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Stellingen

Na de afbraak van de snel afbreekbare PAK’s is er geen waarneembaar verschil
meer in de afbraaksnelheid van de resterende laag- en hoog-moleculaire PAKs.
De waargenomen gelijke afbraaksnelheid voor de verschillende PAKs is in strijd
met het algemene verwachtingspatroon met betrekking tot deze afbraak, maar
wetenschappelijk te verklaren.

Dir proefschrift,

After degradation of the fast degradable PAHs, nb difference in the degradation rate of the
residual low- and bigh molecalar weipht PAFs is observable. This observed equal depradation
rate of the different PAHs is in contradiction with the general expectation in relation lo this
degradation, but is sentific explainable.

De snelheid waarmee de acceptatiegrens voor minerale olie voor hergebruik van
baggerspecie in de onderzoeksperiode is gestegen, is vergelijkbaar met de snelheid
waarmee het minerale oliegehalte in gereinigde baggerspecie op Kreekraksluizen
is gedaald. De aanpassing van de acceptatiegrens zal leiden tot onnodig en
ongewenst hoge gehalten aan minerale olie in bouwstoffen.

Dit proefschrift.

Tijdelijke vrijstelling eisen grond en baggerspecie. Staatscourant 27 februari,

2004, nr 40, 25,

The rate of increase of the acceptable concentration of mineral oil for rense of sediment during the
research period is comparable with the rate of decrease of the mineral oif content in remediated
sediments on Kreekraksiuizen, The adinstment of the acceptable value will fead to nnnecessary
and unwanted bivh contents of mineral oil in building materials.

Biologische  saneringsmethoden voor verontreinigde (water)bodems  die
effectiviteit beloven en niet ingaan op beperkende factoren, moeten niet setieus
worden genomen.

Bivlogical remediation technologies for soils and sediments that prowsise to be effective but do not
consider limiting factors shonld not been taken seriously.

Het definiéren van de term ‘bioaccessibility” als aanvulling op ‘bivavailability’ van
verontreinigingen in (water)bodems kan nuttig zijn voor de wetenschappelijke
discussie. Het maakt echter de discussie met beleidsinstanties over een
normstelling gebaseerd op biobeschikbaarheid onnodig moeilijk.

Semple ¢ 2/, 2004, Environ. Sc. Technol. 38, 228A-231A.

1SO/CD 17924,

Defining of the expression ‘bioaccessibility’ as addition to ‘bioavailability’ can be advartapeons
Jor the scientsfic discussion, but makes the discussion with administration officials on target
values, which includes bioavailability, unnecesiarily diffienit.



5. Maatregelen in het kader van het Waterbeleid voor de 21¢ eeuw houden te weinig
rekening met de waterkwaliteit en kunnen daarom contraproductef zijn voor het
realiseren van doelen van de Europese Kaderrichdijn Water,

Advies van de Commissie Waterbeheer 21¢ eeuw, 2000, Waterbeleid voor de
21ceenw.
EU, 2000. Kaderrichdijn water, richtlijn nr, 2000/60/EG.

Measures within the framework of Water Management for the 21¢ century’ do not take water
qualkty sufficiently inte acconnt and will, therefore be counterproduciive for realisation of the
poals of the Eurcpean Water Framework Directive.

6. Gntwikkelaars van  dure en tjdrovende, maar wetenschappelijk goed
onderbouwde methoden voor het vaststellen van risico’s van verontreinigingen,
moeten zich niet richten op een wijdverbreide toepassing van hun methode, maar
op toepassing van hun kennis voor het vaststellen van het werkpgebied van
goedkope en snelle testen voor het meten van risico’s

Developers of expensive and time consuming, but scientifically defensible methods to establish the
risks of contaminants shontd not focus on @ widespread application of their method, but on

' application of their knowledge for establishing the scope of inexpensive and rapid rests for
measurements of risks

7. De wetenschap kan slechts vooruitgang boeken door onderzoekers die over
grenzen durven gaan. Zij die zich uitsluitend binnen de door managers en
projectdiscipline vooraf aangegeven grenzen bewegen, zijn voor de echte
wetenschap verloren {vrij naar Goethe),

Setence can only make progress by scientists who dare to pas: borders. Those whe only work
within borders given by managers and project discapline are lost for real science,

8. Zoals weinig variatie in milieuomstandigheden leidt tot een eenvormige vegetatie
en het ontbreken van vegetatietypen die in het oog springen, zal de huidige
beperkte variatie in onderzoekssturing door de markt leiden tot verschraling van
resultaten en vitblijven van echte innovaties.

Similar to the conditions where small variation in envivonmental conditions prodwce monotonous
vegelation without eye-catehing typer of vegetation, the present fimited variation produced by
warket driven research will lead to poorer results and absence of real innovations.

Stellingen behorende bij het proefschrift Landfarming of polyeyclic aromatic
hydrocarbons and mineral oil contaminated sediments’,

Joop Harmsen
Wageningen, 22 november 2004
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Abstract
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Due to the necessity of continuous dredging activities in the Netherlands, there is an
enormous amount of contaminated sediments generated, These sediments require an
efficient treatment procedure to reduce contaminant levels at low costs and with
reasonable spatial demands. Landfarming offers a good solution for sediments
contaminated with Polycyclic Aromatic Hydrocarbons (PAHs) and mineral oil.
Sediments become aerobic during landfarming, which enables aerobic organisms to
biodegrade the contaminants. Two main principles and types of landfarming are
distinguished: (1) Intensive landfarming, in which processes are optimised using active
management activities to reduce contaminants to residual concentrations as quickly as
possible and (2) Passive landfarming, consisting of minimal management activities that
are used when rapid bioremediation is not necessary, but residual concentrations of
contaminants must be reduced.

PAHs and mineral oil are strongly ad- or absorbed by the organic matter in the
sediment. Biodegradation of these contaminants in landfarmed sediment is shown to
be a slow process and often high levels of residual concentrations are left, It is
therefore important to understand limiting condidons for biodegradation. Limiting
conditions that are discussed and mathemarical described include (1) desorption and
diffusion of the contaminant within soil aggregates to a place with active micro-
otganisms, (2) presence of active micro-organisms, and (3) aeration of the dredged
sediment. The concept of bioavailability and its use to predict biodegtadation and the
risks during landfarming are also extensively discussed.

Landfarming of dredged sediment has been applied from 1990 onwatds on
the landfarm Kreekraksluizen in the Netherlands. From these long-term expetiments
it was possible to recognise fast, slow and very slowly degradable fractions of PAHs.
The degradation rate constants of these fractions are derived from the measured data.
To fully degrade these three fractions requires, respectively, 1 year, about 7 years, and
30-60 years. Optimisation of the degradaton process (dewatering, temperature,
aeration and activation of biological activity) only leads to an acceleration of the



biodegradation of the fast degradable fraction. Therefore, optimisation of passive
landfarming is not effective in most cases.

Risks for the retention (ability to adsorb contaminants and to prevent
mobilisation) and habitat (optimal funcdoning of soil living organisms) functions of
the landfarmed sediments on Kreekraksluizen have been studied by measuring
leaching, application of several bic-assays, and monitoring biclogical activity in
general. Risks for the retentdon function decreased very rapidly during dewatering. The
tisk for the habitat function decreased more slowly, Small effects in bio-assays were
still measurable afrer 7 years of creatment. No measurable risks were present in the
longest (12 years) treated sediments.

As a rraditional management practice, slightly polluted sediments from ditches
in the tural area of The Netherlands are spread over adjacent land. In experiments on
the isiand of Goeree-Overflakkee, it has been shown that the practise of spreading of
thin layers also led to fast, slow and very slow degradation of the PAHSs present. The
historical practise of spreading had led to a small but stabilised increase, of the PAHs-
concentration beside the ditches.

This thesis concludes with a description of the application of passive
landtarming in real-world situations, as it iy combined with nature development, used
in construction, and combined with growing of biomass for energy production. The
presence and effects of heavy metals are also discussed.
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Preface

Preface

Sediments are often contaminated by Polycyclic Aromatic Hydrocarbons (PAHs) and
mineral oil. Forrunately the sediment can be cleaned by micro-organisms that are able
to degrade these contaminants. This thesis desctibes the applicability of landfarming
to clean PAHs and mineral oil contaminated sediments. Some results described in this
thesis were published previously and presented at several (inter)national symposia.
The idea of summarising and re-evaluating all of these tesults was developed after
discussion with my promoter Wim Rulkens, co-promoters Ronald Sims and Herman
Eijsackers and my former department head Pim Rijtema. Their stimulation hes not
only led to a useful summary of previous material, but also to a critical discussion of
all current material. This has resulted in the development of impraved insights in
relevant processes and also new ideas for identifying limiting processes for
biodegradation of contaminants using the technology of landfarming,

© Important in this study was the landfarm on Kreckraksluizen where
landfarming was investigated in coopetation with RIZA (Lelystad, the Netherlands).
Landfarming processes were investigated during a period of more than 10 years,
which made it possible to predict the effect of landfarming in the long term. The data
base for this site is unique and will be extended in the future. The large experimental
research on Kreekraksluizen was supported by several studies at other sites and in the
laboratoties of Alterra.

This thesis could not have been written without the suppott of a lot of persons and
Institutions. Starting with the institutions, I would like to acknowledge my own
institute Alterra for the support during the work of all the different aspects treated in
this thesis. Most work was carried out within programs of the Dutch Ministry of
Agriculture, Nature and Food of the Nethetlands in combination with tesearch
programs of the Dutch Ministry of Water Management and Traffic, led by RIZA
(Lelystad, The Netherlands). Parts of the research were supported by the Water board
of Goeree-Overflakkee, NOVEM and NOBIS,

During the writing of this thesis, 1 was criticised and supported by my
promoter Wim Rulkens and co-ptomoters Ronald Sims and Herman Eijsackers.
Discussions with them, in their own offices and also at other places around the world,
wete very stimulating,

A special acknowledgement is extended to Pim Rijtema. He was a dtiving force
in starting this work. He also took his responsibility and supported me in the
development of some theories to explain processes occurring during landfarming, and
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Landfarming of polycyclic aromatic hydrocarbons and mineral oil contaminated sediments

in the development of predictive models. We could do this using the mental support
of Wil Rijtema.

This work could not have been started and continued without the cooperation
of colleagues of RIZA, where Marijke Ferdinandy had a special position of support.
Within good and bad periods she always found ways to continue the work and to
incorporate related subjects. Her successors Leon de Poorter and Leonard Osté
continued the good cooperation. As a result, landfarming of sediment is now
considered as one of the proven applicable technologies.

In Chapter 3 on bioavailability I used tesults and ideas {1} developed in a
SETAC-Pellston-workshop together with Martin Alexander, Rufus Chaney, Scoct
Cunningham and Joseph Hughes, (2} developed during writing a chapter for a book
together with Paul Frintrop and (3) developed during meetings of the Working group
Bioavailability of ISO/TC190 Soil Quality.

In an institute you do not work alone. Good results can only be obtained with a
good teatn. My direct colleagues Hans Zweers, Antonie van den Toorn, Delia van
Dijk-Hooyer and Rick Wieggers were involved duting the whole or part of the
research period. Other colleagues were involved in specific parts of the study. I would
like to acknowledge, Jan van den Akker, Jaap Bloem, Jos Bodt, Dethmer Boels, Dick
Brus, Luc Bonte, Lucas Bouwman, Bertjan Groenenbetg, Jan Japenga, Wim Ma, Jaap
Pankow, Paul Rdmkens, Wobbe Schuurmans, Jannes Srolte, Meint Veninga, An Vos,
Bram de Vos and Wim de Vries.

At the end of this study, Judy Sims and Harrie Bosman read and commented
on the last version of several chapters, Martin Jansen made and improved the figures
and Henny Michel, Ans van Dillen and Jobbe Wijnen improved the lay out. My
daughter Lvelien and Martin Jansen designed the cover of this thesis, making use of
the etching ‘Joop Harmsen’ made by Lia Stouten in the series GrafischProject 2000
(www liastouten .ni).

During a period of more than 10 years you met and talk with many scientists
that influence your thinking. It is impossible to give a complete list and therefore 1
want to thank them in this way and I hope they continue in the free exchange of
knowledge, which is essential to improve the environmental quality of the world.

Last but not least: my wife Wilma, my daughters Mijke {including her boy
friend Niels}, and Livelien and my son Leander, who did not always like the time I
spent on this work, but are also proud on the end result. This book is dedicated to
them. '

The research described in this thesis is based on experiments on (semi)field scale.
There ate no special reguladons for these types of experiments in the Netherlands and
therefore regulations applicable for large-scale handling of contaminated sediments
and soils are required to be used. The experimental research described in this thesis
was not always in agreement with these regulatons. Having in mind the
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Preface

pronouncement of Goethe ‘Die Welt kan nur durch die geférdert werden die sich
nicht entgegensetzen. Wer sich ihr anpasst ist fir alles richtiges leben verloren’, the
experiments were conducted and the results are described and used in this thesis.

As described further in this thesis, we had to stop activites on Kreektaksluizen
after it became known that one of the sediments, Petroleum Harbour sediment, was
too contaminated to be transported from one province to another. The sediment was
considered as chemical waste. We were unaware of this rule and had transported the
sediment without permission. Although we had some delay after the breach of the
rules was recognised, it was fortunately possible to continue and it is now passible to
conclude that it is even possible to biotemediate sediments that have to be classified
as chemical waste.

On Kreckraksluizen, it was prescribed to use a liner to prevent leaching of
contaminants. Theoretically it could be shown that not applying a liner should be
more effective for dewatering and that the amount of original organic matter or
adding of extra organic mattet could be effective as a filter for contaminants that
leached. Doing such an experiment was not possible within the existing regulation and
the procedure to get permission could take several years. Applicaton of organic
matter for soll protection was done on a small-scale (5x5 m). The liner on the bottom
of this experimental field was replaced by the organic matter filter. To have sufficient
capacity, the original soil had been enriched with organic matter {(compost) and the
quality of the leached water was measured (Chapter 7). Based on the results of this
research, it was possible to work without liners on practical scale on Kreekeaksluizen
and on the Qostwaardhoeve whete landfarming is applied on real large-scale (30 ha).

One of the experiments that involved the addition of substrate with fungi was
cartied out in the province of Limburg. Because Petroleum Harbour sediment had to
be used, official permission for transport was necessary. This would take time, which
was not available, and it was not certain if this permission would be given due to the
regulations described before. The permission issue was overcome by transporting 100
buckets with 10 1 of sediment samples instead of 1 m3 of contaminated sediment.
With this research it could be shown that intensivation of the treatment using fungi
(Chapter 6) did not have any effect.

For the experiment that involved the spreading of sediment on Goetee-
Overflakkee (Chapter 8) we were allowed to sptead class 2 sediment (PAHs < 10
mg/kg d.m.). When controlling the quality of the sediment to be used, it was found
that the present concentration was 15 mg/kg d.m., and therefore was too high to be
used (class 3). Fortunately there was an analysis report available in which it was
teported that the concentration was about 8 mg/kg d.m. This report was not older
than half a year and could be used as a justification to start the experiment. After
spreading of the sediment it was found that charactetisation as class 3 sediment was
correct. The experiment had demonstrated that spreading of sediment is a good
management method to bioremediate slightly polluted sediments.

13
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In the same experiment with 80 m® of sediment, it was necessary to fill in forms
required by the authorities for a large deposit of thousands of cubic meters, Collecting
the proper dara for the forms would have required an unbalanced input of time and
ultimately not all of the information requested was available to the authorities. They
did not reply and the experiment was completed as planned.

All these examples demonstrate that it is necessaty to have some regulatory
flexibility for doing experiments. If research to generate new developments is judged
on regulations for old technology, it will prevent the development of new concepts for
improving the environment.
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Chaprer 1 General introduction

1 General introduction

1.1 Introduction

Good soil quality and water quality are impot:tant for life and the basis for a high
biodiversity, Soil and water systems are essential for a sustainable way of living,
Biological waste is a product of life and in sustainable and healthy systems waste
products such as dead organisms and excrements become part of these systems. They
even stimulate micrebiological life and the growth of vegetation. Human aciivities
have influenced the soil system and agriculture practise has changed large areas in
such a way that a desired soil system is obtained producing the food essential for the
survival of the human populaton. These activities have not only changed many soil
systems, but also water systems. Waste in the form of manure is necessary 1o maintain
such a system. Without this active change of the soil system, the earth would not be
able to feed 5 billion people.

Human activities, however, can also be a threat for the soil and water system
and destroy their function in natural and desired life cycles. Many hazardous
substances are used in such amounts and concentrations that they may harm the soil
and water systems. After introduction or disposal of these hazardous chemicals in soil
and water, the soil, water and sediment become polluted and may not be able anymore
to fulfil all irs original functions. In the Western countries, building a large numbet of
sewage treatment plants from the beginning of the 1960s has solved water pollution.
Soil pollution was recognised as a serious problem in the 1970s. At first attention was
given to the heavily polluted sites like landfills and industrial sites. In these situations
the negative effect of the contaminants was undeniable and visible for everybody. it
took more time to realise that also diffuse pollution might influence the desired role of
the soil system. Specialists could only measure effects, like lower biodiversity and crop
quality. In a densely populated country like the Netherlands it is not accepted by
society that large areas are too polluted to function properly. Polluted soils have to be
treated in such a way that the soil can fulfil a useful function. The functionality of soil
should be as high as possible. Complete removal of contaminants results again in a
multifunctional soil, which can be used for its original but also for other purposes. If
this is not possible, the functionality may be lmited to a few number of functions,
hopefully including the original function, or even to very limited functdons like
increment soil in roads.
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To distinguish the degree of pollution, the Dutch governiment developed the A-, B-
and C-values in the late 1970s (Moen e @/, 1986). The A-value was for heavy metals
equal to the background value and for organic contaminants equal to a presumed
harmless concentration or the chemical-analytical detection limit of these
contaminants, Above the C-value the soil was considered to be strongly polluted and
the soil should be remediated. The B-value was in berween and measures, necessarily
to control the contamination, depended on the local situation. Pollutdon was
considered as a teversible process. If a site was polluted it had to be cleaned until the
A-value was reached again. After remediation the soil must be available for every form
of soil use and natural function, typical for the specific soil. This ‘multifunctionality’
was the leading principle in the Dutch soil regulation. Multifunctionality was
expressed as the A-values of the principal contaminants as heavy metals, mineral oll,
Polycyclic Aromaric Hydrocarbons (PAHSs), solvents and (agricultural) chemicals. In
1994 The A-, B- and C-values were replaced by the reference and intervention values
(VROM, 1994). The new values were more ecotoxicologically supported (Lijzen ef o/,
2001). The reference value was comparable with the old A-value and the intervention
value comparable with the old C-value (see Table 1.1). Concentrations in Table 1.1 are
given for standard soil (10% otganic matter and 25% clay). For the organic
contaminants, PAHs and mineral oil, only organic matter has to be considered and
normalisation means multplying of the measured value with 10/(percentage organic
matter).

Sediments were also shown to be polluted. They acted and are still acting as
sinks for many contaminants entering the water phase. Serious pollution has been
tecognised in harbours and industrial areas, but also sediments in rural areas were
polluted. In the Netherlands, but also in other countries, it is necessary to dredge
water systems in order to assure the accessibility of harbours and the proper
functoning of the smaller channel and ditch system for supply and discharge of water.
Several studies have shown that there is a large amount of polluted sediments, but
discussion on exact amounts is still going on. In a report on the sediment issue in the
Netherlands (AKWA, 2001) it was concluded, that it will take until the year 2010 to
treat about 250 million cubic meters of slightly to heavily polluted dredged sediment
present in water ways in The Netherlands.

For polluted sediments a slightly ditferent assessment systemn than used for
polluted soil has been developed in The Netherlands. Five classes are disdnguished, as
illuserated in Table 1.1 for the contaminants PAHs and mineral oil. Sediments in cla..
3 and 4 have to be treated and sediments in class 0 and 1 are considered to be clean or
clean enough for all soil uses. Class 2 can be reused with certain restrictions.
Concentrations in Table 1.1 are given for standard sediment (10% organic matter and
25% clay).
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Tabie 1.1 Classes of contaminated sediments and soils {standard
sediment, 10% organic marter and 25% clay).

Class Degree of poellution Limits (mg/ke d.m.)
PAHs Mincral oil

Soilsh

Reference value Clean soil 1 <50

Intervention value  Heavily contaminared >4) > 5000

Sediments?

a Clean, reference value <1‘ <50

1 Clean - slightly <1 50-100

contaminated

2 Slighdy contaminated 1-10 100-3000

3 Medium contaminated 10-40 3000-5000

4 Heavily contaminated >40) >5000

' VROM, 2000

% Sraatscourant, 2000

It was generally considered that cleaning of soil and sediments could be achieved
using technology. Several technologies were developed to remove (destruction or
extraction or biodegradation) the contaminants from the soil. Treatment times had to
be short, preferably days or weeks. As long as the final concentration became smaller
than the A value, the technology was suitable. The use of very soil-life destructive
methods was sometimes necessary to reach this goal. For otganic contaminants
thermal treatment became the most popular method, because with other less
destructive methods residual concentrations were above the target value.

Treatment for contaminated soil and sediment strongly depends on
government regulations, social and administrative acceptance, and technological
know-how. All these factors are subject to changes over time (Harmsen and Hoeks,
1998). 1n the 1980s and eatly 1990s, complete removal of the contaminants or
isolation of polluted soil and sediments in disposal sites were the only available
possibilities. Only relative small amounts of soil polluted with easily degradable
contaminants were bioremediated.

From 1996 onwards bioremediation became an issue again in The Netherlands,
There were two reasons: a change in policy of the government (Deelen and Roels,
1997), which resulted in renewal of the pelicy on contaminated soils, known as
BEVER (SDU, 1999), and the stimulation of research and application by the Dutch
Stimulation Programme Biological In-Situ Remediation (NOBIS, 1997). The change
of the policy was drastic, for it was accepted that complete removal was not always
possible, and limited but funcdonal use instead of multifunctional use became
possible. It was not necessary anymore to remove all the contaminants but higher
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residual concentratons (set in new rarget values, see also Section 1.2.3) were allowed,
providing prescribed precautions are applied and use of the soil is limited.

Prevendon of pollution and functional remediation, in which a low
concentration of the contaminant is accepted is replacing complete removal of the
contaminant and isclation, as mainly applied in the technology approach. Biological
methods play an important role in these functional remediation methods. Several
natural, mainly biological, processes are responsible for the biodegradation of
contaminants in the soil. These processes occur in healthy and in polluted soil systems
and enable recovery. It may be necessary to give some assistance, but most of the
work has to be done by soil life itself. Using the natural recovery system, the negative
effects of contaminants will decrease in the long term.

"n this thesis, biological treatment by landfarming is described to remove the
orgauic contaminants PAHs and mineral oil. It is restricted to pollution in sediments,
which represent an important part of the environmental problems in The
Netherlands. The goal of this biological treatment system is to recover the polluted
sediment completely or to such a degree that the sediment can have a limited but
functional reuse. Landfarming, which is desctibed further in this general introduction,
is currently the most important biological treatment system. It is a cost-effective
technology that can be applied on large scale. For field scale application it is necessary
to understand all limiting factots that have influence on the field scale rate of
biodegradation and the ecotoxicological effects. This has to be supported with field
data. In this thesis datra are presented of sediments landfarmed starting from 1990.
Using these data it was possible to derive real degradation rates and to show the
decreasing ecotoxicological effects during remediation. Knowing limitations and
degradation rates it is possible to predict the quality improvement of sediments during
treatment on a landfarm. The same knowledge can be used to predict soil quality
when sediments from ditch systemns are directly spread on agricultural land, as is
commaon practice in The Netherlands for slightly contaminated sediment (class 2) and
to develop applications of landfarming in combinaton with functional use of the

applied area.
1.2 Development of landfarming

1.2.1 From waste treatment to soil trearment

During the 197(s, oil-containing waste from the oil industry in the United States was
disposed by mixing it with soil (Dibble and Bartha, 1979). It is estimared that in 1973
less than 10% of faciliies with oil refinery sludges utilized land treatment, and by 1979
from 34% to 50% of refinery facilites used land wreatment (Arora ef 2/, 1982). In 1986
it was reported that thete were few definitive data in the literature quantifying waste
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biodegradation rates in full-scale land treatment systems (Huddleston ef «/, 1986). This
technique, referred to as sludge farming, was considered effective for the treatment of
refinery waste. During this period the environmental impact of this type of waste
management on the long-term behaviour of soil and groundwarer resources was not a
primary design, management, or performance criterion. In 1979 Dr. Michael Overcash
stated that “... land applicadon is not viewed as a technology by industrial waste
engineers, but rather as a nondescript system of irrigation or spreading, The lack of
firm design criteria has made land treatment the cquivalent of shovelling smoke”
(Overcash and Pal, 1979). !

In the decade from 1980 to 1990 design of land treatment systems in the U.S.
for industrial wastes classified as hazardous waste was based on regulatory mandates
of the Resource Conservation and Recovery Act (RCRA, 1976). Requirements of the
tegulations specified that to obtain a permit it must be demonstrated that any
hazardous constituents contained in the waste to be land applied must be degraded,
transformed, and/or immobilized in the soil treatment zone, generally conqidered to
be the upper layer (1.5 m) of soil (U.S. EPA, 1986).

An important design criterion that recognised the sustainability issue for soil
restoration was identified in 1979, and was based on the constraint of nondegradation
or nondecline of the soil through determining the Soil-Site Assimilative Capacity
(SSAC) for each target chemical in a waste. That is, the waste when considered on a
constituent-by-constituent basis is applied to the plant-soil system at such loading
rates and frequencies, and over such limited time spans, that no land is irreversibly
removed from some other potential societal usage such as forestation, agriculture, and
development (Overcash and Pal, 1979). These design issues wete developed within the
context of ensuring protectdon of public health and the environment. The
nondegradation constraint and the determination of SSAC for target chemicals were
used as the basis for development of the U.S. Environmental Protection Agency
Permit Guidance Manual on Hazardous Waste Land Treatment, published in 1986
(U.S. EPA, 1986). Land treatment of hazardous waste was banned in the late 1980s
because it was defined as a form of land disposal without pretrearment, rather than
recognised for the treatment and sustainability bases thar guided the design,
management, and performance of land treatment units in the early 1980s (U.S, EPA,
1987).

The knowledge on biodegradation of mineral oil was used for cleaning of
polluted soils on pilot scale in landfarms in The Nethetlands (Hoeks er al, 1988).
Laboratory reseatch was done to support the pilot studies. The public response to
biodegradation of polluted soils was positive and biodegradation appeared to be the
solution for mineral oil polluted soil.

In the decade from 1990 to 2000, the emphasis in the application of hazardous
waste landfarming technology further evolved from treatment of industrial liquid and
sludge wastes to treatment of contaminated soil, not oaly in the U.S., but worldwide.
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In the US,, contaminated soit identified under the U.S. EPA Superfund program,
titled the Comprehensive Environmental Response, Compensation, and Liability Act
of 1980 (CERCLA} was frequently remediated to target cleanup levels using
landfarming technology (Sims, 1990, Sims ¢ «f, 1990). A more detailed summary of
the practices and effectiveness of landfarming technology in the treatment of
pettoleum contaminated soils were presented by Sims and Sims (1999). Often,
however, the target levels for cleanup identified in the Records of Decision under
CERCLA did not consider the design and performance constraints necessary for
sustainable restoration of soil (Sims et. al. 1996).

In 2000, a re-focus on the sustainable restoration of contaminated soil occutred
at the NATO Advanced Research Workshop (Sasek er 4/, 2001). The topic of the
conference was the utilisation of bioremediation to reduce soil contamination, The
topic of using the landfarming framework for soil bioremediation emphasised the
impottance of designing and operating soil biotremediation systems with the goal of
achieving sustainable restoration of soil based on the nondegtadation constraint and
SSAC described previously (Sims and Sims, 2001).

Landfarming for accomplishing sustainable restoration of soil is a technology
basad on the utilisaton of soil micro-organisms and sustainable agricultural methods
in an aerobic environment to treat soil contaminaton through transformadon,
immobilisation, and detoxification processes in order to protect public health and the
environment. Sustainable landfarming should accomplish as far as possible recycling
of natural organic carbon and nutrients within the biosphere and it should maintain
basic soil characteristics necessary to support plant growth (forestation, vegetation,
etc.), and thus contributes to environmental natural resource sustainability and
economic utlisadon of restored land. The success of landfarming technology with
regard to remediation of contaminated soil depends upon efficient utilisation of
micro-organisms in a soil farm environment to treat soil contaminaton while
recognising limited conditions for biedegradatdon.

1.2.2 Landfarming of sediments

In The Netherlands, large amounts of sediments are slightly to heavily polluted. Main
contaminants are Polycyclic Aromatic Hydrocarbons (PAHSs), mineral oil and heavy
metals. Anaerobic conditions in sediments are responsible for the absence of PAHs-
and mineral oil degradation and strong binding of heavy metals. Measuring PAHs in
dated sediments (1965-1998) and using a chemical mass balance model Li ef 4/ (2001)
concluded that no degradadon of PAHs occurred in the investigated sediments.
Therefore, contaminants present in the sediment will not leave the sediment and the
degree of pollution will increase in time by new contamination. Sediment can be
considered as a sink for pollution. In a delta area like The Netherlands new sediments
are formed continuously and as long as contaminants are released into the
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environment, these new sediments may be polluted. Model studies (Kramer e o,
1997) have shown that in the Dutch situation release of the main contaminants will
remain on such a level that polluted sediments are to be expected for the next
hundred years, so there must become a way to handle the large amount of polluted
sediments.

Cleaning of the millions of cubic meters of polluted sediments in the coming
years can only be achieved if inexpensive technologies are available. Separation of
clean sand from sand rich polluted sediment is the most used, cost-effective
technology. Based on research results also déscribed in this thesis, landfarming is
considered as a promising inexpensive technology (Ringeling and Rienks, 2001;
AKWA, 2001) to remediate sediments contaminated with PAHs and mineral oil. The
application of landfarming technology changes sediment (contaminated as well as
clean) into soil, which is a process that has resulted in fruitful soils in the polder areas,
and has assimilated sediment from ditches to become part of the agricultural soil.
Within this context, landfarming is applicable for the removal of contaminants
through bioremediation of sediments and the product of landfarming, a’soil, can be
reused,

The Netherlands is the delta system of some major European rivers, the Rhine,
Meuse, and Schelde. These rivers transport large amounts of sediment, which wilt
precipitate in areas with lower flow velocities (harbours and lakes). To keep these
arcas accessible for ships, regular dredging is necessary. When these dredged
sediments are polluted with biodegradable contaminants, landfarming can be used to
remediate them, With a high water discharge by the river and resulting high water
table, sedimentation also occurs in the floodplains of the river systems. This sediment
was clean until the industrial revolution in the nineteenth cearury. Up to the 1970s it
has become more polfuted, but fortunately the quality has been improved significantly
in last decades. The floodplains are one of the largest diffuse polluted areas of the
Netherlands. They are in use as agricultural area, for nature development but also for
recreation. The floodplain landscape is typical for The Netherlands. The average
sedimentation is 1 mm per year. This reduces the discharge capacity of the complete
system  (river + f{loodplains) in time. With the extremely high water petiods
experienced in 1995 and 1996, this has lead to critical situations and now a big
program ‘Space for the tiver’ has been statced. Large excavations of sediments in the
floodplains are necessary. The pollution in lower soil layers, however, may hamper this
development. Lessons learned from landfarming can be used to handle these
sediments in such a way that the quality will improve in time.
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1.2.3 Impact of target values

Landfarming treatment through bioremediation can be measured and repotrted in
several ways, including percent of contaminant reduction, comparison with target
cleanup concentrations, and/or residual risk to human health or the environment.
Different standards exist in different countries and different geographical areas, For
example, in 1991 landfarming of soil polluted with initial pentachlorophenol
concentration of 100 mg/kg d.m, to reach a final concentration of 10 mg/kg d.m.
could be considered a success in Canada because a reduction of 90% was achieved.
However this would be considered as a failure in The Netherlands because the target
value was not achieved. Risk-based criteria and the use of the soil following
landfarming treatment will become increasingly important in soil remediation, similar
to the goal of treating industrial wastes with landfarming using the nondegradation
design constraint and the SSAC concepts.

In most countries the residual concentradon present after landfarming was
accepted. Unfortunately this residual concentration is often higher than the A-value
used in The Nethetlands as target value. All the contaminants had to be removed and
a residual concentration equal to the natural background was only allowed. Only when
using biotemediation of voladle mineral oil products such as gasoline and kerosene
under optimal conditions, successes were obtained by degradation to levels below the
A-value. Tt was necessary that contaminated soil and sediment had to be cleaned to
address the criteria for multifunctional use, which required treatment to 50 mg/kg
d.m. mineral oil and 1 mg/kg d.m. PAHs. With contaminants like heavy oils and
PAHs the target of producing a multifunctional soil (= aiming at lower than A-value)
was not teached. Especially the PAHs presented a problem. However degradation
does not stop after removal of the bioavailable fraction, but continues at a greatly
reduced rate and will lead eventually to lower concentrations. The bicavailable fraction
is the fraction of the contaminant that is degraded during the treatment on the
landfarm. The concept of bioavailability is further discussed in this thesis {(Chaprer 3).

Multifunctionality as the guiding ptinciple for remediation of poliuted sites was
replaced by introduction of a renewal of the Dutch policy on contaminated soils,
BEVER (SDU, 1999). In the Building Material Act (Staatsblad, 1995), criteria for
reuse of (treated) soils and sediments as building materials are described that allowed
higher residual concentrations. Results of remediation were no longer assessed on the
basis of multifunctionality, the treated soil or sediment could also be assessed on i-.
functionality as building material. As long as the concentration was below a set value
and there was no danger for leaching, the soil or sediment could be reused. Prescribed
leaching tests controlled the use of treated soil and sediment. For PAHs the
consequences were considerable. Before the Building Act it was necessaty to clean the
soil or sediment to a residual concentration of 1 mg/kg d.m. This was a ‘mission
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impossible’. The new value of 40 mg/kg d.m. was more realistic and provided a major
stimulant for the application of bioremediaton.

Using these criteria, restricted use of remediated soil and sediment became
possible. Cleaning by landfarming using intensive techniques became effective, and as
a result bioremediation became more popular. In Figure 1.1 the consequences of the
changing policy are given, presenting the PAHs degradation cutves of sediments from
the Geul Harbour and from Zierikzee in a landfarm (see also Chapter 4). Using the
former multifunctional rtarger value, only the PAHs-concentration in the Geul
Harbour sediment approaches the reference value. For the Zierikzee sediment it is
clear that several more decades will be necessary. With this target value, landfarming
will only be effective for a limited number of polluted soils or sediments. With the
new target value for building materials, the situation is completely different. Already in
the first year the target value has been reached and this situation will occur for many
polluted soils and sediments.

PAHs (mgfkg d.m.)
80 -

Oy Geul Harhour —— =-—— Building material
* &—e Zierkzee @ --------- reference value

Time (years)

Figure 1.1 Degradation of PAHs in Geul Harbour and Zierikzee sediment on a
landfarm. The hotizontal lines ate target values from the Multifunctionality Approach
(reference value) and the Building Material Act.

Unfortunately mineral oil in sediment often slowly degrades in a landfarm (see also
Chapter 5). With the Building Material Act, the critical contaminants are not the
PAHs, but mineral oil. In general, 3-6 years of landfarming are necessary to achieve a
value of 500 mg/kg in sediments, Until 2004 the time required to achieve the rarget
concentration for mineral oil was the controlling factor in the length of treatment time
required for polluted sediments. Therefore mineral oil is the ‘land limiting constituent
(LLCY for polluted sediments (Overcash and Pal, 1979), Fortunately this has also a
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positive influence on the quality of the treated soil. The longer treatment time results
in soil with a PAHs-concentration far below the target value for building material. The
level of the residual concentration will be reached and the bioavailability of this rather
stable concentrarion is low. This has to be regarded as a positive environmental effect.
The change of the target value for mineral oil in treated sediments to 2000 mg/kg
d.m. as decided in 2004 (VROM, 2004), will result in shorter treatment times and
more biodegradable PAHs will be present on the reuse locations.

Many soils and sediments have PAHs-concentration levels berween the
reference value and the value for building material. Soils or sediments from small sites
ate directly, ot after a short physical treatment of a few months, usable as building
matetial. Howevet, for diffuse polluted sites, fot example, the flood plains of the River
Rhine, this would not be an acceptable solution. These sites are very large and
excavating should create a large mountain in the flat Dutch landscape. On these sites
also a more multifunctonal use (nature development) is the wish of the community
and the goal of treatment. In these cases the principles of multifunctionality still play a
role. Remediation will be necessary until a hartnless, buc also acceptable residual
concentration is achieved.

. As mentioned previously, the application in policy of the concept of
multifunctionality hampered the use of landfarming in the Netherlands for a long
time. Therefore, it should be tealised that the development of landfarming is not only
influenced by development of technology but also by rarget values set by the
government. For a long time research was focussed on the means to decrease the
residual concentration in a technical way, so that a low residual concentration could be
obtained in the short term. Activities were focussed on the improvement of aeration
and the presence of degrading micro-organisms. As a result, the principles of
landfarming were better understood, but the target value defined by multifunctionality
could not be reached yet. Fortunately it was possible to carry out long-term
experiments as described in this thesis, and application became only possible after the
mentioned change in policy of the government.

1.3 Developments in research

Landfarming is a method for aerobic biological treatment of contaminated soil and
sediments. Its development has been influenced and will be influenced by all other
reseatrch fields having relation with bioremediation of both soil and sediment. It 1s
important to realise that development of knowledge may change opinions. In 1983
Sims and Overcash concluded:

“PAHSs decompose in soil systems, probably more rapidly than in any other wasie matagenent
alternative or receiver system involving bivlogical aclivity. Research is needed to establish conclusively
rates of decomposition and soil levels above which application of PAHs constituents adversely affect
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the food chain. Thus utilisation of a soil assimilative capacity concept will allow treatment of PAHs
compounds in an environmentally acceptable and cost-effective manner. Research must be initiated to
study enhancement factors that increase degradation rate of PAHs especially those with more than
three rings. Such research wonld not only add to present knowledge of PAHs decomposition pathivays
by soil micro-organisms nnder environmental conditions, but may also substantially increase the soil
assimilative capacity and provide land application as an alternative technofogy that may be the most
economical for safe and acceplable disposal of PAHs wastes”.

At first sight, these conclusions could be considered still applicable, and the
results of this thesis could be a reaction fowards these conclusions. Several studies of
and applications of bioremediation still have the goal to increase the degradation rate.
The Sims and Overcash paper is still an important point of reference, but things have
changed in the last two decades. In 1983 Sims and Overcash thought, like many
others, that it was possible to increase the degradation rate, for example, by bacterial
seeding, and that the soil system could even be used to clean up amended wastes. In
the 21w century this thinking has been changed (Sims and Sims, 2001; Sims and
Harmsen, 2001) and it is almost common knowledge that after the first fase
degradation phase, a residual concentration is left that is considered persistent or
slowly degradable, as will be demonstrated in this thesis. It is important to underseand
the presence of a residual concentration and its slow degradation rare for the proper
use of bioremediation and in relation to possible negative environmental effects of the
residual conraminants.

The landfarming process has been optimised by using tllage to enhance
aeration, by adding nutrients, by enhancing temperature (Mattin ¢f o/, 1986, Nieman ¢/
al., 1999) and by modelling the processes in the landfarm in order to predict effects of
optimisation (Freijer, 1994, Kivang, 1999). Optimisation techniques are applied in
order to decrease treatment time required to achieve target soil concentrations. The
most successful optimisation will lead to a bioreactor or shurry reactor in which the
desired biodegradation will occur within days or a few weeks. Types of optimised
landfarms may include fixed bed, biopiles, compost beds, and greenhouse farming
systems. In the USA all of these landfarming technology-based systems are considered
as different technologies. In The Netherlands these are considered as different ways of
applying landfarming technology, and distinction is made with regard to intensive
versus passive methods of landfarming. Intensive (proactive and aggressive)
landfarming has been used to address high concentrations of easily degradable
contaminant types for treatment in a shorter petiod of time. For example, companies
in The Nethetlands are exploring greenhouses ot halls in which mineral oil polluted
soils are cleaned within several months by utilising amendments and active
landfarming; this is in comparison to the passive landfarming described in this chesis.

If a contaminant is present in unavailable matrices such as tar or plastic
particles, bioremediation will not have much success. Bioremediadon is possible if
confaminants are distributed in soil or sediment and adsotbed as individual molecules
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or thin films, A bioremediation process can be optimised in order to increase the
degradation rate of the ptrocess. It is known that a residual concentration of the
contaminant is still present after treatment. This amount is said not to be available for
the organisms responsible for the degradation, ie., the bioavailability is low. Limited
bioavailability was first explained by ad- and absorption of the contaminant in the soil
matrix in such a way that it could not be reached by micro-organisms. This was a
theoretical approach but also a useful concept. It could be used to convince people
that a long time would be necessary to decrease the residual concentration. This was
another way of thinking: when a contaminant is not available for degradation, it first
has to become available by diffusion to a site with an active population of micro-
organisms. These diffusion or desorption processes may take a very long time.
Therefore it was better to distinguish landfarming in intensive landfarming, to quickly
remove the bioavailable part of the contaminant load, followed by passive!
landfarming for slow temoval of the residual concentration. These slow processes
make an intensive and optimised treatment not the wisest choice. Treatments with a
low labout and energy input {passive) will be cost effective, espectally if bioavailability
is the determining factor (Harmsen, 1991, 1993 and 1999).

. As long as bioavailability was a concept, it was only useful to understand the
slow process of degradation. However, when the application of sotption models
became possible, predictions of desorption followed by degradation could be made.
Starting with a desctiption of the interaction of organic contaminants in the soil/water
system by chemical equilibrium (Mackay e/ 2/, 1985), the deviation of non-equilibtium
behaviour has been explained by introduction the process of diffusion in soil pardcles
{(Wu and Gschwend, 1986). The awareness of the presence of different forms of
organic matter makes it also easier to understand slow degradation. The effect of tar
particles on the degradation rate will be clear, but natural organic marter is also
present in different forms. Organic matter can be described as an amorphous (gel-like)
phase and a condensed more crystalline phase (Weber ¢f a/, 1992; Pignatello and Xing,
1996). Not only the adsorption coefficient of the contaminant to the condensed
organic matter can be larger, but also the diffusion through the condensed phase to
degrading organisms can be slower.

Another important change was the development of methods to measure bio-
availability. Different methods became available and rhe results could not only be used
to predict biodegradation but also to predict {(eco)toxicological effects and to measure
desorption rate constants (Cornelissen ef o/, 1997).

