gebruik
van AC als een methode voor het saneren van waten® Hier behandelen we hoe
verschillende factoren de efficiéntie van AC om HOte binden veranderen en de HOC
bioaccumulatie in benthische macroinvertebratembe®&den. We bespreken factoren zoals
AC type, deeltjesgrootte en -dosis, waterbodemktaristieken, eigenschappen van HOCs en
de aanwezigheid van andere vormen van koolstofszdmack carbon’ (BC), organisch
materiaal (OM) en olie. We bespreken ook in welkatean AC de toxiciteit van
verontreinigingen vermindert, en of het negatieffecten heeft op benthische soorten en
gemeenschappen. Uiteindelijk bediscussiéren we dgeljkheid om de effecten van het
toevoegen van AC te voorspellen met modellen.

Door de verschillen in karakteristieken die wateldrms en AC hebben, is het hoogst
relevant om de affiniteitsparameters te identigeevoor den situ sorptie van HOCs aan AC.
Hierdoor kan het mogelijk worden om toepassingerorieverpen en te evalueren voor
sanering van waterbodems met AC. Een conceptueghwark voor het schatten van
affiniteitsconstanten voor HOC soprtie aan BC en w@dt gegeven irHoofdstuk 3. Het
blijkt dat de sorptie aan BC toeneemt met LggKTerwijl de sorptie aan AC slechts een
relatief nauw bereik van affiniteits eigenschappeat zien met een mediane Freundlich
LogKrac van 7.2 voor polychloorbifenylen (PCBs) en 8.6 wpolycyclische aromatische
koolwaterstoffen (PAKs). Sorptie aan AC is sterllan aan BC voor chemicalién met een
LogKow lager dan 6.3-6.6. Het ontwikkelde model en depgewmliseerden situKgc en Kac
kunnen worden gebruikt voor het ontwerpen van e€rdAsering en om de efficiéntie van de
AC toevoeging te voorspellen.

In Hoofdstuk 4 worden de effecten van drie verschillende wateebdaehandelingen
met AC op PCB poriewaterconcentraties, sedimenemwdluxen en massa-overdracht
coéfficiénten getest. De drie behandelingen besidaaen toevoeging van AC poeder (PAC),
een toevoeging van AC korrels (GAC) en de toevaggim daaropvolgende verwijdering van
AC korrels (sediment stripping). De waterbodembeleéing met AC blijkt de poriewater
concentraties van PCBs te verlagen. Ook wordt filgezicy van de AC behandeling verlaagd
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in de volgorde PAC > sediment stripping > GAC. Teeging van AC verlaagt de massaflux,
maar verhoogt de schijnbare massa-overdracht caften als gevolg van transport door de
benthische grenslaag (BBL) gefaciliteerd door hmgeboste organische koolstof (DOC). Ook
de aanwezigheid van bioturbators kan het transpart HOC met behulp van DOC
stimuleren, fluxen doen toenemen en daardoor deieafty van de AC behandeling doen
afnemen. Een dubbel BBL weerstandsmodel dat hetctefvan AC op PCB
concentratiegradiénten combineert met DOC gefaeild transport en biodifussie, wordt
geévalueerd met experimentele data. Uit analyse dan resultaten blijkt dat de
transportweerstand verschilt voor verschillendeabelelingen en PCB’s met verschillende
hydrophobiciteit.

In Hoofdstuk 5 presenteren we gegevens over effecten van AC ¢égavg op de
beweging en ventilatie, het vermijden van de watdeln, de mortaliteit en de groei van twee
benthische soorterGammarus pulexen Asellus aquaticusn schoon en met PAK vervuild
sediment. De toxiciteitstesten met schoon sedinaemh geen gedragsreactie, zoals motoriek,
ventilatie of ontwijking. zien. Onze testen ndetAquaticudaten geen negatieve effecten zien
tot 28 dagen, maar de toevoeging van 2-4% AC heeftp zekere hoogte wel effect op de
populatie varG. Pulex Het is echter niet waarschijnlijk dat dit zouden tot uitsterven van
deze soort.