The process responsible for the slow degradation can be described as a
theoretical concept, but also mathematically. A mathematical description remains a
theoretical concept as long as it has not been validated with practical results. In this

U Tn the Dutch language the expressions ‘intensief and ‘extensief” landfarming are used. The Inglish
word ‘exrensive’ may lead to confusion and passive landfarming is used in this thesis.
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thesis, results of passive, more natural, treatment methods are described. The study on
the landfarm near Kreekeaksluizen in the province of Zeeland provides important
tesults. This study was started in 1990, resulting in a database of more than 10 years.
Already in 1994, a year that there was still believed to be a breakthrough on improving
the bioavailability, a passive treaument was started, This database makes it possible o
evaluate different theoretical approaches regarding the slow bioremediation Process.

1.4 Application of landfarming

1.4.1 Biodegradable contaminants

To give landfarming an optimal role in sustainable use of resources the following
items should be taken into account; 1) Money; 2) Space; 3) Time; 4) Energy; 5)
Emission; 6) Use of raw materials (nutrients); 7) Depledon of non renewable
materials; 8) Reuse; and 9) Public acceptance. The first 7 items should be as small as
possible, and the last two as large as possible. Sustainable means searching for the
most optimal approach in relation to all. Tor instance, it will not be possible to
minimise all of the first 7 items. Companng alt factors will be difficult and depending
on the situation, use of different weight factors may be necessary. With the context of
different goals {target values) for sustainable landfarming, including residential and
industrial reuse of site, nature development, agricultural use, and building marerials,
this technology will continue to be used in several ways, These uses are hased on the
desired target values in relation to reuse. In sustainable landfarming, this should be
combined with knowledge on the maximum obtainable result. Prediction of this result
becomes easier as described in this thesis. Knowing target values and the items
described above, an appropriate way of landfarming can be chosen (Figure 1.2).

Ways of landfarming

Money
space
time
energy

emission
use of raw material
depletion of material

reuse
public acceptance
Target value = Maximum
- functional — possible
- multifunctional result
Figure 1.2 Factors having influence on the way of landfarming,
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Intensive Landfarming to produce an industrial product. Several soil cleaning
companies use landfarming as a production process; that is, they produce clean soil
for multiple purposes. Because of the extended time requirements to reach criteria for
multifunctional use, the focus of industrial treatment companies is on the target
cleanup value for limited reuse of soil. Based on industrial process criteria of
consistency of treatment, rapid treatment, and predictability of product quality, such
companies utilise soil treatment optimisation techniques to achieve the most rapid
treatment. Reduction of the time required for cleaning the soil to target levels is the
most important too] for reducing costs within the industry. Nonetheless, for some
soils, even optimised sustainable restoration may require several months to one year.

Landfarming with flexible time and cleanup constraints. Companies ot
cormmunities with available space and without time pressure for development of the
contaminated site may not need industrial assistance to remediate contaminated soil
using landfarming. In this case an efficient or optimised process is not a criterion, The
assurance that a community or company is developing requires that target levels for
intended use should be reached in 2 timeframe that is generally less than 5 vears. Due
to this still limited time, they may reuse the soil as building material in future projects.
The available time for treatment is generally not sufficient to reach criteria for more
multifuncrional uses of restored soil.

Londfarming as a natural process that supports vegetation growth. In the
passive mode of landfarming, optimisation of the process is not the priority, and
bioavailability is the limiting factor. The soil is required to be on the landfarm for
treatment for an extended period of time, due to the low target levels for sustainable
restoration and the limited bioavailabilicy of the associated target chemicals. Intended
uses include development of natural vegetation or special vegetation. In the Dutch
situation with high costs for land, long treatment times will lead to a very expensive
treatment technology. From a social point of view it is also not acceptable to use large
areas of land in order to clean large quantities of contaminated soils and sediments. It
is therefore necessary to combine landfarming with another profitable use of the used
area. Combination of landfurming of sediments with the growth of biomass could
provide a solution for another problem, the need for sustainable energy. Instead of
only producing ‘clean’ soil, biomass could be produced on the same area (double use).
Nutrients from the sediment could stimulate the biomass production. The treatment
time may require several years to decades and the produced soil may even reach the
target values for multifunctional land use. Landfarming not only suppotts vegetation
growth, but willows or other plants grown for biomass production will also stimulate
the necessary processes for landfarming of sediments.
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Landfarming for quality improvement during use. Depending on the initial
concentrations of contaminants, soil reuse may be limited. However, as slow but
continuous treatment occurs (possibly for decades), a clean soil may be produced for
multifunctional societal purposes. An example is reuse of polluted soil or sediment as
cover of a dike. The cover will become cleaner and risks also reduce during use. Other
examptles include using the soil or sediment to support vegetation in a noise wall or to
cover a landfill.

Sustainable reuse of restored land for sustainable economic development. In
the United States the development of the Environmental Protection Agency
Brownfields Program under Superfund has targeted contaminated sites for economic
development. These sites contain tesidual contamination that is considered to present
an acceptable risk for limited uses. Utilising a parallel approach with landfarming for
sustainable restoration of seil, it may be possible to udlise the restored land for
economic development that would provide sustainable resources to repay the costs
incurred by landfarming and to develop additional economic resources for the
associated community or covntry. Examples include the sale of vegetation for energy,
production and sale of compost as a soil conditioner, silviculture applications for

furniture and electric power poles, and structures including domestic houses and
businesses.

Landfarming for diffuse polluted sites. Many contaminated soils have contaminant
concentrations slightly above levels for minimum risks. People often avoid areas
containing these soils, and these soils are a problem in new developments. They are
‘not dirty enough to be cleaned, but too ditty to be used for everything’. [andfarming,
especially passive landfarming, is very appropriate for the sustainable restoration of
soils and sediments in many world-wide situations where it is not currently being
‘explored’ for such use. Identifying the site soil assimilative properties provide the
basis for extending the technology of landfarming beyond remediation to sustainable
testoration. In addition, sustainable restoration of soil takes into account risk
assessment and reduction, and management issues and ctiteria. The economic and
social benefits that may accrue due to sustainable development of restored soil/land
provide a technology where theories can be applied to specific situations, not only in
The Netherlands, but wotld-wide.

Sustainable landfarming can be applied to large scale polluted sites, such as military
sites, old industrial areas and oil exploration sites all over the world. Especially if more
intensive cleaning rechnologies are too expensive for large scale pollution, sustainable
treatment of the soil and atea may be a solution.

Neot all sediments in The Netherlands are polluted 1o such a degree thar active
bioremediation is necessary. Part of the sediment is clean and may be used for
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multifunctional uses after dredging. Another part, however, is also too dirty to be used
for multifunctional uses but not dirty enough to be cleaned intensively. In practise this
sediment is still spread out on adjacent land. Results of biodegradation on landfarms
can support this practise. It is the queston whether spreading influences the quality of
the agricultural land after repeated dredging and spreading,.

1.4.2 Heavy metals

Landfarming is an effective method for PAHs and mineral oil contaminated
sediments. However not all contaminants are biodegradable. There are also sediments,
in which a mixture of contaminants is present, and removal of the biodegradable
contaminants does not mean that the remediated sedimenc is clean enough to be
reused. Also the risk of persistent heavy metals present in the sediment should be
considered. As long as the heavy metal contamination is low, the bioremediated soil
can be applied as building material. Sediments with a large heavy metal concentration
may cause a problem. To reach the target value it will be necessary to remove the
heavy metals. Natutal processes applicable in a landfarm to remove heavy metals are
uptake by vegetatdon (phytoremediation) and leaching. Under natural conditons, these
are both slow processes. Another way is reducing the tisks by immobilisaton of the
heavy metals through the addition of binding substances or stimuladng immobilisation

Sediments treated on a landfarm should be selected to have a low content of
heavy metals. However, on diffuse polluted sites, the presence of heavy metals can be
of greater importance, such as when sediments are spread over agricultural land.
Heavy metals in sediments are not the subject of this thesis, but ways of decreasing
their risks in combination with landfarming are discussed in the evaluation.

1.5 Aim and scope of this thesis

The research described in this thesis 1s focussed on:

— Theoretical description of the landfarming process for bioremediation of PAHs
and mineral polluted sediments. Giving a theoretical background to the rate of
degradation in the short-term, but also in the long-term. Explaining the limiting
factors during the bioremediation process on a landfarm.

— Study of the degradation of PAHs and minetal oil on a landfarm over 12 years, ia
order to differentiate between the initial fast degradation and the following slow
degradation.

— Means of improving landfarming of sedimears during the different phases of
treatment, including increased temperature, improved aeration, and additon of
degrading organisms,
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~ Establishment of environmental risks caused by the contaminants during treatment
on the landfarm,

— Investigation of degradation of organic contaminants in both heavily polluted
sediments on a landfarm and slightly polluted sediments that are spread on
agricultural fields.

The results are used to support the concept of passive landfarming, in which as few as
possible labour and energy input are used. Passive landfarming can be considered a
sustainable technology that can even produce clean soil suitable for all uses in the long
term, Theories and results are combined to predict the time necessary to reach a
certain target or background value. Information provided in this thesis can be used to
design a landfarm, but also to stimulate the biodegradation of PAHs and mineral oil in
dredged sediment and in soils in more natural environments. For instance, passive
landfarming and normal agricultural treacment of fields are closely related.

1.6 Outline of this thesis

This introduction described:

= The evolution of landfarming, from a pure clean-up technology to a method that
can be used under mote natural conditions

— Effect of regulations on the use of landfarming.

— Differentiation between intensive and passive ways of landfarming.

The introduction is followed by two theoretical chapters related to factors that

influence the resuit of landfarming,

Chapter 2 Processes in a landfarm

Biodegradation of PAHs and mineral oil occurs if the contaminant is available to the
micm-()rganisms and if oxygen is available ro activate the degradaton process. The
availability of the conraminant is desctibed using desorption processes and transport
to sites in the sediment matrix where active micro-organisms are present. Because
sediments are fully saturated with water and anaerobic, the dredged sediment has to be
dewatered in order to achieve acration. The physical processes relevant for acration
are described and used in a model to evaluate the different parameters.

Chapter 3 Chemical measures of bioavailability

Bioavailability of the contaminant is considered as the limiting factor for
bictemediation. If it is possible to measure the bioavailability, it is also possible to
predict the results of bioremediadon or the {ecojtoxicological effeces of the
contaminant. Starting with the concepts of bioavailability, chemical measurements are
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described that can be used to predict the fraction of the contaminant available for
degradation

The two previous theoretical chapters are followed by five chapters based on
experiments under field conditions and supported by laboratory experiments.

Chapter 4 Degradation and desorption of PAHSs: Lkinetical approach

On the landfarm Kreckraksluizen located in the south-west of The Nethetlands,
sediments have been landfarmed since 1990, The extent of degradation and the
degradation rate of PAHs have been measured and presented for degradation of
available fractions. The rates are compared with desorption rates as measured with the
TENAX-method, which is one of the measurements for bioavailability described in |
Chapter 3. The established rate coefficients are used to predict the result of
landfarming.

Chapter 5 Depradation of mineral o1l in landfarmed sediments

Mineral oil is one of the most common contamninants and was also present in the
investigated sediments. Degradatdon rates of mineral oil in sediments are small
compared to rates measured in contaminated soils, which is related to the different
compuosition of the mineral oil in sediment. Degradation rates measured in sediments
on the landfarm Kreekraksluizen are also presented as different for degradaton
available fractions.

Chapter 6 Eftects of optimisation of landfarm treatment on the results of
bioremediation

During the landfarm treatment of sediments on Kreekraksluizen, different methods
are investigated to increase the degradation rate like increasing temperature and
aeration, addition of fungi, and phytoremediation. The results are compared with the
degradation in the ongoing landfarm.

Chapter 7 Environmental and ecological effects during fandfarming of
contaminated sediments

The effect of bioremediation can also be related to the reduction of risks.
Environmental risks are leaching of contaminants and effects on organisms, which
both have been measured. Using soil-protecting measures can diminish the first risk
and the necessity of these measures is discussed. The risks for organisms are measured
by bic-assays with water- and soil dwelling organisms and also by following ecological
recuperation of the soil that occuts in the landfarm during treatment.

Chapter 8 Effect of spreading of slightly contaminated sediments on
agricultural fields

In The Netherlands large amounts of slightly polluted sediments are spread over
adjacent land. In fact this is a form of landfarming and degradation of PAHs in an
agricultural system is described. The slow degradation rate may lead o accumuladon;
data on accumulation are presented together with calculared values based on the
degradation rates presented in Chapter 4.
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The previous chapters are evaluated in:

Chapter 9 Evaluation and discussion of landfarming of contaminated
sediments

With slow degradation, a long period may be necessary to clean the soil or sediment.
With a large amount of bioremediadable sediment and soil, too much space is required
for remediation sites. This is not acceptable in 2 densely populated country as the
Netherlands. Landfarming has to be combined with beneficial land use and
applications of this way of landfarming will be discussed.

An evaluation is not complete if limiting factors are not considered.
Unfortunately not all contaminants are biodegradable. PAHs and mineral oil can be
present in combination with non-degradable heavy metals. Possibilities to reduce the
tisks of heavy metals in combination with landfarming will be discussed. This chapter
presents an overview of the future use of landfarm technology in sustainable soil
systems.

The thesis is summarised in the last chapter (Summary). The relation between the
different subjects described before is given in Figure 1.3,
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Chapter 2 Processes in a landfarm

2 Processes in a landfarm

2.1 Introduction
Landfarmjng of dredged sediments starts with dewatering of the sediment that allows
Oxygen to enter the sediment through pores in which water is replaced by air. Under
aerobic  conditions biodegradation of contaminants like polycyclic  aromatic
hydrocarbons (PAHSs) and mineral oil becomes possible. Aetobic biodegradation of
contaminants in a landfarm will occur if the contaminant passes the cell membrane or
enters the bio-influenced zone (see Chapter 3} of a micro-organism that is able to
degrade the contaminant and if oxygen is present to initiate the biochemical reactions
in the organism. Of coarse there may be other limiting conditions including too low or
too high pH, lack of nutrients, or presence of chemicals inhibiting micro-organism
activity. These conditions may make bioremediation either impossible to overcome or
possible to manage, for example, by adding nutrients.
There are several concepts and mathematic formulations available to describe
the fate of contaminants, the activity of micro-organisms and aeration in sediment.
These can be applied to describe processes in a landfarm. This chapter is not an
overview of all knowledge on these subjects. Knowledge is used to be able to
recognise the most important parameters in landfarming of sediments. Most of the
processes are also important in normal agriculrural land use. Theoties developed to
describe the environmental impact of land use in rural regions (Rijtema ¢ a/, 1999)
have been applied to improve the understanding of processes in a landfarm. Subjects
treated in this chapter include:
~ Presence of contaminants in landfarmed sediment and, more specifically, the
possibilities of transport of the contaminants to a site with an active micro-
ofganism,

— Presence and activity of micro-organisms able to degrade PAHs and mineral oil.

~ Presence of oxygen in sediment and soil and physical factors explaining the
transport of oxygen. Sediments are anaerobic from origin and have to be changed
into an aerobic soil. The oxygen supply should be sufficient over the whole layer of
sediment applied.

Although the three subjects are discussed separately, they are of equal importance for

landfarming. In order to achieve degradadon, contaminant, oxygen and micro-
organisms must be present at the same time and the same place. The result of a
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bioremediation process, ie. the fracion of the contaminant degraded during a
specified time, can be expressed as a summation of probabilides of each term or
parameter (Harmsen ef 4/, 1997). The fraction degraded in a volume of sediment
considered can be expressed as:

Y ¥ ¥ [contaminant].[micro-organism]. [oxygen)
(Fraction degraded), === (2.1)

n

(1

where:

[contaminant) probability of finding the contaminant molecule on a site x,y,z

pet unit of dme

[micro-organism) probability of finding an active degrading micro-organism on

site x,y,z per unit of time

[oxygen] = probability of finding oxygen on site x,y,z per unit of time

¢ = time elapsed after start of bioremediation in unit of time
XYz = co-ordinates in the volume considered

n,. = number of contaminant molecules in the volume considered

Fach probability for contaminant, micro-organism, and oxygen terms can have the value
Z€1o Of one; contaminant, micro-organisms and oxygen are present or not present. If
the fraction degraded equals one it means that all the contaminant molecules have
been biodegraded. The three probabilities are not all equal to one at he same time and
at same position. For instance, starting with fresh sediment the probability of finding
oxygen is zero and no biodegradation occurs, even if the probability of finding the
contaminant and micro-organism are both 1. During dewatering the probability of
finding oxygen increases and the probability of finding an active micro-organism
becomes important. Active means that the micro-organism is able to degrade the
contamninant present instantaneously. If the number of contaminant molecules at a
certain site is too large for the micro-organism present, the probability of finding an
active organism is not 1 and more micro-organisms or a longer time is necessary for
degradation. Finally the contaminant molecules will not be present ar sites with micro-
organisms and oxygen; they are adsorbed in very small pores in the organic matrix.
Diffusion to sites where degradation occurs is necessary. The probability of finding a
contaminant on the proper site becomes important. Because there is also 2 summation
over time, the limit of this equation (1 = all contaminants are fully biodegraded) will
be teached, however, no indication of the time needed to reach a fraction degraded of
one is included.

liquation 2.1 shows that it is useless to increase the probability of any specific
term if this probability is already large and the probability of another term is much
smaller. This equation can be considered as an averall model, however the input data
for this model are not available, As a result, at this time the proposed model is a
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conceptual model that provides a framework and approach for the design, operadon,
and management of the landfarming process. The conceptual model (Equation 2.1)
indicates that improvement of the tesult of landfarming will only cccur if it is possible
to improve the limiting process.

In this chapter the presence of contaminants, micro-organisms and oxygen in
landfarmed sediment including mathematical formulatons describing relevant
processes, are discussed. The model and theoties described in this chapter are not
intended to give exact prediction of results of landfarming. They are used to evaluate
the effect of changing specific parameters on the results of landfarming of sediments.
They can be extended to predictive models, but in that case they have to be
accompanied by appropriate input data (Vermeulen e 4/, 2004). The model and
theories have been made applicable for sediments treated on the landfarm
Kreekraksluizen, also described in other chapters of this thesis (Petroleum Harbout
and Wemeldinge sediment).

2.2 Presence of the contaminant

Interactions of contaminants with sediment and soil are often described using the
equilibrium approach, which describes the partition between the aqueous and solid
phases. As will be explained this approach is insufficient to describe the low organic
chemical biodegradation rates in landfarms. Thetefore the equilibrium approach is
extended with a mathemarical description of transport of the contaminant in soil
aggregates, which introduces the time factor. Theories for transport in soil and
distribution of the contaminant between the water phase and soil phase can be used
for sediments, because the transport of contaminant becomes important after
dewatering and during ripening. During this period sediment changes into soil. With
this theory it becomes possible to predict the rate at which a contaminant becomes
available for degradation.

Another approach is to address changes in the amount and type of organic
mattet, which is responsible for the adsotption of organic contaminants. Within short
petiods of tdme the organic matter in soil is 2 constant parameter. However, regarding
the long treatment times as described in this thesis, organic matter wilt change in
properties, can be degraded and also new organic matter (root residuals) will be built
up. These changes and the rates of these changes can be used to explain
biodegradation of contaminants.

37



Landfarming of polycyclic atomatic hydrocarbons and mineral oil contaminated sediments

2.2.1 Equilibrium approaches

Contaminant-soil interactions

PAHSs are strongly adsorbed to the soil organic matrer (SOM). In an equilibrium
sitzation the adsorption of the contaminant can be expressed with a partition
- coefficient. The partition coefficient between organic matter and water is often
expressed as K,. In this constant organic matter is expressed as organic carbon.
Adsorption, as an equilibrium process, can be considered as the presence of a
contaminant on the surface of a soil particle or the surface of a soil pore, at a
concentration that is in equilibrium with the concentration in the mobile pore water.
Mobile pore water takes part in transport processes and is present in the larger pores.
The presence of a contaminant within the organic matter is called absorption and
absorbed contaminants are in general not in equilibrium with the mobile pore water
due to the lack of direct contact. In this chapter absorption of contaminants as a
majot ptocess affecting landfarming will be discussed further.

Experimental data on adsorption of different organic contaminants in soils and
sediments were collected and generalised in such a way that in many cases predictions
can be made with respect to the equilibrium sorptive behaviour of contaminants of
which only a few physical-chemical parameters, such as the octanol/water partition
coefficient K, and the watet solubility S, are known (Briggs 1973, Karickhoff e 4/,
1979, Friesel 1987, Lagas and Hammers 1987). Kooper et al, (1987) presented the
following relations based on data collected frotn literature for 127 organic compounds:

log K,. = 0.989log K, -0.346 (2.2)
and

log K, = -0.729log § +0.231 (2.3)
where:
Ko = partition coefficient between organic matter (expressed as organic carbomn)

and water

Ko, = octanol/water partition coefficient
S = water solubility in mole/dm?
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Other authors have presented similar equations (Means ef u/, 1980; Gawlik e 2/, 1997;
Seth ef o/, 1999 and Xia and Pignatello, 2001). Cuypers (2001) stated that in literature
presented K, values exhibit considerable variation from sotbent to sorbent. They may
vary by a factor 1-3 in magnitude. For the evaluation of the risks of PAHs, Otte ¢ o,
(2001) have evaluated the K,.and K, values. The measurement of partition coefficients
was not and objective of this study and the K, values™ presented by Otre of af, (2001)
are used and ptresented in Table 2.1. Remarkable in this series are the high log K.
values for dibenzo[ahlanthracene and indeno|1,2,3-c,d]pyrene. Other properties of
PAHs used in this chapter are also presented in Table 2.1, as there is the absorption to
dissolved otganic matter (DOM) that can be described with a partition coefficient
value similar to that described by Equation 2.2, The presented values are calculated, as
described further (Equation 2.6). Other presented properties are the molar mass (M),
the solubility (3) and the diffusion coefficient in water (Dv).

Table 2.1 Properties of PAHs. PAHs that are investigated in this
study are printed beld. ’

PAH Abbrevia- M —fg § lg Ko g Ko lg K, D
don used SOMY DOM2
g/mole  Sin 10+ m?/d
mole/dm?

Naphthalene 128 3.62 3.30 298 292 140 %
/\ccnaphthy]enc 152 4.59 3,94 3.47 3.69 132 4
Acenaphthene 154 4,01 392 3.53 3.67 1.32 %
Fluarene FLU 166 494 4,18 377 3.98 1.29 4
Phenanthrene PHE 178 5.21 4.47 4.23 433 122 %
Anthracene ANT 178 6.60 4.45 4.30 4.30 1233
Fluoranthene ELT 202 5.39 5.16 518 516 117 %
Pyrene PYR 202 6.19 4.99 483 495 116 Y
Benz[a]anthracene BaA 228 7.32 5.54 5.79 5.61 1.06 ¥
Chrysene CHR 208 8.06 5.81 572 594 106 %
Benz[b]fluoranthene Bbl* 252 7.32 578 5.34 5.90 1.08 4
Benz[k]ﬂuoramhene BkF 252 8.006 6.11 6.24 6.30 1.04 4
Benz[a]pyrene BaP 252 7.82 6.13 5.82 6.32 1.04 4
Dibenzo[a,h]amhraccne 278 8.67 7.1 6.14 7.50 091 %
Benzo[g,h,i]pc.rylene BPE 276 9.43 0.22 6.43 6.43 1.03 4
Indena[1,2,3- IPY 276 6.65 6.87 6.02 7.21 0.95 4
¢,d]pyrene

1y Otte ez al, 2001

2)  Calculated according Fquation 2.6

3) Bonren, 2001;

4)  Estimated by extrapolation, assuming a linear relation between log K, and D7 given as:
DY = 0128 log K, + 1.824

From an analytical point of view, the amount of carbon present in organic matter is a
goaod estimate for organic matter content in sotl and sediment and is therefore used in
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the K,-value. Organic matter is the real constituent of soil and sediment and in the
calculations it is assumed that 1 g organic matter contains 0.58 g organic carbon. In
modelling the linear partiion coefficient berween soil and water (K) is often used,
because this includes the concentration in both the pore water and the solid phase.

Kd = loooﬁoc Koc = Sgoﬁam Kac (24)
where;
K, = linear adsorption coefficient in m3/kg
froc = mass fraction of organic carbon in kg/kg
Srom = mass fraction of organic matter in kg/kg

Equation 2.4 is valid if PAHs only interact with soil organic matter. There is, however,
also an interaction with dissolved organic matter (DOM) (Comans e a/, 2000), which is
stronger for the highly insoluble PAHs. DOM is mostly expressed as dissolved organic
carbon (P0OC). Also the interaction of the contaminant with DOC can be described with

. iy . . . poc
u* partiion coefficient between dissolved organic carbon and water: K7 . In the

exptession for K;the amount in the water phase has to be teplaced by the sum of the
free dissolved PAHs and the PAHs associated with the solved organic matter.

1000 ﬁ()ﬁ' KUC
d = 1+ KDOC] 2.5)
[ .ﬁ' poc o
whete;
Jrooc = mmass fraction of organic carbon dissolved in water in kg/kg
poc

]

oe partidon coefficient between dissolved organic matter (expressed as otganic

cartbon) and water

K ;206 can be described similar as the K, for solid organic matter SOM, using data

from literature (Liders and Ten Hulcher, 1996; Poerschman and Kopinke, 200t;
Mackay and Gschwend, 2001 and Laor and Rebhun, 2002) as presented in Figure 2.1.
Reported values differ by a factor up to 6. The correlation can be described with:

log K2°¢ =1.20log K,,-1.04 R’=088 (2.6)

where:
R = correlation coefficient
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Doc
Log .Koc (measured
8~

5 6 7 8
Log K,

Figure 2.1 Relation between measured K ::;oc (values from literature) and the K,
value (Table 2.1).

Reinds es al, (1995) showed for forest soils, with otganic matter contents between 0.2
and 10 %, that DOC in water, expressed in kg/m? can be approximated by:

log DOC = 0.611 + 0.38log fv, 2.7

Vermeulen and Hendriks {1996) gave a maximum value of DOC of 0.12 kg/m? and Van
Breemen ef o/, (1988) report concentrations up to 0.14 kg/m?. DOC values measured in
the drainage water of the landfarms on Kreekraksluizen are between 0.05 and 0.10
kg/m3. The presence of dissolved organic matter in the water phase results in a smailer
range in the K, valyes at higher DOC values as shown in Figure 2.2. Mackay and
Gswhwend (2001) have reported increase of the solubility of PAHs at a coal tar site
which are in agreerent with these calculations. The importance of dissolved organic
matter for the increase of the solubility of PAHs is also shown by Holman, (2002).
Using infrared microscopy and a very bright, non-destructive synchrotron photon
source, the authors showed that in presence of organic matter (humic acids) bacteria
could degrade pyrene faster than in absence of organic matter.
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Figure 22 The effect of dissolved organic matter (DOC in kg/m?) on the calculated
distribution coefficient Kd of PAHs in soil (m?/kg). Fraction organic matter in
sediment 0.05 kg/kg.

2.2.2 Non-equilibrium sorption

Mathematical description of the rate constant

Application of the equilibtium approach has not worked well in several situations, most
notably for strongly adsorbed contaminants like many organic chemicals. The
adsorpton and desorption rate can be limited by internal diffusion processes, which
control the transfer of compounds from the interior of the adsorbent to the external
surfaces and opposite. If internal diffusion processes are rate limiting an adsorption
model hased on Fick's second diffusion law can be utilized to describe the process. A
number of chemical-kinetic and diffusion controlled models have been proposed in the
literature to describe non-equilibrium sorption, varying from relatively simple first order
kinetic rate equations, muld-compartment sotption, to two region transpott involving
contaminant exchange between mobile and relatively immobile liquid tegions. Van
Genuchten and Simanek (1996) give an extended discussion of the different time
dependent formulations that can be used, taking into account the geometry of the
adsorpton sites.

Not considering the shape of the sediment/soil particle or aggregate (linear), and
assuming a physically controlled first-order kinetic rate process and equilibtium between
the sorbed amount and pore water, the simplest one-site non-equilibrium formulation is
obtained (Rolston ef 4/, 2003):
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de
=k.c (2.8)
ot
where:
k = first order kinetic rate constant in d-!
4 = contaminant concentration in the aggregate in kg/m?

A

and the integrated form for ¢ as a function of time is:

LT (2.9)

1n which:
Co = sorbed concentration at 1=0
<

sorbed concentration at =t

The rate constant in this equation has to be considered as an empirical rate constant. Tt
includes physical factors like the shape of the soil aggregate and the moisture content. In
the field degradation studies and desorption studies presented in following chapters, the
expetimental established rate constant are also empirical. In order to explain differences
it is necessary to know which specific physical factors are included in the rate constant,
For a structured soil, which is the result of landfarming sediment, the first order
transport process can be modelled more realistically. The transpott of a contaminant in
a single aggregate, containing pores that ate partialty filled with water as illustrated in
Figure 2.3, has been described by a general diffusion equation by Rijtena ef o (1999).
They included the shape of the aggregate (sphere, cylinder or plate) by the shape factor
#. The diffusion equation can be solved numerically, which result an equation like 2.9, in
which the rate constant & is expressed as:

w

_ 2(m+1) D, 2.10)
[6+p,(1-8)K,1¥

wherte:

9 = internal aggregate moisture content in m*/m?

€ = volume fraction of toral pore space in the aggregate {(warer and air filled) in
m3/m?

r = distance from the sutface to the centre of the aggregates in m
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m = shape factor for the aggregate structure ,with

m = 0 for plate aggregate;

m = 1 for cylindrical aggregate;

m = 2 for spherical aggregate

£ = specific weight of the soil in kg/m?

DSW = contaminant diffusion coefficient in sediment/soil pote water in m?/d

1 Solid phase
Il \Vater filled pore
1 Airfilled pore

Figure 23  Transport of a contaminant in a single aggregate,

The internal aggregate moisture content § has to be considered in unsaturated soils as
the immobile moisture fracdon and depends on clay content and organic matter
content. In aerobic unsaturated soils, its value varies from 0.02 in sandy soils with very
low organic matter content to about 0.50 in soils rich in clay and a high content of
otganic mattet. In sediments the moisture content will be much higher and reach values
of 0.7.

The contaminant diffusion coefficient in soil pote water D is stll an unknown

and can be approximated through the introducdon of a tortuosity factor # (Equatdon
2.11). D" is the contaminant diffusion coefficient in watet in m2/d.

D¥=n6D" YY)

The value of # depends on the clay and moisture content as shown in Equaton 2.12
(Rijterna ef &/, 1999)

n=-0.00389 fi- +1288 @12)
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where:
Sra = weight fraction of clay

Using the values of D" given in Table 2.1, the values of D)’ can be calculated.

However, the dissolved organic matter also influences the diffusion coefficient. The
assoctated molecule is much larger and will consequently diffuse more slowly than the
individual PAH molecule. The diffusion coefficient of the associated DOM-PAH
molecule can be estimated using the expression {Trapp and Matthies, 1997):

D” (DOM-PAH) = 1.728-104-Y(32/M) (2.13)

where:

M = molar mass

The effect of temperature on the diffusion coefficient of PAHs is low with
approximately a 20% increase for every 10 °C temperature increase (Bonten, 2001},
which shows that elevating the temperature to reduce the residual concentration is not
very effectve if diffusion is limiting for degradation. Values of the diffusion coefficient
for phenanthrene are presented in Table 2.2 together with values for oxygen. Oxygen
behaviour in a landfarm is further described in Section 2.4. An increase in termperature
will increase the diffusion coefficient for oxygen slightly mote than for phenanthrene,

Table 2.2 Relation berween temperature and the diffusion
coefficient of phenanthrene and oxygen in water.

Temperature Diffusion coefficient (m?/d)
G Phenanthrene! Oxygen?

5 11010+

10 1,33 104

15 1.57 10+

20 0.71 10 1.81 10+

25 2.06 10-*

30 0.92 10+ 231104

40 1.17 10+

U Bonten, 2001; 2 Rijtemna ¢f a/, 1999

The specific weight of the soil p, in Equation 2.11 depends on the clay-, sand- and
organic matter fraction (respectively fr, fro, and firom) and their densides (respectively
Pet Psa and p,,,) and can be calculated as:

ps = _ﬁ‘c!pd_i_ﬁsapm +frompom (2-14)
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Using the relations for D" (Equation 2.11) and # (Equation 2.12), and limiting the

application to components with high K; values, the expression for the rate constant as
given in Equation 2.10 can be simplified as:

92
ko~ —— (2.15)
(I-&)r
Because the moisture fraction is a variable, this equation can be used in comparing
unsaturated sitvations (landfarm) and saturated situations as present in laboratory
desorption studies (Chapter 4). The simplification is not valid in situations with high clay
content and low moisture content, which only occurs under extreme dry conditions.

Calculation of the rate constant

Because all constants in the expression for the rate constant k£ (Equation 2.10) now

have a physical meaning, it is possible to calculate this constant for a specific situation

and to evaluate the influence of several parameters on the rate constant, In Table 2.3

the effect of the association of PAHs with dissolved organic matter is presented.

Column one shows the effect of ignoring the interaction of the PAH with DOM. In

column two Kp is corrected for the interaction with DOM (Equation 2.5), and column

three shows the effect of introducing a proper diffusion coefficient for the associated

molecule with an assumed molecular weight of 2000 (Trapp and Matthies, 1997) while

retaining intetacdon with DOM. Other values used are:

— The radius of the cylindrical aggregate r = 105 m.

— Aggregate moisture content 6 = 0.5¢ m3/m>.

— Total pore space ¢ = .55 m3/m?.

— Fraction organic mattet fr» = 0.05 kg/kg.

— Fraction clay fr; = 0.1 kg/kg.

— Specific weight clay gz = 2700 kg.m3; specific weight sand g,, = 2650 kg/m3
specific weight organic matetial g, = 1400 kg/m>,

— Dissolved organic carbon frpoc = 10-4 kg/dm?.

— K, (§SOM) and K,. (POM) as given in Table 2.1.

Without the interaction with DOM, the variation in calculared rate constant £ is large
(second column of Table 2.3). Including DOM (third column) brings the values
together. As result of the higher K, values for dibenzo[ahlanthracene and
indeno(1,2,3-c,d|pyrene (Table 2.1) the calculated values for these PAHs are also
larger. Including the diffusion coefficient makes the relative differences berween the
calculated values smaller. As shown with measured dara in Chapter 4 (Table 4.4 and
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4.5) it is necessary to include the DOM-PAH interaction. Without including this
interaction the range in calculated values is too large. In the last column also the
diffusion coefficient of the associated DOM PAH molecule is taken into account,
which decreases the £-values and brings them also more together.

Table 2.3 Calculated rate coefficients for desorption in a soil

aggregate, DOC=100 mg/l; £ = 10°% m, other canstants see text above.

PAHs Calculated &-values (y-D)

No interacton Kd Corrected Diffusion coefficient

with DOM for DOM for M=2000
Naphthalen 20 22 343
Acenaphrylene 6.1 9.2 1.52
Accnaphthene 5.2 7.9 1.31
Fluorene 3.0 5.9 1.00
Phenanthrene 0.99 3.1 0.56
Anthracene 0.85 2.6 0.45
Fluoranthene 0.4t 1.7 0.31
Pyrene 0.24 24 0.44
Benz{a|anthracene 0.024 1.0 0.20
Chrysene 0.028 25 0.51
Benz[b|fluoranthene 0.062 5.5 1.11
Benz[k]fluoranthene 0,008 17 .35
Benz[ajpyrenc 0.022 46 0.96
Dibenzola,h]ﬂnthracene 0,010 29 6.92
Benzo[g,h,ijperylene 0.005 1.4 0.30
Indeno|1,2,3-cdjpyrene ~ 0.011 20 4.68

Because there is a quadratic relation between the moisture content and the rate constant,
the moisture content is a very important parameter as shown in Figure 2.4 for the
desorption rate constants of some PAHs. Under saturated conditions {high moisture
content) the highest rate constants are obtained. Desorption will be slower under more
dry (unsaturated) conditions that are present in a landfarm during summer (Dutch

climate).
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kiy™
15
------- Fluorene
10 - - — — - Anthracene
Benz([alpyrena
05 + .-
0.0 ===—1" 1 |

0.0 01 .2 0.3 0.4 0.5 0.6
Moisture {m®/m%)

Figute 2.4  'The effect of the moisture content on the calculated desorption rate
constant of PAHs in sediments/soils. Constants used as in previous example.

The effect of the aggregate radius on the rate coefficient is presented in Table 2.4. The
same parameters as in previous example are used, including the diffusion coefficient
D} of the DOM-PAH molecule with a molecular weight of 2000. Two extreme
situations can be present:

— Desotption can be considered as instantaneous if the rate constant is large compared
with the treatment tine, In a landfarm the minimum treatment time is 3 months, and
then A-values latger than 20 y! can be considered as instantaneously (bold values).

— If the k-value is very low, the material is immobile and has to be removed from the

soil through decompositon of the organic material present in the soil (bold and italic
values).
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Table 2.4 Calculated rate constant k for different agpregate radii.
Soil properties and other used constants see text above.

PAHs Rate coefficient kin y!
o= 408 r = 105 r=10% r=103
(m) {m) {m) {tn)

Naphthalene 343 3.43 0.034 2.00034
Acenaphtylene 152 1.52 o.015 0.00015
Acenaphrhene 131 1.31 0.013 7.00013
Fluorene 100 1.00 o.010 0.00010
Phenanthrene 56 056 - 0.006 0.00006
Anthracene 45 0.45 0.005 0.00005
Fluoranthene n (.31 0.003 0.00003
Pyrene 44 0.44 0.004 0.00004
Benzfajanthracene 20 0.20 0.002 0.00002
Chrysene 51 0.51 0.005 0.00005
Benz[b]flueranthene m 1.11 0.011 0.0001f
Benzfk]fluoranthene 35 0.35 0.003  0.00003
Benzjalpyrene 9% 0.96 0.019 0.00010
Dibenzo[a,hlanthracene 692 6.92 2.069  0.00069
Benzo[g h,ilperylene 30 0.30 2.003  0.00003

Indeno(1,2,3-c,d|pyrene 468 4.68 0.047 0.00047

Instantanecus desotption occurs from soil particles < 10> m and desorption has to be
considered as immobile in particles >10-* m. In principle it is not the radius, but the
distance between a contaminant and a micro-organism, but also in that case the values
are realistic. This is within the range of particles and soil aggregates present in most soils
and shows that the calculations can be used for prediction of the desorption rate.

Culdvation in a landfarm will reduce the particle size to a cerrain Emit. Depending
on the soil type (sand, peat or clay), mechanical reductions of the aggregate size to
several mm can be achieved, which is not far enough to change a slow process into a
fast process (see Table 2.4). To do this, greater size reduction is required. Technological
this is possible in slurry reactors, but not in a landfarm. In a landfarm, natural processes
like root activity and activity of worms can be tesponsible for a larger size reduction. It
will be clear that it will take a long time before every soil particle is passed though a
worm or has been penetrated by a root. However, there will be a positive effect of these
activities on the desorption rate.

For bioremediation of polluted sediment an expensive slurry reactor or a cheap
landfarm system can be used. For example in a slurry reactor fresh sediment will have
a large pore volume, which is completely filled with water (both ¢ and 8 can be about
0.7. In a landfarm the amount of moisture has to be much lower in order to have an
adequate supply of oxygen. By dewatering and ripening also the pore volume reduces.
Using a pore filled fraction of 0.55 and a moisture fraction of 0.35 gives a difference
in the rate coefficient of a factor 6. Moreover, in a slurry reactor, aggregates are free
floating and can even be reduced in size. The effective radius of soil aggregates in a
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slutry will therefore be smaller compared to the radius in a landfarm. A factor of two
in size will already give a factor of four in the rate coefficient. Together this is a factor
of 24 and sediment that can be cleaned in weeks in a slurry reactor, will require years
in a landfarm. This will also be illustrated with measured values in Chapter 4. The
theoretical approach described above also shows that fast and slow treatment rates
correspond with respectively expensive and cheap technologies.

The highest desorption rates will be achieved in a saturated soil. This is not an
option in a landfarm, because this will result in the oxygen supply becoming a limiting
process for treatment (see also 2.4). There must be a high amount of gas filled pores,
especially if thick layers have to be landfarmed. Moisture changes, wet periods
followed by dry periods, in the short term (weeks) have not been shown to increase
the Jegradation rate in the landfarming of pentachlorophenol (Harmsen 1993). Under
ali moisture conditions the same results were obtained, providing that aerobic petiods
were present. Long term changes have not been investigated, however the Dutch
conditions, of wet weather duting winter and dry duting summer; may be satisfactory.

This type of modelling is very useful in understanding processes occurring in a
landfarm. It should, however, be realised that a real prediction of the rate of
degradation is stll difficult. Several constants are not accurately known at this time. As
identified before, the K, values for DOM and DOC may differ with a factor of,
respectively, 3 to 6. The molar mass of DOC is not a specific value but a range and
will differ from soil type to soil type. In a slutry reactor it may be possible to give a
good estimate of the radius of soil particles present. In a landfarm in which an
unsaturated soil is present it is difficult to make a good estimate of the radius of
individual aggregates or the distance from an adsorbed contaminant molecule to an
active micto-organism. In spite of these inaccurzcies, the model is a proper tool to
show the relative influence of the individual parameters,

2.2.3 Influence of adsorption sites

Multi-compartment model

The diffusion model described above considers a sediment/soil with constant
properties of all adsorption sites (one compartment model). The resuldng one-
compartment first order kinetic model, gives generally poor results, because soil is a
heterogeneous material. In general soil consists of many types of aggregates and within
aggregates ptopertes also differ. To take into account these differences, all the
adsorption sites are divided into several compartments, of which the sorption to the first
compartment is assumed to be instantaneously in equilibrium with the mobile pore
water concentration and can be biodegraded.
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Two compartment models have often been described (Brusseau ¢ af, 1991,
Cornelissen ef 44, 1997). In this study three desorbing compartments are distinguished.
If desorption is the explaining factor for biodegradation, this model can also be used
for degradation. Assuming that no re-adsorption takes place (Cornelissen ¢ 4/, 1997)

the three-compartment desorption model can be described as sum of three first order
decreases:

G

=Pkt & P yRased + F g gt (2.16)
where:
< = sediment/soil sorbed amount (mg/kg d.m.) at time 7 {y)
Cy = sediment/soil sorbed amount (mg/kg d.m.} at time 0
Fro = fraction of contaminant in fast desorbing/degrading compartment
Fiiow = fraction of contaminant in slow desorbing/degrading compartment
Frensiow = fraction of contaminant in very slow desorbing/degrading compartment
st = rate constant rapid desorption/degradation (y-')
Ksiow = rate constant slow desorption/degradation (y)
kvezy.s‘faw = rate constant very slow desorption/degradation (y-!).

Every first order decrease is described with two constants, the size (fraction of toral
amount, F} and the rate constant (k). If degradation is not possible redistribution
between the different compartments takes place, which may result in decrease of the
fast desorbing fraction and increase of the slow and very slow desorbing fractions.
This stronger binding of contaminants to sediment or soil as effect of increasing
contact time is often described as aging.

Instead of a rate constant (%), half-life dme () is often used as a characreristic
value in a first order process. Table 2.5 gives half-life times and the corresponding 4-
values. In this thesis the dimension y-1 is used because it is close to the observed time
scale. Publications oo desorption kinetics often use the dimension h', and the
corresponding values with this dimension are therefore also presented. In the fourth
column of Table 2.5 the time necessary to reduce the compartment to 90% of its
original size is given. In the last column, examples are given of the bioremediation
methods that can be used within the given time frame.
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Tahle 2.5 First order decrease expressed as half life time (t'2), rate
constant (k), time necessary to have 90% reduction of a compartment
and examples of bioremediation methods.

Half life tirne #y, Rate constant & Time needed Example of
for 90% biotemediation method
N (b0 reduction (¥)
1 hour 6070 0.69 0.00038
1 day 253 2.9 x 102 0.0091
1 week 30 41 x 103 0.064 Bioreactor
1 month 8.4 9.6 x 10+ 0.27
1 year 0.69 7.9 x 105 33 Intensive landfarm
5 yeats 0.14 1.6 x 105 17
10 years 0.069 7.9 % 106 33 Passive landfarm
20 years 0.035 3.9 % 106 66 Natural attenuation

‘The assumption that no re-adsorption takes place will be true in slurry systems with a
high biological activity or in experimental systems were the desorbed contaminant is
immediately taken away. In both cases the concentrations in the water phase are zero.
Uxamples ate a bioreactor or the Tenax desorption test as described in Chapter 3 and
4. Fitting expetimental data with a two or three compartment model will give
desorption or degradation rate comstants. In a landfarm the desorbed contaminant is
not always taken away instantaneously. Limiting factors can be the absence of oxygen
or an actve degrading organism. As shown in Section 2.4 and 2.5, the duration of the
petiod in which degradation is limited by absence of oxygen may vary. At the surface
of the landfarm oxygen is present very quickly. However, with thicker layers more
time is necessary to have the whole layer aerated. If oxygen is absent, desotption will
not lead to degradation and re-adsorption will take place. As long as the fast desorbing
fracton is still large, desorption and re-adsorption will lead to growing of the slow
desorbing fraction (aging). The same is true when the slow and very slow desorbing
fractions are compared.

Because of the long duration of the dewatering phase in our expetiments,
above considerations are not theoretical problems but reality. Fitting data in such a
case with a two ot three compartment model will not give proper degradation
constants. The calculated degradation rate constant will be the result of both
dewatering and degradation.

Organic matter

If all the different adsorption sites in organic matter are at random distributed, the net
observed result will nor be a summation of three first order decreases, but only one
first order decrease with an ‘averaged’ rate constant. Different rates as in the multi
compartment model imply clustering of different adsorption sites on larger scale. The
multi compartment model can be given a physical background by introducing the
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ideas on different types of organic matter. (Weber e a/, 1992 and Pignatello and Xing,
1996), visualised in Figure 2.3. In this approach desotption from the organic matter is
still the rate-defining step. Similat to polymers, organic matter can be distributed into
two phases: an expanded phase and a condensed phase. The expanded phase is a
rubber like phase, also called amorph phase (Luthy e7 44, 1997). Sorption is linear, the
diffusion coefficient does not depend on the concentration and thete is no hysteresis.
The condensed phase is a glassy phase, sorption is non linear, the diffusion coefficient
depends on concentration and hysteresis occurs. The strong binding between organic
matter molecules is responsible for a strong matrix (Pignatello, 1998). In this matrix
adsorption occurs in integnal micro-pores or voids of several nanometres. To reach or
leave these pores diffusion through the condensed organic matter is necessary, which
makes it a very slow process, much slower than desorption from the expanded phase.
In addition to this the sorption capacity of older (condensed) organic matter is larger
than the adsorption capacity of young organic matter (Johnson e af, 2001). Cuypers
(2001) showed experimentally that it is realistic to make distinction between expanded
and condensed organic matter. -

Condensed OM

Coal/soot

Expanded OM

Figute 2.5  Schematic representation of organic material in soil/sediment (Cuypers,
2001).

The expanded and condensed phase may change into each other. In time, more
condensed phase will be formed (Pignatello, 1998). Opposite it is more difficult,
because the condensed phase is the more stable one and will not return to the less
stable expanded phase. Transfer to the less stable expanded phase will not occur in a
solid apgregate under normal conditions. Heating of soil (Bonten, 2001) or affecting
the soil structure using high amount of sodium (De Jonge, 1996) can affect the
amount of condensed organic matter. These actions are, however, not realistic in a
landfarm and therefore not further discussed. The expanded phase is also subject of
microbiological degradation and on the long-term also condensed organic matter will
be microbiological degraded as described in next section.
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Within this theory a residual concentration may still exist, that is not or very
slowly degradable, which will be observed if organic matter in sediments also originate
from contamination. Examples are tar, soot or black carbon and oil. PAHs can be
adsorbed or absotbed by this non natural organic matter. This tnaterial can be
considered as a special form of condensed organic matter. Presence of soot increases
the strength of adsorption {Gustafson ¢ af, 1997; Accardi-Dey and Gschwend, 2001;
Jonker and Koelmans, 2002; Cornelissen and Gustafson, 2004) Mineral oil can both
reduce (competition) and increase {separate phase) the strength of adsorption (Jonker
¢t al., 2003). The desorption process in these particles is still based on diffusion, but it
will be clear that diffusion in for instance a tar particle will be very slowly. ’

Decomposition of organic matter

Otganic mattet may change in composition as described above, which does not
change the otganic matter content and also decompose to give a lower organic matter
content. Depending on the source, decomposition can be noticeable within a year or
several decades. As also presented in Chapter 4, the organic matter in sediment from
which desorption takes place is not constant. Especially in the first year of a landfarm,
there is a large decrease of the organic matter due to degradation. As a result,
desorpdon and diffusion to a site with an active micro-otganism is not the only reason
for degradation. PAHs also degrade because of the disappearance of the sorption site,
which makes them available for degradarion.

Organic matter can also be partly decomposed with the result that the
availability of the contaminant increases, resulting in higher desorption rates of PAHs
in this part of the organic matter. It is also possible that the decomposition leads to
closing of small pores and smaller desorption rate constants for the PAHs.
Comparable with desorption, decomposition can also be described with a first order
decrease. Using a five-compartment model Rijtema ¢ 2/ (1999) could describe the
decomposition of organic matter for several types of organic matter in soil
Degradation rate constants for organic matter (ko) were set and the fractions
belonging to these rate constants were calculated from the degradation curves and
presented in Table 2.5. Ir should be noticed that rates for complete decomposition are
given. On a time scale of years and decades it is not possible to distinguish between
desorption and decomposition of organic matter as the responsible process for
biodegradation, because desorption as well as degradation of organic matter can be
described with a sum of first order decreases.
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P

Table 2.5 Fractions of different organic materials having specified

degradation rate constant at an average soil temperature of 10 °C
(Rijtema et al., 1999).

Organic material Degradation rate constant &, in (v} and fractions (%)
2.15 0.8 0.25 0.02 0.005

Foliage 70 21 6 2 1
Straw 52 30 11 5 2
Litter deciduous trees 20 36 30 10 3
Farmyard manure 19 37 . 26 13 5
Sewage shudge 58 26 10 4 2
Compost 3 27 37 23 10
Peat 1 2 23 39 26 10
Pear 2 0 8 38 37 16
Pear 3 0 3 29 47 21
Pear 4 0 0 10 60 30

For biodegradation of otganic matter, oxygen is necessary. Under complete aerobic
conditions, the oxygen demand can be calculated, considering a carbon content Jfrein the
sediment, Following Rijtema ef af, (1999), assuming complete oxidation of the organic
material (based on glucose CoH1206) to CO: results in the fact that for the oxidation of
each mole of C, 1 mole of O is needed, yvielding:

3
Si==T§ﬁ%Jm==2ﬁ7ﬁ}Jm , 2.17)

in which:

Se = oxygen demand for carbon oxidation per day in kg/m3/d
Jﬂ,’”

fraction of organic material decomposed in the period considered in

kg/mi/d
The ammonia released during mineralization will be oxidised, according to:
2NHs* +40; > 2 H:0 + 2NOs + 4 H*

This results in an oxygen demand for nitrification given by:

128 1
Sh= " fr g, =457 —— frodom 218
28 o Tl 19
in which:
S = oxygen demand for nitrification in kg/m?/d
T = nitrogen content of the organic material
C/N = carbon/nitrogen ratio of the otganic material
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The total oxygen demand .. under aerobic conditions is the sum of St and §Y.

In a natural system there is a continuous supply of fresh organic materials, such
as litter from trees, dying roots and root exudates, vegetation residues and animal
manutres. Having a specific soil use, this will lead to a new equilibtfium and a new
organic matter content,

2.3 Presence of micro-organisms

2.3.1 Degrading Organisms

Many micro-organisms are able to degrade mineral oil. Schlegel (1992) explains this as
follows. “Hydrocarbon-utlising bactetia are widely distributed; they can be isolated
from arable, pasture and forest soils. Not is the ability to utilise mineral oil as an
energy source restricted to a few specialists among micro-organisms; it is found in
numerous species of fungi and bacteria. These findings are also in accord with new
analytical data about the composition of bacteria, plants and animals. Hydrocarbons
2te present in many organisms and are constantly synthesised by bactetia and plants;
they belong for example to the wax-like substances that cover the leaves of plants.
Hydrocarbons, therefore, should not be regarded solely as fossil relics of primary
production by plants in prehistoric times, but also as secondary metabolites that are
still being synthesised in considerable quantities by green plants”. Also PAHs are not
difficult to degrade as follows from the many publications on biodegradation of these
substances (Overcash and Sims, 1983; Cerniglia and Heitkamp, 1989; Cerniglia, 1992;
Agteren ef al., 1998). Aerobic conditions are necessary and in the absence of oxygen
PAHs are persistent (Kai ef &/, 2001).

Soil contains large numbers of bacteria, 106 to 108 or more per gram, using the
plate count method (Boyd, 1988). Microscopic counts show higher number of bacteria
{factor 10 to 100). Organisms in the largest group, not counted by plate, are the
actinomycetes. Fungi are very common in soll and frequently the mass of fungi
exceeds that of all other microbial groups in soil. A betrer appreciation of the fungal
mass can be obtained by the lengths of their mycelium: as short as 10 meters per
gram, but sometimes as long as 100 m per gram and occasionally in excess of 1000
meters per gram.

In dredged sediments the distribution of micro-otganisms is homogeneous as
shown by Boon ¢ 4/, (2000). They investgated a large landfill (100,000 m?) filled with
dredged sediment from the river Schelde and the Antwerp harbour basin, using
denatuting gradient gel electrophoresis (DGGE). The obtained DNA fingerprints in
all samples were comparable. Although this is only a proof for homogeneous
distribution of the numerically dominant bacterial population and small differences
were found for less abundant species, it is assumed that in a landfarm filled with
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sediment the starting position regarding the microbiological population is the same all
over the landfarm. In principle the same developments of the microbiological
population are possible at every place in the landfarm.

2.3.2 Acclimation time

The microbiological population is often not able to degrade a contaminant from the
moment it is introduced in che soil. It is necessary that a degrading population will
develop. This takes time and this is called the acclimation, adaptation or lag petiod. As
$00n as there ate sufficient contaminant degrading organisms, this will be visible in a
decrease of the measured concentration. For the degradation of easily degradable
compounds, the presence of sufficient micro-otganisms is not a problem (Alexander,
1994}, Acclimarion times from several days to months will occur. These are not fixed
times and depend on concentration, environment, temperature, aeration status, and
other, often undefined factors. Even under arctc conditions a degrading
microbiological population will develop (Whyte ¢ 4/, 1999; Delille ef 4/, 2003). Under
Dutch climate conditions adaptation also will not be a problem. Examples given in
this thesis (Chapter 4 and 5) show that, if contaminants are available for degradation,
the result js a rapid decrease in the measured concentration,

Sometimes, if a high concentration of a contaminant is present an apparent
acclimation time will be measured. For the degradation a population of deprading
Otganisms must grow. In the beginning the population will be small and the amount
degraded will be too small to be measured. As soon as a large population exists,
degradation will be visible. The presence of degrading micro-organisms is not
considered as a problem in this thesis, because the treatment times of the desctibed
Processes is much longer than the acclimation time. Landfarming as described in this
thesis is a process of several years. The reported acclimation times can be ignored
even when the acclimation time is several months.

2.3.3 Threshold value of contaminants

The concentration of the carbon source should be high enough to satisfy the needs
for maintenance, energy and for processes that lead to increase in cell size, growth and
multiplication. There must be growth to have detectable decrease of the contaminant
concentration. If the initial concentration is to low, no grow of the original population
will occur, resulting in a non-detectable decrease. The concentration at which no
degradation will occur is the threshold concentration. Threshold values published are
often based on laboratory studies in which the concentration of the contaminant has
been varied, and threshold wvalues of approximatelyl pg/l have been found
(Alexander, 1994).
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At the start of landfarming, a threshold value is not a problem. Bioremediation
is necessary because the concentration is high enough to cause effects. The population
of degrading micro-organisms present will grow and degradation will occur. After a
certain time period of treatment, the concentrations will decrease below the threshold
values. However the situation of this moment cannot be compared with the situation
at the threshold laboratory experiments. There is already an active population of
micro-organisms, Degradation will continue even if the concentration of the
contaminant becomes lower then the threshold value. At a low concentration,
however, there will be a decrease in populaton. The probability of observing an active
micro-organism will decrease, resuldng in a slower degradation. A

2.3.4 Distribution of organisms in sediment and soil

As discussed in Section 2.3.1, soil contains a large number of micro-organisms, but
this should also be regarded on 2 smaller scale, the scale of the organism itself. Micro-
otganisms cannot be present at every place in the soil and are present in soil pores,
which must be large enough to contain the organism. Soil pores are 40% (average) of
tie soil volume. Therefore, micro-organisms are not present in 60% of the soil
volume, If this is the mineral part it is iess interesting, because organic contaminants
are mostly adsorbed on or absorbed in organic matter. Soil pore space can be
distinguished in:

Macro-pores.

Pores between macto-aggregates.

Pores between micro-aggregates.
— Pores within micro-aggregates.

The size of the pores is important for the microbial life. There must be encugh places
to live. Bacteria (2-4pm length and 0.2um thick) can be present in very small pores.
Nematodes can be found in potes between 30 and 90 pm (Hassink, 1995). Several
nematodes are grazing on bacteria and as a consequence the number of bactetia in
these pores is small. In pores not accessible for nematodes, the number of bacteria is
larger, Hassink found a positive relation between the volume of pore space made up
by pores between 0.2 and 1.2 um and the number of bacteria. This explains the higher
number of bacteria in clay soils compated to the number in sandy soils. The potes
within the micro-aggregates are not accessible for micro-organisms (Elliott and
Coleman, 1988). On these places the probability of meeting a micro-organism is zeto.
On all other places it is larger and can be one on places with a large number of
bacteria. Only on the places with a micro-organism, degradation may occur and
presence of oxygen and diffusion of the contaminant to these sites has to be
stimulated.
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The probability of finding a degrading micro-organism will be maximal in che
pores having a diameter of about 1um. For optimal transport of the contaminant to
the micro-organism, this pore has to be water filled. On the contrary, larger pores
have to be air filled to be able to supply the necessary oxygen. Assuming that optimal
degradation occurs if the potes larger than 1.2 mm ate air filled, it can be calculated
that this will occur at a soil water potential? (see also 2.4) of < -2344 mbar. The soil
water potential is a measure for the energy status of water in soil and has a small
negative value in large pores and reaches high negative values in small capillary pores.
The relation between water filled pore size and soil water potential is given in Table
2.6. Bacteria will be ptesent in pores presented in the upper part of the table.

Table 2.6 Soil water potential at given maximum diameter of water
filled pores.

Maximum diameter Soil water potential
water filled pore dp in pm__ in mbar

0.2 -14125

1.0 -2818

1.2 2344

2.0 -1380

10 -282

30 91

90 -31

At soil water potentials of -2344 mbar and higher soils are completely aerobic. At a
soil water potendal of -14,125 mbar, which is close to the wilting point of -16,000
mbar (plant roots are no longer able to extract water from soil), also the bacteria filled
portes are air filled and transpott of the contaminant from the sorption site to the
micro-organisms is no longer possible. These low soil water potentials can only be
reached at the soil surface or in the root zone, because a high evaporation of water is
needed.

Under Dutch conditions the water content below the root zone will be near
field capacity. When the groundwater table is stable and at shallow depth, field
capacity is in hydrostatic equilibrium with the groundwater table. With a deep
groundwater table, field capacity general shows soil water potential of about -300
mbar (Koorevaar e a/,, 1983). At this value all pores smaller than 10 um are filled with
water. Below the root zone the oxygen consumption can be the limiting factor as

* Soil water potenrial is a measure for the energy status of water (Hillel, 1980). It is formally defined as tie amoune of
work that must be done per unit of quantity of pure water in order to transport reversibly and isothermally an
infinitesimal quantity of water from a poel of pure water at 2 specified elevation at atmospheric pressure ro the soil
water (at the point under consideration). In practise the porential is not measured by transporting water as per
definition, but by measuring another property telated to the potential (e.g. hydrostatic pressure, elevation, erc).
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described in 2.4. Depending on the soil type there will be either enough air filled pores
to supply the bacteria with oxygen, or not enough, resulting in partly anaerobic

conditions.

2.3.5 Effect of temperature on activity

Biological activity increases at higher temperature. The actvity of soil micro-organisms
at different temperatures is presented in Figure 2.6. A temperature of 10 °C is taken as
reference temperature. The temperature at different depths in the landfarm has been
calculated according to Rijtemna ef /. (1999) as will exist in Petroleurn Harbour sediment

based on an average temperature year in The Netherlands (Figure 2.7).
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There is a strong effect of the temperature on the activity in the temperature range
between 10 and 20 °C. During summer the highest temperatures are obtained at the
surface layer, resulting in a much higher activity at that layer. In winter the opposite is
the case and lowest temperatures are present at the surface. The effect of the
temperature in winter on the activity is comparable in all layers; the activity is low. If it is
possible to increase the average temperature in the landfarm to 20 °C, the relative
activity will increase to 4.92. At this temperature the soil micro-organisms are mote than
3 times as active as under natural temperature conditions. This is effective if the activity
of micro-organisms is the limiting factor and no other limiting factors are present.
Maliszewska-Kordybach (1993) showed that a temperamre increase from 10 to 25 °C
gave an increase of the degradation rate with a factor of 2-4 for spiked PAHs. These
PAHs are available for degradation if no other limitations are present. If the availability
of PAHs is limited (Section 2.2) or the supply of oxygen (Section 2.5) is limited the
increase of temperature will be less effective

Combining the data in Figure 2.6 and 2.7 gives the relative activity.at different
depths as presented in Table 2.7. The average remperature is almost the same on all
depth, but this must not lead to the use of the average activity. At the surface the
difference between the minimum and maximum activity is much higher compared to
lower depths. At the highest activities most of degradation will occur. In modelling (see
section 2.5) of degradation it is therefore necessary to use a variable temperarure.

Table 2.7 Relative calculated activity of micro-organisms in rhe
Petroleum Harbour landfarm.

Depth  Average Relative activity
temperature

_my °C) Average  Min.  Max
0 9.96 1.49 0.17  3.69
0.125 9.96 1.44 020 336
0.375 9.97 1.35 024 3.10
0.625 9.97 1.28 028 284
0.875 0.98 1.22 032 258

2.4 Presence of oxygen

Oxygen transport in dredged sediment is limited by the absence of air filled pores.
Oxygen must diffuse through the water, which is a slow process and most part of
sediments stays anaerobic. During dewatering and ripening (formation of physically
stable soil aggregates) dredged sediment is changed into a structured soil. In the
developed soil, part of the water (moisture) in the pores between soil particles is
replaced by air and oxygen can reach larger depths. It is possible to predict the air
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filled part using basic soil properties (clay content, organic matter content) and the soil
water potential. In landfarming the depth conraining sufficient oxygen is an important
parameter, because this sets the thickness of the layer to apply. Rijtema ez o/ (1999)
developed theories in order to describe the aeration in soils. In the following
patagtaphs the applicability of these theoties for landfarming sediments will be
discussed.

During dewatering and ripening of dredged sediment the following visible
processes occut:

Compaction of the sediment layer.

— Development of cracks berween large soil aggregates.

— Aeration of smaller aggregares (colour changes from black to brown).
— TFinally a soil is obtained on which vegetation grows.

Gas in pores in dredged sediments, commenly indicated as soil air, shows the same

composition as the overlying atmosphere in the upper few millimetres of the top layer.

The aerated fraction in this part of the top layer, containing sufficient oxygen for

biodegradation, is large. In sediments and soils many processes occur, of biological

nature, which cause consumption of oxygen and a continuous change in the
composition of the soil air. The aerated fraction decreases with depth. Exchange with
the atmosphere occurs by diffusion, which is a slow process. The fact that gas
diffusion in the liquid phase proceeds roughly 10* times slower as does diffusion in
the soil air, explains the huge influence of soil moisture content on the gas phase
composition and the exchange with the overlying atmosphere. The higher the
moisture content, the slower the exchange.

In order to be able to give a mathernatical description of the aerated fracton in
dredged sediment it should be realised which factors have to be considered:

— Oxygen consumption. Organisms living in soil consume oxygen. The amount
consumed depends on the amount and the degradability of the organic matter.
This aspect is already discussed in Section 2.2.3.

— Transport of oxygen. Oxygen has to be transported (by diffusion) to the places
where it is consumed. This is strongly related with the following factors:

— Soil structure. Aeration will be better in a soil with a large air-filled pore volume
with connected pores. In sediment the soil strucrure has to be developed and
volumes are changing during this development. In several soil types cracks are
developed during dewatering. These cracks are the main pathways that enable
oxygen to diffuse to larger depths in heavy clay soils and dredged sediments.

- Moisture content. Pores filled with water decrease the possibility of oxygen to
diffuse in the soil. The moisture content depends on soil characteristics in
combination with supply and removal of water.
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In general the aerated soil fraction will be higher in a well-structured soil with low
moisture content and low oxygen consumption (low organic matter content).
Vermeulen ef of {2004) described methods to measure physical propetties and results
of measurements to be used as input parameters in models describing physical
tipening of sediments. In this chapter the factors having influence on the structure of
sediment in a landfarm are discussed mote general and are limited to the processes
during dewatering occurring in the fitst years of landfarming, To be able to give
prediction of the aerated fraction of sediment theories of Rijtema ¢ a/ (1999) have
been used, At fitst, the above mentioned factors are described, which will be
combined to a relation which gives the aerated fraction as a functron of general soil
properties,

2.41 Basic parameters of sediments

General propetties of soils are described with clay- and organic matter content and
these properties are used to classify soils (Janssen ef 4/, 1990). Sediments however are
mote voluminous and cannot be described using soil classification. After dewatering
and ripening this becomes possible, because then the sediment has been changed into
2 scil. The most important sediments investigated on the landfarm Kreekraksluizen
and described in this thesis originate from the Petroleum Harbour in Amsterdam and
the harbour of Wemeldinge (see also Chapter 4). In order to relate the physical
processes described below to processes occurring in the landfarm on Kreekraksluizen,
the basic parameters of the Petrolenn Harbour and Wemeldinge sediment are
presented in Table 2.8. Values were measured in sediment samples taken from or
measured on the landfarm Kreekraksluizen described in Chapter 4. Values are used in
further calculations.

Table 2.8 Physical properties of Petroleum Harbour and
Wemeldinge sediment.

Petroleum Wemeldinge
Harbour
Fraction clay Jret keg/kg 0.259 0.083
Fracdon organic matter Sron ke/kg 0.091 0.075
Density solid marerial Pipec ky/m3 2567 2568
Volume solids initial Vs m3/md 0276 0.333
Volume solids after dewatering and Veotias m*/m? 0,369 0.437
ripening (2003)2
Dry density initial Pa kg/m3 708 855
Dry density after dewatering and ripening  py keg/m? 947 1122
(0032

1 Average value original sediment and dewatered sediment
% Presented values, measured in 2003, were already obtained in 1999, The landfarm was starced in
1994,
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2.4.2 Volume changes of sediment during dewatering and ripening

Physical tipening is the process that changes low dry bulk density and water saturated
dredged sediment into a well usable soil (Vermeulen ¢ 4/, 2003). The physical ripening
results in increasing dry bulk density of the sediment and decteasing water content,
causing shrinkage of the sediment and reduction of the height of the sediment. Cracks
that develop due to this shrinkage improve the aeration and hydraulic permeability of
the landfarm. Development of aerobic micro-organisms is not possible without physical
ripening.

In water and material balance studies the solid phase is generally considered as
being an inert, non-compressible matertal. It means that the volume density and the
spatal distribution of the solid phase do not alter with time. In newly constructed
landfarms three processes play an important role. They are: 1) Compaction, 2)
Biodegradation of organic matetials (both natural organic matter and contaminants), and
(3) The combined effects of swelling and shrnking. The first two processes are
itreversible ie. compaction of the solid phase under influence of the top load and
biodegradation as a consequence of biological activity. The soil compaction reduces the
‘pore volume, whereas biodegradation of the natural organic matter results in an inctease
of the pote volume. The final result of these two time dependent processes is the
subsidence (drop of the surface level) of the landfarm. The swelling and shrinkage
process is a reversible one that can be considered as an instantaneous one.

As a consequence of these processes a considerable change in the volume, as a
function of time and water content will be present. So the solid phase cannot be
considered as inert and non-compressible material, and in studies in which the
distribution of moisture and air over the pote volume are involved, these effects must
be considered.

Compaction

Dredged sediments are voluminous and after dredging and transport to a landfarm their
volume will reduce due to the load of upper laying sediment on underlaying sediment.
On the landfarm this load is higher than in the original water body, because the upwards
pressure in water is missing. Compaction is an itreversible process. For the calculation
of compaction the model given by Rijtema ¢ l (1986) is followed, in which the
subsidence (drop of the surface level with respect to the fixed bottom layer) of the
applied layer of sediment as a result of its own load is described:

1
1 1 7prH+prﬂ'
Z=C—[(—AH+LD)In( 1

. 2 S PuAH

)-L.] (2.19)
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where:

z = final subsidence of the landfarm due to irreversible compaction in m
C. = compressibility constant of the dredged sediment in m/m

L, = inifial layer thickness of the dredged sediment on the landfarm in m
Pw = initial wet volume weight of the dredged sediment in kg/m?

AH = layer thickness without top load in m

From this equations follows that the subsidence of an unloaded sediment layer will
approach to zero, when the considered layer thickness AH becomes very small. The
compressibility constant C, depends on the pore volume in the dredged sediment. The
packing density of the matetial approaches its maximum value when a very large top
load is present.

Calculations have been performed for the Peiroleum Harbour and Wemeldinge
landfarms with an initial sediment height of 1 m and using experimental data given in
Table 2.8, The calculated subsidence for Pettoleum Harbour and Wemeldinge were
respectively 5.9 and 9 cm, Subsidence is the result of compaction by the weight of the
sediments upon itself. Because of the limited height in a landfarm, the value is relatively
low, Including the tipening process as described below, higher subsidence as observed
in lendfarms can be expected. Generally this irreversible subsidence can be considered
as an instantaneous process in landfarm operations compared to the required treatment
time of the landfarm.

Physical ripening of sediments

Shrinkage process

After compaction and removal of the excess of water, the sediment has to be

dewatered further in order to introduce oxygen. Water filled pores have to be replaced

by air filled pores. Gas filled pores ate not only created in aggregates, but also between
aggregates. The latter are the result of a shrinking process; the volume of sediment is
larger than the volume of dewatered ripened soil. During dewatering, three successive

shrinkage phases can be distinguished (Haines, 1923; Bronswijk, 1991; Kim, 1992)

1. Normal shrinkage: Volume decrease of clay aggregates is equal to moisture loss.
The aggregates remain fully saturated.

2. Residual shrinkage. Upon drying the volume of the aggregates still decteases, but
moisture loss is greater than volume decrease. Air enters the pores of the
aggregates.

3. Zero shrinkage. The soil particles have teached their most dense configuration.
Upon further moisture extraction, the volume of aggregates stays constant.
Moisture loss is equal to increase of air volume in the aggregates.
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Shrinkage leads to formation of cracks between developed soil aggregates. In the
beginning, both cracks and aggregates are large (respectively around 1 and 20 cm)
but the dryer the sediment the smaller the cracks and aggregates will be. The fraction
of linear extensibility (fiz..) is a measure of the diffetence of the aggregate volume of the
original water saturated sediment and the aggregate volume of the developed soil at dry
conditions {(after dewatering and ripening) and is defined as:

P = E -1 (2.20)
y
101 which:
frimex = fraction of linear extensibility
Viear = volume original water saturated sediment in m?
Viry = volume of the developed soil aggregates in a dry state in m?

‘In a thick laver of sediment applied on the landfarm and under Dutch climate
conditions, the driest conditions will be obtained if roots of plants are not able to
subtract more water {wilting point). Only at the surface dryer conditions can be
obtained. In most soils the maximum shrinkage is obtained at the wilting point. Data
given by Bronswijk and Evers-Vermeer (1990) were used by Rijtema ¢ 4/ (1999) to
determine a relation between the fraction of linear extensibility at wilting point ()
and the clay and organic matter content of the soil. In this relation fr,y = fiy +
2.5:f,, was taken as the soil variable.

Py = 02f7y +0.08=/(0.2 /i, +0.8)2 —0.072 fr,, +0.0051) (2.21)

et

Using this equation and the data in Table 2.8 the fraction of linear extensibility at
wilting point (fi'exwp) for the ripened Petroleum Harbour and Wemeldinge sediment
can be calculated as respectively 0.139 and 0.072 m/m. These values were used as
maximum values in further calculations.

In the field, volume changes of the soil aggregates become visible as cracking
and subsidence. In fipened soils shrinkage is a reversible process and extends
uniformly in all directions {Bronswijk, 1991). It means that a unit volume of soil
decreases equally in size in both horizontal directions and in the vertical direction
(isotropic shrinkage). Shrinking will continue and at certain soil water potential the
maximum packing density of the soil aggregates is obtained. A further decrease of the
moisture volume until wilting point then takes place with a constant aggregate volume
and air entering into the aggregates.
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For most ripened clay soils shrinkage is isotropic (shrinkage is the same in all
dimensions). Shrinkage chatacteristics of field sediments can deflect markedly
(Bronswijk, 1986). In the field, volume changes of the soil aggregates become visible
as cracking and subsidence and the crack volume becomes smaller. In a study on
uaripe soils, Rijniersce (1983) introduced a geometry factor #s (Equation 2.22), which
determines the partdtion of total volume change over laver thickness and crack
volume,

Vaggregafes = (1 - fi}mex)rs ’ (222)

where:

rs = dimensionless geometry factor.

In case of only subsidence without cracking 75 equals 1. In case of cracking without
subsidence 75 becomes infinite. For all other #s-values, both cracking and subsidence
occur Simultaneously with the following division: rs = 3: isotropic shrinkage; 1 < rs
<3: subsidence dominates cracking and rs>3: cracking dominates subsidence. For the
majority of soils, rs = 3, ie. shrinkage and swelling are isotropic from saturation to
oven dryness. Using this terminology for ripened sediment results in general relations
between matetial volume change and subsidence of a sediment volume at specific
moisture content. With these relations it is possible to calculate the layer thickness of
the sediment and the area and volume of the cracks developed during shrinking. The
cracks are important for aeration of the sediments.

Layet thickness at moisture content Zg:

Z, = (1- fl‘}mez).zmr (2.23)
Crack area (4,,) and crack volume (F,,) at the same moisture content:

A4, = 1-(- fi,. )" " (2.24)

I/"" = (1 - ﬁ‘h'nex )[l - (1 - fhr’nex )"5_1] (225)

In the approach followed here, rs is either a constant or varying with water content.
Use of a variable geomettic factor rs was necessary in the calculations for Petroleum
Harbour and Wemeldinge sediment presented further in this chapter to assure that al
volumes calculated were consistent. The geometric factor is not constant and depends
on the soil moisture content. It starts with 3 at moisture contents near saturation and
may decrease to about 2.6 at lower moisture contents. For Petroleum Harbour and
Wemeldinge sediments, calculated values are presented in Table 2.13,
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Characterization of tipening

The physical ripening can be charactetized by a ripening coefficient as is given by Pons
and Zonneveld (1965), using the empitical expression:

n = (8, -02./)(fr,+bfr ) (2.26)
where:
n = soil ripening factor
g, = watet content of the saturated sediment in kg/keg
free = fracdon of sand (= 1.0 — froy— from) in kg/kg
Jra = fracton of clay in kg/kg
S¥om = fraction of organic material in kg/kg
b = ratio of water adsorbing capacity between organic material and clay minerals.

The factor & generally is given the value 3.

Pons and Zonneveld (1965) give a classificadon of soil tipening as presented in ‘Table
29.

Table 2.9 Classification of the soil ripening factor n, according to
Pons and Zonneveld (1965).

Soil ripening factor n Classification

< .7 ripened soil
0.7-1.0 almost tipened soil
10-14 half ripened soil
1.4-20 mostly unripe soil
>2.0 unripe soil

[n dredged sediment four zones can be recognised (Vermeulen of af, 2003):
— Untipe consolidated sediment below the water table,

— Half-ripe soil with a coarse to very coarse prismatic structure,

— Nearly ripe soil with coarse aggregates.

— Ripe soil with medium to fine aggregates at the top.
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The expression of Pons and Zonneveld can be rewritten as follows in order to calculate
the saturated moisture fraction at different degrees of ripening. Results of this
calculadon for Petroleum Harbour and Wemeldinge sediments on the landfarm are
given in Table 2.10:

Qw - n(ﬁcr+b.ﬁ’m)+0.2.fha (2‘27)
1000/ Poec + 1{ fi + b frum) + 0.2, fiu

Fl

where:
Bear = moisture fraction of the saturated sediment in m?/m3
Pu = specific weight of the sediment in kg/m?

Table 2.10 Calculated values at different degree of physical ripening
using Equation 2.27 for moisture fraction (m3/m3) and specific
weight (kg/m3) for Petroleum Harbour and Wemeldinge sediment.

Ripening factor Petroleum Harbour Wemeldinge
n By Pd Bear Pa
m3m? kg/m? m*/m?* kg/m?
0.7 0.563 1121 0.497 1292
1.0 0.630 951 0.550 1155
1.4 0,692 791 0.606 1011
2.0 0,754 632 0.668 852

From the year 2001 the landfarms of Kreekraksluizen were fully ripened and
tipening factors < .7 were measured. Only at higher depths incidentally higher
values between 0.7 and 1.0 were measured. This is also caused by sampling; small
fipened aggregates could not be used for measurements and suitable larger
aggregates are often less ripened (worst case sitiation).

COmpan'son of different volume changes

Calculated data on the pore volume in sediment after compaction, compaction and
shrinlcing and using the formulation of Pons for a ripened soil are presented in Table
2.11. For shrinking both the reduction in layer thickness and volume reduction are
taken into account. The calculated values arc compared with measured values (Table
2.8) and representative for dry and ripened sediment).
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Table 2,11 Calculated and measured pore volume (fraction of total
volume) of sediments after compaction, dewatering and ripening.

Petroleumn Wemeldinge
Harbour

Initial (measured) 0.724 0.667

After physical ripening {predicted according Pons)  0.563 0.497

After compaction (predicted) 0.707 0.634

After compaction and physical ripening (measured) .631 0.563

The calculated values for the situation after tipening (predicted according Pons) should
be obtained if the sediments develop in soils with normal (sub)soil properties. This
means that in dewatered ripened sediment, the pore volume is higher then expected
from classification of the sediment as a soil. Soil particles in landfarmed sediment are
packed less dense and the shrinking volume is partly included in the structure. For
landfarming this is a positive result, because a higher pore volume enables a better
supply of oxygen. This is taken into account in formulation of the shrinkage on such a
way that the calculated pore volume after shrinkage is the same as the measured one.

- Soil moisture in developed soil

After dewatering and ripening of sediments, both the distribution of pore sizes and the
soil moistute characteristics depend on the granular composition and the density. In
soils, the moisture content depends on the soil water potendal. This soil water potential
is a measute of the energy status of water. Under saturated conditions, all pores are filled
with water; and therefore the soil water potental is positive (hydrostatic pressure).
Under unsaturated condition, but in equilibrium with the groundwater table, it is the
distance to the groundwater table (negative value). Under dry conditions in summer the
soil water potential can reach very low values and stops at a value of -16000 mbar, and
roots are not able to extract water anymore. At soil water potential of 0 mbar the
moisture content is equal to the pore volume. With decreasing soil water potential this
content becomes lower and moisture will be replaced by air. The large pores will be the
first in which water is replaced by air. Small pores in aggregates will be kept filled with
water. During wetting hysteresis occurs and not the same curve as found for drying
will be followed. The soil water potential at which water is replaced by air depends on
the pore diameter (Koorevaar e 4/, 1983):

70



Chaprer 2 Pracesses in a landfarm

- —-400c 2.28)
P12 max
where;
14 = soil water potential (mhar)
a = surface tension of water = 0.07 N/m
P = density of the liquid phase = 1000 kg/m?
g = magnitude of gravitational field strength = 9.81 N/kg
o = maximum diameter of a water filled pore {m)

Rijtemna (1 969) presented on the basis of the available data from literature a first seric s of
physical parameters for standard soils. Waosten e af (1994) presented a series of
measured data of soil moisture characretistics for Dutch soils using the method given by
van Genuchten (1980). All these data were averaged by Rijtema er o/ (1999} for a
number of soi] groups, resulting in a seties of standard soils. They considered subsoils,
which are stable non-compressible materials. A selection of these values for typical soil
types is presented in Table 2.12. This table shows the large differences in pore volumes
and the part filled with water that can be expected with landfarming sediments of
different origin, If after dewatering and ripening loamy sand is obrained, half of the pore
volume is already gas-filled ar a soil water potential of -100 mbar (groundwater level at
100 cm below surface). Under the same conditions, only 10% of the pore volume in silty
clay is gas-filled.

Table 2.12 Soil moisture content as volume percentage in relation to
soil water potential for standard subsoils, after Rijtema et al. (1999).

Soil type Soil water potential in mbar

0 -0 -3t 100 -250  -500 -2500  -16000 -106
Loamy sandb 345 323 280 173 104 73 35 1.7 0.8
Silty clay 56.1 558 544 512 468 429 338 253 85
Clay loam 49.0 484 467 417 353 304 194 1.6 62
Silty clay loam 463 458 441 372 305 241 140 8.5 6.0
Peat 873 861 826 723 600 489 296 191 7.8

1) average value of loamy fine sand loamy medium fine sand and loamy medium coarse sand

Sediments, having compatable composition, have much higher moisture contents than
soil. It can be assumed that the pore valume after dewatering and fipening can be
predicted using the basic propetties, but this is only true if the compaction in the
sediment is high enough that the density of a subsoil is obtained. Comparing the pore
volumes of the Petroleum Harbour and Wemeldinge sediment during landfarming
(Table 2.11), the soils developed on the landfarm have a higher pore volume (lower
bulk density) than a subsoil with the same properties. Therefore it is not possible to
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replace the soil moisture characteristics of the ripened landfarmed sediment by
characteristics of standard soils directly. In practice of landfarming the characteristics
of the ripened sediment will always be an unknown factor. To obtain the soil moisture
characteristics the following approach is used;

Taking into account the measured bulk density of the sediment, it is assumed
that the dredged sediments are heterogenic mixtures of mineral soils and otganic
materials. In order to be able to describe the soil moisture charactenstic of the ripened
sediments the characteristics of peat are used to tepresent organic matter and clay
loam to represent the mineral part of Petroleumn Harbour sediment. Instead of clay
leam, loamy sand is used to represent the mineral part of the Wemeldinge sediment
considering the dredged sediments as competing imperfect mixtures of organic soil
and mineral soil. Concurrence between these basic marerals is inttoduced by
muldplying the calculated result with Osat (measured)/fsat (calculated). All these
calculations yield the soil moisture characteristics as presented in Table 2.12.

_ Physical parameters of Petroleum Harbour and Wemeldinge sediment

Making use of the measured value after ripening and the theories in previous sections
the data on physical properties as given in Table 2.13 have been calculated. Values are
presented for different soil water potentials.

The theoties above can be applied if a structured soil is obtained during
landfarming of sediment. When a developed soil is sensitive to slaking (detetioration
of soil structutre by rainfall}, the pore volume will reduce in wet periods because in
those soils dispersed silt and clay particles will fill the volume between coarse
particles. Culdvaton and soil improvement (ie. adding of compost) will be
necessaty (o increase the pore volume of the treated sediment again. The chance of
slaking increases with less cohesion as present in soils with low organic matter
content. Increasing clay content also increases the chance of slaking, although the
stability increases again at high clay content. Soils with approximatelyl0% clay or
more then 50% silt are most sensitive for slaking (Schneider and Huinink, 1990). In
the experiments described in this thesis structured soils were obtained. The
Wemeldinge sediment was most sensitive for slaking as observed in the container
experiments described in Chapter 6.
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Table 2,13 Calculated physical parameters at different soil water
potentials for Petroleum Harbour and Wemeldinge sediment during
dewatering.

Variable Soil water potential in mbar

0 -10 -3 -100 -250 -500 -2.500  -16,000 -106
_— Petroleum Harbour
SOq'ij moisture content 0,631 0.623 0599 0529 0443 0370 0230 0143 0.067
m*/m3
Finex 0.000 0.001 0008 0.03 0068 0102 0139 0139 0139
Geomeu:y factor e 3.000 2983 2969 2894 2792 2,697 2609 2609 2,609
Layer thickness m/m  1.000 0.999 0992 0965 0.932 0.898 0861 0861 0.861

Crack area m2/m? 0.006 0002 0016 0065 @119 0167 0214 0214 0214
Crack volume m¥m?  0.000 0002 0016 0064 0111 0150 0184 0184 0184
Aggregate propertes

Aggregate volume m®  1.000 0992 0968 0898 0.882 0739 0677 0677 0677
Solid volume m¥/m®  0.369 0372 0381 0411 0418 0499 0545 0545 0545
Moisture content of 0,631 0.628 0.619 0.589 0502 0501 0340 D211  0.099
ageregates m3/m?3 ’
Air-filled pore volume 0,000 6,000  0.000 0.000 0.000 0.000 0115 0244 0.356
_Of agpregates m3/m?
i Wemeldinge Harbour

SC;L/lI moisture content 0563 0.546 0509 0404 0514 0249 0146 0091 0037
m’/m

St 0000 0006 0019 0061 0074 0074 0074 0074 0074
Geomety factor s 3000 2980 2945 2826 2786 278 2786 2786 2786
Layer thickness m/m  1.000 0994 0981 0939 0926 0926 0926 0926 0926
Crack area m2/m? 0,000 0012 0037 0109 0128 0128 0128 0128 0128
Crack volume m¥m? 0,000 0012 0036 0102 0119 0119 0119 0119 0119

Aggregate properties

Agg-:egate volume m?  1.000 0983 0946 0.841 (.808 0.807 0.807 0807 0.807
Solid volume m¥/m®  0.437 0445 0462 0520 0.541 0.541 0541 0541 054
Moisture content of 0.363 0555 0.538 0480 0.389 ¢.311  0.180 0113  0.046
ageregates m3/m?