Aldus heeft een serie vaingle specied®ioassays in het laboratorium laten zien dat
waterbodembehandelingen met AC de risico’s geassatimet HOCs verminderen en de
kwaliteit van de leefomgeving van benthische orgam@n verbetererHpofdstuk 4 en5).
Tegelijkertijd is aangetoond dat AC zelf negatiesfecten kan hebben op bentische
organismen Hoofdstuk 4 en5). Een belangrijke vraag is onder welke omstandighede
verbetering van de leefomgeving door de vastleggiag HOC de mogelijke negatieve
effecten van AC zelf zal compenseren.Hnofdstuk 6 is een conceptueel model voor de
kwantificering van de wisselwerking tussen de pes# en negatieve effecten van AC op de
populatie van twee benthische organismen van vidlesulte gevoeligheid gepresenteerd. Het
model beschrijft populatiegroei, dosis-effect nelatvoor PAK’s in het poriewater, en voor
AC, en het maakt gebruik van een evenwichtssormptdel om de PAK concentratie in het
poriewater als een functie van AC dosis te schaleh model is gekalibreerd met behulp van
bioassay dataHoofdstuk 5) en is geévalueerd door middel van het berekeaennullijnen
voor populatiegroei van twee soorten. De huidigeed is geévalueerd voor een specifieke
casus, maar zou ook gebruikt kunnen worden alsresthode voor risicobeoordeling of voor
het ontwerpen van sediment remediatie scenario’s.

AC effecten die zijn aangetoond single speciefaboratorium testen, zijn in het veld
vermoedelijk minder groot, door de verse toevoer natriénten en organisch materiaal. De
lange termijn effecten van AC toepassing op rekisktie van benthische gemeenschappen
zZijn bestudeerd iMHoofdstuk 7. Sediment van een verontreinigde locatie is beélanohet
toenemende niveaus van AC, in bakken gedaan eeketllig teruggeplaatst op de originele
locatie, die nu als donor systeem dient voor delogksatie van benthische soorten. Na 3 en
15 maanden zijn de bakken er uit gehaald en dehiseht organismen zijn geidentificeerd.
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Via univariate en multivariate statistische anatyseal na 3 maanden een aanzienlijk herstel
op basis van soortendiversiteit aangetoond en eledig herstel van de gemeenschap na 15
maanden. Dit wordt verklaard door migratie van witlien vanuit het donor systeem,
gevolgd door verder migratie en reproductie varrtenan het volgende jaar. AC behandeling
verklaart 3% van de variatie in de benthische lsgemeenschap. Negatieve trends met AC
zijn aangetroffen voor Lumbriculidae en Pisidiidaetgeen waarschijnlijk gerelateerd is aan
specifieke eigenschappen van de levenscyclus vam strten.

Tot dusverre werden de effectiviteit van remediatiede ecologische neven effecten
van AC alleen bestudeerd voor het benthische campent. Het is niet duidelijk of AC
effecten heeft op het niveau van een volledig asgta voedselketen (inclusief vis). In
Hoofdstuk 8 zijn de effecten van drie verschillende AC behdinden (toevoeging van AC
in poedervorm (PAC) en korrelvorm (GAC), en toevaggen opeenvolgend verwijdering
van korrelvormig AC; sediment stripping) bestudeasg concentraties van polycyclische
aromatische koolwaterstoffen (PAK’s) en polychlatebylen (PCB’s) in poriewater,
benthische invertebraten, zodplankton en visu€iscus idus melanofus Sediment
behandelingen met AC resulteren in een sterke anaam vrij opgeloste PCB en PAK
concentraties. Sedimentbehandeld met PAC vertaamteductie in accumulatie van PCB’s
in vis met een factor 100, hetgeen resulteerdeéCiB Riveaus beneden de toxische grenzen en
geen significante negatieve effecten had op deittenéan de vis. Bioaccumulatie in vis
wordt hoofdzakelijk verklaard via opname vanuit evagn voedsel (in dit geval zodplankton)
met vis-zooplankton LogBMF’s tot 1,76 na een blogtsng van 3 maanden. Sediment,
bewerkt met GAC laat geen reductie van bioaccunaulat vis zien, vanwege de beperkte
afname van bioaccumulatie in zoOplankton en inbeaten. Deze componenten van de
aquatische voedselketen worden gezien als de bgkstg opnameroutes voor vis.

Tenslotte, vatten we irHoofdstuk 9 alle voordelen en risico’'s van sediment-
behandeling met AC samen. Alternatieven voor reatedi van gecontamineerde
waterbodems worden gegeven en een vooruitzichaebexelingen voor toekomstige studies
worden geidentificeerd.
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