Air-filled pore volume (0,000 0.000 0000 0000 0070 0.148 0279 0346 0413
of agprepates m3/m3

2.4.3 Air filled pore volume in the sediment profile

After compaction and dewatering, an optimum landfarm must have enough air filled
Pores to ensure the supply of oxygen and enough water filled pores to stimulate
biodegradation and to allow the possibility for diffusion of the contaminant. The
accuracy of the forecast distribution between water filled and gas filled pores soil
moisture extraction depends upon the accuracy to which the properties of the
developed soil are known. The distribution between pore volumes is not only directly
related to the soil physical properties, but is also dependent on the climate conditions,
on the depth of the phreatic water level and on the plant root distribution in the
unsaturated zone. This is illustrated in Figures 2.8 and 2.9 further in this section. The
model BALANCE (Rijtema e a/, 1999) is wsed in a muld-layered system for the
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calculation of the water balances per layer, starting from the following definitdons:

— 1In its simplest form the moisture fraction in the root zone is assumed to be uniform
with depth and in the absence of a water table in the root zone the moisture fraction
at the end of the time step can be expressed as:

_r
g = 7 (2.29)

whete:

A, = moisture fraction in the root zone in m3/m3

V. = moisture volume in the root zone in m*/m?

Z, = thickness of the root zone in m

— The soil water potential at the top of the subsoil below the root zone equals the soil
water potential of the root zone. The moisture fractions in the root zone and at the
top of the unsaturated subsoil are described by interpolation of the soil moisture
characteristics of both layers. The soil moisture in the subsoil is redistributed over
the layers after rewetting of the root zone by precipitation. In this method of
cperation the effects of hysteresis and preferential flow are also more or less taken
into consideration, as rewetting of the subsoil already starts in the model before the
root zone is at field capacity.

— The minimum moisture volume present in the subsoil after maximum extraction
through evapotranspiration is assumed to be bounded by the line describing the
steady state situation for an upward capillary flux of (.01 cm/d and the soil water
potential at the boundary of root zone and subsoil at wilting point. By using this
boundary condition the depth for 100% water saturation depends on the soil type.

With the data presented in Table 2.12 the moisture distribution for the minimum
obtainable water fraction of subsoils can be calculated. Examples of this distribution for
different soil types are presented in Figure 2.8 (Rijtema ¢ 4/, 1999). Two situations can
be distinguished. The line representing equilibtium moisture distribution (field capacity)
is representative for the winter period. The moisture distributon with a flux of 0.01
cm/d will be obtained in summer, when evaporation will exceed precipitation and
capillary rise.

For all soils, the gas filled volume fraction in the root zone is high enough to
supply sufficient oxygen. At the groundwater table the oxygen supply will be
problematic, because no air filled pores are present. In between the root zone and the
groundwater table, the characteristics of the presented soils are different. Importtant is
the value for the brake point in subsoil moisture distribution (Z,,) as indicated in Figure
2.8. Above this value the gas filled volume is stll high. Below this value the gas filled
volume becomes low for silty clay and peat and will also be low for heavier soils. For
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mote sandy soils the gas filled pore volume at Z, is higher and consequently the
decrease of this volume at higher depths is slower.

Relative moisture fraction
1 4 0.2 04 D6 08 1
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80
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160  Silty clay loam
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40 40 -
| |
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160 |-
200 L »
.......... Equilibriumn maisture destribution (zero flux}
Depth (cm) Moisture distribution {flux=0.01 crm/d)

Figure 2.8  Soil moisture distributions in the unsaturated subsoil as a function of the
depth below the effective root zone for different soil with the upper boundary at
wilting point and a steady state capillary rise of 0.01cm/d (derived from Rijtema et al,
1999). Z,, = depth of brake point in subsoil moisture distribution.

The theory described above has been applied to the sediments of Petroleum Harbour
and Wemeldinge. The calculated soil moisture distribution in Petroleum Harbour and
Wemeldinge sediment as a function of the depth below the effective root zone is
presenited in Figure 2.9. In this figure, 1 meter of sediment is present on a drainage
layer of 50 cm sand; the drainage level is set at -1.5 m below the surface. Three
situations are distinguished. The upper line is the situation at complete saturation. The
following line is the equilibrium situation, where the soil in the complete profile is at
field capacity, This will be the situation when the evaporation is low (winter) and after
sufficient time to achieve equilibrium after rain. The moisture fraction is relatively
high and can be a limiting factor for oxygen diffusion to lower levels. The lowest
cutve gives the most optimal situarion for oxygen supply, which can be obtained
during summer. Due to the maximum extraction of water {(evaporation), the upper
boundary is at the wilting point and a steady state capillary rise of 0.01ecm.d is
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assumed. In this situation pores in the root zone are mainly air filled and the amount
of air filled pores is high until Z, is attained. Below this depth the moisture fraction
increases, until saturarion at the drainage level or water table. It can be concluded
from this figure that in summer a layer of 40 cm below the root zone will have a high
air filled pore volume.

Figure 2.9 already shows the differences between the summer period with high
evaporation {maximum extraction) and the situation in winter (equilibrivm or
saturated). The variation during the year is calculated in more detail for different
depths in Petrolenm Harbour sediment (Figure 2.10). The variation of the moisture
content causes also a variation of the ctack area (Equation 2.24). Results of these
calculations are also given in Figure 2.10.

Petroleum Harbour (g) Wemeldinge (a)
Soil moisture (m3/m?3)
08 -
Sand drainage | Sediment Sand drainage Sediment
fayer H layer :
-0 - - -—-D0O-0- -4
06 - o

........ REE LT P ‘:p_ N -n_‘n- D -n_. B

B RN i
| [
A 04

O Saturation

0.2 - i o Equilibrium
®» Maximum water axtraction
0 i 1 J i 1 1
Petroleum Harbour (&} Wemeldinge {b)
08 - —
Sand drainage | Sediment Sand drainage | Sedimant
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g-—-0-- - -0 0-0-0- -0
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Figure 2.9 Soil moisture distributions as a function of the depth below the soil
sutface in Petroleum Harbour and Wemeldinge sediment. Above the drains (at-1.5m
below surface) a sand drainage layer of 0.5 m is present. (a) bare sediment; {b) sediment
covered with vegetation with an effective root zone of 0.2 m. The maximum supply

rate from the deeper layers by capillary rise equals 0.01 m/d, when the maximum water
extraction rate has been reached.
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Figure 2,10 Variation of soil moisture content in agpregates and crack area on
different depths during the year as calculated for Petroleum Harbour sediment.

2.4.4 Oxygen in aggregates

Vertical diffusion of oxygen in the gas phase in cracked soils is primarily governed
by the number of the air filled cracks. The oxygen consumption in the soil takes
Place in the water saturated and partly aerated soil aggregates. Oxygen has to
diffuse into the aggregates, where it may give full aeration in small aggregates, but
in large aggregates the inside will stay anaerobic because oxygen is used for
degradation of organic matter in the outer part of the aggregate,

The

vertical inflow of oxygen by diffusion can be described using the toral crack

area, without considering the distribution of the crack width. Bronswijk (1991)
gives the oxygen diffusion coefficient in cracked soils as:

DY =n-4, D (2.30)
where;
i = tortuosity factor with a value varying between 0.3 and 1.0.
DY = oxygen diffusion coefficient in cracks
D:;n = oxygen diffusion coefficient in air

Rijtema e o/ (1999) give a method to calculate the aerated fraction f, 4+ of cylindrical

aggregates, using the equation:

4DXDOI
f = 1—(1—(%—;—)“-“)‘-'8 @31)

ax req
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where:

Cor = equilibrium oxygen concentration in water at the air/water boundary in
kg/m?

D = diffusion coefficient of oxygen in pore water in m?/d

Sox = oxygen demand of sediment in kg/m?/d

Feq = equivalent radius assuming cylindrical aggregates in m

In Equation 2,31 the equivalent radius is the only unknown parameter. Knowing the
equivalent radius of the aggregates it is possible to calculate the aerated fraction of the
aggregates. The aeration of the aggregates by hotizontal diffusion in the water
saturated aggregates is strongly dependent on distribution of the size of the aggregates.
Not only the crack area increases but also the number of aggregates, when the
shrinking due to the evaporation surplus proceeds. In order to calculate the aerated
fraction in aggregates it is necessaty to have a relation between the equivalent radius of
-aggregates and the crack area. 'The approach to obtain this relation is described below.
Tt appeared that the maximum crack width in the Petroleum Harbour sediment
was about 0.01 m at distances of about 0.20 m and in the Wemeldinge sediment
slightly less. The hexagonal shape of the aggregates as introduced by Bronswijk (1991)
is used to formulate an idealized approach for the calculation of the aggregate size as a
function of the crack area. The surface area of cracked sediment is shown
schematically in Figure 2.11.

' Perimeter of
’ polygon: 2v/3d

Figure 211  Geometry model of the crack pattern in harbour sediments. o =
diameter of polygon.

Surface area of
polygan: 1/2V3d°

The starting point for the calculations is completely saturated sediment with a surface
area of 1 m* Introducing increasing numbers of aggregates per m? gives the atea per
saturated aggregate. The contributon of the aggregates to the crack area depends on
the value d of the hexagonal aggregate. The maximum contriburion to the crack width
(Woy is 0.02d in Petroleun Harbour sediment, and 0.014d in the Wemeldinge

sediment. An example of the calculation procedure for Petroleum Harbour sediment

is shown in Table 2.14. 'The following calculation steps were necessary to calculate the
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crack atea (A4,,), the shrinkage corrected value of d and the radius of the equivalent
cylinder (r,4) for different number of aggregates per m? (N):

I Maximum surface atea of the aggregate 4. (n) at given number of aggregates.
. Maximum diagonal d,a(n)of the hexagonal aggregate.

ML Width of the cracks W,4(n). The value for n=1 is based on field observations.
IV, Length of cracks L..(n). ’

V. Increase of the length of cracks AL, (n). (n-(n-1)).

VI Increase of crack area Ad.(n).

VIL.  Crack area 4,(n).

VUL Cortection of dg(n) for shrinkage to give dean(n).

IX.  Radius of the equivalent cylinder #e, (n).

Table 2.14 Example of the calculation scheme of the rclatin‘n
between crack area (4,,), The shrinkage corrected value of d.., and
the radius of the equivalent cylinder (Fe,).

Number of aggregates per m(N) 4619 10 20 25 30 35 40
Calculation number (n) 1 2 3 4 5 6 7
Caleulation step

Amac(n) = (1/N (@) (m? 02165 0,1000 0.0500 0.0400 0.0333 00286 00250

T Dy (n) = V({(2/V3) Ay (m) 0.5000 0.3398 02403 0.2149 01962 0.1816 0.1699
M W) = 0.01 el 1) + e 00100 0.0084 0.0058 0.0046 0.0041 00039 0.0035
(w)) (m)

IV Ln) = 23N dpu(n) m 800 1177 1665 1861 2039 2202 2354
v AL, ()= Ly (n)— Ly (n-1)m 8.00 377 4.88 1.96 1.78 1.63 1.52

VI Ad,(0) = 05W,n). AL, (nym2z  0.0400 00158 0.0141 00045 0.0037 0.0031 0.0027
VIT A,(n) = A, (n-1)+AA,(n) m?/m2 00400 00558 00700 00745 0.0781 0.0812 0.0839
VT d, i (n) = V(1 = A () Gpa(n) m 04899 03302 02317 0.2068 0.1884 0.1741  0.1626
X e () =[V3/@n)] 5 dope(n) m 02572 01734 01217 01086 0.0989 0.0914 0.0838

In the last calculadon step, the hexagonal aggregates are transformed into cylindrical
aggregates, giving the calculated equivalent radius 7., The result of this step wise
calculation (equivalent radius r., of the aggregates as function of crack area A4..) is
presented in Figure 2.12. The telations can be expressed by the following equations:

Petroleum Harbour: #, = 0.706exp(-25.34,) (2.31)

eq

Wemeldinge r 0.759exp(-35.84, ) {2.32)
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Figure 2.12:  The relation between A,, and req in Petroleurn Harbour and Wemeldinge
sediments.

2.5 Modelling of processes in a landfarm

As shown in previous parts of this chapter the rate of aerobic degradaton of
contaminants does not depend on the presence of active degrading otganism. They
are present and a suitable populaton is quickly developed in aerated sediment.
However micro-organisms ate not present on every place in the soil. It will be
necessary for contaminants to desorb and to diffuse to the degrading organism, which
is a slow process. Creating wet conditions and an extreme reduction in the size of
aggregates may stimulate the desorption rate, but this is not realistic under landfarm
conditions. Wet conditions will give an aeration problem and it is nat possible to
decrease aggregate sizes to less than 1 mm with agricultural equipment. [f desorption
is the limiting factor for degradation, the three-compartment model (Equation 2.16)
can be used to predict the degradation. Examples will be shown in Chapter 5, 8 and 9
using rate constants measured under field conditions.

Especially during dewatering and ripening of the sediment, the presence of
oxygen is the limiting factor for degradation. The relevant processes for the aeration
in combination with the degradation processes as described before have been included
in an aeration model to predict the results of landfarming during dewatering in order
to evaluate different factors that can be influenced with the intention to improve the
results. The model and model results are described in following sections.
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2.5.1 Description of the aeration model

As shown, the presence of oxygen in developed soil aggregates depends on a large

number of factors. Because the oxygen supply is most important during the start of

landfarming of sediments, the model desctibed is mainly focussed on the processes

occurring duting the dewatering phase of landfarming and includes:

— Formation and aeraton through cracks as a result of shrinking (see 2.4.2).

— Size of aggregates as a function of moisture potential (see 2.4.4).

~ Degradation of organic matter, rate of this degradaton and requirement of oxygen
(see 2.2.3).

.~ Oxygen present in aggregates (see 2.4.4).

— Variation of temperature during the year (see 2.3.5).

- Dependency of the activity of micro-organisms on temperature (see 2.3.5_).

Because the amount of organic matter in sediment is much larger than the amount of
contaminants and part of the organic matter in sediments is easily biodegradable, the
reguirement of oxygen for the degradation is set by the amount of degradable organic
matter. It is assumed that the organic mater is degraded at the same rates as the
Ofganic contaminants. The three-compartment model (Equation 2.16) is used to
calculare the degradation of organic matter. This assumption is based on results
Presented in the following chapters and rthe data presented in Table 2.5. Outputs of

the model are the aerated fraction £, . in the aggregates and the fractions of organic

matter degraded present in the three compartments; all on different depths.

The model is used to describe the aeration in the sediment and degradadon of
fast degradable organic matter in Petroleum Harbour sediment, using a sediment layer
of 1 meter. Subsidence by compaction and shrinking are taken into account (see
2.4.2). The treated layer is divided into 4 layers of 25 ¢m and the calculated results
tepresent the situation in the middle of each layer. The model works with time steps
of one month, which is small enough if several years of landfarming are considered. It
is possible to use thinner layers and shorter time sieps, but this should be done in
combination with improved input data (Vermeulen, 2004). The purpose of the
modell.ing applied was not to predict exactly what will happen on the landfarm, bur to
select the processes that have influence on the aeration and degradation and are

applicable on a landfarm.

2.5.2 Results of the aeration model

The aeration model described in previous section has been run first (reference
situation) using the following set of data (Table 2.15). Running the model using these
conditions gave the aerated fraction and degradation curve as presented in Figure 2.13
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Table 2.15 Used input for the landfarm aeration maodel {reference

situation).
Depends on Used dara

Crack area Soil water potential See Table 2.13
Air filled pore volume Soil water potential See Table 2,13
Equivalent radius Crack area See Figure 2.11
Temperature Time See Figure 2.7
Activity micro-organism Temperature See Figure 2.6
Oxygen consumption Temperaruge, organic matter [ See 2.2.3
Diffusion coefficient oxygen | temperature See 2.3.5
Solubility of oxygen remperature relation presented by Rijtema

et al, 1999

Oxygen saturation in crack

Oxygen consumption and
depth

Set at:

0-25 cm = 0.955
25-50 cm = 0,859
50-75em = 0.717
50-100 em = 0.477

Organic matter

Amount and different
degradable fractions (see
Table 2.5)

41.51 g/kg fast degradable, &
=3yl

35.89 g/kg slow degradable, £
=035y

2162 g/kg  very
degradable, £ = 0.05 y*

slow

Vegetation

Autonomic development

No vegeration in the first year.
Roots in second vear dll 25
cm depth

Agrated fraction Crganic matter g/kg
1 20
0.8 s
0.6
10 -
0.4
0.2 g > . s
Olllllll[lillll:j’lIIII'IIJ.T—I_I UIIIIIJIIJ|||||‘||1|| L
Dec Jun Dec Jun Dec Jun Déc Jllm
0 -25Cm e 50-75
-------- 25-50 —_——— 75-100
Figure 2.13  Acration and degradation of fast degradable organic matrer using the

landfarm aeration model and input data as given in Table 2.15 (reference situation).
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Figure 2.13 shows, that the aeration of the upper 25 cm is not a problem. In the
second year also the second layer becomes aerobic. For the two lower layers the
oxygen supply in the second year is not sufficient to achieve aeration. The aeration in
the upper layer results in degradation of most of the fast degradable fraction in the
first year. In the second layer 2 degradation period of more than 2 years is necessary
due to slower acration. The amount of degradation in the two lowest layers is very
small.

If the organic matter is more easily degradable (set by a degradation rate
constant of 10 y-1), it results (Figure 2.14) in a2 complete degradation in the upper 25
¢m during the first summer. Because the easily degradable (raction is removed, a fully
acrated layer is obtained earlier in next year. The higher oxygen consumption during
degradation gives a lower aerated fraction in the lower layers In winter the aerated
fraction drops to a lower value in the layers where the fast degradable fraction is still
present.  The degradability of PAHs can be improved by using oxidising agents
(Cassidy et al., 2001) and surfactants (Volkering et al., 1995). In slutry systems these
acdvities gave improved results. This calculation shows that these activides ate not
effective for landfarming of seditnents, because on a landfarm oxygen is limited.
Application of methods for increasing the availability for degradation conditions to
oceur should be combined with improvement in the aeration.

Aerated fraction Organic matter g/kg

1 20 F
0.8 15 = =
06

10

0.4
0.2 50

0 Gllllllllll II‘IIIIIIlll.r-l-i

Dec Jun Dec Jun

-------- 25-50 — — — 75-100
Figure 2.14  Aeration and degradation of fast degradable organic matter using the
landfarm aeration model. Rate constant for fast degradable fraction 10 y'L, other input
data as given in Table 2.15.

The activity of micro-organism can be increased by using a higher temperature. This
approach is often used by landfarming of terrestrial soils in halls in The Netherlands,
Using the model, it is investigated if this can be successful for landfarming of
sediments. The temperature is set at 16.8 °C; the highest temperature during the
teference treatment. As shown in Figure 2.15 there is hardly any difference between
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the higher temperature and the reference situation. Only during the winrer period the
aerated fraction in the lowest three layers becomes smaller. From this figure it can be
concluded that the actvity of organisms is not limiting biodegradation, but it is the
supply of oxygen. Increasing of the temperature can probably be effective after fully
aerated sediment is obtained and the oxygen demand of the sediment is lower. The
effect of higher temperature on degradation of contaminants afrer dewatering is
addressed in Chapter 6. .
Not taken into consideration is the increased evaporation at higher
tetaperatute. This has to occur at the surface of the landfarm. In winter condensation
ulso will take place at the surface. High evaporation can only be achieved at high
ventilation level and it is questionable if this can be achieved without high losses of
energy in a landfarm. Cultivation as described below is probably more effective.

Aerated fraction Organic matter g/kg
1 20 -
08 L
0.6
10
0.4
0.2 51
0 o 0 Y I R L1 L1
Dec Jt.lm D_gc Jdn
0D -25¢cm e 50-75
-------- 25-50 — — — 75-100

Figure 2.15  Aeration and degradation of fast degradable organic matter using the
landfarm aeration model. Temperatute at 16.8 °C, other input data as given in Table
2.15.

The demand for oxygen is reduced if the amount of oxygen consuming organic matter
is lowered. This is simulated, by taken only one third of the original organic matter
(Figute 2.16). This gave a high reduction of the oxygen need of the sediment. The
upper two layers became more quickly aerated; the second layer also became quickly
aerated in the first summer. Although the aeration in the lower layers imptoved, more
time is still necessary to obtain a fully aerated soil. In the lower layers the sizes of the
aggregates are still large because of the high moisture content (low soil water

potental). Oxygen diffusion into these aggregates will be more impottant and this is a
slow process compared to diffusion in cracks,
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Aeraled fraction Organic matter g/kg
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Figure 216 Aeration and degradation of fast degradable organic matter using the
landfarm acration model. One third of the original otganic matter, other inpur data as
given in Table 2.15.

Above model results shows that landfarming of a layer of 50 ¢m is possible if natural
dewat(.nng and ripening can be applied. The low aerated fraction on latger depths will
be the limidng factor for landfarming of thicker layers. Improving the aeration by
having complete oxygen saturation in all cracks (in the model this is achieved by
setting the oxygen saturation on 1 at all depths} only slightly improved the results in
the lowest layers. The maximum aerated fraction increased to 40 and 18 % in
respectively layers between 50-75 em and 75-100 cm. After 2 years respectively 14 and
2.4 % of the fast degradable organic matter (including fast degradable contaminants)
was degraded on these depths. As mentioned before, at the highest depths the sizes of
the aggregates are large and the supply of oxygen is the limiting factor.

The only way remaining to improve the aeration at larger depths is to decrease
the moisture content, which can be obtained by an increase of the soil water potential.
This can be achieved using intensive ploughing and cultivadon during the first spring
and summer, which will increase the evaporation of water. The frequency of
ploughing must be high enough to prevent equilibration with the groundwater. All
sediment parts will be at the surface during this year and complete (99%) degradation
of the fast degradable organic matter (including fast degradable contaminants) in all
layers can be assumed. After this period, the intensive treated sediment remains
untreated and attains equilibrium again. Using this as input parameters, the aerated
fractions (Figure 2.17) stay high, because the requirement of oxygen has become
much lower. Only in the lowest layer is the oxygen supply still the limiting factor. This
apptoach to the problem that includes intensive landfarming in the first spring and
summer and passive landfarming in following years, a layer of 75 c¢m of Petroleum
Harbour sediment can be treated on a landfarm. The degradation curve for this
situation is not presented, because it is assumed rhat all organic matter was degraded
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in the first year. In this situation the degradation of the slow and very slow degradable
fractions will start eatlier at all depths.

Aerated fraction
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Figute 2.17  Aeration using the landfarm aeration model. The sediment is intensively
treated until September and left further, other input data as given in Table 2.15.

Another way to increase the soil water potential is the use of vegetation having roots
in the lower layers. Application of vegetation is already included in the model. In the
reference situation, roots are present in the upper 25 cm in the second year, The effect
of deeper rooting vegetation is given in Figure 2.18. In the first year vegetation is
present with roots downward to a depth of 25 cm and roots develop to a depth of 50
cm in the second year. In this situation the second layer becomes aerated sooner
compared to the reference situation and the aerated fraction in the layer under the
rooted zone becomes larger. This gives an increase of the degradadon of fast
degradable organic matter and contaminants in this layer. Instead of 10% (reference
situation) 38% is degraded. Degradation is less than in the intensive treated situation,
but in 5-6 years complete degradation of the fast degradable fraction can be expected
in this layer.
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Figure 2.18  Aeration and degradation of fast degradable organic matter using the
landfarm aeration model. Depth of roots 25 cm in the first year and 50 cm in the
second year, other input data as given in Table 2.15.

2.6 Conclusions

To understand the amount of PAHs and mineral oil degraded during landfarming of
sediment, it is necessary to focus on the three most important processes,

— Transpott of the contaminant to a degrading organism.

~ Presence of an active degrading organism.

= Presence of oxygen, necessary for aerobic degradation,

A contaminant is only degraded if the contaminant, the degrading organism and
oxygen are present at the same place and ar the same time. The presence can be
expressed as the probability of finding each parameter in sufficient supply during the
treatment time. If one of these is zero in the whole landfarm or part of the landfarm,
then no degradation will occur and either no degradation or only partial degradation
will be observed.

Contaminant

Diffusion of the contaminant from a site without an active otganism to a site with this
organism can be described with a first ordet process in combination with the existence
of different adsorption sites. In the mathematical description of this diffusion the
moisture contents and radius of the aggregate are very important parameters, The
desorption rate constant is proportional to the square of the volumetric moisture
content and inversely proportional to the square of the radius of the soil aggregate.
Using the relations derived it has been shown that to achieve 2 high degradation rate
the size of the developed soil aggregates must be reduced to sizes smaller than 1 mm,
which is not realistic in a landfarm using normal agricultural equipment. At higher
moisture content, higher degradation rates as result of faster desorption rates will be
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obtained. A high water content, however, reduces the possibility of diffusion of
oxygen and the landfarm will become anaerobic, Increase of temperature has limited
effect on the rate of the desorption process,

Contaminants in the water phase are not always present as individual solved
molecules, but associated with dissolved organic matter. As a result, the differences in
the partition coefficient of the individual contaminants become much smaller, If
diffusion is the time limiting step for degradation, it is to be expected that the rate of
degradation for individual PAHs becomes comparable.

Within a time frame of years, organic matter cannot be considered as a constant
matrix. The rate of biodegradation of contaminants may also depend on the
biodegradaton of the otganic matter, by which the adsorption sites are partly
removed. Conversely, the organic matter may also change from a more rubber like
form to a glassy form in which contaminants are more strongly absorbed (Luthy ez a/,
1997).

Desorption processes, but also degradadon of otganic matter can be described
aising different desorbing or degrading fractions, exptessed as fast, slow, and very
slow. As mathematical description of the decrease of contaminant concentration as
well as for desorption and degradation of organic matter 2 sum of first order decreases
can be used.

Micro-otganisms

Regarding the micro-organisms it is concluded that they can be found on several
places in the treated sediment (the probability of finding an active micro-organism on
these places is 1). The site must be large enough to contain an organism. Not al sites
are large enough, so it will be necessary that the contaminant has to diffuse to the
organism. Most bacteria are present in small pores <1.2 um (Hassink, 1995} and the
contaminant and oxygen have to diffuse to these pores.

Landfarming is a slow process, which means that the acclimation time can be
ignored compared to the total process time. At the end of the landfarm period
degradation will continue even below the threshold value. However, bacterial growth
will stop resulting in a decreasing degrading bacterial population. The probability of
finding an active organism will decrease resulting in an extra decrease of the
degradation rate at lower concentration.

Oxygen

Sediments are anaerobic and after dredging they have to be transferred into an aerobic
soil by dewateting and ripening. This gives physical changes in the sediment, which
can be described by compaction and shrinking. The sediment becomes a soil with
cracks and aggregates. The distribution and sizes of cracks and aggregates depends on
the soil water potential. In the upper layer of landfarm and especially if vegetation is
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growing this potential is high, resulting in such a disttibution that all aggregates will be
acrated. At higher depths and closer to the ground water table the aggregates are larger
and diffusion of oxygen into the aggregates becomes more difficult. The aggregates
will only become aerobic if the amount of oxygen diffusing into the aggregate is at
least equal or larger than the amount consumed by micro-organisms for degradation
of organic matter. Moisture charactetistics for soil can be derived from basic soil
properties like clay and organic matter content and comparison with standard soils.
Soil obtained after dewatering and ripening of sediments has a less compact structure
compatred to the standard soils.

Prediction of aeration and degradation

If the sediment is completely aerated, then biodegradation is limited by the desorption
rate of the contaminant, or slow degradation of the organic matter. If the degradation
rates are known, then the degradation curves can be predicted using a ‘sum of first
order decreases. In Chapter 4 and further, the rates are measured and predictions are
made, which will show that this is a useful concept. In the first years of landfarming
during dewatering and ripening, the oxygen supply is the most important limiting
factor although also other factors may influence biodegradation. The effects of these
factors are evaluated using an aeration model, which describes the aeration in different
layers of the landfarm. Degradation of both contaminants and natural organic matter
is only possible in the aerated fraction. In the model it is assumed that both; organic
matter and contaminants are present in compartments with the same degradation rate
constants. The organic matter content is much higher and responsible for the oxygen
demand,

In all calculations, aeration in the upper 25 cm goes fast and the fast degradable
fraction of the organic matter is degraded within one year. Without activities on the
landfarm, degradation of the organic matter in next 25 cm will occur in following year.
In the lower layers the diffusion of oxygen is the limiting factor.

The effect of temperature on biological activity in the range 5°C to 25 *C is
high. Increasing the temperature could increase the degradaton rate, providing no
other limitations were present. However. the amount of fast degradable organic
matter (including fast degradable contaminants) requires so much oxygen, that the
diffusion of oxygen will limit the aeration. The model shows that higher temperature
is not effective at the start of the landfarm. In addition, it will not be effective after
degradation of the fast degradable organic matter, because in this phase of
landfarming the desorption tate is limited. The desorption rate of contaminants is only
slightly influenced by higher temperature (desorption is not included in the aeration
model),
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Increasing the availability of contaminants during dewatering is also not
effective. This increases the oxygen consumption and the net result is nil, comparable
with an increase in the temperature,

If the oxygen demand is decreased, aeration will also occur at higher depths.
This can be achieved with a lower content of fast degradable organic matter in the
original sediment, or by intensive treatment (cultivation} in the first year assuring that
all fast degradable organic matter in the cultivated layer is degraded.

The aeration and resulting degradation can also be stimulated by reduction of
the moisture content. This can be achieved by deep rooting vegetation. In the whole
rooted layer a fully aerated structure will be achieved. This is easy to calculate with a
model, but in practice it may take several years to obtain such deep rooting vegetation.
A depth of approximately 25 cm below the rooted zone also remains aerobic. The
total aerated depth with vegetation is comparable with the aerated depth afrer
intensive treatment in the first year. The calculations are made for the Petroleum
Harbour sediment (25% clay and 9% organic matter). Larger depths will be aerobic
‘with more sandy, low otganic sediments.

The calculations show that dry conditions stimulate the aeration and with
optimal dewatering, large depths can be applied on a landfarm. Diffusion of the
contaminant into the aggregates, however, is faster at wet conditions. These two
demands are in contradiction and in the landfarming of sediments a compromise has
to be found. Probably the Dutch climate conditions, wet in winter and dry in summer,
is already a proper compromise. During winter diffusion is more optimal and during
summet aeration is more optimal.

2.7 List of symbols

A, = crack area in m?/m?

A4, = increase crack atea in m2/m?

A = maximum surface area of aggregare in m?2

b = ratio of water adsorbing capacity between organic material and
clay minerals, the factor & generally is given the value 3.

[contaminant] = probability of finding the contaminant molecule on a place
xyz, pet unit of time

CIN = carbon/nitrogen ratio of the organic material

C, = comptessibility constant of the material in m/m

¢ = contaminant concentration in the aggrepates in kg/m3

Co = sorbed contaminant concentration ar /=0 in kg/kg

C = sorbed contaminant concentraton at /=¢in kg/kg
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equilibrium oxygen concentration in water at the air/water

boundary in kg/m3
contaminant diffusion coefficient in water in m2/d

contaminant diffusion coefficient in soil/sediment pote
water in m2/d

oxygen diffusion coefficient in cracks in m?/d
diffusion coefficient of oxygen in pore water in m?2/d

oxygen diffusion coefficient in air in m?/d

dissolved organic matter in kg/m?

dissolved organic carbon in kg/m?

maximum diagonal hexagonal aggregate in m
corrected value for diagonal hexagonal aggregate in m
maximum diameter of a water filled pore (m)

fracdon of contaminant in fast desorbing/degrading

compartment
fraction of contaminant in slow desorbing/degrading

compartment

fraction of contaminant in very slow desorbing/degrading
compartment

mass fraction C in organic material in kg/kg

mass fraction of clay in kg/kg
mass fraction of organic carbon dissolved in water in kg/kg

fracton of linear extensibility

fraction of linear extensibility at wilting point
mass fracton N in organic material in kg/kg
mass fraction of organic carbon in kg/kg
mass fraction of organic matter in kg/kg

mass fraction of sand in kg/kg
magnitude of gravitational field strength in N/kg

layer thickness without top load in m
fraction of organic material decomposed in the petiod

considered in kg/.m?/d

linear adsorption coefficient in m3/kg

partidon coefficient between organic matter (expressed as
organic carbon) and water

partidon coefficient between dissolved organic matter

{expressed as otganic carbon) and water
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octanol/water partition coefficient

first order kinetic rate coefficient in #1

rate constant fast desorption/degradation in y!

rate constant slow desorption/degradation in y!

rate constant very slow desorpﬁon/ degradation in y-!

initial layer thickness of the dredged sediment on the landfarm
inm

length of cracks in m

increase lengrh of cracks in m

probability of finding an active degrading micro-organism on
place xyz, per unit of time

molar mass

shape factor for the aggregate structure, with

m =0 for plate aggregates;

m =1 for cylindrical aggregates;

m =2 for spherical aggregates

soil ripening factor

number of contaminant molecule

probability of finding oxygen on place xyz, per

unit of time

correlation coefficient

distance from the surface to the centre of the aggregates in m
equivalent radius assuming cylindrical aggregares in m

= geometry factor

i

solid organic matter
water solubility in mole/dm?
oxygen demand of sediment in kg/m3/d

oxygen demand for carbon oxidation per day in kg/m3/d

oxygen demand for nitrification in kg/m3/d
time in unit of time

half life dme in unit of time

volume of aggregate in m3

crack volume in m3

volume of the aggregates in a dry state in m?
moisture volume in the root zone in m¥m?2

volume of saturated soil aggrepates in m3
width of cracks inm

co-ordinates in the volume considered
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final subsidence of the landfarm due to itreversible compaction
inm

depth of brake point in subsoil moisture distribution in m
thickness of the root zone in m

layer thickness at saturation in m

layer thickness 2t moisture content 8 in m

volume fraction of total pore space in the aggregate in m3/m3
tortuosity factor

internal aggregate moisture comntent in m¥m3

water content of the saturated sediment in kg/kg

moisture fraction of the saturated sediment in m¥m?
moisture fracton in the root zone in m3/m3

specific weight of the sediment/soil in kg/m3

specific weight of sand in kg/m3

specific weight of clay in kg/m?3

specific weight of organic matter in kg/m?

dry density of soil/sediment in kg/m3

density of the liquid phase = 1000 kg/m3

surface tension of water in J/ m?

soil water potential in mbar
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3 Chemical measures of bioavailability

3.1 Introduction

Contaminants such as PAHs and mineral oil are biodegradable. In the short term (1-2
yeats on a landfarm), not all contaminants are degraded and a tesidual concentration is
left. This lack of degradadon is explained by limited bioavailability, which is a widely
used concept, Bioavailability is one of the key factors in the selection of a temediation
Strategy (Rulkens e 4/, 2003). The theories, explained in Chapter 2, provide a
theorerical background for litnited bioavailability. Without experimental confirmation,
bioavailabiliry will only remain 2 concept. Measured data that indicate the size of the
bivavailable fraction and the kinetic parameters involved have to support (validate) the
theories to explain slow biodegradation.

The ability to accurately determine the effects of contaminants on individual
Species, populations, communities and ecosystems is hampered by an uncertainty in
the quantificadon of exposure of the individual species (Alexander e7 a/, 2003). This is
also true for the prediction of biodegradability. This uncertainty has often resulted in a
conservative approach in exposure assessment described in regulations that assume
that the entite amount of a contaminant, present in a given soil or sediment, is
available for uptake by possible receptors. Observations in laboratory and field studies
have demonstrated that the responses of at-risk populations are not affected by the
total concenrration of a contaminant in the soil (Alexander, 2000). Instead, they are
affected by only that fraction that is biologically available for that population at that
time and soil condition. This is particularly true in soils that interact with contaminant
molecules in such a way that the contaminant is not attainable anymore by the
Organism ot is present in 2 not available form (sometimes refetred to as sequestration
of itreversible sorption).

The translation of information on bioavailability into acceptable evaluations of
‘how clean is clean’ (e.g, site-specific limits for regulating the exteni to what
concentration of a contaminant a soil has to be cleaned up) is essential for establishing
realistic risk assessments and endpoints for remediation. Administrators, however, are
still strongly focussed on total concentrations. These endpoints have already been in
use for several decades and therefore are easier to handle. Chemical laboratories have
supplied a large amount of ‘total’ data, which are also used for soil quality maps,
Following a request from the field of risk assessment and standard setring, a
discussion has started in the Netherlands in order to advise on the future role of
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biological availability in standard setting and risk assessment (Sijm ef af, 2002,
Peijnenburg ¢ 4/, 2002).

In Europe, the Soil Communication Paper (EU, 2003a2) has initiated a
discussion on development of European soil strategy. In this discussion it was
possible to include new developments, and the Task Group on Contamination
concluded that (bio) availability has to be included in the new European policy:
“policies for soil protection should be flexible and take aspects of (bio)availability into
account, especially for immobile persistent chemicals (metals, PAHs). At least
consensus on the concept of bioavailability should be part of new policy on soil
protection” (EU, 2003b).

In those cases where a pollutant recently has been introduced to the sysrem
(such as in laboratory experiments or through the application of pesticides); there is
chemical equilibrium between water and the solid phase. Effects can be predicted
using partition coefficients that are measured in a specified soil or using 2 more
» general pattition coefficient model (DiToro ¢ al, 1991) between organic matter and
water (for organic contaminants). The equilibtium approach has been used and is still
in use. This approach links the total concentration to effects of contaminants by
calculating an available fracdon. If the pollutant has already been present for a long
time, it is not possible to explain effects from the total concentration and use of a
partition coefficient (Beelen ef 4/, 2001). In different sediments and soils, measured
partition coefficients may differ up to three orders of magnitude {Cornelissen and
Kamerling, 2003). Assuming that the pore watet concentration is responsible for
effects on organisms, these effects can only be expiained by introducing a bioavailable
fraction of the contaminant.

The bioavailable fraction may differ from soil to soil and depend on soil
characteristics and environmental conditions. Moreover, due to ageing, the binding of
the contaminant to the soil may become stronger and effects on the environment
consequently smaller. On the other hand, by natural or anthropogenic changing of soil
factors (e.g., pH), contaminants may become more available,

Bioavailability can only become a practical tool when all risk assessors are using
the same common concept and not their own specific one. For instance, a chemist
can measure a chemical that he calls bioavailable, but as long as the chemical
concentration has no relation o (biological) effects, it is meaningless. The same holds
for a toxicologist who can measure an effect, but this effect has to be related to a
chemical fraction of the toral amount of the contaminant; the (bio)available fraction.
By having a common framework on bioavailability, it will be possible to introduce
workable (standard) methods that can be used in soil and site assessment. This chapter
is a contribution to this discussion,

[')uring the tesearch ft?r this thesis, bioavailability has been developed from a
theoretical concept to a practical process, where bioavailability can be measured using
complex methods and methods suitable for routine application in regulatory activities.
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In this research, bioavailability has first been used to explain the sometimes limited
aerobic degradation of PAHs and mineral oil. Later it has also been used to explain
toxicological effects. Different ways of thinking about bioavailability in the different
scientific areas are described in this chapter.

Although the full implications 2nd mechanisms undetlying bioavailability are
still in development, the term has been used historically in agriculture and agronomy,
for example, to describe the availability of nuttients and heavy metals to plants. In this
chapter a summary of bioavailability for different applications is followed by an
overview of possible chemical measures that could be used to establish the
bioavailable fraction of organic contaminants. Experiments to develop chemical
methods used in this study are described as part of this chapter. A chemical measure
can only be meaningful when it is possible to relate the measured value with an effect.
Finally, implementation and use of bioavailability in regulations is discussed.

3.2 Definition of bioavailability

Bioavailabih'ty is a2 concept for which no simple genetic definition can be formulated.
It is presented as a concept and always related to specific situations or to values
Mmeasured by specific chemical extractions or bioassays. Consequently, bioavailabiliry
has to be defined conceptually as well as operationally. The National Research Council
(NRC) Committee on Bioavailability of Contaminants in Soils and Sediments (NRC
Committee, 2003y did not define bioavailability, but discussed ‘Bioavailability
Processes’. This discussion combines the conceptual and operational definition as
used in this chapter.

3.21 Conceptual definition of bioavailability

A general definidon of bioavailability is given in ISO/WD 11074: ‘Bioavailability is the
degree to which chemicals present in the soil mattix may be absotbed or metabolised
by human or ecological receptors or are available for interaction with biological
systems’. This definition is suitable as a conceptual definiion, but has some
limitations. The time factor is not cleatly specified and it is not clear if there is a single
degree of bioavailability or if it is dependent on the receptor or system. Users with
different backgrounds have provided different, more specific definitions as to what
they consider to be bioavailability. For practical purposes, mote specific conceptual
definitions have been derived, for example, as follows;
— bioavailability is the flux of contaminants to biota (Gary e al, 1999).
— biocavailability is the amount of chemicals in the soil that are present in forms and
amounts that plants or other organisms can take up during the time they are
growing (Warrington and Skogley, 1997).

97



Landfarming of polycyclic aromatic hydrocarbons and mineral oil contaminated sediments

— bioavailability is the rate at which a chemical compound can be transported to the

specified biological population (Shor and Kosson, 2000).

These definitions can be grouped into two categories (Wada, 2003}, ie.,
bioavailability defined in terms of flux or rate (mol/m?2/s) and bioavailability defined
in terms of content {mol/kg). Theoretically, the content-based bioavailability is
obtained by integrating the rate- or flux-based bicavailability over time. Practically,
however, it is difficult to directly measure the rate of processes and the flux- or rate-
based bioavailability is estimated from content-based bioavailability by dividing it by
time. Thetefore the content-based bioavailability is of primary imporrance from the
experimental point of view.

Tt is interesting to ask colleagues with different backgrounds to describe the important

aspects of bioavailability. The following aspects were mentioned?:

— Characteristics of the soil {(organic matter, pore size distribution, structure).

— Type of otganism, bacterivore vs. hetbivore nematodes, man or wildlife, individual
vs. population different ways of uptake.

— Properties of the contaminant, chemistry, speciation, mineral oil is not the same as
heavy metals, mass transport.

— ‘Titne, life span of organisms, changing of soil properties, degradation.

— Bioavailability as a continuum, ranging from actual to potential.

It is impossible to incorporate all these aspect in a short definition. When reading a
specific definition, it is always important to know the background of the author. Van
Brummelen e o/ (1998), as ecotoxicologists, prefer 1o use more general phrasing,
analogous to the definition used in pharmacokinetic studies, described by Belfroid e/
al. (1996): "The fraction of the chemical {(contaminant) present in soil/sediment and
(interstitial) water which can potentially be taken up during the organism life-time
onto the organism tissue”. They suggest the best way to measure availability of PAHs
15 to determine the uptake rate parameters from kinetic studies. This is found to be
quite laborious; also bioavailability is usually assessed from tissue residues. From an
ecotoxicological point of view, measuring tssue residues seems logical, but it implicitly
includes the opporrunity of organisms to eliminate the contaminant and the possibility
of organisms to regulate the uptake. For instance, PAHs can be bioavailable for
micro-organisms, but will not be found in these organisms because they are
biodegraded. PAHs can be found in fat tissue of worms but nor in the tissue of worm-
eating mice, because mice can eliminate PAHs. If the eliminaton processes are not
taken into account, it will lead to an underestimarion of bioavailability, Very important
in theit definition is the relationship with organisms. Bioavailabi{ity depends on the
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otganism; therefore there is not one type of degree of bicavailability, but
bioavailability should always be combined with ‘for” and the name of an organism or
group of organisms. It is, therefore, niecessaty to distdnguish between, for exarnple,
bioavailability for human beings, for plants and for micro-organisms,

In a stepwise apptroach suggested by Peijnenburg ef o/ (1997), it is possible to
Connect the target organism witch the soil. This is based on the observation that for
heavy metals, both abiotic {(physico-chemical) processes and biotic (uptake and
telease) processes are, for the most patt, related to the dissolved fraction. Therefore it
is possible to subdivide availability into three phases:
~ Physico-chemically driven desorption process.
= Physiologically driven uptake process from the warer phase.
~ Physiological/metabolic  driven internal  reallocation process, leading to

degradation, to loading of a target organ, an accumulation otgan, or release.

In this approach, the desorption process is described using distribution coefficients
such as in an equilibtium evaluation. As shown in this thesis and by Beelen e of
(2001, the use of equilibtium is not possible for lipophylic organic contaminants. If
equilibrium is replaced by interaction, in which interaction is properly described, chis
approach can also be used, as already described in this thesis in Chapter 2.

Cuypers (2001) also concluded that depending on the aim of the investigation,
differen definitions were used in the literature. From an environmental technology
baCkground telated to bioremediation, he defined bioavailability as “The ability of a
contaminant to desoth to the aqueous phase, within the time-frame of an experiment,
under infinite dilution conditions’. He assumed that all contaminants desorbed and
Present in the aqueous phase were available for biodegradation and were also
degraded, which kept the concentration in the aqueous phase very low (infinite
dilution),

From a chemical/ transport point of view, availability is the amount per mass or
volume unit that can desotb from soil ot (suspended) sediment in a certain period of
ime under specific conditions. It can also be defined as the amount reversibly
adsorbed to the soil again under realistic (temperature, moisture content) boundary
conditions, Ecologists define bioavailability as the amount (or concentration) to which
Organisms are actually exposed, and that can be taken up, possibly causing an effect.
Availability may also lead to biodegradation of the contaminant, which may be
considered as a special type of effect. Including interacdon with ground water,
definitions are focussed on the amount present in the water phase and on the
potential amount in equilibrdum with the water phase of the soil. This is the amount
roughly equivalent to the amount that can feach to lower soil horizons and ultimately
to the ground water. '

All these definitions include the time factor, which can be expressed as rate
(1/1), life-tirne (1) and exposure (conc/t). There are barriers to transport in he soil, to
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organisms and within organisms to the target organ. These barriers to transport are
soil or organism dependent and therefore constitute uncertainties. Combining all
approaches the sequence as presented in Figure 3.1 is essential for the concept of
availability.

Total concentration in soil/sediment

available/exchangeable concentration
in soil/sediment

Internal concentration
organismftransperted amount

Effect {degradalive organism,
target or storage organism, teaching)

Figutre 3.1 Pathways for contaminants adsorbed in soil to achieve an effect in the
target organism,

Because availability depends on time, it is not a fixed fraction but should be divided
into more fractions or described as a continuum. The simplest approach is to define
an actual available fraction, a potential available fraction, and a non-available fraction.
The potentially available fraction includes the actual available fraction bur cannot
exceed the total concentratdon. For establishing the potental bioavailabiliry, it is
important to define the total system: soil, including the organisms and environmental
conditions that influence the fate of a contaminant in the soil or the activity of
organisms. Considering an organism, a ‘bio-influenced’ zone can be defined, which is
that part of the surrounding soil and pote water with which an ofrganism interacts.
Factors having influence on this zone are the possibility of an organism to produce
exo-enzymes and other exudates or the possibility to influence the pH (thus affecting
uptake by higher organisms). Consequenty, the available concentration may have
different values as illustrated in the following examples where two actual availabilities
and four porential availabilities are distinguished:

— Organisms in .bioassays such as Librio fischerr and Daphnia magna react on
concentrations in the water (actual availability 1).
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~ To explain actual leaching, the pore water concentration can be used (actual
availability 2). For potential leaching it is necessary to know the total amount that
can desorb (potential availability 1).

= Micro-organisms can degrade the concentration in the pore water, but also the
contaminant that is able to diffuse from small soil pores to the pore water during
the bioremediation process (potential availabiliy 2).

— Worms consume soil and may influence bioavailability due to physical and
biochemical interactions with the organic and mineral soil constituents (potential
availabiliry 3).

~ Small children also ingest small amounts of soil; due the human digestion syitem

{also acid conditions) a strong interaction with the soil will occur and more may
become available (potential availability 4).

From a soil scientific point of view, regardless of different uptake tnechanisms, the
formulation 1 minus the sequestered fraction can approach the bioavailable fraction.
It may be easier to measure the sequestered fraction instead of the available fraction
for example, measuring PAHs present in large tar particles. "Sequestration can be
defined as a process in which the envitonmental reactivity of a chemical is reduced by
Its complexation with other materials or its transfer or conversion to another phase or
State in 4 manner that is not readily reversible. With respect to acceptable endpoints,
Sequestration must be defined in the conrext of a specific set of envirenmental
teceptors, relevant time and space scales, and route exposure” (Anderson e al, 1999,
cited by Ball e af, 2000). When the extent of sequestration in any particular
environmental scenario is betrer understood, it will support the concept of
bioavailabih'ty. To accomplish this understanding, 2 reliable model is required to
explain the processes of complexation, transfer and phase conversion (Ball ¢/ &/, 2000).

For a definition that will be useful for different scientific disciplines, it may be
convenient to use an illustration. In Figure 3.2, bioavailability is shown as used in this
thesis. If there is contact of the contaminant with an nrganism, or contact takes place
during the observation time, the contaminant is bioavailable. Organisms concerned
are soil living organisms, from degrading micro-organisms to earthworms. In the soil
particle, part of the contaminant is adsotbed on available sites and part on sites where
it is not available for organisms, for example, in pores with a size smaller than the size
of an organism. Available contaminants can easily move to the water phase, and come
close to the organism (bioinfluenced zone). After passing the cell membrane, the
contaminant will be transferred into the organism or biodegraded.
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7‘ }Soil organism

_________ Bio-Influenced

H=======3 Zone

|
Non-available _ ', Available
Contaminant = 11, Contaminant |

—_—»

: ! Uptake Internal transport

|+— water —>l—— Cell/ Organism interior
[— Cell membrane

Figure 3.2 Conceptual diagram of the distribution of soil contaminants (i.e.,
available and non-available form), the bio-influenced zone that link soil contaminants
to biological membranes and further transport in the organism. Adapted and modified
from Alexander er @/, 2003.

It is important to differentiate between actual and potential availability. Actual means
instantaneous uptake by or a direct effect on organisms. Measurement of the actual
availability should therefore be focussed on that momentum and should not include a
time dependent step. Bioavailability is the amount in the bioinfluenced zone plus the
amount in instantaneous equilibtium with this zone (Figure 3.2). However, a time
dependent step is always part of a method. An organism required time to take up a
contaminant; and also chemical extraction procedures require 2 certain contact time.
Depending on the organism and the method used, the amount of available
contaminant will include a small or large part of the total amount (different dashed
lines in Figure 3.2).

The potential bioavailability is larger than the actual. Potential includes the time
factor and also a change in conditions of the contaminated soil or site. When
conditions change, bioavailability changes too. This can be organism-related or soil-
related. For example, the conditions in the stomach and in the intestines of children
will cause a change in the potential bioavailability in consumed soil. In the soll,
contaminants become gradually available due ro diffusion from non-available to
available sites, but may also become less available by diffusion to non-available sites
(ageing). This is represented in Figure 3.2 with arrows between the grey and white
areas in the soil. 801'1 degradation may rec-iuce the capability of thar soil for stable
binding of a contaminant due to degradation of otganic matter or decrease of pH.

Degradation of organic matter especially reduces the capability to bind organic
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Contaminants. New organic matter may incorporate organic contaminants and reduce

bioavailabi].ity,

3.2.2 Operational definition of bioavailability

Based on the pore water concentration it is pos;ible to explain effects like leaching,
plant uptake and toxicological effects of heavy metals or of pesticides just after
applicadon using ‘actual availability’. In those cases, ‘available fraction’ and ‘pore water
toncentration’ are equivalent. As a tool to measure the dissolved concentration, a
weak extraction method having the same extraction power as pore water can be used.
The actual availability does not explain biodegradation of PAHs, or effects on
soil consuming organisms such as worms (or small children), because other
mechanisms and time frames are involved. More contaminant than present in the bio-
mfluenced zone will pass through the cell membrane. For those purposes it is
flecessaty to use the term ‘potential’ bioavailability. If the actual availability is defined
as the concentration or acrivity in the pore water or the equivalent of that obtained in
a weak extracdon, the potential availability includes the adsorbed amount of the
Contaminant that can become available with time and through chemical processes.
Several operational definitions can be used. Examples are:
— Biodegraded using a specified method.
~ Uptake by specified plants.
— Uptake by a defined organism.

Regardless of the definition, the only direct way of measuring bioavailability is through
the use of 5 target organism (Bioavailabilityueee oravism)- This leads to an operational
definition such as: ‘Bioavailability is the uptake (resulting in accumulation or an effect)
of a component by a specified organism during a fixed period of time from the unit
mass of soil involved’. However this type of testing procedure is not acceptable for
use with higher organisms such as human beings. Therefore other organisms are often
used to study potential cffects. The number of organisms in the ecosystem is too
Numerous and test organisms that can be applied under laboratory conditions are
often used as indices for the total ecosystem (Bioavailabilitys.)

If a crucial and rate limiting process involved in the uptake of a chemical by an
organism or a group of organisms in a soil can be mimicked by a chemical process,
Bioavailability.mct ongnism €an be approximated by a chemical test, in which the
chemical process is allowed to work in the soil for a specified period of time. Tn
general, since the rate of the mimicking chemical process is not the same as that of
actual overall processes, the time needed to measure the bioavailability by the chemical
test (Bioavailabilitychem) 15 not the same {usually less time is necessary) to that for
Bioavailability.,.“. Generally, an important condition required for Bioavailabilitychem or
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Bioavailabilitysia is that it is a 1:1 funcdon of Bioavailabilityisge: omganism in statisdcal
sense:

Bioavailabilityuger organism = f{Bioavailabilitys, )= g(Bioavailabilitychen )

Where fand g represent some mathematical functions. The simplest case is that both f
and g are linear functions, where Biovailabilityumer orgamen 15 lineatly correlated with
Bioavailabilityei, and Bioavailabilitychem.

Bioavailabilityiasge: organism = &:Bioavailabilitybic+ C; = £zBioavailabilitygen + Cs

Where £ and € are constants and could be close to unity and zero, respecrively, when
the experimental conditions for biological tests and chemical tests are suitably
adjusted.

Biological tests and chemical tests have to be considered as a tool to give
indices of bioavailability for a target organism, both Fioavailability,, and
Bioavailabilityhem should not be taken literally as *hioavailabiliry’,

3.2.3 Definition of bioavailability in this thesis

Because this thesis describes the biodegradation of PAHs and mineral oil, the
conceptual definition of bioavailability is focussed onro biodegradarion:

The amount of PAHs and mineral oil that can be transporred (by diffusion or physical
change of the adsorption site) to a site with a degrading micro-organism in a defined fime
period and that can enter the bio-influenced zone of this organism.

This bioavailable amount will be biodegraded under aerobic conditions in that period,
providing there are no other limiting conditions for degradation. Because the time
period may vary, the bioavailable fraction is not a fixed amount. In addition. it is
related to a specific situation. The research in this thesis concentrates on landfar;niﬂg
therefore the operational definition is defined as:

The antount that is degraded acrobically on a landfarm in one year, under Dutch climatt
conditions.

As a tool to predicr the biodegradation, chemical measures are used, which extract 2
certain amount from the sediment. Because the mechanisms of these methods ar€

understood this tool is in agreement with the conceprual definition as illustrated 10
Figure 3.3 (Harmsen ef af, 2003).
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Conceptual definition
Diffusion 1o bioinfluenced zone
Biodegradation
Varizble time

—

Tool Operational definition

Cbserved diffusion . Observed bio-
Chemical isolation degradation landfarm
Fixed time Cne year

Figure 3.3 Used relations between conceptual and operational definition of
bioavailability and the tool to estimate bioavailability.

With biodegradation, it is assumed that organisms degrade the contaminant and no
negative effects remain. From an ecotoxicological point of view, biodegradation in the
conceptual definition can be replaced by reaching a target organ in the organism or by
achieving 2 negative effect in a part of an ecosystem. This will change also the
Operational definition and the tool. The tool can still be a chemical method, but also a
bio-assay. As soon as the relation berween the operational definition and the tool is
understood, the operational definition may help to define an acceptable protection of
the ccosystem, The value obtained with the tool can be used to predict if the

Ptotection level will be reached.

3.3 Present use of chemical methods for bioavailability

3.3.1 Nutrients

In the last half of the nineteenth century, agronomists and soil scientists began to
search for chemical methods to determine the concentration of individual plant-
available nutrients in agricultural soils. The impetus for this search was the need for
fecommended nuttient additions to achieve maximum crop yield. Mulder {1860)
stated: " Analysis Jfor the composition of soil to establish the fertility is useless. Availability is the
issue and not the amonnt present”. Chemical methods were devised that reasonably
predicted the bioavailability of inorganic ions necessary for plant development
(Hissink, 1909; Mehlich ¢ «Z, 1935, de Vries and Dechering, 1938).
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Chemical pardal extraction methods are now commonly used to evaluate
available levels of micro-nutrients in soils. Extraction methods have been optimised
by correlating extraction resulis with response of susceptible crop species to the
addition of fertilisers. An example of a routine soil test for plant-available (deficient
vs, adequate) Zn, Cu, Fe, and Mn is the DTPA test of Lindsay and Norvell (1978).
When any single extractant is used, results can be correlated well with the yield of one
crop but not for various crops. Agricultural experience has identified the crops and
the soils in particular regions for which an extraction method is applicable. Growers
are advised to test their soils when they plan a crop on a soil thar has not been
fertilised with a nutrient for some vears.

Soil water can be analysed directly to determine the actual amount of available
phosphate. Certain extractants can be employed then to assess the availability of
phosphorus with time (potential availability}. It is possible to extract specific mineral
fractions of phosphate, for example, phosphate present in amorphous (hydrioxides,
using an extraction with ammonium oxalate. In these minerals the potential available
fraction of phosphate is incorporated. Total phosphorus concentration, combining
available and non-available forms, is determined after complete digestion of a soil
sample with strong acids (Pierzynski, 1998). In Europe 17 different methods are
cutrently used to establish phosphate availability in relation o ctop growth (Tunney of
at., 1997). Each method is calibrated (available concentration against plant uptake) and
accepted by groups of users.

Due to the long tradition of using existing methods (mote than 50 years for
some methods), it has become increasingly difficult to implement new and improved
methods, which requires new calibration, change in the existing framework, and
acceptance by laboratories, advisors and farmers. An example is the extraction of soil
with 0.01 M CaCl; to establish the availability of several nutrients instead of using
different individual extraction procedures. In spite of scientific support (Houba ef @/,
1990), and reduction in analytical costs, this method was not introduced in the
Nethetlands because of lack of calibration for all crops and soils, lack of finance to
carry out the calibration, and therefore lack of acceptance by the users. Perhaps it was
one step too far to replace a lot of methods by one single extraction method. At the
present time, the extraction method with 0.01 M CaCls is more critically evaluated and
has obtained a mechanistic interpretation (Van Erp, 2002). Good results are obtained
for magneslum and potas&‘un.] and ‘results of 0.01 M CaCl, can be related with
conventional extractants. This increasing knowledge may
this method, but also of other methods with
extraction).

support the introduction of
the same principle (neutral salt

The influence of scientific publications is limited, as illustrated by the following -
example. Extracton with ammonium oxalate is used as an esti

available fraction of phosphate. Adsorption methods
or dialyses membranes filled with ferric oxide) a

mate for the potentally
(iron oxide impregnated papers
re used to study in a mote
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fundamental way the mobile fraction of phosphate (Freese ef al, 1995). Using this
method, tme is an important variable and by repeating the method with fresh
adsorption matertal, a single soil sample should give the potenttal available fraction.
Application, including replacement of the adsorbing paper during 66 days, allows for
the extracton of 15 up to 70% of the ammonium oxalate extractable phosphate.
Despite this large discrepancy between the two methods, there appears to be no cause
for doubt on wse of the established method (ammonium oxalate) for phosphate
Mmeasurement as used in the agricultural field. The observed differences are still subject
tO scientific discussions, which will lead to a better understanding of the behaviowr of
Phosphates in soil. A much longer period of time is required to ttansfer this
kﬂowledge on the availability of phosphate into tools for agricultural practise.

3.3.2 Heavy metals

Heavy metals in agriculture

Chemical tests of bioavailability are used in agriculture to assess toxicity in higher
Plants for elements including Zn, Cd, Ni, Cu, Co, Mn, and Al Soils differ in the
Concentration of metals causing phytotoxicity. These differences are usually related to
the ability of the soil to sorb or precipitate that clement. Sorpdon ability of soils is
commonly relared to soil properties (characteristics) such as organic matter, clay
content, levels of hydrous Fe and Mn oxides, and soil pH (which affects the sorption
behaviour onto sotbing components). Consequently analysis of total concentration
Provides little useful information.

In general, it is recognised that metals in soil are either in the available fraction
Ot are occluded in minerals, The ‘labile pool” of an element is a good measure of the
fraction that is potentially phytoavailable (Tiller, 1979). It is clear that some elements
can be occluded within Fe or Mn oxides and become unavailable to plants, even to the
€xtent that plants or animals grazing on those plants show deficiencies. It is known,
for example, that Co is occluded within MnO;z, and Ni within Fe-oxides (Tiller o7 o/,
1969, McKenzie, 1970; Mclaren e &/, 1985; Bruemmmer, ef i, 1988). Cd in either
oxide is pootly occluded, while Zn and Pb may be occluded to some extent (Ford e
al., 1997; Bruemmer et a/, 1988).

Heavy metals in soils are mainly adsotbed on those components that determine
the CEC (organic matter, clay and Fe- and Al-oxides) or are present as minerals such
as carbonates, In sediments they may also be present as sulphides. Adsorption onto
these minerals and soil components and or precipitation is more or less reversible.
This, however, gives rise to different results when determining the bioavailable
fraction. To predict the sclubility or phytoavailability of the element at the existing soil
PH, neutral salt extractions are commonly used rather than chelating agen:s or acids.
Thete are different methods available that are variations on the same principle. Soil is
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shaken with water (or a dilute salt solution) and adjusted to a certain ionic strength
(0.002 - 0.1). After equilibration, the water phase is separated by centrifugation,
followed by filtration over 0.45 pm, and heavy metals are then measured. The dilute
neutral salts (0.01 M CaCly and 0.1 M NHNQ;) have shown to extract amounts of
Zn, Cd, or Ni proportional to plant uptake (Sauerbeck and Hein, 1991; Prie of o/,
1991). If the soil is wet enough, pore water can be obtained directly using special
centrifuge tubes or porous cups that are placed in soils, pots or field sites. The
measured concentration is the actual available fraction. As long as the amount in the
soil is high compared to the amount in the water phase, and the methodology does
not alter the soil properties, the ratio berween water and soil will not be critical. and
comparable results will be obtained measuring pore water or an extract, ,

Heavy metals in organisms

Smit et /. (1997) obtained a good cotreladon between the ECsi of the springtail
Folsamida candida to both the CaCls>-available and water-available extraction, both in
freshly and long term polluted soil. During gut transfer in earthworms, the pH
remained more ot less neutral but organic matter was degraded, resulting in loss of
binding sites. An extraction with buffered CaClz (pH 7.2) gave a good correlation with
the uptake of cadmium {Osté ef al, 2001).

Some types of higher organisms ingest =oil, such as grazing cartle (sheep and
cows) and small children, Their digestion system is more agpressive compated to soil
tiving organisms (fow pH in the stomach, a large variety of enzymes and longer
residence times in rhe digestive tract). This may be responsible for a higher
bioavailable fraction.

Because soil Ph comprises significant risks to children through the soil
ingestion pathway, research has been conducted to identify methods to reduce ‘the
phytoavailability and bioavailability of Pb in soils. Feeding tests showed that soils
differed appreciably in the relative bioavailability of the Pb they contained (Ch;me'
and Ryan, 1994; Freeman ef al, 1992; Schoof o al, 1996). The bioavailable fraction 0}f
Pb in soils can become reduced by both formation of very insoluble phosphate
compounds (Ma ez al, 1993; Zhang e af, 1998) and increased soil ads‘f Lifn b
phosphate and hydrous Fe oxide additions (Chaney and Ryan, 1994; ;p i n(}i]
Cunningham, 1997). Using these processes in remediation m’ethod‘: ef:cti\?ely
?;d;?;‘-sd soil Pb bioavallability for pigs and rats (Chancy and Ryan, 1994; Brown ¢/ a/.

Chermical methods to evaluate the notential bicsavaiisbit )
under development since the 1990s, Onepof the ear?ya\aiiar:ilz jgfezoj Eb h:,“tf :e; n
test developed for dictary Fe: measurement of dissolved Ph aftér 1 hr of ioavai 5;] 111 1?
treatment of the soil, or after 1 hr of small intestine-like treatment Uf ts;omai T hz
measured Pb concentrations gave a good cortelation with the bioavai?ab]c E‘frZ:ijlon to
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rats (Ruby, e a/, 1995). This method was further improved, simplified, and
standardized as the Physiologically-Based Extraction Technique (PBET) (Ruby ez 4/,
199¢),

A good correlation between the stomach phase extracted Pb and absorbed Pb
(in blood or bone) was also observed in pig feeding studies suggesting thar the
€xtractton method could teplace feeding studies (Medlin, 1997). The method has been
examined further to simplify it as much as possible, and the otiginal inclusion of
flzymes, organic acids, and some other constituents were found to have no apparent
effect on extraction of Pb. As long as the extraction fluid pH is in the order of 2.0 2.5,
the simulated stomach phase extraction remains well correlated with absorption. Rood
(2000), however, showed that the uptake is also influenced by the physiological status
of the gastro-intestinal conditions. The gastric pH is expected to play a main role, and
can be as low as 1 for fasting conditions and as high as 6 for fed conditons. Using her
results, an acid extraction will give a worse case prediction of the uptake.

Questions remain about the retiability of both the pig and rat bioassays for
estimating Pb risk to children consuming soil, as children cannor be tested directly,
Adults have been tested, and weanling primates could be tested with different soils
and treated soils to determine if remediation treatments reduce soil Pb bioavailability
effectively, and whether different Pb-contaminated soils have different Ph risks due to

different bioavailabilities.

Heavy metals in soil extracts

Leaching tests

Pote water is used to establish phytotoxicity of heavy merals and is also an imporrant
medium far leaching of heavy metals. The pH has been found to primarily explain the
Concentration in the water phase of cationic pollutants. In leaching tests different pH
values are used (Van der Sloot ¢ «£, 1997). By using different leaching tests, Van der
Slaot {2002) was able to construct a figure showing the pH dependency of leaching of
cadmium (Figure 3.4). The amount leached which is also an estimate of the available
fraction, is low at neutral pH values and becomes increasingly larger in acidic
environments, When children ingest the soil, the availability in the stomach is almost a
factor 1000 higher than at neuttal pH 8. A method using a complexing agent (EDTA)
€xtracts the same amount as a solvent of about pH 2. This measuring point does not
fit in the graph because the mechanism is different. Other important factors are the
Presence of complexing agents such as Dissolved Organic Carbon (DOC), chloride,
and the redox potential. The increase in Figure 3.4 at higher pH can be explained by
an increase of dissolved organic matter. Under anaerobic conditions such as those
found in sediments, heavy metals may be present as very insoluble sulphides, and
consequendy their availability will be very low.
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Figure 3.4 Leached amount of cadmium from a cadmium-contaminated soil as
function of the pH. Ditferent leaching/extraction tests have been used in a method-
harmonisation project. Adapeed from Van der Sloot {2002).

Modelling of availability

It is possible to calculate the water-soluble part from the potential available fracton
(mild solvent extraction) using transfer functions (Reinds e 4/, 1995, De Vries ¢f af,
2002). Knowing that dissolved concentration is the driving force for plant uptake (at
least for the supply to the plant root), the uptake can also be predicted from the pore
water concentration. A transfer function contains parameters that explain the
distribution between the dissolved fracton and the solid phase. The most important
parameters are the soil characteristics pH, clay content and the content of solid
organic matter (SOM). A further improvement is the introduction of watet
characteristics like Ca?* and DOC (dissolved organic carbon). Examples of a transfer
function are given below. Reliable transfer functions for cadmium and zinc ‘are
available (Rémkens ef af, 2004). Those for copper and lead are less religble av: shown
by the smaller correlaton coefficient R? (Table 3.1). ). The best re 0

' lationship in arable
soils between heavy meral content and actual av

. . ailable amount in the water phase i3
not obrained by using the total amount obtained with an Aqua Regia digestion, but by
- * E

using an extraction with dilute acid (0.43 M HNOs). The amount extracted with
diluted acld-can be considered as the potentially available fraction. This is in
agteement with the maximum leachable fraction as presented in Figure 34 V;dues in
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the transfer functions (Table 3.1) are obtained by multple linear regressions of
measured data (Rémkens e o/, 2004).

LoglQsoi {Cooturion} "] = INT+ alog[SOM] + brlog[elay] - c-pH + d| DOC]

where:
Csohuion = actual available in water phase

wi = concentration extractable using 0.43 M HNO;
INT = Intercept obtained by multiple linear regression

[$0M] = solid organic matter content (%o)
[DOC] = dissolved organic carbon (mg/1)

lely] = clay content (%) '
4 b, ¢, = coefficient abtained by multiple linear regression
# = non-linearity term

Table 3.1 Values for INT, a, b, ¢, d and » in transfer functions.

Metal INT o & b d ”. R2
(SOM)  (Clay (pH) (208

Cd -4.75 0.61 0.26 0.29 -0.05 0.54 0.80

Cu -2.61 0.60 0,12 0.23 -0.27 0.59 0.65

Pb -2.38 0.95 0.22 0.07 -0.23 0.73 0.59

7Zn 423 0.47 0.43 0.37 -0.14 0.75 0.82

Comparable functions are available to predict the amount of heavy metals in different
Crops grown on contaminated fields (van Wezel ef 4/, 2003) and for the amount in
total body tissues of earthworms in contaminated fields (Ma, 2004).

Different availabilities for heavy metals

As discussed previously, there are different degrees and torms of availability. The size
of the available fraction depends not oniy on generic soil/sediment conditions
(chemistry), but also on uptake pathways. The available fraction in the stomach after
ingestion of soil is higher compared to the availability for plant uptake. Results of
different extraction procedures, with diffetent extraction strengths, correlate with
different measured effects. It should also be realised that the same measured available
fraction may lead to different uptake due to internal regulation in the organist. Plants
have exclusion mechanisms to prevent uptake, but specific plant species function as
hyper-accumulators of heavy metals.

There are at least 3 different levels of heavy metal concentration, actual and
potential available and the total concentration, as illustrated in Figure 3.5, The heavy
metal concentrations in these levels have to be extracted using different extracrion
methods; they also cause different effects. They can be extracted with respectively a

111



Landfarming of polycyclic aromatic hydrocarbons and mineral oil contaminated sedimeats

neutral solvent, a mild extraction and aqua regia (total minus silica bounded heavy
metals). The increasing extraction power of these methods is presented with an arrow,
This larger measured chemical availability can be correlated with the bicavailability for
otganisms and also with a higher extraction rigor, ot with the possibility for leaching,
as represented with the second arrow. Only if the extracton procedure and the uptake
by the organism are measures for the same amount, the chemical extraction procedure
czn be cotrelated with the effect in the organism.

Extractable (Bin)available
by for

Agqua
Regia/HF Higher organism
ingestion
potential leaching

Mild solvent
Earthworms
Neutral salt
Actual " solution Plants

Actual leaching

Figure 3.5 Distribution of heavy metals in sediment ot soil over different available
fractions, using different extraction procedures, and the availability for organisms and
leaching.

3.4 Requirements for chemical methods for
measurement of bioavailability of otganic
contaminants

Similar to the situation for nutrients and heavy metals, results of chemical methods or

assays for measurement of bioavailabilicy of otganic contarninants in soils and

sediments must be correlated with the results of biological  assays.

Although the measurement of availability of organic contaminants is g newer field of

research, some of the chemical procedures that have been proposed or under

development are promising. Within the chemical methods, two approaches can be
distinguished:

— A kinetic aPproaf:h, in which a fraction and a rate are considered. There is no
%;nown relation with the total concentration, except that the available concentration
is smaller than the toral concentration.

~ An approach based on chemical equilibrium, in which the availability is used to

correct the values derived from applicarion of the equilibtium partition theory (for
example, the approach described by Krauss and Wilcke (2000-a)) i
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The second approach may result in a circular definition of total concentration. We
know that the total concentration in an individual soil is insufficient to predicr effects;
therefore the biological available fraction has to be measured. With an individual soil
sample, bioavailability can be used to cotrect the K,-value (parddon coefficient of a
contaminant between soil and water). If enough samples over a large concentration
range have been measured, there certainly will be a correlation between this correction
and the total concentration within one order of magnitude. In other words, the
available fracton is within 10-100% of the total concentration, 1f such a fit is used to
replace the total concentration, a new ‘total’ concentration is created but alsc this
value formally has no relation with biological effects in specific situations.

3.41 Measurement of total concentration of organic contaminants

Measurement of the bioavailable fraction should only measure the available fraction,
which is part of the total concentration. Measurement of the total concentration of
Otganic contaminants is not as simple as it seems. Unlike measurements of heavy
metals in soils, it is not possible to use aggressive chemicals that destroy the soil
matrix and leave the metals in soludon. These types of methods would also destroy
the organic contaminant to be measured. In addition, methods for heavy merals can
be compared and validated with nuclear activation methods that are matrix
independent and measure the real total concentration. For organic contaminants,
extraction methods have to be used that are based on a distribution of the
contaminant between the extractant and the soil matrix. There is no reference method
available that can assure that the total concentraton has been measured. In the
followmg section, the factors that are important for the extraction of organic

contaminants from soil are discussed.

Presence of organic compounds in soil

Organic contaminants present in soils and sediments can be the result of direct or
diffuse pollution. The soutce of pollution may strongly affect where contaminants are
Ptesent on the site and in the soil samples to be analysed. Direct pollution, as in a lot
of heavily polluted industrial sites, may result in presence of the neat contamination
(e.g. tar-like patticles or liquids), which even can be visually recognisable. In diffusely
polluted areas, the contaminants are more equally distributed and are mostly not
Visually recognisable; their presence can be described as molecules adsorbed on or
absorbed in the soil. The contaminants can be introduced through air pollution, water
pollution, agricultural practices or long-term use of slightly polluted sludges.
Contaminants therefore can be present in soil and sediments in different physico-
chermical forms, as shown in Figure 3.6 (Rulkens, 1992). In this figure, presence of the
contaminant is divided into particles, liquid film, adsorbed on or abso.bed in soil
aggregates, or present in large as well as in small pores.
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1. Particles 2. Liquid fitm 3. Adsorbed .
4. Absorbed 5. Solid or dissolved 6. Solid or dissolved
in macropore in micropore

Figure 3.6 Appearance of contaminants in soil or sediment. Adapted from Rulkens,
(1992,

It is important to realise that the scale in soil varies from tenths of microns in case of
absorption to tenths of millimetres in case of particles and films. The organic
compounds are bound 1o the soil with different screngths, and are preferentially
bound to soil organic matter, because most compounds are lipophylic. If the soil is
homogenous, this binding can be described with chemical equilibrium formulae using
distribution coefficients. From an analytical point of view, the contaminant can then
be extracted with a solvent with a strong attraction for this contaminant. Soidl,
however, is not a homogenous material. On a small scale, the binding to the soil can
be described as a normal chemical or physical interaction. The larger scale interactions
of contaminants in soil aggregates with the surrounding  liquid phase are more
complex. Fot instance, if an organic compound is accessible to an extractant solvent,
the contaminant will be extractable if it has preference for the solvent and dissolves in
the solvent. If the same organic compound is absorbed in the soil organic matter or in
a'micro-pore, it is more difficult for the extractant to reach the contaminant than to
dissolve the contaminant. Therefore, the extractability in soil is not only a functon of
the preference of the compound for the solvent, but also of accessibility of the soil

matrix. This results in 2 range from compounds that are easily extractable (for

example, compounds present as separate droplets or films or adsorbed on the surface
of soil aggregates} to very difficultly extractable compounds that are absorbed }n very
small soil pores ot within organic matter. In Vigure 3.7, extractabilicy is illustrated as 2
hypothetical distribution curve. Only a solvent that can teach all sites in t‘he soil and
that is strong enough to dissolve the compound will extract everything (re res;nted as
the total surface) from the soil matrix. If the accessibility of the contaminal:nt is low ot
if the contaminant is strongly bound to the soil matrix, less will be exeracted: the
appearances 4 and 6 in Figure 3.6 are present in the right part of Figure 3.7 .The
amount of the contaminant under the right part of the curve will m);gl:) -t. o
using weaker extractants. Because the organic contaminants that are the sul;ef:)t( cr)i'ctl:is
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thesis are lipophylic and strongly associated with organic matter, the amount of the
compounds that is direct available (extreme left part under the curve) is very low.

Amount contaminant in soil

-

Total

Increasing binding strength, non-attainability
Figure 3.7 Distribution of a contaminant over sites with different accessibility and
binding strength, Adapted from Harmsen and Frintrop (2003).

Ta isolate or extract a compound from the soil matrix, the following procedure steps
are necessary (Harmsen and Frintrop, 2003):

1. The extractant has to reach the compound (accessibility).

2. The extractant has to release the compound (dissolving).

3. The soil matrix has to be separated from the released compound,

In many extraction procedures, the emphasis was on step 2, for good solvents were
also considered to be good extractants. Steps 1 and 3 are not determined by the
properties of the organic compound, but by the soil matrix. The properties of organic
contaminants differ from the properties of the soil. It should also be understood that
contaminants present in sediments and soils are not adsorbed to the most attractive
adsorption sites, but that adsorption sites are determined more by the fact that the
contaminants have less attraction to their original environmental matrices (water and
air),

For most organic contaminants, non-polar solvents such as petroleum ether
and toluene are very good solvents. These solvents, however, cannot reach evcry
micro-pore in the soil. They leave the soil aggregates intact and will not mix with
tesidual water present in small pores. Such solvents may give good results when the
contaminant is adsorbed on the surface of soil particles or present as solid particles or
as film, as mostly is the case with fresh contaminants. These solvents also give good
results with recovery experiments such as those used during method development,
because it is easy to extract freshly added contaminants. In aged polluted soil,
however, the contaminant molecules do not stay on the surface; redistribution occurs
with time, resulting in diffusion to and adsorption onto sites (micro-pores) that are
not accessible by these types of solvents. The accessibility can be increase.d by using a
more polar solvent that disintegrates the soil aggregates (such as acetone) or by adding
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extra energy, lLe. through using a higher temperature, higher pressure, longer
extraction time, or ultrasonic or microwave radiation,

Extraction methods for measuring the total concentration

When developing a new method and comparing it with other methods, it is not
sufficient to measure just recovery percentages. Added compounds are easily
accessible to extractants and may even be extracted using a poor method. Certified
Reference Materials (CRMs), which are materials with a known (certified)
concentration of contaminant, are available for a variety of classes of compounds.
These materials can be used to evaluate an extraction method. A check of the
extraction efficiency can also be achieved by extracting the residual soil with other
exhaustive procedures such as Soxhlet extractions. If the extra amount of the
contaminant measured is negligible compared to the amount obtained in the first
extraction, it may be concluded that the first one is sufficient.

Soxhlet

Soxhlet has been developed for the determinadon of macro compounds, e.g lipid
content in food. It is a more or less continuous extraction procedure and it is tegarded
as an exhaustive extraction. The idea of an exhaustive extraction is very appealing for
both macro and micro pollutants. Therefore ‘overnight’ extractions, ie., using
extraction times of 14 to 16 hours, are quite common with Soxhlet extraction. For
micro-pollutants, such long extraction times may have some negative effects. This is
caused by the non-specificity of any extraction procedure, Suppose that after o cycles,
70% of the organic contaminant (analyte) and 10% of more polar, but in the further
measurement, interfermg compounds, have been extracted. The ratio between wanted
and unwanted compounds is 7. After 2n cycles the recovery of the analyte has
increased to 91% (70 + 70/100 *(100-70)) but at the same time the interferences have
increased to 19% (10 + 10/100 *(100-10)). The ratio between wanted and unv:fanted

2 M < M ) . . .
has decreased to 3.7. It is clear that ‘infinite’ extracton will end in an extract with quite

a high content of unwanted substances, For the extraction of micro-pollutants, the
3

power of the exhaustive extracton is at the same time 2 problem,

Soxhlet extraction does not apply any additional forces, The sample is soaked in
the extraction liquid, and with each eycle this liquid is supposed to dr[.;in completely
from the sample. This procedure requires that the grain size of particles in the s'r;m l;e
has to be small in order to have sufficient accessibility for the ex;racti n ‘lj Fi)d
However, the sample should not become too tightly packed because in that . qunl;
the outer surface will be extracted. Accessibi]jty is also mproved by yusi Case’? e)f
miscible solvent or by removing the water by drying the sample before}extrigti(jn“at
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Shaking (agitation) procedure

Extraction by shaking is quite common in standard water analysis procedures. Tt is
also when the water sample contains appregiable amounts of suspended solids.
Extraction by shaking has the advantage of both a proper mixing of the extraction
liquid and the sample and the enhancement of accessibiliry by the applied mechanicai
forces, These benefits may also be obtained by shaking soil samples with an
appropriate extraction liquid. For field moist soil samples the extraction liquid has ta
be sufficiently mixable with water, because the mechanical forces itself are insuff.cient
to provide accessibility for non-water mixable solvents like petroleum ether, pentane
and hexane. Acetone and methanol are very well suitable to overcome the warer
barrier, for they will break up the soil aggregates. The polatity of acetone ot methanol
is rather high, making them less suitable as a solvent for non-polar compounds.
Addiﬂg a less polar solvent that is mixable with acerone or methanol will overcome
this problem. This means that a two stage extraction is performed; the first is a short
(10 minutes) shaking with acetone or methanol only and after that a longer period (2
hours) of shaking with the misture of acetone or methanol and petroleum ether,
pentane or hexane.

Under normal conditions the acetone will be removed from the extract by
shaking the total extract with 2 large amount of water. It is this step that governs the
final amount of extracted compounds that will be measured. The removal of the
acetone will also imply a removal of other more polar compounds (X, < approx.3).
Therefore, these compounds cannot be measured using the above extraction
Procedure. For the extraction of non-polar compounds, the removal of the acetone
and other polar compounds may be regarded as a first clean-up of the extract.

Examples of the shaking procedure can be found in several ISO-standards for
the determination of organic micro-pollutants in soil, such as PAH, OCB and PCB,
mineral oil, herbicides (respectvely ISO 13877, ISO 10382, ISO/DIS 16703 and

ISO/FDIS 11264).

Accelerated solvent extraction and super critical fluid extraction

Accelerated solvent extraction (ASE) uses higher tempetature and pressure, fresulting
in a more effective and shorter extraction process. As long as accessibility for the
extractant is high enough, ASE will give high recoveries. ASE is a promising method
for extraction of organic contaminants in soil. The extra input of energy by increasing
the temperature and pressure makes it possible to reduce extracton times. However, if
bartiers for the solvent exist, such as the presence of water or large soil aggregates,
ASE may also be ineffective. The first barrier can be overcome by using a water
mixable solvent, by adding methanol to a non-polar solvent, or by chemically drying
the sample. The presence of large soil aggregates may limit the use of ASE, because
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mechanical shaking in combination with an appropriate solvent is necessary to break
these aggregates.

Super critical fluid extraction (SFE) broadens the possible use of ‘solvents’.
Using super critical carbon dioxide has the advantage that the final extract is
automatically concentrated to dryness. The polarity of super critical carbon dioxidé is
rather low, therefore, small amounts of methanol are added as a ‘modifier’ to increase
the polarity of the extractant. The solvents also have a large penetrating power
because of their low viscosity. The development of ASE has reduced the interest in
SFE due to the more versatile applicabilicy of ASE.

3.4.2 Established methods for measurement of bioavailabi]jty
of organic contaminants

Pesticides are a special group of organics that are used to support the growth of crops.
Pesticide bioavailability has been an area of significant interest, not only from an
envitonmental point of view, but also to improve the effectivity of a pesticide after
application. In particular, much work has been done to develop methods to predict
application rates and the potential for pesticide catry-over to the next growing season.
Numerous types of assays have been evaluated to determine whether the extractions
correlate well with phytotoxiciry. Results demenstrated that plant damage was pootly
correlated with total extractable compound, particularly in soils containing aged
pesticides. In response, biological assays were employed, which were predictive but
more expensive than chemical analyses. Eventually many of these bioassays have been
replaced by pore water analysis (analogous to techniques developed for sediments
(Adams ef al, 1985) and reviewed by DiToro ef 4/, 1991 and Boesten, 1993) that were
able to correlate soil herbicide concentration with plant damage. The pore water
analysis method involves centrifugation of a soil sample to obtain the water that is
trapped within the soil matrix. The soil water is then subjected to chemical analysis.
Results of such experiments indicated that for some materials that are acutely toxic

(¢.g-» an herbicide for a sensitive plant or an insecticide for a target soil insect), pore

warter analysis provides a good approximation of bioavailability (Houx and Aben
1993; Ronday e ak, 1997). These chemical tests correlated well with ,
allowed the agriculture industry to decrease its reliance on bioassays,
There are, however, large differences between pesticides  and
contaminants like PAHs and mineral oil, |

plant injury and

organic

- _ ‘ : First the water solubility of modern
pesticides i1s much higher, which makes it easier to analyse a pore water

higher concentration of the pesticides are present in the pore wat
pesticides are freshly added and the amount adsorbed in nonnaccesqiblte
smaller. Results obtained for pesticides are thetefore not N
contaminants such as PAHs.

sample (1.e.,
er). Second,
sites will be
directly applicable to
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3.4.3 Promising new chemical methods for measurement of
bioavailability of organic contaminants

Recently some new chemical merhods have been described that are empirically based.
Some are based upon attempts to mimic conditions of biological uptake or processes
in the soil. Not all protising analytical results have yet been studied with appropriate
bioassays. The following methods are described further:

— Water Based Extractions, extracting the pore water or using some extra extraction
power by adding molecules or 2 solid phase with extraction power able to ‘adsorb’
the available contaminant.

= Solvent Based Extractions with single solvents or multiple extractions, ‘

~ Use of the characteristics of different forms of organic matter to distinguish
adsorption sites of different strength,

— Thermal desorption to remove the more available contaminants.

— Techniques derived from molecular biology and the use of ‘engineered” organisms.

Water Based Extractions

Extraction of ‘pore watet

Determination of contaminants present in water in soil pores have been described for
nutrients and heavy merals (Section 3.3) and for pesticides (Section 3.4.2). Johnson
and Weber (2001) used heated and superheated water to measure long term
desorption of phenanthrene. The Arrhenius equation was used to extrapolate the
expetimental results measured at temperatures between 75 and 150 °C to an ambient

temperature of 25 °C.
Using pore water analyses, the measured availability is limited by the solubility

in water. As long as the distribution between the solid soil and the water phase can be
described by an adsorption curve (assumirg equilibrium between the solid and the
liquid Phase), this type of measurement can be used to describe direct effects, as has
been done for pesticides. Leaching tests (van der Sloot et @/, 1997) are a further
development of the water extraction procedure to predict leaching. An important
difficulty with a water extract is the separation of the water phase from the soil matrix.
The pore water can be obtained by centrifugation of soil samples or by using porous
tubes and cups in equilibtium with the soil. It is important that the contaminant to be
analysed does not teact with the equipment being used for the analysis. No interaction
can be assured for relatively soluble compounds such as modern pesticides, but not
for low soluble and non-polar PAHs. Losses of PAHs by adsorption have been
observed, even on stainless steel (unpublished results). Use of filters responsible for
losses due to adsotption can be overcome by the use of centrifugation. If a clear
extract without solid particles can be obtained, the result will be 2 reliable estimate of

119



Landfarming of polyeyelic aromatic hydrocarbons and mineral oil contaminated sediments

the pore water concentration. If this is not possible, it must be realised that the
concentration of a pollutant in the solid particle is mostty much higher compared to
that in the water phase. The measured result will be an over estimate of the pore water
concentration.

It should also be kept in mind that, with time, the solubility of contaminants
can become too small to measure, in addition to the analytical problems encountered,
such as adsorption onto equipment. Therefore, for practical purposes, there is a limir
to the application of tests where 2 dissolved water phase is necessary for
measurement. The use of molecular and solid phase extraction described in following
paragraphs as part of the experimental set up may overcome these problems.

Solid-phase extractions

Solid-phase extractions (SPE) offer considerable promise to establish the
biozvailability of non-polar contaminants such as PAHs. They act as an ‘infinite’ sink
for the contaminants. The low soluble organic contaminant is adsorbed by the solid
phase and keeps the pore water concentration very low. Due to this gradient all the
available PAHs will diffuse to the water phase and will be adsorbed on the solid phase.
After a set period the available contaminant is transferred from the soil to the solid
phase. The solid-phase extractants used are Tenax TA beads, XAD-resins and C18
membranes, Main differences in SPE procedures are agitation procedures where the
solid phase is present in excess (Tenax and XAD) and procedures where 3 membrane
is placed in situ and local availability is measured.

Good correlations are shown between DDT, DDE, DDD, and PAHs uptake
by Eisenia foetida from a range of soils and the quantity sorbed by solid phase
extraction (Mortison ef 4/, 1999; Morrison ef af, 2000; Tang and Alexander 1998).
Besides prediction of degradation, Tenax beads have also been used 1o meas:ure the
desorption kinetics of some chlorobenzenes, polychlorinated biphenyls (PCBs) and
PAHs (Cornelissen e al, 1997 and 1998). XAD resins used in a similar procedure
have also been shown to be applicable for measurement of desorption ot PAHs
(Nottheott and Jones, 2001).

Instead of beads, disks or needles have also been used to measure the
availability of organic contaminants for organisms in aqueous systems, These devices

are used as samplers, also called passive samplers, and take up contaminants from the
water phase. Several systems have been investigated: )

— Semipermeable Membrane Devices (SPMD) made of low d
(Huckins ¢ 4/, 1990; Booy e al, 2000).

— Solid -Phase Microextraction (SPME) with octadecyl, but also other adsorbent
m?tenais {(Arthur and Pawliszyn, 1990, Mayer et af,, 2000; Verbruggen f af,, 2000).

- Stirr Barr Sorptive Extraction with polydimethvlsiloxane (Baltussen e o/ 1599)

ensity polyethylene
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SPME can also be applied to sediments and soil. It has been used to simulate the
uprake of contaminants by organisms by placing the device in the sediment or soil,
and analysing it, after removal of the adherent water, by thermal desorption and gas
chromatographic analyses. By using long extrdction times (15 days), results can be
correlated with the soil-to-biota accumulation (BSAFs) of earthworms (Krauss and
Wilcke, 2001-b). Leslie {(2003) used shorter times (4 days) to predict the effects of
contaminants on aquatic organisms (adult oligochacte worms and fourth instar midge
latvae). Important with SPME is the equilibrium apptroach. The device is supposed to
b.e in 2 similar equilibrium with the surrounding sediment as a soil organism such as an
earthworm. Van der Wal (2003) showed that SPME-fibres used in soil could predict
bioaccumulation in oligochaetes. Using the SPME measured available: fraction as
indication for the water soluble part, the modelling of uptake in earthworms with the

equilibrium partition theory also improved (Jager, 2003).

Moleculair extractions

Reid ef 4/ (2000-2) used cyclodextrins, which are soluble in water due to a polar

extetior and have a hydrophobic cavity in the interior. The principle is comparable
with solid phase extraction, but instead of a solid material, individual molecules are

used. The cavity in the cyclodextrin is easily accessible for PAHs. When present in the
water phase, PAHs are encapsulated by the cyclodextrins (1:1 complex). Using
extraction times of 20 hours, a good correlation with biodegradation has been
obtained. After the extraction of the soil sample with cyclodextrins, the water phase is
separated from the soil. The complexed PAHs can be extracted from the water phase

with a non-polar salvent and analysed.

Solvent Based Exiractions

Some approaches rely on the use of a single extractant. The approach is based on the
assumption that the quantity of a chemical removed from soil by a mild or non-
exhaustive extraction procedure will be similar to the amount that is bicavailable to
one or mote groups of organisms. Technically, mild extractions are comparable with
methods used to measure the total concentration, The same instrumentaton can be
used as long as it is possible to decrease the extracton strength of the system (by
decreasing extraction tme, lowering temperature, or incteasing water content to
decrease the hydrophobic character of the solvent). Depending on the extraction
strength or increasing rigor of the extraction procedure, the percentage extracted will
differ. Examples are presented in Figure 3.8 in Section 3.5.

All extractions described in this section are empirical and chemical/physical
understanding is limited. Changes in conditions will cause different results. Time is a
logical variable, as described in 3.2, but there are mote variables, such as “he choice of
solvent and pressure and temperature, as described below. Due to these variables, the
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method can be less robust than water based extraction. In general, the more variables,
the less robust.

Mild extractability by several organic solvents has been correlated with the
availability of phenanthrene and atrazine ro earthworms and micro-organisms (Kelsey
et al, 1997). Extractability with tetrahydrofuran-water has been correlated with the
bioavailability of several organic cuompounds to earthworms (Tang and Alexander,
1998). Extraction with 70% acetic acid has been used to predict the portion of PAHs
in sediments that are biodegradable (Doddema ¢ a/., 1998). Methanol-water mixtures
at different temperatures have been used to establish K. values in aged soils (Krauss
and Wilcke, 2001-a). Jonker and Smedes (2000) used different percenrages of
methanol and extrapolated the results ro the free dissolved concentration in water.

Another approach to extraction methodologies involves the use of an
extraction system with multiple adjustable parameters. For ease of optimization and
sample handling, as well as providing these additional adjustable parameters, one
might consider automated extraction equipment as well as alternative extraction fluids.
Two possibilides, currently under development, may be of value. These are
Supetcritical Fluid Extraction and Accelerated Solvent Extraction (see also section
3.4.1). Extraction conditions can be easily adjusted, which can be used for
optimisation (maximum recovery) for measurement of the toral concentration, but
also to reduce the extraction efficiency in order to extract a less strong] i
accessible contaminant, The use of SFE is described for determiii{l;(zlcic(];r;i?;li
kinetics (Weber and Young 1997), as well as relative availability to chemical ez;traction
(Rochette and Koskinen, 1996). The influence of aging on extractability has also been
demonstrated through _tl_me use of milder SFE conditions with PAHs, petroleum
hydrocarbons, and pesticides (Camel ef 2/, 1995). Using SFE under mild conditions,
extracted amounts have bef?n cotrelated to the results of biodegradation measured in
laboratory experiments (Loibner ¢ 4/, 2000) and in a field experiment (Hawthorne ef
/., 2001). ASE methodology has not yet beeq applied to mimic a biological response.

Weston e a/ (1998-a and b) used digestive fluid to estimate bioavaiiability.
Mayer ¢/ af. (1996) showed thut use of these fluids led to an increase in solubility, but
this could not be related to the uprake by Git- e A
Tt 3000 the ohsclonien S[;am:: E))} ?;E():lt‘ feeficrs: 'As sho\x.-n. .for heavy metals,
( ) At gastro-Intestinal conditions will also be
important for the uptake of organic contaminants.

Selective oxidation of organic matter

Organic contaminants are most strongly adsorbed to the organic matter in the soil

Different types of organic matter can be distinguished {(Weber ¢ @/, 1992 and
Pignatello and Xing, 1996). As in polymers, ofganic matter can - an
phases: an expanded phase and a condensed
like phase, also called an 2morphous phase {1

be distributed into two
phase. The expanded phase is a rubber-
uthy et al, 1997). The condensed phase
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is a glassy phase. The strong binding berween organic matter molecules is responsible
for 3 strong matrix (Pignatello, 1998). In this matrix adsorption occurs in internal
micro-pores or voids of several nanometres. Tq reach or leave these pores, diffusion
through the condensed otganic matter is necessary, which makes it a very slow
Process, much slower than desorption from the expanded phase. The latter can be
considered as being the bioavailable fraction. Cuypers (2001) showed experimentally
that it is realistic to make this distinction. He introduced a soft petsulphate oxidation
method for selective oxidation of the expanded phase. This phase was oxidised daring
3. hours with K,8,0s in a slurry at a temperature of 70°C. PAHs adsorbed to the
expanded phase were oxidised together with the expanded phase. The concentration
of PAHs left in the residue (condensed phase) was a good estimate for the residual
concentration afrer a bioremediation treatment. This method is z2n example of
measurement of sequestered concentration because the available PAHs have been

removed by oxidation.

Thermal desorption

Recently a number of research groups started to explore the potential for thermal
desotption to differentiate the relative availability of chemical contaminants from soil.
The premise behind this technique is that sequestered material should requite mote
time and/or energy to be removed from soil samples. Previous thermal desorption
experiments (Werth and Reinhard, 1997; Uzigiris ¢ /., 1995) have shown that thermal
desorption spectra give biphasic desorption patterns much like solution-based
desorption profiles. The experiments were not appropriate to differentiate between
relativély available and sequestered compounds in a single sample of soil.

A coupled thermal desorption mass spectrometet has been used to study
desorption of aged hydrocarbons from soil. This coupled arrangement is only possible
when the desorbed contaminants are lonized for introduction into the rtnass
Spectrometer in a gentle manner (e.g., photo jonization). Initial results suggest that
the effect of ageing, clay content, and compound type is reflected in the shape and
placement of the desorption curve (Zoller, Personal communication). Ghosh ef 4/,
(2001) used this instrumentation to measure the desorption rate from coal-derived

particles.

Techniques Derived from Molecular Biology

An organism, or a system derived from an organism, that responds to a biologically
available fracton of a toxicant may provide in the future the basis for an analytical
technique for bicavailabilicy. Such organisms may be engineered to contain a gene
sequence that, in the presence of a toxin or substrate, will trigger the transeription of a
reporter gene(s). The genc product may then be measured either directy (e.g., light
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from a /Jux cassette or fluorescent green protein), or indirectly through an enzyme
assay (e.g., B-galactosidase from a /ac gene).

Bacteria that are responsive to the presence of aromatic hydrocarbons such as
toluene and naphthalene (Appelgate e a/, 1998; Sousa ef al, 1998) and to certain
genotoxic agents (Van der Lelie et a;., 1997; Alexander ¢f a/, 1999) are being used.
However, combining the organism, sensor function, reporter function, and assay
system remains to be done efficienty In addition, this technique has to be validated to
cotrespond to other receptors and environmental endpoints. The results from the
approach must correspond to biological assays that are a surrogate for human
exposure or that represents species or activities of ecological importance., Cettain
biosensor approaches are beginning to find their way to into use (Simpson ¢ /.,
1998). Much wotk remains to be done before such systems can be designed,
implemented, and correlated with human and ecological exposures, In aqueous
solutions, biosensors can already replace the chemical analyses described above as a
tool to determine biologically relevant fractions of contaminants. In acrual soil
matrices, however, biosensors are still subject to confounding factors,

3.5 Chemical methods used in this thesis to
establish bioavailability

An important part of this thesis is the long-term experiment on Kreekraksluizen,
which started in 1990. In the beginning, bioavailability was not a subject for research.
Bioremediation was considered to be a technique that could temove all contaminants
present in a limited amount of time. During the total duration of this investigation of
bioremediation on landfarms, the concept of bioavailability has been developed
wortldwide. In 1991 the presence of a residual concentration in landfarmed soils was
explained by limited bioavailability (Harmsen, 1991). Tt was, however, not yet possible
to give a proper physical description of this limited bioavailability or to predict the
tesidual concentration with methods described in this chapter. Limited diffusion {(Wu
and Gschwend, 1986) was already mentioned as an important factor, but there was
still hope that the degradation rate could be increased. Later it was postulated that
bloremc'dlamm of the residual concentration was only possible if a2 more time
cohr}sErmni merhOdf \::s }lsedF(HarmSen, 1993)- Extensive (passive) landfarming,
which makes use of the time factor, was introduced (Haprme
experiment to test this concept was begun. As [Earjrrz;e:hf ji;;?j;iti:r;d 22
omvabny and h e of s g o e, T ez of
S5aYS ure effects on organisms. Durting the

estigating bioavailability, and their results

\ ()}n- experiments were first related to the
A8 soon as reliable results could be obtained, the ideas

same period, other scientists were also inv
were adapted and applied to this study.
possibility of biodegradation,
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on bioavailabiljty were further developed in order to include also ecoroxicological risks
(Harmsen and Ferdinandy, 1999). In the next paragraph, results of the research on
chemical methods are summarised, illustrating the ideas and changes in ideas from
1995 onwards. ’

351 Availability of PAHs

At first, and in agteement with the radial diffusion model (Wu and Gschwend, 1986,

Chapter 2), the bioavailable fraction was thought to be adsorbed on the surface of

particles. Because the contaminants were on o close to the surface, they were able to

diffuse in a short period to the pore water. There were two possible methods to
extract the contaminants:

— Using a non or slightly water mixable solvent. With this procedure, the solvent
-would only reach the surface of particles and could not penetrate into small, water-
filled soil pores.

- Using a water mixable solvent. In this procedure the sample would be extracted
with this solvent mixed with water using a fixed concentration and a fixed
extraction time. Using a short extraction period, this mixture could only extract the
surface of soil aggregates.

Experiments were carried out with petroleum ether, hexanol and toluene (non water

mixable) and acetone and acetic acid (water mixable). Results ate presented in

Doddema ef 4/, (1998) and summarised in Figure 3.8.

Three sediments were investigated, using the chemical rests mentioned
previously and with a biological test derived from Dechema (1992) to establish the
degradable amount. The sediments originated from the Petroleum Harbour, which
sediment also was investigated on the landfarm Kreekraksluizen (see other chapters),
and from two other locations Overschie and Nieuwkoop. They showed degradabilities
of PAHs in the biological test of respectively 68%, 9% and 34%. As expected, when
using hexanol, petroleum ether and toluene, the amounts extracted increased with
time, However, the results of the extraction did not cotrelate with the results of the
biological test. Consequently these extractions were not been used further. Probably
the interaction of these solvents with the surface of the sediments has nothing to do
with processes occutring during biodegradation.

Extraction with both 50% acetone and 70% acetic acid did correlate with the
biological test. (Figure 3.8 D and E). The slope of the acetone curve, however, was
steeper, which makes the extraction with acetone less robust. With a steep slope, the
merhod is sensitive to small changes in concentration of the solvent; therefore, the
tesults of the acetone extraction will be more sensitive for small differences in water
petcentage in the extract. Therefore it was been concluded that the extr:ction with

70% acetic acid had more potential for further investigation.
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Figure 3.8 Results of different solvent bas i
gu ed extraction procedures {Doddemn e 4/,
1998).
A Extraction with hexanol as function of time,
B Extraction with petroleum ether as function of time,
C  Extraction with toluene as function of time.

D Extraction with different percentages of acetone in water
E  Exeraction with different percentages of acetic acid in water

In further testing the extraction of sediment with 70%, acetic
good prediction for the biodegradability of light to heavily

sediments (Figure 3.9). Using linear firting through zero, R2
0.88 and 0.96. The predictive power for low ’

acid proved to give 2
(class 3 and 4) polluted

values were respectively

contaminated sediments
' ; class 1 and 2; <
10 mg/kg) is smaller, probably due to Inaccuracies in the measuteme( ’

level of contamination (correlation coefficient R?
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Chaprer 3 Chemical measures of bioavailability

€Xxtraction tme has to be small (10 minutes) to assure that only the binavailable
fraction will be extracted. With an extraction time of 16 hours, this procedure was also
able to exrract the total amount present in the sediment. Because the extractant is able
to enter the soil aggregates, this also indicates that mass transfer is the limiting step for
bioavailability.

Biodegraded (%)
100

ol1+2
80 g3

* 4

60

4p

20

1 1 J

1
0 20 40 60 80 100

Extraction with HAC (%}

Figure 3.9 Biodegradation as function of the extracted PAHs (70% 11Ac) in
different classes (1; 2; 3 and 4) of polluted sediments, in relation to the 1 to 1 line.

In the same period, Cornelissen e a/. (1997) developed the Tenax-procedure. The
Method and results are described in more detail in Chaprer 4 of this thesis, This
Method is based on a different principle than the solvent-based extraction method
with acetic acid. It is a water-based extraction {(see 3.4.3) and measures the amount
desorbed via the warter phase, which gives it a theoretical backgrognd. 'Bot}? methods
have been applied on sediments on Kreekraksluizen; .results are given in Flgure 3.10.
Biodegradation is presented as the amount degraded in the first fast degrading phase
of the Petroleum harbour sediment (see also Chapter 4). Both methods gave a good
Prediction of the biodegradation. The slope of the Tenax curve was closer to the 1 to

1line than the aceric acid curve. ' ) o
Other methods that could also be applicable give a good prediction of the

degradable amount of PAHs, as reported in several publications. Methods using XAD
(Northeott and Jones, 2001) and cyclodextrins (Reid ¢t af, 2000-_a) are comparable
with Tenax. Extraction with methanol (Krauss and Wilcke, 2001a) is comparable with
70% acetic acid. Also the persulphate oxidation of Cuypers (2001} gives a good
Prediction, These methods have, however, not been used, because they became
available for use after the reported research had started, and it was not the intention of

this study to compare several methods.
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Figure 3.10  Prediction of biodegradation using chemical tests as a function of
biodegradation of individual PAHs in fresh Petroleum harbour sediment. PAH, at the
left in the figure are high molecular ones.

The results of the experiments with PAHs showed that methods having different
mechanisms can give an estimate of the fraction available for fast degradation. Results
of both water-based methods and aqueous-based solvents cortelate well with the fast
degradable fraction in different sediments. Reid e @/ (2000-b) also came to this
conclusion, because the methods are based on transfer to the aqueous phase. The
water-based methods {e.g,, Tenax) are measuting desorprion, and extraction times of
approximately 20 hours are necessary to be able to measure desotption and diffusion
of the contaminant to pore water. In these 20 hours, stable levels of extraction are
obtained, and a deviation of several hours has no influence on the results (robust
method). With water mixable solvents (e.g., HAc) the solubility is increased. This

inctrease creates higher desorption rates and enables measurement of de .
bioavailable fraction in a short period (e.g., 10 minutes),
the method will be used in routine applications. A

sorption of the
which can be an advantage if
0 mmportant disadvantage of

viat N tme, composition of the
extractant, temperature, and added energy will influence the results. The procedute

has to be exactly described and followed. Moreaver, the mechanistic information
obtained with a solvent-based extraction is limited, although oibner (2003) suggest
that the models describing rates in Supercritical Fluid Extraction ate closely rel‘ati)g to
models used for the characterization of the sorption/desorption bch:wi) ol
world samples. The Tenax method can also deljver kinetic parameters ; (;ur in <
and as shown in Chapter 2, the slow desorption process to the ‘\var:eregit;[;: -

s. The Tenax method measures this slow

theoretical pets i
spective, Th ~na%X
method was chosen for further use in this research P erefore the Ten

solvent-based extractions is that small deviations j

important in the bioremediation proces
desorption and is a better method from a
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352 Availabi]ity of mineral oil

AlthOUgh the polarity of mineral oil components is compatable with the polarity of
PAHs, methods suitable for measurement of PAHS are not suitable for mineral odil,
Cuypers (2001) showed that the previously described persulphate method, which gives
good results for PAHs, did not give a good prediction of the availability of mineral oil.
An explanation is the higher resistance for oxidation of the aliphatic C-C bond in
Mminera] oil molecules compared to the aromadic tings in PAHs. Also for Tenax, results
are confusing. In two sediments with 50% degradation of mineral oil, using Tenax (20
hours desorpr_ion), we found in one sediment less than 8%, and in the other, 30%
availability, Increasing the desorption time from 20 to 168 hours, Cuypers (2001)
found a correlation with biodegradation, but we could not reproduce these results
with the sediments we have investigated. Desorption is probably not the defining
factor for biodegradation of mineral oil. It is also possible that analytical problems are
responsible for the deviation. Tenax will also interact with mineral ofl present as free
phase and the free phase can preferentially adsorb desotbed oil molecules.

In experiments set up to obtain a better understanding of toxicity of mineral oil
in sediment (Brils ez 2/, 2002), we did not found a relationship between the acetic acid
extraction method and toxicity. We also did not find a relatonship at other
concentrations of acetic acid than 70% (Harmsen and Zweers, 2000). In this
CXperiment, two types of mineral oil were spiked, diesel fuel (DMA) and lubricant oil
(HV 46). Remarkable with these measurements was the effective extraction of mineral
oil with pure water and low concentrations of acetic acid, which was not expected,
because water is not a suitable solvent for the extraction of mineral oil (Figure 3.11).
After microscopic investigation of the sediments, we came to the conclusion that
weakly bound oil droplets had been extracted. ‘This amount of weak adsorbed droplets
correlated better with the results of bioassays (Corrophiur) than the total concentration
(Kater ot af, 2000). As shown in Figure 3.8, PAHs are not extracted at low acetic acid

Percentages.
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Extracted (%)
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Figure 3.11 Extraction efficiency of mineral oil extracted with different water/ acetic
acid mixtures Samples used were spiked with a diesel fuel(DMA) and a lubricating oil
(HV 46) at different added concentrations (in mg/kg d.m),

Partial extraction concentradons have to be compared with the concentration
measured with a method designed to measure the total concentration, Remarkable in
the experiments was the low recovery of added mineral oil using the agitadon
procedure to measure the total concentration described in NEN 5733, This was aot
only the case in this study, but has also been confirmed with sedimenrs investigated by
RIZA (RIZA, 2002). It was concluded that mineral oil was strongly adsorbed and not
available for the acetone/petroleum ether mixture used in the method. Using a
Soxhlet-procedure gave a higher recovery, bur not in all samples, We also analysed
aged sediments, where the agitation procedure gave higher concentrations. :rhjs
variation in recovery using different methods has also been teported by Buddhadas
(2002). Combining the different results, the following hypothetical distribution of
mineral oil over different fractions in sediment is assumed:

- Free occurring, un-bound droplets.

— Droplets bound to sediment particles.

— Mineral oil adsorbed on the surface of organic matter.

— Mineral oil absorbed in the organic matter.

— Mineral oil present berween mineral particles,

Different methods are suitable for analyses of the different mineral oil fractions 25
shown in Table 3.1. actions
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Table 3.1 Mineral oil fractions in sediments and methods to
measure or identify mineral oil (+ measured, - not measured).

Occutrence of mineral oil Strength of Method
binding Agirarton  Soxhlet Agitaion Micro-
with Aceton/ scopic
water of Petrote-
50% HAc wm ether
Not bound o1] droplets Weak + + * *
Bounded o droplets Strong ) N N "
Organic matter, adsorbed Suong ) N T
TZA0IC mattet, absorhed Very Strong ) i ) ’
Between mineral particles Very Strong = - u —

In addition to the physical classification presented in Table 3.1, other classifications
are possible. Mineral oil is a mixture of many different organic compounds and has no
Constant composition. Gasoline and lubticating oil are both considered as mineral oil,
but have completely different compositions. They have different boiling ranges, which
€an be used to classify mineral oil; in principle this is already done with gas
chromatographjc analysis (NEN5733 or ISO/DIS 16703). The chromatogram gives
the composition of the analysed mineral oil arranged according to -boih'ug. points. By
integrating part of the chromatogram, the concentration of a ccrtai.n_boihng fraction
€an be established. An important fraction is the fraction containing low boiling
Compounds (mineral oil compounds with less than 20 C-atoms). Tl'iese compounds
are in general more easily degradable and represent compounds toxic for organisms
Beils e 22, 2002). - ,

Degradation of mineral oil does not follow the boiling point sequence. In
degradability studies, the first compounds to be removed are the well recognisable n-
alkanes, including even the high boiling ones (the n-alkanes in the chrc?r.natogram are
visible as well-separated peaks). Branched alkanes and also low boiling branched
alkanes are much more difficult to degrade. The molecular structure is therefote an
Mportant issue in degradation of mineral oil.

Another means of classification is the use of polarity, usually expressed as K-
values (distribution coefficient between octanol and water). Using these values it can
be shown that the aromatc fraction in mineral oil will be the most toxic [taction
(Verbruggen, 1999). Analytically it is possible to split the ext;acted ml.neral oil into a
More polar, aromatic fraction and a less polar, aliphatic fraction. Tt will be clear that
Compounds in these fractions also have different boiling poi‘nts.

From an analytical point of view, mineral oil is cons@ered as lec?n—polar. After
EXtraction of a soil sample, the extract is cleaned up with Florisil (a prepare.d
diatomaceous substance) to remove the co-extracted, mote polar namural organic
matter. This implies that all compounds that are polar eno.ugh to .be adsorbed by
florisil are not considered to be part of the mineral oil. Mineral oil products may
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contain partly oxidised components with toxic features. These components will not be
measured, because they are adsorbed by florisil and excluded in the analysis.

These four ways of classification: physical, boiling point, degradability and
polarity, make it difficult to develop a general applicable chemical method as a tool to
measure the bioavailability of mineral oil. This is in contrast to contaminants that are
present as separated molecules such as PAHs. On the other hand, the classification
may also give an opportunity for development of an appropriate method. In other
countries, research is going on for representative mineral oil fractions that have to be
consideted in the health risk assessment of mineral oil in soil (Environment Agency,
2003),

3.6 Discussion and conclusions

3.6.1 Implementation of bioavailability

Confounding factors

Several factors may confound chemical tests or may lead to the lack of correlation of
an otherwise suitable chemical test with biological response. For example, in a soll
conmining mixtures of toxicants, there may be synergistic or antagonistc effects s0
that the influence of several toxicants may be greater or smaller than predicted from
their effects when tested individually. Chemical procedures will not reveal thes¢
synergisms or antagonisms. Contaminants in soil sometimes exist in nonaqueons”
phase liquids (NAPLs} or as crystalline materials (see also Figure 3.6), and the
correlation between biological availability of compounds in NAPLs and crystals and
the quandties detected by chemical procedures is presently unknown. The properdes
of some soils (e.g., pH values or structure) may result in an inhibition of the growth of
activity of organisms independently of the presence or absence of toxicants, and the
chemical ctests will thus not be related to the relevant biological ;cs‘ponse'
lurthermore, although the concentration-response curve for the chemical IL;Sf may

parallel the dose-response curve for a test organism (and thus represent a usefud
surrogate test) at low concentrations of a toxicant, the same mav not b(; o ‘high
concentrattons (Figure 3.12). ’
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Chemical responss, biclogical effect or

bioaccumulation Chemical

I assay

1

1

| Bioassay

A B ) Cc
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I
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I

Chemical concentration
Figure 312 Comparison of a hypothetical response of chemical test and bioassays ta
an increasing concentration of a contaminant in soil. In region A, the contaminant js
detected by chemical analysis, but there is no detectable biological effect. In tegion B, a
parallel response is observed and correlation is possible. In region C, assays become
non-linear and correlation is lost. Adapted from Alexander ef a/, 2003.

Contaminants are often not homogeneously distributed in soil. Heterogeneous
disttibution can be represented by highly localised, small sites of contamination or
large zones containing the toxic chemical. Organisms will be affected differently by
the small sites or by the large zones of the contamination. In contrast, the chemical
test will be based on analysis of a small sample of soil that l(hc‘)pefully well-mixed) does
ot show locally high or low concentrations. Neit}.ler will it reflect the capacity of
Ofganisms to move away from zones of contaminanog (avoidance) nor the ability of
Organisms to integrate over time by accumulating different amounts, taken up at
Various sites with different contaminant levels.

Methods that reflect the actual plant-available concentration are useful to
determine whether toxicity to the crop may occur or to predict the uptake by the
plant. However, this requires mono-species vegetation with reasonable. homogenized
environmental condidons. Upon a change in either soil pH or or.gamc rf]atter as a
resule of management, phytotoxicity and extractable conc.:entrat%ons will change.
COnSEquently heterogeneous natural vegetation with spadally different pH- and
Organic matter levels will show variable availabilities. .

Calibration of phytotoxicity tests 1s comphcated' becat..xse rOOts can grow
through surface soil, high in metal contaminants, and ob'tam nutrlf:nts al:ld water from
deeper soil hotizons, which are less or non-contaminated. For this reason the
fesponse observed from pot studies is commonly much greater than measurements
conducted in the field {de Vries and Tiller, 1978). '

KOOpmans (2004) showed that the predicted amount of Iavmlable phosphon'xs
(chemical test or model) and the uptake in the target grass species fouo“f the curve in
Figure 3.12. In P-saturated soils the available amount in the pore water is larger than
the uptake | y grass. The flux of phosphorus into the grass is the limiting factor and &,
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(constant described in 3.2.2) will be much smaller than 1. In this part of the curve,
uptake was not limited by desorption. Growing grass for several years decreased the
phosphotus content in the soil, and & stabilised to a vaiue close to one. Both the
available phosphorus and uptake of phosphorus decreased. In this linear part of both
rurves, uptake was also limited by transport from the soil aggregate to the root,
because the root systemn does not reach every soil aggregate (flux in the soil system is
the limiting factor). The lowest part of the curve in which plant growth is inhibited by
absence of phosphorus was not reached. Koopmans concluded that bioavailability
should not be used as a static concept, but as 2 dynamic concept if it is used to
optimise the situation for plant growth.

Scientific background and regulation

Chemical analysis of the bioavailability of contaminants in soil requites analytical
testing in addition to the current methods that are used to determine toral
concentration, With the increased information gained through these tests, one can
anticipate an increase in the total costs of soil analyses. Thus, it will he advantageous
to implement appropriate protocols that mintmise the extra costs and maximise the
value of the extra-obtained information. This can be done through a tiered decision-
making approach whereby redundant testing can be avoided and by the selection of an
appropriate test organism(s) for which the chermical test is to be correlated eatly in the
decision-making process.

An example of a tiered approach is a soil or sediment sample with significant
levels of a contaminant that readily desorbs from the soil into an aqueous medium.
Contaminants are then readily available for biological uptake, biodegradation and
transport, and it will not be necessary to petform an extensive evaluation of
bioavailability potential. Conversely, if a soil contains contaminants that are resistant
to desorption, infortnation from chemical analysis has no value for prediction of
environmental effects. Current testing of total concentrations of soil contaminants
could be augmented by a method suitable to measure the availahili
contaminant as a basis for initial decision making,
regulatory paradigm.

. '_I’he percentages of the t.otal available concentration of a compound will vary
with dlffcrent upt-ake mechams-ms and different species. This could lead to the
assumption that different chemical tests must be cotrelated
dissirnilar species. Such an approach would be expensive, time
and difficult to integrate into a regulatory system. Two alternati
First, a conservative approach can be used in which the
acquire the highest percentage of the toral concentration of
more than any other species). This would offer the highest
ecological receprots, but it also may be ov

ty of a specific
Or 1t may modify the current

with a wide range of
consuming, confusing

est organism is able t¢
the toxicant in soil (i.es

degree of protection t©@
erprotective of the natural functioning of
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CCosystems. A second approach would tely on the use of a test organism (for
f?OrreIating bio-assay and chemical tests) that is most relevant for, or has special
Mportance for, the particular land use associated with the contaminated soil.

Neither of these approaches needs to be considered when humans are the
SPecies of concern for exposure at the site. In this case, the result of the chemical test
needs to be correlated with some measure of bioavailability to humans by the dermal,
ingestion, or inhalation routes of exposure.

Chemical tests offer considerable promise for providing meaningful
Information thar will be useful in developing realistic information for risk analysis of
Contaminated soils and sediments and for decision making in regard to polluted sites.
Additiona] tesearch and development are clearly necessary. It should be realised that
thete is no such thing as the ultimate test for the measurement of bioavailability.
Depending on the question of acute or chronic toxicological effects, degradation,
Ieachjng, and health of human beings, different tests will be necessary. To avoid this
use of multiple tests, a process of harmonisation followed by standardisation is
hieeded,

This  harmonisation/standardisation ptrocess .
Caoperation with regulatots and combined with education of the Pubhc. Regulators
and the bublic are familiar with a system in which total concentrations are related to
the fecessity for clean up, target values for remediation, and values for reuse of
“Ontaminated soil. The measured total concentrations are considered as well founded
and as definitive values, People responsible for polluted locations observe that in
these locations the first phases of natural development occur (succession of
Vegetation) and are often not hampered by presence of contaminants. They
understand that this may be caused by a low bioavailability of the 'contamjnant.
Results of bioassays, used as a tool to manage these sites, are however still considered
33 ‘soft’ data, If more than 75% of test organisms die, there is a problem, but is the
Ptoblem solved if only 5% (HCs-value) should die? Thinking on a hun_m.n scale, this is
not acceptable. Regulators, however, are responsible for the dccfsxons. ar.ac.i not
Scientists, who have produced the data on risks. As long as cflata on 'bxoavall'abll'xry do
110t have a strong scientific base and when there is no CXPC'“.CH‘:C with apphcat]oln of
these data, regulators will return again to use of the ‘definitive’ total concentrations

(Figure 3.13),

should be developed in
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ol
{hard data) -~

4} No ﬁpnsensus
Not.énough data
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“743} Input scienge::™ 4

Figure 3.13  Decision making on hard and soft data.

It will be very important to present the concept of bioavailability including the
possibilities of measurement in such a way that it is considered as definitive. It is
possible to change the ‘reference framework’ for regulators as can be learned from the
introduction of the Building Act in the Netherlands. The values for multifunctionality
that wete in use hampered the reuse of cleaned soils. After introduction of a system in
which a higher total concentration had to be combined with a leaching test, the reuse
of cleaned soils increased tremendously. By defining the limited use as for building
material, ecological risks were not of interest anymore. Risks were only related to
leaching, which can be estimated with accepted test procedures.

During the development of methods for bioavailability, the use of complex and
expensive methods is acceptable, because in this period, the scientific foundation of
the methods is important. Several variations on the same principle provide even more
confidence. For regulatons, comparability and costs are more important. Regulations
require simpler, preferably standardised methods. It will be complicated to reduce the
large number of methods investigated to a limited number of methods for national
and international reguladng proposes. Each laboratory and each country will claim to
have the best method. The latter can only be prevented when sctentists do not seart a
methodological discussion but give minimum requirements for the methods necessary
to establish bioavailability. Such a discussion has already started in ISO/TC190, Soil
Quality. In this discussion it is necessary that scientists with kn
behaviour of contaminants in sotl, biologists, and ecolo
different explanations of bioavailability. Wi
bioavailability will remain an interesting scien

owledge on the
gists work together to prevent
thout an interdisciplinary approach,

tific tool byt will not Pla)’ its necessary
role in a sustainable approach to treatment of contaminated soils in the ‘real’ wotld, In

2003 a working group of ISO/TC190 was formed to develop guidelines for the use of
bioavailability in soil and site assessment,
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36.2 Bioavailabih'ty; definition and tools used in this thesis

I“_ this chapter it has been shown that bioavailability is not 2 unique, fixed concept
“’Tlth a single meaning for all users. Depending on the background of the user,
differcar definitions exist. This is not a problem as long as bioavailability is used in
Connection with a biological process or effect. If this connection is not made, it will
Stle a confusing concept. In this thesis bioavailability is further used in combination
W.’th biodegradation of PAHs and mineral oil. As presented already in 3.6.2,
bicavailable for degrading organisms is defined as:

The amonnt of PAHs and mineral oil that can be transported (by diffusion or physical
change of the adsorption site) to a site with a degrading micro-organiini in a defined time
Dperiod and 1hat can enter the bio-inflwenced zone of this organism.

This js a conceptual definition that can be used for all bioremediation techniques.
Time may vary from days to weeks in a bioreactor and from years to decades in a
m‘ore natural remediation system. In 2n infinite time period, the bioavailable fraction
will theoretically equal the toral amount of contaminants. Therefore an operational
definition of bioavailability is necessary, which has been used in this research. As an

OPerational definition, the bioavailable fraction is defined as:

The amount that is degraded aerobically on a landfarm in one year, wnder Dutch climate

CORdztions

Chemicyj methods can be used as a tool to predict biodegradation. Results of
Chemicy) methods cannot be defined as the bioavailable fraction but can only be used
% an estimate of the bicavailable fraction. Several methods are available, described
*0d also used in this investigation, For the availability of PAHs, the Tenax-method
BAVe go0 predictions of biodegradation. We have chosen the Tenax-method for the
OHO“’ing reasons: )
™ The mechanism used in the Tenax-method is diffusion. Diffusion is also used in
the description of the rate of degradadon (see Chapter 2).

Itis possible to derive kinetic parameters from the measured res -
~ The Tenax-method was already available in 1997, when we started the avaﬂz ty
Measurements on Kreekraksluizen. To be able to compate results we used the

Method also in following vears.

ults.

Methods developed later and using other principles such as Fhe oxidation r'::ethod .of
_UYPers (2001) could also be used and in that case organic matte;;hfracuoz)s “;;h
ferent seabitig : . vailability mechanism {see Chapter Z). ‘lhe

stabilities can explain the bioavailability o for touting

tho; Ve .
¢ of Tenax does not mean that it is the most suitable me
137



Landfarming of polycyclic aromaric hydrocarbons and mineral oil contaminated sediments

applications. That was not a part of our research. The method used supplied the
necessary scientific data to get a better understancing of slow biedegradation. Which
method or methods should be used as a standard method should be discussed in the
[SO TC190 working group. )

Therte 1s no chemical tool yet available to predict the bioavailability of mineral
oil. Mineral oil is 2 complex mixture of components with difterent characteristics and
is present in different phases. Mineral oil is strongly associated with the organic matter
in sediments. A relationship has been found berween the presence of small droplets
and toxicity.

In this chapter the concept of bioavailability has been explained and defined in
relation to biodegradation. It is possible to use chemical tools to predict the
, bioavailable (=biodegradable) fraction of PAH. These tools are used in the following
chapter, for explanation of the slow degradation rates found in landfarming of
contaminated sediments. It will also be discussed if the chemical tool can be
correlated.
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4 Degradation and desorption of PAHs in
sediments: kinetic approach

4.1 Introduction

PAHs in soil and sediments are biodegradable as explained in the previous chapters.
Suecessful bioremediations of sediments in pilot scale bioreactors have been reported
(Ferdinandy, 1999; Jee et af, 1998, Giordano et af, 2003) and on landfarms (see
Chapter 1). Degradadon of PAHs in landfarms is an aerobic process and starts as
500N as oxygen is present in soil pores. Because sediments atre fully saturated with
Water, they are anacrobic. Dewatering, a process whereby water filled pores are
teplaced by air filled pores, is necessary. As soon as the oxygen concentration is high
cnough for biodegradation of the contaminant, a degtadation pattern will be achicved
as presented in Figure 4.1, Bioremediation in landfarms, and in other bioremediation
Systems, show the same pattern. The time necessary for biodegradation on a landfarm
Is much larger than the adaptation period for micro-organisms (see also (.Zhapte.r 2.3)
a_nd generally no delay in degradation is observed. If dewatering of the sedlme.nt is the
_hmiting step, then a delay period will be observed. The following observations are
Mportant:

The degradation pattern exhibited a fast phase followed by 3.510‘." phase. .
The residual concentration at the end of treatment may vary in different sediments.

e/e,
1

08

08

Sediment 1
04 -
0.2

Sediment 2

o
Time

. . . . H 'V
Figure 4.1 Characteristic pattern of bioremediation of sechment.. Re.lat-l e |
- - atering is ignored.

concentration ¢/c, as function of time. Time necessaty for dewatening is ign

Uncemﬁm}’ in the achievable residual concentration and the time -ner;d t(l) attain thJi:
concentration, will constitute a stumbling block to further practical development o
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landfarming of polluted sediments, especially when it necessary to attain a specific

target value. Therefore, it is necessary to know which value can be attained and how

much time is necessary to attain this value. To be able to predict the results of a

bioremediation effort, it is necessary to know which processes are responsible for the

existence of the different phases. ‘
Which micro-organisms are responsible for the degradation of the different

PAHs, has not been established. In a landfarm typically a large population of micro-

organisms are present varying from small bacteria to large fungi. As presented in

Chapter 6, fungi have good capabilities for the degradation of chemicals with multiple

ring systems.

As long as the presence of oxygen is the limiting factor, the degradation rare
can be explained by the rate of acration as described in the previous Chapter 2. As
soon as the landfarm is fully aerated (see also Chapter 6), and the available part of the
PAHs has been degraded, different theories that were described in Chaprer 2 may be
used. These theories share a common concept that the contaminant is present on a
site without active micro-organisms. This means that either the contaminant has to
diffuse to another site containing a micro-otganism, or that the site has to change in
such a way that the availability for colonization by degrading micro-organisms
increases. The following rate setting processes are considered:

_ Diffusion. In the first soil models describing slow desotption, soil has been
proposed as a porous sphere (Wu and Gschwend, 1986). In the case of
bioremediation, the contaminant diffuses through the soil sphere from the inside
(high concentration) to the surface (outside) where it is degraded (concentration is
zero). This approach is further worked out in Chapter 2. Important in diffusion
models are the molecular diffusion constant, the distribution constant (the stronger
the adsorption to the solid phase, the slowet the diffusion) and factors describing
the complexity of the soil matrix. Using this theory, the rate constant has a physical
meaning and factors responsible for the degradadon rate can he recognised.

— Stability of the (otganic) soil matrix. The different degradation rates can be
given a physical background by introducing the ideas of different types of organic
matter. (Weber e/ al, 1992 and Pignatello and Xing, 1996). In this approach
diffusion in the organic matter is still the rate-defining step. Like in polymers,
otganic matter can be distributed into two phases: (1) an expanded phase, and (2) 2
condensed phase. The expanded phase is a rubber like phase, also called
amorphous phase (Luthy ¢ al, 1997). Sorption is linear, the diffusion constant
does not depend on the concentration and there is no hysteresis. The condensed
phase is a glassy phase, where sorption is non linear, the diffusion constant
depends on concentration and hysteresis occurs. The strong bindings between
organic matter molecules z}re responsible for a strong matrix (Pignatello, 1998).
Within this matrix adsorption occurs in internal micro-pores or voids of several
nanometres. In order to reach or leave these pores diffusion through the
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condensed organic matter is necessary, which makes it a very slow process that is
much slower then desorption from the expanded phase. Another way to affect
desorption is to change the properties of the condensed phase. This phase is
stable, but not inert. Thermal treatment (Bonten, 2001) changes condensed into
expanded organic matter, but such a process is less applicable in landfarm and
other natural systems. In the long term, however, organic matter is subject to
change (degradation). Without addition or formation of new organic matter, all
organic matter will degrade and oxidise in the long term. The changes in or zanic
matter may happen within treatment times as desctibed in this chapter (see also

Chapter 2.2.3).

In both cases it is possible to use the mult-compartment model as a mathematical
description of decrease of the contarminant concentration. Assuming that no
interaction takes place between the compartments considered, the model can be
described 2s a sum of first order decreases. Based on the results of the presented
€Xpetiments in this chapter three compartments can be distinguished. The amount of
PAHs present in the three compartments differs with the sediment. If the fraction of
PAHs present in one of the compartments is zero ot ignorable a two compartment
Model temains. Every fraction is described with two constants, the size and the rate

Constant k as follows (4.1):

- Frar e_kﬁm-t + F o e—km.t + F reryeton e—k\m-m-t (4.1)
Co

Where:

€ = sediment/soil sorbed amount (mg/kg d.m.) at time t

€o = sediment/soil sorbed amount {mg/kg d.m.) at time 0

Fas = fast desorbing/degrading fraction

?‘fﬂw = slow desorbing/degrading fracdon

very siow = very slow desorbing/degrading fraction
fast rate constant fast desorption/degradation (')
Kiow = rate constant slow desorption/degradation G)
rate constant very slow desorption/ degradation (v

il

very slow:

= dme (y)

The sum of the fractions equals 1, which implies that the model .conr.air.as 5 parametcrs
Which values have to be established. As shown in Chapter 2, it is possible to d(_ascnbe
the rage constants with physical constants and properties of the sql (npeneFi
sech‘ment). Important parameters are the moisture content and the radius of soil

3eregates,
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The goal of this chapter is to deliver an effective tool for the prediction of
results of landfarming of PAHs-contaminated sediments, using theories on diffusion
and decomposition of organic matter in Chaptet 2 and the concept of bioavailability
described in Chapter 3. The experimental results in this chapter ate based on a long-
term expetiment on the [andfarm Kreckraksluizen. The first experiments wete
iniiated in 1990, Sediments have been treated with intensive landfarming followed by
passive landfarming. Due to the long treaument times it was possible to establish
degradation rates during the different phases of treatment. During this treatrent the
concept of bioavailability was further developed. In the second half of the nineties it
became possible to measure the fast desorbable fraction of PAHs as an esdmate of
the fast degrading fraction in the sediment, including the kinetics of the desorption
process.

4.2 Materials and methods

4.2.1 Degradation experiments (field)

On an experimental field at Kreekraksluizen, situated in the province of Zeeland in
the Netherlands, landfarms were initiated on semi-field scale. The first experiments
were initiated in 1990 on fields equipped wicth a drainage layer of 30 c¢m. The fields
were 20 * 7 m, about 50 c¢m of dredged sediment was applied and the layer thickness
of the dewatered sediments was also about 30 ecm. The sediments were intensive
treated to srimulate biodegradation during the first years. The sediments originated
from the Geul Harbour (GH) in Rotterdam and the harbour of Zierikzee (Z7).
Treatments used were: cultivation, no culdvation, adding of wood chips and adding of
PAHs-adapted sludge from a sewage system. For all treatments used biodegradation
occurred, but there were no significant differences between any of the several
treatments (De Groot and van Lierop, 1995). Between the years 1990 and 1993, the
PAHs-concentration (Putch National List) in GH and ZZ were reduced, respectively,
from 52 to 3.7 and from 65 to 18 mg/kg d.m. In 1993 the sediment from the different
experimental fields were combined into two new experimental fields containing the
Geul Harbour and Zierikzee sediments in a thicker layer, These sediments were
further treated in a passive way (passive landfarming) and results are presented in this
chapter.

In June 1994, the landfarm was extended with tour fields for the trearment of
sediment from the Petroleum Hatbour (PH) in Amsterdam and sediment from the
harbour in Wemeldinge (WEM), also situated in the province of Zeeland. In these
fields an original layer thickness of about 1-meter has been used. In one field of each
sediment dewatering has been stimulated with vegetation (passive landfarming). Both
second fields were intensively cultivated in the first period of intensive landfarming of
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two years to stimulate dewatering and degradation (Figure 4.2). Dewatering is further
discussed in Chapter 6. Original (fresh) PH and WEM sediments have been stored
under wet anaerobic condidons in 200 1 vessels for further studies like the desorption
studies described in this chapter.

Because of the high PAHs-concentration in Petroleum Harbour sediment, this
had ro be considered as chemical waste. We were unaware of this at the start of the
expetiment and special permissions were necessary. Activities on the landfarm could
only be initiated after receiving all permissions (Novembet, 1994). Cultivation in‘tated
1n the following winter, which means thar the first summer was not an effective period
for bioremediation.

The inhomogeneity of polluted soil or sediment is very important in a field
experiment. To be able to construct reliable degradation curves all fields were sampled
very intensively. In order to achieve the desired accuracy at least 5 samples were taken
Per dare, field and layer. At the initiation of the landfasms additional samples were

Necessary to achieve the desired confidence.

Figure 42 The Petroleum Harbour landfarms on Kreekraksluizen. Left the

cultivated landfarm in 1995. Right the vegetﬂted landfarm in 1997.

In the vegetated landfarm the upper layer was dewatered and ripened much faster
than the Jower layer and they were therefore sampled separately. Th.e lowe.r layer was
defined as the (partly) anaerobic layer of the sediment. Du‘.: to increasing of the
riPﬁning this layer became thinner in following years. The different trearments are

SUmmarised in Table 4.1.

143



Landfatming of polycyclic atomatc hydrocatbons and mineral oil contaminated sediments

Table 4.1  Sediments investigated on Kreekraksluizen.

Type of Intensive Passive Number of Vegetation PAH-NL
sediment landfarming  landfarming  layers present since  concentration
(period) since sampled in original

sediment
(mg/kg d.m.,)

PH, cultivated 1994 - 1996 1996 1 1996 550

PH, vegetated 1994 2 1995 550

WEM, 1994 -1996 1996 1 1996 45

culdivated

WEM, 1994 2 1995 45

vegetated

GH 1990 — 19931 1993 1 1993 52

77 1990 - 19930 1993 1 1993 65

* De Groot and van Lierop, 1995

Samples were analysed for PAHs using HPLC and fluorescence detection, according
the Dutch standard method NEN 5771 (equivalent to ISO 13877). The wet sediments
were extracted with a mixture of acetone/petroleum ether. The acetone was removed
by extraction with water. The petroleum ether extract was concentrared using
Kuderna Danish equipment to a volume of 10 ml. One ml acetonitril was added the
10 ml of petroleum ether and the solution was roncentrated to a volume of one ml
using nitrogen. A volume of 20 ul of the remaining acetonitril solution was injected on
the HPLC-system. Afrer on-line clean up with a 1 ecm C8- column (Prospect, Spark
Emmen) the PAHs were separated on a Vydac 201TPS4 RP C18 column of 20 cm
and detected on a programmable fluorescence detector, programmed according NEN
5771. Peaks were measured as peak highs against an external standard. The PAHs as
presented in Table 4.2 were measured. The most volatdle PAHs are not reported
because they are normally only present at low concentrations in sediments, they are
biodegradable and it was not possible to accurately measure the residual concentration
after the first fast degradadon. Especially the naphthalene measurement was
inaccurate and these poor results would influence the sum of PAHs too much. In the
table is also listed those PAHs that are part of the Dutch National List. Because
naphthalene is not reported, presentation of values of the Dutch National List means
without naphthalene. Dibenzo[a,hjanthracene has been measured, but data were very
unreliable due to the presence of a disturbing peak in the chromatogram and also was
not reported. All results are expressed as concentration in the dry matter of the
sediment (mg/kg d.m.).

Loss of mass on ignition was used as a simple method to estimate the organic
matter content. Although it is known that this method may pive systematic errors by
analysing sediments (Frintrop, 2000), the results can be used o give a good
impression of the stability of or the relative decrease of the organic matter.
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Table 4.2 PAHs measured in sediments from the landfarm

Kreekraksluizen.

PAH Abreviation Number of Dutch
used aromatic rings  National List

Naphthalene Not reported 2 X
Acenaphthylene Not reposted 2
Acenaphthene Nox reposted 2
Fluorene FLU 2
Phenanthrene PHE 5 X
Anthracene ANT 3 X
Fluoranthene FLT 3 X
Pyrene PYR 4 ¥
Benz[ajanthracene BaA 4 X
Chrysene CHR 4
Benz[b]fluoranthene BbF j X
Benz[k]fluoranthene BkF 5 X
Benz[a]pyrene BaP
Dibenzo [a,hjanthracene Not reported 2 X
Benzo fg,h,i]perylene BPE 6 3(
Indeno[1,2,3-c,d]pyrene  IPY

4.2.2 Desorption experiments (laboratorium)

ted using the Tenax desorption technique
seablish the bioavailable fractions and the
also applied on samples of original

From 1997, samples were also investiga
described by Cornelissen ¢ . (1997) t© €

kinetic of desorption. This technique was )
Petroleum Harbour and Wemeldinge sediment, which were stored in 200 1 vessels

under anaetobic condidons. In the applied procequre, the :sedxmer;c Sg)’stézg s(f;{s]
ml), HgCls (1.25 g/l to stop the actvity of degrading organlsfmsnz;T Theermfunnel -
adsorpdon medium (0.2 g) were brought into  SePAIFon R el was
continuously shaken at room temperature (approx.20 °C), at such 2 rate ¢ 2;
sediment and Tenax beads were dispersed. Tenax T.A (17f7-250C1-}l::2;; };:120].[:6?;?2:;
based on 2,6-dipheny1-p-phenylene oxide was obtained from o ml;} ’l;enax e e
the "Tenax beads were rinsed with hexane, acetone and water (. ie oo for o
three solvents) and dried overnight at 75 °C. At :;elect;dTtunes‘ws Tenax wis
Separated from the sediment suspension and analysed; Zes te\r::: e
Sediment suspension. Separation of Tenax from the se mzn ) tSPO;I the, e
the sediment sank to the bottom whereas the Tenax be.a s eo:tation e ! -F;enax
adhered to the glass wall of the separation funnel during § lzh ) thé The Tenax
tesidues were extracted with hexane and further analysed .accog : t%on e vate
sediments, From the results the size of the fast'desorbmg ;:: o e
Constants for the fast and slow desorbing fraction wer'evz'c;tiu e s he o
Procedure ‘Fxcel solver). In 1999 and 2001 samples were it &

143



Landfarming of polycyclic aromatic hydrocarbons and mineral vil contaminared sediments

step procedure described by Cornelissen ef /. (2001). During 6 hours 2 g of sediment
was shaken with 1.5 g of Tenax. PAHs in Tenax and lefr in the sediment were
measured according to the already prescribed methods.

4.2.3 Calculation of rate constants

As presented in Chapter 2, processes responsible for degradation can be fit with
exponential curves (first order decrease) and theoredcally the degradation curve can be
fitted with a sum of different firse order decreases (multi-comparrment model). The
preconditions to use the muld-compartment model cannot be fulfilled during
landfarming of sediments. For the fast degradable fraction the kinetics of degtadation
are set by the rate of dewatering and not by diffusion and microbiological activity. A
At with a mult-compartment model would underestimate the degradation rate
constant for fast degradation, but this underestimaton would also lead to an
underestimation of the slow degradadon rate constant. Moreover no experiment was
available showing all three compartments. Even if all compartments are included in
the experiment, use of the two compartment model (3 parameters) is recommended
over the three compartment model (5 parameters) (Johnson ef a/, 2001). Using a rwo
compartment model, the value for the rate constant of the slowest process will have
the lowest reliability (Opdyke e/ a/,, 1999). Therefore, degradation curves have been fit
with single exponential curves (Excel). To do this, linear parts of the degradation
curve (plotted as the logarithm of the contaminant concentration versus time) were
selected and fit. The obtained degradation rate constants have to be considered as
actual constants. They are representative for the actual slope of the degradation curve.

Comparable with other researchers using Tenax, desorption data have been fit
with a cwo-compartment model (fast and slow desorption;} using the Excel-solver. For
Tenax this is correct, because no re-adsorption occurs during the Tenax-desorption
experiment. This means that the rate constant for fast desorption is not the actual one,
but that the size of the fast fraction has been taken into account in the calculation.
The rate constant for slow desorption has to be considered as actual, because the very
slow fraction is not taken into account. The very slow desorbing fraction was not
recognisable within the tme frame of the desorption experiments. The actual slow
desorption rate constant can be compared with the actual slow degradation rate
constant.

146



Chapter 4 Degradation and desorprion of PAHs in sediments: kinetic apptoach

4.3 Results

4.3.1 Degradation of PAHs

Homogeneity of the fields

In laboratory degradation studies it is possible to start with well mixed homogenecous
sediment. As 2 result of mixing, standard deviations will be small and clear
degradation curves can be obtained. On the scale of the experiments on
Kreekraksluizen mixing is not possible and higher standard dcviation; have to be
expected. In order to construct reliable degradation curves intensive sampling is
Necessary.

Because treatment of he Petroleum Harbour and Wemeldinge sediment in the
first half vear was not allowed, dewatering was very poor (see also Chapter 6) and
degradation could not start because of the remaining anaerobic conditions in most of
the sediment present on the fields. Degradation really started in next spting (1995). All
the PAH-values measured in samples taken from anaerobic sediment in the first half
year, have been used to make distribution curves of the PAHs-content in both
sediments (Figure 4.3). As expected large differences in concentration have been

Measured, but no ‘hot spots’ could be recognised in the landfarm.

In both sediments the absolute levels differ by a factor of 10, Petroleum
Harbour sediment is representative for a heavily polluted site, not only polluted with
PAHs, but also with mineral oil {13,500 mg/kg d.m.). Wemeldinge sediment is
Iepresentative for a lot of Harbours in the Nethetlands (mineral oil 2,000 mg/kg

d.m)).

Number of samples Number of samples

35 [ % [ Wemeldinge

30 Petroleum Harbour 30

25 25 -

20 20

15 15 -

10 10

5 5T

0 0 20 40 60 8D 100 120 140 180 180 200

200 400 600 800 1000 1200 1400 1600 1800 2000
Concentration PAHs (mg/kg dm)

Figure 4.3 Distribution curve of the PAHs-content {sum Dutch National List) in

Petroleum Harbour and Wemeldinge sediment representattve for the start of the

landfarm (1994).
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Degradation rate of PAHS in Petroleum Harbour fields

In the upper layer of the vegetated landfarm, aerobic conditions were already
developed during che first summer. Therefore the fastest initial degradadon occurs in
this layer. The degradation curves can be fit with two exponential curves (Figure 4.4).
In this figure degradation curves are presented of the PAHSs of the Dutch National
List and of four individual PAHs. Similar results were obtained with the other
measured PAHs. After 1 year, aeration was not the limiting factor in the upper layer
and fast degradation was followed by slow degradation.

In the culdvated ficld more time was necessary to obtain aerobic conditions. By
cultivation the aerated upper layer was mixed again with anaerobic sediment from the
lower layers and two years were necessary to obtain a field aerated over the whole
depth. This is visible in the degradadon curve. Fast degradaton took also 2 yeats,
followed by slow degradation in the next years. In the cultivated as well as in the
upper layer of the vegetated landfarm the first fast degradation period corresponds
with the period to obtain a fully aerated sediment.

If it had been possible to start culdvation immediately, a higher fast
degradation rate might have been obrained in the cultivated landfarm. The obtained
degradation rate constants are the constants that belong to an aerobic landfarm as
applied on Kreekraksluizen. Figure 4.4 also shows the large spreading in measured
PAH-concentration as discussed in the previous sub-chapter and the necessity to
analyse large number of samples. Values of the degradation rate constants for the sum
of PAHs and individual PAHSs, derived from an exponential fit of the log-linear parts
of the curves, are given in Table 4.3.

Because of the poor aerobic conditions in the lower layer of the vegetated
landfarm the initial degradation rate is smaller and the first fast degradation cannot be
recognised, which is illustrated for fluorene in Figure 4.5, The degradation rate in the
first years is much lower compared to the rate in the upper layer. In spite of the low
inittal degradation rate in the lower layer the same residual concentration is obtained
after 7 years. This was also the case for the other individual PAHs. The data from the
lower layer are fitted with one exponential curve, giving an average rate constant for
fast and slow degradation (kz.,).
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Cultivated Vegetated upper layer

PAHs {mg/kg d.m.)
1000 1000 o
. Dutch National list . Dutch National list
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Figure 4.4 Degradation of PAHs in the Petroleum Harbour sediment. Left
cultivated landfarm and right the upper layer in the vegetated landfarm.
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PAHs (mg/kg d.m.}
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Figure 4.5 Degradation of fluorene in the vegetated Petroleum Harbour landfarm,
uppet layer and lower laver. Presented data are the average concentration per sampling
. date.
Table 4.3 Degradation rate constants of PAHs (y!) ia the
investigated sediments. (A) = acrual value.
PAHs PH WEM GH 27
Culrivared Vegerated Vege- Culi- Vege- Vege- Passive Pas-
upper layer tated vated tated tated landfarm sive
lower upper lower land-
laver layer layer farm
'é,'.u.' k{fou' leff‘m ;é;,;,,,- k_,' ir £ o k:lw é,‘ 5 é!foﬂ- Jém,, kﬂ p
(CY N VIR GV AV CAV IR VA VIR (3 V IR (AN IR €1} R (A)
Dutch National list 1,19 013 204 010 038 0068 0.037 012 015 0041 0016
Fluorene 1.61 0.20 399 013 057 017 014 026 015  0.097
Phenanthrene 1.69 .12 368, 004 054 011 0055 017  0.08 0048
Anthracene 155 013 337 616 452 0070 0077 017 023 0044
Fluoranthene 1.47 019 248 Q.15 .50 0.078 019 0087 026 0071
Pyrene 146 017 213 0.15 047 0062 0030 0084 0.09 -
Benz[a]anthracene 112 015 155 G014 036 0071 0029 0088 015 0072
Chrysence 087 017 122 013 028 0054 0 0017 025  0.044
Benz[bflucranthene 070 0.16 073 042 020 0055 0028 0063 @18  0.04i
Benzfk|fluoranthene 0,78 615 0.89 013 022 0054 0.020 005 012 0048
Benz[a]pyrene 057 018 051 011 018 0053 0038 0060 015 0018
Benzo[ghiilperylene 030 001 021 004 020 0028 013 001 012 0028
Indeno|1,2,3- 032 008 044 001 005 0053 0012 0012 008 0.026
c,dlpyrene

Degradation rate of PAHs in Wemeldinge fields

Although fast initial degradation was also expected in the Wemeldinge sediment, the

fast degrading fraction is small. The variation in the measured PAHs concentration is
too large to distinguish a fast and slow degrading fraction (Figure 4.6). In this figure
the data are fit with one exponendal curve. The concentrations at /=0 do not fit in this
curve and are (also for all individual PAHs) systematically higher showing the
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Presence of a fast degradable fraction, Therefore it is assumed that, like in Petroleum
Harbour sediment, fasc degradation lasts one and two years in, respectively, the upper
laver of the vegetated field and cultivated field. The following data are fitted with an
€Xponential curve angd the resulting actual degradation constants for slow degradation
are given in Table 4.3,

One exponential curve is used to fit all of the measured data in the lower layer
of the culdvated field. The resulting degradation rate constant is, like in the same
Petrofeum Harbour field, the constant for fast + slow degradation (&:). In the
Cultivated landfarm the highest degradation rate is obtained. The degradation rate in
the vegetated landfarm is slightly slower. The higher values for ke, also show the

Presence of a small fase degradable fraction of the lower ting PAHs.

WEM cultivated WEM vegetated
PAHs (mg/kg d.m.)
100

» Upper layer
© Lower iayer

a
Time {years)

Figure 46 PAHs depradation curves in the Wemeldinge landfarms, Diata are
average concentrations (Dutch National List) per sampling date and are fitted with one

£xponential curve,

Degree of degradation of individual PAHs in Petroleum Harbour and
Wemeldinge sediment

In this long-term experiment it is obvious that all indivic'lua-ll ?AHS disappear in
Petmleum Harbour as well as in Wemeldinge sediment. This is ﬂlustrated.u.smg the
UPper layer of the vegetated landfarms, because in this layet the conditions for

degradation were most optimal. Figure 4.7 gives the relat?ive concentrations of
different degradable fractions of all individual PAHs present in the sechmznzlc?f t:e
"Pper layer of the vegetated landfarms. Fast degradable is the amount dsgta e l]rl t 1(?
firse vear, slowly degradable is degraded berween 1 and 7 years and very slowly
degradable is the residual concentration present after 7 years (this was the situation in
2001)~ The values are calculated with the obtained fitted curves. The fas: degradaEle
fraction has been calculated with the slow degradation curve using a value of =1
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Calculating this value with the fast degradation curve would overestimate the
degradation for the lower PAHs.

Very high degradadon percentages (fast + slow degradable fractions) are
obtained for the smaller PAHs especially in the Petroleum Harbour sediment. The
relative residual concentradon of the larger PAHs is larger, but these PAHs also
decrease in a measurable amount. Compared to the Petroleum Harbour sediment the
percentage degraded in the Wemeldinge sediment is lower, but again all PAHSs are
degraded. Looking to the composition {numbers on top of each column), the
conttibution of the small PAHs in the original Wemeldinge sediment is much lower,
and especially the concentration of fluorene is very low.

After 7 years the concentrations of all individual PAHs have the same order of
magnitude {not presented in Figure 4.7). The composition in both landfarmed
sediments became comparable.

Concentration sadiment (mg/kg d.m.)
58 192 87 160 94 37 35 1§ 10 18 88 9.5 17 85 25 1.3 8.9 5451 47 24 50 24 4.1

-

100%
80
80

40

20

=) w
2 5
B Fast degradable [ Siow degradable [ Very slow degradable

Figute 4.7 Fast, slow and very slow degradable fractions of individual PAHs in
Petroleum Harbour (left) and Wemeldinge (right) sediment as measured in upper part
of vegetated landfarms. Numbers on top of each column are the concentration in the
original sediment (mg/kg d.m.

Degradation rate in Geul Harbour and Zietikzee sediment

In the sediments of Petroleum Harbour and the Wemeldinge Harbour the PAHs-
concentrations became stabilised ar the end of the measuring period. May be a third
very slow degrading fraction should be introduced. Measuring in an additional period
will be necessary to establish the proper degradation rate constants for the slow
degrading fractions in these sediments. Data from the other two landfarms, Geul
Harbour (GH) and Zierikzee (ZZ) can be used to do this, The sediment of these
landfarms was treated intensively during three years and passively from 1993 to 2001.
The length of this series of data is long enough to derive degradation rate constants.
For Z7 the degradation rate is very small. In Figure 4.8 the average PAH-values
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{Dutch National List) are presented, including the 95% confidence value for every
date of measurement. An issue for discussion is whether it is appropriate to calculate
the rate constant from these data. However, it gives an order of magnitude
impression. The fitted degradation rate constant (representative for slow + very slow
degradation, ks+vs) for the sum of PAH, of the Dutch National List in ZZ equals 0.016
y', which is an order of magnitude smaller than the rate constants for slow
degradation in the Petroleum Harbour sediment. The accuracy of the individual PAHs
is smaller and values are therefore not presented. The curve in Figure 4.8 is an
exponential curve; ¢, = ¢y exp(-kt). The curve looks linear, but with small k values and
telatively short times the exponential curve can be replaced by the linear function; ¢, =
¢ (1-ki). |

Although the concentration in GH in year 4 (1994) is already lower compared
to Z7., the relative degradation rate is much higher and fitting the degradation curve
becomes more realistic. Even two phases can be distinguished for GH. Figure 4.8
represents the degradation curve of the sum of PAHs of the Dutch National List in
GH. 95% confidence intervals are included. The data, also from the individual PAHs,
are fitted with two exponential curves reprSCﬂtiﬂg slow and very slow degradation.
Results of fitting are again actual rate constants for slow degradation and the real
degradation rate constant for very slow degradation (assuming 1o extreme slow
degradable fraction is present). The degradation rate constants ate given in Table 4.3.
The rate constants for slow degradation are comparable with the values for slow
degradation in the Petroleurn Harbour sediment and the values presented for

Wemeldjnge sediment.

Geul Harbour Zierikzee
PAHs (mg/kg d.m.) PAHs (mg/kg d.m.)
5 2~
20
‘r 18
o slow ©
very siow 4l
r 12
1 L I 1 ! 10 ! L 1 ! )
0 5 7 9 n 13 0 5 7 9 1 13
Time (years)

Figure 48  PAHs (Dutch National List) degradation in Geul Hatbour and Zierikzee

sediment. Degradation curve are firted with exponential cuvEs - 18; 18; 18; 10; 9;
The average values of Geul Harbour are based on respectively 19; 18;18;18;10; 9, 9; 9;

10; 5 and 5 samples. For Zierikzee they ate based on respﬁCﬁVEIY.lg; 19 18, 28 10:8;
13; 14; 10; 5 and 5analysed samples. 95% confidence values are given.
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4.3.2 Desorption of PAHs

Tenax experiments to study desorption were described in the year 1997 by
Cornelissen ¢ &/ (1997). These measurements were applied on the sediments in
Kreekraksluizen from 1997. Forrunately the original sediments of the Petroleunt
Harbour and the Wemeldinge Harhour have been stored under anaerobic conditions
and still contain the original concentration of PAHs. The additional three years of
ageing of the sediment will be small compated to the age of the pollution in the
sediment ranging from tenths of vears in the Wemeldinge sediment to more than 50
years in the Petroleum Harbour sediment. The original Petroleum Harbour sediment
contained the highest amount of PAHs (550 mg/kg d.m.) and gave the most reliable
results using the Tenax-method. The original sediment and sediment on the cultivated
Betroleun hatbour sediment has been analysed in 5-fold. An example of the
desorption curve of phenanthrene in both samples is given in Figure 4.9. The first
drop is representative for the fast desorbing fraction and the second nart for the slow
desorbing fraction. Because no re-adsorption takes place (surplus of Tenax) and the
duration of the experiment is small compared to the period of ageing of the sediment,
desorption is the only process to be considered. The multi-compartment model can be
used and the data are fitted with a two compartment model. Using curve fitting it is
possible to calculate the fast desorbing fraction and the rate constants fot fast and
slow desorption, Results for all individual PAHs and standard deviations ate given in
Table 4.4. The rate constant for fast desorption is the one that can be used in the
multi-compartment model. Because the presence of a very slow desorbing fraction is
not taken into account, the values for rate constants of the slow desorbing fraction
have to be considered as the actual value.

In ¢, /cy
0 p - .
Landfarmed
1
2 » Measured
— Model
-3 Fresh
-4 1 1 1 |
0 50 100 150 200

Time {hours)

Figure 4.9 The desoption curve of phenanthrene in fresh and landfarmed
Petroleurn Harbour sediment measured with the Tenax-method. Relative concentration
in the sediment ¢,/¢y as function of time. Measured data and fitted curve (two-
compartment model).
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Table 4.4 Fast desorbing fraction and the desorption rate constants
£, and &, in fresh and cultivated {1997) sediment of Petroleum

Hatbour. () = standard deviation (n = 5).

Cultivated sediment

PAHs Fresh sediment
Fraction fast e Estiw Fracrion fast Biier Koo
%) Gh iy (") o !
Fluorene 85 (3) 10237 5560 42 (D 5 (3 1545 (1357 39 (20
Phenanthrene 9 (% 6701 (80 33 @ 18 (3 2103 (1793 97 (5O
Anthracene 88 @ 6246 (P98 38 (M 11 (1 3558 (19 48 (26
Fluotanthene 86 (50 2686 My 8 1N 9 3 2204 (2709 695 (3%
Pyrene 75 0®m 701 (58 2 O By 1550 (1936) 9.9 (58)
Benzjajanthracene 76 B 426 BH 25 @ 6 G 793 M 19 (1Y
Chrysene 76 (3) 426 9 17 (3 7 ©) 1198 (827) 29 (1.4)

Benz|blfluoranthene 59 (1) 262 (3 37 (L 19 ® 337 Q) 51 @Y

Beﬂz[k]ﬂuuranthcnc 54 (12) 268 (29 40 (an 13 {®) 629 (387 71 (37)
28 @ 197 (52) 67 143

Benzla)pyrene 55 (4 231 (8 3

Benzo[g hijperylene 28 (4 3022 (79 21 3B 4 461 (918 10.8 (12.8
Indeno(1,2,3- 19 @ 3476 866 30 (© 11 61 (52) 1.2 (0.8
<dipyrene

Average 66 © 2890 (321 35 O 11 g 1220 {1168) 59 (40)

ton and in the values of £,y in the

There is 2 logical order in the size of the fast frac .
no explanation found for

fresh sediment {except for the undetlined values). There 18 . :
these high underlined measured values. The smallest ring PAHs (with the highest
Water solubilities) have the highest values. Degradation of tbe fast fraction result's in.a
shift in the composition of the PAHs. In the treated sediment the f.atS_t fraction is
Much smaller and no significant differences are present berween individual PAHs.
Due to the lower concentraton In the cultivatf:d sediment and the lower fast
clesmbing fraction, the accuracy of the Tenax-method is lower as is Sho.wﬂ ]-:)}r the
standard deviation. The standard deviation for the fast desorbing fraction in the
Cultivated sediment is of the same magnitude, which means a relative standard

deviation of 50 to 100%. The standard deviations for Az and Ky, in the treated
itself. This has to be kept in

Sediment have also the same magnitude as the values ; o be
Mind when evaluating the results. Generalised, if the fast desorbing fraction is low (<
25%), the relative standard deviation is about 50 to 100 %. Comparable rfesults for the

lissen ¢# a4 (1998) in Petroleum

fast fractions in fresh sediment were obained by Corne - _
After treatment in a bioreactor, the

Hatbour sediment (not the same dredging). livated landé
Wailable fractions became comparable with the results from the culdvated landfarm

. . . ive bioreactor.
Or were higher as measured in sediment from 2 less effectiv
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The desorption constant for slow desorption ke does not depend on the
number of rings of the PAHs or on the octanol-water distribution constant (K,,) of
the PAHs (see Table 2.1 in Chapter 2). This has also been reported by Kan e o/
(2000) studying chlorinated compounds.

Table 4.5 Fast desorbing tractions of individual PAHs and the
average desorption rate constants in fresh and treated sediments
sampled October 1997. () and [ ] results of respectively Cornelissen
et af. (1998) and Cornelissen ¢/ 2/, (2000-a) in the same sediment.

PH WEM GH ZZ
Ts Br O TE IR
4 5% 83 o % ET (T & oo
= - 3 Q - = - 3

PAH-total Dutch 550 120 45 35 45 30 30 2 15
National List on
moement Tenax
measurement
{mg/kg d.m).
Fraction fast
available PAH (%)
Fluorene 85 20 2 5 27 (27) [26] 32 6 10 13
Phenantheene 90 26 [ 13 26 (20 [12] 20 75 9 10
Anthracene 88 52 3 5 42 (383126] 25 209 4
Fluoranthene 86 65 18 9 14 32) [30] 21 7(9) 2 2
Pyrene 75 67 25 7 323831} 13 302 2
Benzia|anthracene 76 60 21 6 23207 5 2(8 6 1
Chrysene 76 58 14 8 1908 e 7 30 4 2
Benz|b)fluoranthene 59 58 28 19 7 (16) [12] 4 iy 2 3
Benzlk|fluoranthene 54 72 23 13 13 {15y |11] 4 200 4 2
Benz|a]pyrene 55 72 24 31 8 (14 (8] 3 401 5 2
Benzo|ghiperylene 28 2 1 4 6 (8) 6 3as u -
Indeno|1,2,3- 19 1 11 10 (18) 1 32y 4 5
o d]pyrene
Desorption rate
consrant £,
Averape value for all
PAHs
v
K 2800 2570 1190 1220 2220 3400 1270 5870 3190
Kegorn 35 107 59 59 12,7 54 3.2 3.8 114

The availability for desorption in the other sediments is much lower. Results are given
in Table 4.5. The individual values in Petroleurn Harbour sediments showed that
depending on the PAH-concentration present (fresh > vegetated lower > vegetated
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upper = cultivated) the highest for desorption available traction shifted from the light
PAHs to heavy PAHs. In the most degraded sediments the availabilides for
desorption are reduced to 10 to 20%. The shift to more heavy PAHs is not visible in
de Wemeldinge sediments.

For the fresh sediment, results of Cornelissen ef af. (1998 and 2000-2) are also
Presented. They have analysed the same sediment. The slighdy enlarged availabilities
for desorption in the fresh Wemeldinge sediment reduce to values below 10 % in the
treated sediments, which is comparable with the sediments from the Geul Harbour
and Zierikzee. Compatison of the measured vajues with the values of Cornelissen
shows that all of the Tenax-vahies are comparable, taking into account a standard
deviation of about 7 as given in Table 4.4. -

, The desorption rate constants are only presented as average values for all
PAHs, because of the high standard deviation at lower concentrations. All the
desorption rate constants have the same order of magnitude. The presented
desorption rate constants are also in agreement with observations of Cornelissen ¢/ a/.
(1997), Johnson e &/, (2001). Only Ay in the fresh Petroleum Hatbour sediment is
higher. This may be caused by the presence of a high amount O.f mh.leml oll. This oil
acts as extra phase which extracts the PAHs from the soil. Diffusion through this

liquid phase will be fast.

Because of the limited accuracy © .
available for fast desorption, the elaborated procedure was not repeated in the
following years (1999 and 2001). Tenax-measutements were .restrlcted to the amount
desorbing in 6 hours. Cornelissen ef al, (2001) stared that this amount could also be

used as an estimate for the fast desorbing fraction. Using the average value for £,
ble 4.6) of 3000 y, it can be calculated that 88% of the

s. In desorption experiments

f the Tenax-method at small fractions

Measured in this study (see Ta

fase desorbing fraction has been desorbed in these 6 hour

of 1999 and 2001, several outliers were measured and the relative standafrd devlatlc?n
was high. Results indicate that the fast desorbing fractions measured with Tenax in

1999 and 2001 were low (below or far below 10%) as illustrated with the median value
of the measured fractions (Figure 4.10). For the lower' layer of the vegetated
Wemeldjnge sediment the fraction available for fast desorption decreases from 1999
to 2001. Differences for the other sediments are within Fhe eftor of megsuremen}.
Very low are the fractions available for fast desorption lfl— t.hC full}’. aerobic
Werneldingc sediments {cultivated and vegetated upper) and the Zierikzee sediment.
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Fast desorbing fraction (%)

10
1 1999
8~ I 2001
B -
4
2
0
A B (] D E F G H
PH WEM
A cultivated D cultivated G GH

B vegetated upper £ vegetated upper H ZZ
C vegetated lower  F vegetated lower

Figure 4.10  Tast desorbing fractions (%) measured with the Tenax method (6 hours
procedure). Median values for all measured PAHs are presented.

Taking into account the relatively high uncertainty of the measurements at low

availability for desorption, the following pattern can be recognized:

— The fast desorbing fraction was only high in the original sediments (Table 4.6) and
remains low in the treated aerobic sediments (Figure 4.10),

— The highest values are present in the layer with the smallest degradation (lower
layer of vegetated landfarms)

— Even in seditments that are bioremediated for 12 years (Geul Harbour and
Zierikzee) there is still a fast available fraction that is measurable.

4.3.3 Decomposition of organic matter

In the Petroleum Harbour sediment the original sediment had an organic matter
content {measured as loss of ignition) of 12%. This percentage decreased in the
cultivated landfarm to 7% (standard deviation, s.d. 1%) within 1 year. In the upper
layer of the vegetated Jandfarm the organic matter content stabilized ar 8% (s.d. 1%)
and this percentage was attained within 2 years. In the lower layer a stable 8% was
attained within 4 years. In the Wemeldinge sediment the organic matter content
decreased from 9% to 5% (s.d. 0.8%) in the cultivated landfarm and to 6% (s.d. 0.8%)
in the vegetated landfarm. The latter percentage was attained in 1 and 4 years in,
respectively, the upper and lower layer.

The results of the organic matter content for the passive treated sediments GH
en 77 are given in Figure 4.11. During passive [andfarming there is no further
reduction of organic matter. It should be realised thar the fields were covered with

158



Chapter 4 Degradation and desorption of PAHs in sedimenrs: kinetic approach

Vegetation and that the organic matter of the vegetation (both root and shoot)
compensates for a decrease of organic matter. The dynamic nature of the organic
Mattet is too large to give a pronouncement on the degradation of the original organic
Matter. Remarkable is the decrease of the standard deviation. This shows that the soil
life is active and a homogenous distributed organic matter is created in 2 period of 5
o 10 vears. This is in agreement with the rate constants identified in Table 2.5

(Chapter 2) and these values are further used in the discussion,

Geul Harbour Zierikzea

Organic matter (%)

g [

2 —

L 1 1 { | 1 I

%o ; ;i s; 1|1 13 0 5 7 9 1 13
Time (years)

Figure 4.11 Organic matter {measured as loss of ignition) {%a) in Genl Harbour and

Zierikzee sediment. Bars represent the standard deviation.

4.4 Discussion

Summarising the degradation of PAHs in the different sediments (4.3.1), three
degradation rates can be distinguished; (1) fast, (2) slow and (3) very slow degradation,
The sizes of the different fractions belonging to these rates vary. The fast deg’fadj“g
fraction can be degraded in the first year. In this period however, oxygen is the
'miting factor. It is first necessary to dewater the sed-irf‘lent ané water filled pores have
to be teplaced by air filled pores. If oxygen is limiting during several years, a fast
degradjng fraction is not recognised as shown in the lowe.r layer c?f the vegetatfed
landfarms, In Petrolewm Harbour landfarm a high fast degrading fraction can be ea'sﬂy
fecognised. In the passive Geul Harbour landfarm a very slow degmdlflg ff-aCUOH
Could he recognized after 7 years of landfarming. This was not possible in the

Zierikzee landfarm and the other landfarms were still too young,
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4.41 Degradation and desorption

Prediction of the degree of degradation

As explained in Chapter 3, Tenax can be used as a tool to measure the fracton
available for biodegradation. With Tenax the fast desorbing fraction is measured.
Figure 4.12 gives the relation between the degradable fraction (degraded in one year of
landfarming} and the fast desorbing fraction of the individual PAHs in Petroleum
Harbour sediment. The values for the amount degraded in one year are derived from
Figute 4.7. A similar figure has been presented by Cornelissen ef 2/, (1998) and can be
constructed using other methods predicting the for degradation available fraction (see
Chapter 3).

Degradation in 1 year (%}

100 ~
. Vv
[ )
30
[ ]
60 .-
40 - . *
* Fresh
20 = © 1997
(? o%oo
0 i 1 | 1 |
0 20 40 60 80 100

Fast desorbing faction, Tenax (%)

Figure 412 PAHs, percentage degraded on the landfarm Kreekraksluizen in one year
versus percentage fast desorbing fraction (Tenax-measurement). The solid line is the
line with slope =1.

In the fresh sediment, the degradation is larger than that predicted using Tenax. In the
first year, however, also part of the slow available fraction has been degraded, which
increases the percentage degraded. Tenax gives an estimate of the fast desorbing
fraction and excludes the slow desotbing fraction.

Kinetics of degradation and desorption

Using the Tenax method, it is also possible to establish kinetic parameters.
Cornelissen ¢ o/ (1998) found that desorption rate constants measured with Tenax
were compartable with degradation rate constants in a bioreactor. In an experiment
were artificial polluted soil was shaken in vials, Braida ¢f o/ (2000) found almost the
same curves for desorption and degradation. Desorption was measured using Tenasx
and biodegradation was measured following '"CO: release of the degraded
phenanthrene. The ‘polluted” soil was equilibrated during 180 days. In both cases
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slurry systems were used for measurement of desorption and for degradation. They
show that comparing results of experiments, good cortelations will be obtained with

experiments having the same set-up and timeframe.
Comparing the degradation rate constants found on the landfarm (Table 4.3)

with the desorption rate constants measuted on the laboratory (Table 4.4), large
differences are observed. In Table 4.6 the magnitude of the values are presented.
Some values are marked as actual and in comparing, actual values have to be
compared with actual values. For the very slow desorption rate constant, values from
lirerature have been evaluated (Ten Hulcher & al, 1999, Johnson et 4/, 2001). Their
values for very slow desorption are a factor 8 to 66 smaller than the values for slow
desorption. In model sorbents, which are more simple compared to sediments
Caneﬁssen et al (1998) found that very slow desorption rates constants were
approximately a factor 10 smaller. For other organic compounds (trichloroethylene,
L3-dichlorobenzene  and 1,2,4-trochlorobenzene) the same  research group
(Cotnelissen ef a, 2000-b) showed differences between slow and very slow desorption
constants of a factor 25 to 66. Van Noort ¢f 4. (2003) reported differences between
slow and very slow desorption of a factor 100. In Table 4.6 a value for the very slow
desorpdon constant of 0.1 - 0.3 y has been used which is a factor 23 to 69 smaller

than the rate constant for slow desorption. .
May be it is even necessary to add extreme slow desorption and degradation.

ESpecia]ly for those PAHs that are often adsorbed in coal derived particles. Using
Thermal Program Desorption, Gosh e af., 2001 reported desorption rate constants for
PAHs adsorbed in coal derived particles and with molecular weights of 178, 202, 228
and 252 of, respectively, 0.029, 0.007, 0.006 and 0.002 y. These values are not
Presented in the table, because it was not possible to recognise an extreme slow
degradable fraction on the landfarm. The accuracy of the measured PAH-
concentrations is too low and a monitoring period, much longer than described in this

chapter will be necessary to derive a rate constant. -
Using results of Smith e o/ (2001) actual slow degradation constants between

6.12 ap 0.17 y! can be calculated during a pcriod of passive_landfarming (2-6 yeats
after the seart of the landfarm). These values are compatable with the values presented

in Table 4.3 and 4.6,

161



Landfarming of polycyclic aromatic hydrocarbons and mineral ail contaminared sediments

Table 4.6 Rate constants for degradation of PAHs in a landfarm and
desorption of PAHs measured with Tenax (Expressed in y-1).

Rate constant Degradation Desorption
{landfarm) {Tenax)

Kpasy >3 2600

ks!aw 0.33

ko actual 0.15 69

Kovery siow 0.03 0.1-0.3

On first sight, desorption rate constants presented in Table 4.6 do not explain the rate
of degradation. This is logical for the fast degrading fraction. As long as there are
other limiting conditions {absence of oxygen), the supply of oxygen will explain the
degradation rate.

Duting slow degradation, oxygen is not limiting degradation, because the
sediments were dewatered and completely aerobic. Comparing the rate constants it is
impottant to realise the differences in experimental conditions. In the landfarm, the
soil is unsaturated with water, providing aerobic conditions. The Tenax-system is a
slurry system and no gas-filled pores are present. Diffuston to the Tenax, which is the
driving process for desorption is faster in a fully water saturated system and also when
soil particles (aggregates) are smaller. In a non-saturated landfarm, diffusion to the
degrading organism will be slower. As shown in Chapter 2, the rate constant &
(lquation 4.2) is propottional to the square of the moisture content (£, expressed in
m*/m?¥ and inversed proportional to the square of the radius (# In m) of the soil
aggregate, [t also depends on the pore volume in the aggregate (¢ in m3/m?).

e
ki~ (4.2)
(1-¢&)

For biodegradation oxygen is necessary and the supply is optimal in a landfarm, if
about 25% or less of the total sediment/soil volume is filled with water. Depending
on the soil type, the moisture content in the aggregares is higher. In the fresh sediment
the fraction of the pore volume is about 0.7, which is completely filled with water.
Comparing sediment treated on the landfarm with a pore volume fraction of 0.55 and
a range of water filled soil volume of 0.2 to 0.5 in the landfarm with the fresh
sediment, a difference of 3 to 18 in the rate constant & can be calculated, In the Tenax
measurement the aggregates are partly broken up and are free rotating, This influences
the aggregate radius. If this is a factor 2, differences in the rate constant berween 12
and 76 can be explained. Due to the different experimental conditions in the landfarm
and the Tenax-experiments the difference (Table 4.6) between the rare constants for
slow desorption and slow degradaton (both are presented as actual) is now
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understandable. For the very slow process the difference is less clear (data for very
slow degradation are based on only one treated sediment) and both rate constants
differs a factor between 10 and 30, which fits in the previous explanation. The smaller
difference may also indicate that diffusion is not the only process explaining
degradation and also other processes like degradation of organic matter should be
considered (see 4.4.2).

In the fresh Petroleum Harbour sediment actual desorption rate constants ate a
factor of 2 to 6 higher than in the treated sediment (T able 4.5). An explanation for this
difference is the high mineral oil content in this sediment. This acts as an extractant
.and increases the rates of desorption. Already in the first year there is a large decrease
n the mineral oil content, which reduces the extracting power of the ‘mineral oil
Present.
To be able to use the three compartments model for prediction of degradation,
rate constants must all be related to their fraction. This will increase the value of the
Actual values. This is not important for the fast degrading fraction, because the
degradation rate constant can be much larger depending on the rate of dewarering. In
addition, the fast available fraction in Petroleum Harbour sediment is already large.
Correction of the actual value is important for the slow degradable fraction. This value
Will be larger if a large part of the residual fraction is very slowly degradable. If it is
assumed that after 7 years 90 % of the slow available fraction has been degraded, the
Values of the rate constant of the slow degradable fraction in the different sediments
Will have a value of 0.33 year !,

Desorption rate constants presented for fast desorption follow a logical order
Of high rate constants for the low molecular PAHs and low rate constants for the high
Molecylar ones. The differences are however relatve small, showing that Dissolved
Organic Matter (DOM) plays a role in the desorption process (see Chaptmf 2 'Fi.gure
2.2). This figure showed that the differences between diffusion constants of individual
PAHS became smaller with increasing DOM. In the landfarm the differences between
the individual PAHs for the degradation rate constant are even much smaller,

esorption, however, will still be an important step in the degradation process,
because the fraction available for fast desorption measured with Tenax correlates very
Well with the amount degraded. On the landfarm the supply of oxygen ((.iewatenng)
S¢ems to be the rate determining process at the start of landfarming sediments and

OVershadows the desorption process. .

DOM must a]s;P be irerortant in the rate of desofPtion. ?"d d‘?grada“‘m of the
slow ang very slow fractions, because it is not possible to dl_tferenrJate bctwe‘en the
differeny PAHs. If it was possible to differentiate between different .PAHs with the
fate of desorption, there should be another mechanism for degradation O_f th-e §1_OW
and very slow degradable fractions. The desorption process seems (o be “he hmmng
Process for degradation. This is, however, not a full proof; degradation of the organic

Matcer may give the same results (sce 4.4.2).
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Prediction of degradation rate from the measured for desorption available
fraction

Most methods for the measurement of those PAHs identified as ‘for biodegradation
available PAHs” only estimate this available fraction and not the kinetic parameters
(see also Chapter 3). If kinetic parameters are estimated additional measurements ate
necessary which makes it expensive for more routine applications. It would be an
improvement if the time necessary for biodegradation on a landfarm could be
predicted from the measured available fracrion.

Using the first order degradaton function, the actual degradation rate constant
can be calculated from the amount degraded in one year or from the fast available
fraction measured with the Tenax-method. This theoretical relation is plotted with a
solid line in Figute 4.13. In the same figure the actual degradation rate constants in
1997 (Table 4.3) have been plotted against the in 1997 measured fractions available for
fast desorption (Table 4.5). The values originate from different treated sediments and
the fresh Petroleum Harbour sediment in the upper layer of the vegetated landfarm.

Actual degradation rate constant (y")

10 —
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a PH cultivated . "
I WEM vegetated
x GH n
02zZ2 - .
o.* A
as ° o
01 . Xx*0 N
XXx
(=] Lo} x
o d *
0.01 o — '
1 10 100

Fast desorbing faction, Tenax (%)

Figure 413 Actual degradation rate constant as function of the fast available fraction.

- Calculated {solid line).

- Measured in different sediments in 1997, degraded in 1997 versus fast desorbing
fraction (Tenax method) (points).

Within the inaccuracy of the Tenax-method at low fast desorbing fractions and also

taking into account the low ‘fraction available for fast desorption’ measured in 1999

and 2001, three ranges can be distinguished:

— Very slow degradation. Fractions available for fast desorption of most individual
PAHs between 0 and 10%. ‘

~ Slow degradation. Fractons available for fast desorption of most individual
PAHs between 5 and 25%,

— Fast degradation. Fractions available for fast desorption of most individual PAHS
between 25 and 100%,
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Knowing the similarity in results with other methods that are used to predict the
degradable fraction, the prediction can also be used to predict the degradation rate.

4.4.2 Degradation of PAHs and organic matter

The desorption process as measured with the Tenax procedure is a good method for
the explanation for degradation if ali other conditions are constant duting the whole
landfarming period. This generally is not what occurs. Already in the first vear a
considerable amount of organic matter has been degraded. This reduces the number
of sorprion sites. The influence of the degradadon of organic matter during
dfiwatering, on the degradation rate of PAHs of the fast degrading fraction cannot be
Quantified. There are more influencing factors, aeration and desorption, but also
formation of new organic matter (root residuals). It is not possible to distinguish
between all these factors. Talking in terms of glassy and rubber-like organic matter it
Seems plausible that the rubber-like organic matter is degraded during dewatering. If
the degradation of the organic matter was the dominant process, the degradation rate
ot PAHs should be independent of the size, because all PAHs should become
available in the same rate. This is not observed, showing that the degradation rate of

the fast fraction is diffusion driven.
After the first dewateting period the organic matter content seems to be

constant. There is however a constant degradation of old otrganic matter and

formation of new organic matter in biologically active soil. In this period rate constant
for the degradation of organic matter are valid between 0.605 and 0.25 y! (see Table

25 in Chapter 2). These values are of the same magnitude as found for r_l.u: .slow and
very slow degradadon. Reemtsma e 4/, (2003) could not prove but found it bikely that

the turnover of organic matter is linked to the release of aged contaminants. If
degradation of the organic matter (the adsorption sites) is responsible for the

degradation rate, it should not be possible to distinguish between the different PAHs.
independent of the adsorbed

All sorption sites 1 ded with the same rate,
P e afe degrace gradation; all PAHs

PAHs. This has also been found during the slow and very slow .de .
degrade with a rate constant of the same magnitude. As n.lenuoned in 4.1 t,he s?me
“an be predicted from the theoretical model described in Chapter 2 taking into

Account the effect of rhe association of PAHs with dissolved organic matter. .
constants of PAHs and organic

It is stated, however, that degradation rate o call Listi
Matter have the same order of magnitude. Therefore it 1§ not physically rea st}c
Anymore to describe the slow degradation only with a diffusion process. The organic

Mattix is not stable within the timeframe of about 10 years. 'In a mathematical
he organic matter turnover

deseription of the slow degradation, the dynamics of th ically lead
shoyld be included. Fowever, changes in organic matter will not auFoma'nca y lead to
degradation. It is also imaginable that a change of organic matter will lead to a better
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inclusion of the PAH molecule, which also can be described with the term bound
residue,

4.5 Conclusions

In this long-term landfarming experiment, it was possible to distinguish between
different rates of degradation; a fast degradation during dewatering, a slow
degradation in the first petiod of about 7 years and 2 very slow degradation after the
petiod of slow degradation. This pattern can be recognised for all individual PAHs.
'Not only small PAHs are degraded on the used passive landfarm, but also the larger 5
and 6 ring PAHs. For the fast degradable fraction, the oxygen supply is the limiting
factor. As a result of natural dewatering the degradatdon of the fast degrading fraction
occurs in the first 1-2 years in a landfarm. In thick layers of sediment the oxygen
limitation may cause even longer delays 4s shown in not cultivated layer sediment of
about one meter.

The fractions available for fast desotption measured with the Tenax-method
provide a good estimate for the degradation in the following year on the landfarm. It
is even possible to predict the degradation rate from the measured for fast desorption
avatlable fraction,

" Desorption rates (diffusion from 2 soil aggregate to the water phase followed
by adsotption on an adsorbing agent) measured with the Tenax-method were much
faster than the degradation rate observed on the landfarm. Taking into account the
lower moistute content and lower pore volume in a landfarm compared to the slurry
during the Tenax-measurement and differences in the radius of the soil agpregates,
differences in observed rate constants for slow desorption and degradation can be
explained. Desorption as a result of a diffusion process can therefore be used to
explain degradation on a landfarm. Increasing the moisture content and decreasing the
particle size may increase the diffusion and degradation rate. This is, however, not a
realistic option for landfarming. High moisture content will limit the necessary
diffusion of air into the landfarm and cultivation will not lead to the very small
particles necessary. If a high degradation rate is necessary, it is better to use the more
expensive slurry systems with active introduction of oxygen. These slurry systems
(bioreactors) are not the subject of this thesis.

Diffusion limited desorption of PAHs is not the only limiting factor in the
landfarm for explaining slow degradation. A second explanation for especially the very
slow degradation is the dynamics of the organic matter in the sediment and created
soil. During dewatering there is also a decrease in organic matrer thar is easily
degradable organic matter and is probably the rubber-like organic matter, The
remaining organic matter is more stable (glassy) and desorption from this organic
matter will occur more slowly. Also, this organic martter will be decomposed and the
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tate of this decomposition has the same magnitude as the rate of slow and very slow
degradation. This indicates that the organic matter dynamics may play a tole in
degtadation.
Using a three compartment model {Equation 4.1), the degradation can be
described with the sizes of the fast, slow and very slow fraction and their degradarion
fate constants of respectively >3.5: 0.33 and 0.04 yl. Using these constants the
following fractions can be distinguished with corresponding degradation times:
~ Fast degradable fraction: more than 90% will be degraded in one yeir of
landfarming, provided that proper conditions for degradation are managed and
maintained. -

=~ Slow degradable fraction: about 7 years are necessary to remove 90% of this
fracdon.

=~ Very slow degradable fraction: even 13 years are insufficient for accurate
measurement of this degradation rate, and 30-60 years may be necessary for 90%

degradation.

Dependjng on the distribution of PAHs between the different degradable fractions,
shott and/or long periods may be necessary to reach target valu.es set for refncdiation.
Retuming to the three compartment model, it is now possible to fill in 4 of .6
unknown parameters. Values of the degradation rate constants are presented in this
Chaptﬁr and the fast degrading fraction can be established using the Tenax-method or

another method to establish the fraction available for fast biodegradation. There is

On¢ unknown remaining, because the sum of all the fractons is 1. If it is possible to

Measure one of the other fractions, it becomes possible to predict the degradation

Cutve, Possible methods are:

= A desorption method like Ten
slow desorbing fraction (40 days if kiow

= A desorption method at increased temperature,
Periods possible, like the method (desorption at 60 °0) s

al. (1997). Desorption during about 30 hours will be sufﬁcic:n.t}. _
Measurement of the very slow available fraction, by destroying the organic matter

i i i ersulphat
associated with the slow desorbing fraction. This comparable with the p phate

Method of Cuypers (2001).

ax duting a period necessary to desorb 90% of the

for desorption is 20).
which makes shorter extraction

uggested by Cornelissen e

Currendy, the landfarms at Kreekraksluizen are stable systems and the de.gradamn
" ‘ g the quality of the sediment. If

wil) continue i i improvin
n the coming years, 1mMprovis
degradation of organic matter is the explaining fﬂ_CtOf for 5101‘:;" ba“(_i very ;11\‘/
degfadation, it could be concluded that the degradation .rate.(,ou N illfleeaST ' ¥
Stimulation of the degradation of the organic matter. This will probably give lower
& n. Organic matter acts as an

“Sidual concentrations, but is not a wise decisio ‘
adS()rption site for PA’]—[S A strongl)’ adsOl‘de PAH will not be feSpOﬂSlblE for
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negative effects on the eco-system. By removing the organic matter the concentration
of PAHs may drop more rapidly, but removal of organic matter may also increase the
risks. It is better to conclude that an active sotl system may increases the degradation
rate of PAHs. In an active soil system there is a high turnover of organic matter. Old
organic matter is degraded and new organic matter is created from residuals of
vegetation. By degradation of the old organic matter the degradation rate of PAHs
may increase. The new organic matter creates new sorption sites, which may prevent
that non-degraded PAHs become available for soil organisms. Presences of roots of
vegetation and worms do not only play a role in the organic matter turn over, but also
on the size of the aggregates. Decreasing of aggregate size to smaller than 1 mm (see
Chapter 2) may effect an increase of the desorption rate.
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5 Degradation of mineral 0il in landfarmed

sediments

5.1 Introduction

occutting  osganic contaminants in

Mineral oil is one of the most commonly
e existence of anaerobic condidons.

sediments. It is persistent in sediments due to th
Under aerobic conditions found in 2 tandfarm, mineral oil in sediments and soil is

biodegradable, as has been described in Chapter t and 2. There is already a long
tradition (Aora e ak, 1982) of successful treatment of terrestrial soils polluted with
mineral oil products, as has been summarized in Chapter 1. Several companies are
active in the treatment of mineral oil polluted soil in open and covered landfarms.
Even under arctic conditions (Prince and Brage, 1997; Whyte ef al,, 1999), mineral oil

Can be degraded.

One should expect comparable results with bioremediation of sediments. There

are, however, differences between oil-polluted sediments and oii-poluted soils.
Although sediments are changed into soils during landfarming, c?ifferences in
conditions at the beginning of freatment will influence tbe degradation rate. The
degradation of mineral oil is mostly expressed as 2 dectease in the Fotal concentration.
Mineral oil content is not one unique chemical but 2 comp1.e>.i mixture of %ndxvxdual
compounds. As discussed previously in Chapter 3, mineral. oil in sediments is present
In different physical forms (Harmsen and Zweers, 2000; Brils # al, 2002).

= Free occurring un-bound droplets.

=~ Droplets bound to sediment particles.

~ Minetal oil adsotbed on the surface ofo
~ Mineral oil absorbed in the organic matter.

~ Mineral oil present between imineral particles.

rganic mattet.

entire range of compounds present

There is no technique available that measures the _ . .
mineral oil concentraaon

i.n all mineral oil products (FarrellJones, 2003). A repc')rted : ' :
is therefore defined by the analytical method used, and it can pe difficult or impossible

' compare results of different analytical methods. In this thelsm, a gas
Chxomatographic method was used, and the c0ncent1‘aﬁons repotted COﬂSlSt' of all the
hydrocarbons extracted with a mixture of acetone and pct-roleum ether, +ll present
after a clean-up of the extract with flosisil and visible in the gas chromatogram
between o and Cao (NEN 5733; 150 16703). Clean-up s necessary o LEMEVE €o-
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extracted natural organic matter. Use of other extraction methods and clean-up
methods may resule in higher, but also lower concentrations (Harmsen and Zweers,
2000).

Measuring a product, originated from crude oil, gives an oil chromatogram that
consists of an unresolved hump with spikes on top. The spikes are recognised as n-
alkanes {upper chromatogram Figure 3-1). Light or low boiling cil compounds, in this
example originating from gas oil, are shown in the left part of the chromatogram, and
heavy oil compounds containing larger alkanes from lubricant oils are shown in the
right part. If mineral oil is introduced into anaerobic soil, it can be detected even after
a long period. If degradation does occurs, the easily degradable n-alkanes will be
removed first (Atlas, 1984; De Jonge; 1996; Pond e 4/, 2002), and the mineral oil
remaining is called a weathered mineral oil.

The typical mineral oil pattern that is found in polluted soils is not seen in
sediments. The reason for this is logical. The density of spilled oil is usually lower than
the density of water; oil, therefore, will float on water and tends not to go into the
sediment. Exceptions are some greases ot special oil products, but these products are
not released into the environment in large amounts. Due to evaporation the most
volatile compounds will disappear quickly. Movement of the water is responsible for
presence of suspended particles in the water and break up of the oil film in the water.
Oil particles will adsorb to the solid particles and settle out together with these
particles. The water layer above the sediment, including the top layer of the sediment,
is aerobic and can be considered a bioreactor. The easily degradable compounds are
partly removed in this layer. The easily degradable low boiling compounds and the n-
alkanes are visible at the beginning of the upper chromatogram in Figure 5.1. The
remaining in the sediment is weathered oil (second and third chromatograms in Figure
5-1); weathered oils are also present in a pollured terrestrial soil after a period of active
bioremediation. The amount of oil components visible in the beginning of the
chromatogtam is low.

The Dutch target value for mineral ol in sediment (Cy) Cy) after remediation is
a total concentraton; 50 mg/kg d.m for multifunctional use as soil and 500 mg/kg
d.m for teuse as building material; the latter value has changed to 2000 mg/kg d.m in
2004; see also Chapter 1. As mentioned previously, mineral oil consists of a large
number of individual compounds, having different boiling points, volatilities, and also
different polarities, resulting in ditferent solubilities in water. In a study on toxicity of
mineral oil in marine sediments, it has been shown thar the toxicity for Vibrio Fisher,
Corophium Volutator, and Echinocardium Cordatum does not correlate with the total
concentration but strongly correlates with the lower boiling points, especially to those
within the Cy-Cio range (Brils e7 a/, 2002). These are also the components that are first
degraded, as seen by comparing the chromatograms of the sediments in Figure 5.1.

The interaction of mineral oil and sediment particles and especially the organic
matter may be responsible for a low bioavailability, as described in Chapter 3. The low
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availability combined with the weathered character of mineral oil in sediment (the
easily degradable components ate already removed) can be responsible for a

degradation rate slower than normally found with landfarming of oil polluted

terrestrial soils. The degradation rates of mineral oil in sediment treated on the
landfarm Kreckraksluizen are described in this chaptet. The same sediments as
described in the previous chapter on PAHSs degradation were investigated, ie.,
sediments from Petroleom Harbour, Wemeldinge, Geul Harhour and Zierikzee.
Degradation rates based on first order degradation are also derived in a comparable
way. This chapter is limited to degradation rates and does not include desorption
rates, because, unlike PAHs, it was not possible to correlate desorption, as measured
using Tenax, with degradation data. It can also be discussed whether desorption of
mineral oil molecules adsorbed on organic matter is the most important process for
biodegradation. Mineral oil is also present as droplets, for which dissolving is more
important to become available for degradation, and on which surface micro-organisms

can be active. If mineral oil is absorbed within organic mattet, the degradation of

ofganic matter may be the rate-explaining factor for biodegradation.
described in the previous chapter,

Comparable with the degradation of PAHs

different degradable mineral oil fractions wete distinguished: (1) fast, (2) slow and (3)
very slow. Although it was not possible to predict the fast degradable fraction, as was
possible for PAHs, and to establish the mechanisms important for transport of non-
available mineral oil to active degrading organisms, degradaton rates of the fast and
slow degradable fractions could be measuted and are presented in this chapter. All
sediments treated on the landfarm Kreekraksluizen were used for this study. Knowing
the degradation rates for mineral oil, predictions ate made of the tme necessary to
reach target values for reuse. The time necessary for treatment on a landfarm is an

Impottant component of the treatment strategy

5.2 Materials and methods

oil has been conducted on the same

The investigation of the degradation of mineral .
d for the study of PAHs degradation

expetimental landfarm on Kreekralsluizen as use
(Chapter 4). On this landfarm, sediments from the Geul Harbour (GH} and the

harbour of Zierikzee (ZZ) have been Jandfarmed since 1990. The expexfiments with
sediments from the Petrolenm Harbour (PH) and the harbour of Wemeldinge (WEM)
Were started in 1994, The experimental Set-up of these landfarms has already been
described in Chapter 4 and is cummatised in Table 5.1. In the vegetated landfa}'m‘s two
layers are distinguished, an upper layet chat was already dewatered and afiroblc in the
firse year, and a lower layer for which severa e necessary to obtair an aerobic

| yeats wer
Nvironment. During passive landfarming, vegetation has developed on alf landfarms.
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Table 5.1 Sediments investigated on Kreckraksluizen,

Type of Intensive Passive Number of  Vegetation Mineral oil
sediment landfarming  landfarming  lavers present since  concentration
' sampled in original

sediment
{mg/kg d.m.)

PH, cultivated 1994 - 1996 1996 - present 1 1996 13,500

PH, vegetated 1994 - present 2 1995 13,500

WEM, 1994 -1 996 1996 - present 1 1996 2000

cultivated

WEM, 1994 - present 2 1995 2000

vegetated

GH 1990 - 1993 1993 - present 1 1993 8100

y s 1990 - 1993 1993 - present 1 1993 630

1 Results published in De Groot and Van Lierop (1995)

Most of the research was conducted on the landfarm fields contiining Petroleum
Harbour and Wemeldinge sediments, During the whole degradation period, the
landfarms were intensively sampled, as shown in Table 5.2. Period ‘0’ was the original
sediment. The high numbers of samples in the first yeats were taken, because a high
degradation rate was expected.

Table 5.2 Number of samples taken for the analyses of mineral oil
in the Perroleum Harbour and Wemeldinge landfarms.

Period (year after start of landfarm)

Type of sediment 0 0.5 i 2 3 4 5 7
PH vegetated upper 65 6 32 30 19 5 5 5
PH vegetated lower 65 6 16 15 17 5 5 5
PH cultivared 65 6 34 35 20 5 5 5
WM vegetated upper 19 13 21 30 19 5 5 5
WM vegetated lower 19 16 1 15 19 5 5 5
WM cultivated 19 17 21 30 19 5 5 5

The samples were analysed for mineral oil using NEN 5733 (GC-FID method, almost
equivalent to ISO/DIS 16703). In this method 20 g of sample were extracted with 2
mixture of acetone and petroleum ether. The acetone was removed by extraction with
water. According to this method, polar compounds that are not mineral oil were
removed with florisil. In 1997 the amount of flotisil specified in the NEN-method
was increased to make the method also applicable for peat. The high amount of
organic matter in peat implies a higher amount of co-extracted polar compounds.
‘These have to be temoved with a higher amount of florisil, which may lead to lowet
measured mineral oil contents. This change in the NEN-method has not been
implemented to prevent a shift (extra decrease) in the measurement, Therefore, during
the experimental period of the study, 3 g of florisil was used in each analysis. After
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concentration of the extract in Kuderna-Danish equipment, an aliquot was injected
Into a gas chromatograph with on-column injection and a FID-detector (Chrompack
9001) equipped with a CP7521 SimDis column (10 m * 0.32 mm df 0.1) and a CP
8008 retention gap (both supplied by Varian Chrompack). For quantification the area
of the registered chromatogram between the retention times of the n-alkanes Cjy and
Cao has been integrated and compared with a standard prepared from the mineral oil
standard supplied by RIVM, Bilthoven (RIVM-LOCO1). This standard is prepared
from equal amounts (mass) of Kuwait gasoil, purged to remove compounds smaller
than Cyy, and Shell Agip Basis Oil HVI 60. The chromatogram is given in Figure 5.1.
All measured areas have been corrected for column bleeding.

The Geul Hatbour and Ziertkzee landfarms were analysed less intensively.
Fl:pm 1989 to 1993 sampies were analysed using the Infrared method (IR) and
Published by De Groot and Van Lierop (1995). From 1995 the above described GC-
FID method was used.. Because the concentrations measured with these two methods
differ, it was not possible to derive rate constants for the whole period.

The model to describe the degradation rate is the same as used for PAHs
(Chapter 4) and is a sum of first order decteases (three-compartment model). The
three compartments distinguished, are described as the fractions fast, slow and very

slow degradable.

2. = Flu® o= Kol + F - e—k‘m-l +F .m-,:.,w'e“k‘“’“““'t
Where:
Cf = concentration {mg/kg d.m.) at ime t
o = concentration (mg/kg d.m.) at time 0
Fru = fast degrading fraction
Foton = slow degrading fraction
Fvery o = very slow degrading fraction
K = rate constant fast degradation (')
L = rate constant slow degradation (y°)
Kvery o = rate constant very slow degradation (y°7)
! = time (year)

i i i tive linear parts can
against tme, different consecu p

plotting concentration (log-scale) as has already been

be distnguished if the rate constants differ enough in vah.le,
shown in Chapter 4. The different linear parts in the degradation curv. ‘;5 ha_vc be;“ﬁ?t
with ape single exponential function (Microsoft Excel). Bec;usedt e size o‘ the
following degradable fractions does influence the values of the fitted parameters, e
btained rate constant values must be considered as actual values. The wholc curve is
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not fitted with the above function, because the rate of dewatering influence on fast
degradation and very slow degradation cannot always be recognised as already
explained in Chapter 4. Both will influence the value of the rate constant for slow
degradation.

5.3 Results and discussion

5.3.1 Composition of mineral oil in sediments

As already explained in Paragraph 5.1, original mineral oil products give a hump in a
chromatogram, with individual separated n-alkanes on top. These n-alkanes ate not
visible in chromatograms of sediment (Figure 5.1). Not all oil components in the
range Cjp — Cy are present in the chromatogram from the sediments. Low boiling
compounds (<Cis), which are easily degradable, are only present in low
concentrations, After further degradation in the landfarm the hump remains, but is
shifted to higher retention times, indicating that compounds in the range Cyg till about
Cas are most easily degraded. Slower degrading high boiling compounds are left. The
original sediments and especially the Petroleum Harbour sediment contains many
more low boiling compounds, compared to the szdiment after 7 years of landfarming.
Less then 20% of the residual oil in the remediated sediments consists of the fraction
hydrocatbons in the Cio-Cis range, which pose the most risk (Brils e 2/, 2002).
Therefore, risks caused by mineral oil in sediment treated on a landfarm will be
reladvely small,
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Detector responce

RIvM-standard

Fresh sediment -
After 7 years of landfarming

_——

Wemeldinge
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Number of C-atoms
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&
Reteption time

Figure 5.1 Chromatograms of mineral ofl.

the RIVM standard.

diments from Petroleum Flarbour and after 7

Mixture of mineral oil as present in
Mineral oil in the original dredged s€
vears landfarming,

Mineral oil in the origina

tandfarming,.

1 dredged sediments from Wemeldinge and af-er 7 years
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5.3.2 Degradation of mineral oil

Mineral oil concentrations, obtained during 7 years of measurements in the vegetated
Petroleum Harbour field, are presented in Figure 5.2 (upper figure). Measurement of
mineral oil in sediment shows a large distribution of values, which can make it difficult
to detive reliable degradation rates. Because of overlap, not all measured points are
visitble in this figure. In the original sediment the relative standard deviation of the
measured mineral oil concentration was 37%, which was reduced to 15% after 5 years.
The average standatd deviadon over the whole period was 24%. Relative standard
deviations in the Wemeldinge sediment were slightly lower; decteasing from about
25% in the first years to 15 % after 5 years.

With so many data, the average value of the mineral oil concentration measured
during a limited period is reliable. Values are averaged for half-year periods in the first
year and for one year in the following period. The resulting values and fitted
degradation cutves are given in the second and third figure of Figure 5.2. Because of
the amount of data presented in these figures, confidence intervals are not given, but
they can be calculated using the relative standard deviation and the number of
analysed samples given in Table 5.2. The 95% confidence values are about 10 % for
the first 3 years and about 30% for the following years. This higher interval is the
result of a limited number of measurements in these years.

In the upper layer of the vegerated fields and in the cultivated fields, fast
degradable fractions were visible (first year of landfarming). The mineral oil
concentration in the Petroleurn Harbour sediment and Wemeldinge sediment were
reduced by 55% and 50 % respectively in the first year, which means an actual
degradadon rate coefficient for the fast degradable fraction of (.8 y! or higher
(exponential decrease as a result of first order degradation). Taking into account the
slow degradable fraction, the degradation coefficient for the fast degradable fraction
becomes about. 3 y1. In Figures 5.2, the parts of the degradation curves representing
fast degradation have not been fitted, because in this period the degradation rate is
limited by the rate of oxygen introduction in the layer. A faster dewatering should
have resulted in a higher rate constant. Under optimal conditions for degradation,
Taylor and Viraraghaven (1999) reported a degradation coefficient for mineral oil of
9.8 y! (first order degradation). They remediated a clay soil contaminated with diesel
fuel. If the soil or sediment is less suitable for landfarming, due to a low bioactivity,
degradation rates can be smaller, as shown by Yerushalmi ¢ &/, 2003. They found a
degradation rate coefficient of 2.9 y-1. The parts of the curves in Figure 5.2, after most
of the fast degradable fraction have been degraded, and which represent slow
degradation, have been fitted with an exponential curve. Very slow degradation was
not observed,

The data of the lower layers of the cultivated fields of both sediments can be
ficted with one single exponential curve. Dewatering and aeration in these lower layers
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took several years and oxygen was limiting {see also Chapter 7), which reduced the
degradation rate of the fast available fraction. Fast and slow degradation could not be
distinguished, and the fit is an overall fit in which the rate of dewatering and resulting
degradation rates of the fast and slow degradable fractions are combined. These values
cannor be compared with the values of the upper layets and the cultivated fields,
because in the latter situations, degradation was not limited by oxygen. Comparable
with the degradation of PAHs (Chapter 4), the degradation curve for mineral oil of
the lower layer intersects the curve of the upper layer after approximately 7 years,
which shows that the slow degradable fraction is responsible for the result after 7
years, Limiting conditions during the first years do not influence the results after 7

vears,
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Most important are the degradation rate constants of the slow degrading fraction in
the upper layers of the vegetated fields and in the cultivated fields, starting after 1 year.
This part of the degradation curves shows the slow degradaton phase. The
parameters of the fitted exponential curves are given in Table 5.3. The results of the
Wemeldinge sediment are less accurate because of the large scattering of the
measurements {Jower correlation coefficient R%). The values of the rate constants
(Kviow) ate presented as actual vatues, because the presence of a subsequent very slow
degradable fraction is not considered. Values of K, are comparable tor the different
situations. The rate coefficients for the lower layers are larger, but in this fitm fast and
slow degradation and dewatering are combined, giving kpn, (assuming that the
combined processes can still be considered as first order).
' Table 5.3 Fitted parameters of first order degradation of the slow
degradable fraction.(c,= concentration at t=0; R= correlation
coefficient).

Period Cy Kton kr.s RrR?
& (mg/kg  actual oh
dm) 5
PH vegetated upper 1.7 6384 0.172 091
PH cultivated i-7 6884 0.169 0.87
WEM vegetated upper 1-7 1020 0.100 0.30
WEM cultivated 1-7 1033 0.131 (.32
PH vegetated lower 0-7 13052 0299 193
WEM vepetated lower  0-7 1791 0.165 0.77

If no very slow degradable fraction is present, the slow degradable fraction will be the
last fraction to degrade, and the actual degradation rate coefficient can be used to
predict the end concentration or necessary treatment time. Presence of a very slow
degradable fracdon, however, will influence the rate constant for the slow degradable
fraction obtained after fitting of the degradation curve. Estimating a value for the very
slow degradable fraction, it is possible to refit the curves from Figure 5.2 and to
obtain a real value instead of the actual value for the rate constant of the slow
degradable fraction. In Iigure 5.3 these results are presented for the Petroleum
Harbour landfarms. Because the real value for the very slow degradable fracdon is not
known, the period of very slow degradation was not included in the measurements,
and the real value of the degradation constant of the slow degradable fraction cannot
be estimated. If the degradation curve is comparable with the one obtained by
measuring the degradation of PAHs, the very slow degradable fraction will be the
value after 7 years (see also Figure 4.8 in Chapter 4). In that case the degradation rate
conseant of the slow degradable fraction will be approximately 0.33 y!. If the
degradation of mineral oil continues at the same rate after the first 7 years (first order
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degrec), the very slow degradable fraction will be smaller, resulting in a value for the
slow degradable fraction closer to the actual degradation rate constant.
Pegradation rate constant (y-?)

05 r PH-vegetated upper

------ PH-cultivated

0.4
0.3
0.2
01}
1] 1 1 S
- 0 5 10 15
Fraction very slow (%}
Figure 5.3 Effect of a very slow degradable fraction on the degradation rate

constant of the slow degradable fraction. Petroleum Harbour landfarm, Vegetated

upper layer and cultivated.

¢ slow degradation for PAHs (Chapter 4) and

The actual degradation rate constants fo
f mineral oil in Petroleurn Harbour and

the actual rate constants for the degradation ©
Wemeldinge sediment are comparable. Thetefore, th ! .
predict degradation of both PAHs and mineral cil in othet se.dlrne_nts. This does not
Mean that the tme determining process for stow degradation is the same. SlF)w
diffusion in soil aggregates will be the most impottant process.for PAHS degrs'ldau.on
and for degradation of mineral oil present at 2 low concentration. With the still high
Mineral oil contents after one year (6000 mg/kg dm. in the Pe.troleum_ Harbour
sediment), it is not expected that diffusion in soil aggregates will be hrmt_ed. In
Chapter 3 it has been shown that the mineral ofl may assoclate strongly with the

Organic matter present in sediments. To degra
to degrade the organic matter or first to convert the orga .
teleases mineral oil more quickly. Degradation rate coefficients of organic matter are
of the same order of magnitude (sce Table 2.5 in Chapter 2) as those measured for the

; investt further.
slow d il fracti is aspect has not been 10V estigated
egracing oil fraction. This PO oleum Harbour sediment will probably be

The high mineral oil content in Petr ‘ ‘ :
i i his sediment, as

N ' st degrading fraction of PAHs in t ,
ponsible for the large fast degrading Al o his sedimens

Presented in Chapter 4. The mineral oil will act as 2 so]an i ;
of the PAH mebe present in the mineral oil phase. Diffusion of PAHs through this

soly . i1l be a rapid process. .
Fn 1o reach the pore wel ¥ [;mlds Geul Harbour and Zietikzee can be

[andfarm :
The tesults of the older #7 on of mineral oil is present, as they did

Used to show if a very slow degradable fracti . _
for PAHs. Results of the mineral oil determination in these sediments are summarised

e same constant can be used to

nic matter to a form that
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in Table 5.4. Because results of Infrared (IR)- and GC-FID-measurements may ditfer
(Ouboter and Warbout, 1988), it 1s not possible to construct a degradation curve for
the complete measurement period. Further it should be realised that using the GC-
method, a background between 10 (sand) to about 150 (peat) mg/kg dm mineral oil
can be measured when analysing sediments (Janssens and Groenewegen, 1997). At
these levels, the method is less accurate,

Table 5.4 Mineral oil concentrations in the sediments from Geul
Harbour and Zierikzee as dependent on treatment time. s.d. =
standard deviation; n = number of analysed samples.

Years after Geul Harbour Zietikzee
start Mineral s.d n Method Mineral s.d n Method
‘reatment ol ’ oll

(mg/kg (mg/kg

d.m.) d.m.)
0 80761 34 2 IR 6282 206 3 IR
1 23080 1020 5 IR
2 17750 866 4 IR
4 4930 317 4 IR
G 241 78 3 GC-FID 303 120 3 GC-FID
7 356 52 5 GC-FID 293 34 5 GC-FID
10 184 53 5 GC-FID 106 12 5 GC-FID
12 84 20 5 GC-FID 129 17 5 GC-FID

) De Gtoot and Van Lierop, 1995
% Average value reported by Serasea, 1991; TNO-Imet, 19912 and TNO-Imet 1991b

Geul Harbour sediment contained a large fast degradable fraction, as 75% of the
mineral oil degrades within the first year (Table 5.4}. In this Harbour, a tanker cleaning
company was active before it was dredged. Probably the sediment was contaminated
with mineral oil and surface-active compounds from this company (Frintrop, 2004
personal information). This may explain the high degradation in the first year. The
original mineral oil concentration in the Zierikzee sediment was rather low, and the
measured concentration after year 6 was already slightly above the limit of analysis.
The mineral oil concentrations in both sediments were low in 2001; these sediments
could be considered as clean in relation to this contaminant. Using the values
measured with GC-FID (6-12 years), it is possible to derive a value for the rate
cocfficient for degradation in this period. The values for Geul Harbour and Zierikzee
are respectively 0.20 and 0,18 y!. These values are comparable with the values for
Petroleum Harbour and Wemeldinge in Table 5.3. R2 values were respectvely 0.78
and 0.80,

If these results are extrapolated to Petroleum Harbour and Wemeldinge
Harbour sediment, it is to be expected that the slow degradation will continue and not
stop after 7 years. This is in contradiction to the degradation of PAHs. Possible
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explanation is that the mechanism for oil degradation differs from the mechanism for
PAH degradation. It is also possible that the very slow degradable fraction cannot be
tecognised due to the limitations of the measurement method involved. At a low
mineral oil concentration (approx. 200 mg/kg d.m.), the limit of analysis of the GC-
FID method for mineral oil makes recognition of a very slow available fraction

impossible.

5.3.3 Prediction of the degradation curve

COmparable to the degradation of PAHs, the fast degradable fraction of mineral oil is
degraded during dewatering. The slow and probably the very slow degrading mineral
oil fractions are responsible for the degradation time necessary to reach the target
value of mineral oil in sediments. Because a very slow degrading fraction was not
included yet in the measurements for Petroleum Hatbour sediment, the effect of this
fraction is investigated using the three-compartment model. Petroleumn Harbour
Sediment is the most heavily polluted sediment investigated (original minetal oil
toncenrration 13,500 mg/kg d.m.), and the target value has not been reached within

the 7 years of this investigation. o
The effect of the presence of a very slow degrading fraction in Petroleum

Harbour sediment has been plotted in Figure 5.4. A prediction, without a very slow
degradable fraction, using the actual rate constant of Table 5.3, gives a mineral oil
toncentration below 500 mg/kg d.m. after 14 years of treatment. Longer treatment
time to achieve the same result will be necessary if a very slow degrading fraction
{12%) is included. Depending on the value of the rate coefficients for degradation of
the very slow degradable fraction (0.08 or 0.03 y'!), a treatment time between 16 and
>40 years will be necessary to reach the target of 500 mg/kg.

The treatment time will be depend on the target value to be reached. The above
Used 500 mg/kg d.m. is based on the Dutch Building Marterial Act. (Staatsblad, 1?95),
Which makes it possible to reuse cleaned scdiments and 5911 .unde_r restj.:lcted
Conditions, If higher target values can be used, the bioremediation time will be

shorter. Using a target value for reuse of 1000 mg/kg, there may still be an influence
g/kg can be

of the very slow degrading fraction. A target value for reuse of ZOOQ my
Yeached in 6-7 years of remediation for the heavily polluted sediment from the

Petroleum Harbour. o
Predicted treatment times of 7 years and 15-40 years are reasonable within the
Context of passive landfarming. However, long

troduce new uncertainties. The soil develope Canne
Considered as a material with unchanging properties. The use of the soil developed

from the sediments (as building material, arable soil, or soil in nature) may result in
degradation of the original organic matter and also formaton o.f new organic matter
{residuals of vegetation that grows on the landfarm). As mentoned previcusly, the

extrapolation times (>10-40 years)
d from the sediment cannot be
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ofrganic matter probably has an important role in the binding and degradarion of
mineral oil. The manner in which the soil is used use will influence the organic matter
content and composition and may therefore influence the real degradation curve.
Biodegradation will only continue in the next 40 years under aerobic conditions; the
use of the soil during that time must ensure the presence of aerobic conditions.

Predicted mineral oil {mg/kg d.m.}
6000

5000

— Fast + slow
— - — Fast + slow + very slow (1}

4000

3000 - We Fast + slow + very slow (2)
2000 measured
1000
. -
0 10 20 0 40

Time (years)

Figure 54  Calculted degradation curves and measured data in the upper layer of the
vegetated Petoleum Harbour landfarm using the three-compartment model. Original
concentration 13,500 mg/kg d.m. Distribution between avaialble fractions and
degradation rate coefficients as follows:

Degadable Fast + slow Fast + slow + very  Fast+ slow + very
fraction slow (1) slow (2)
fracrion degradation fraction degradation fracton degradation
(%) constant (") constant %) constant
(yfib (}rl) (),71)

Fast 55 3 55 3 55 3

Slow 45 0.17 33 0.3 33 0.3

Very slow 0 - 12 0.08 12 0.03

5.4 Conclusions

Mineral oil in sediment is not an easily degradable contaminant. This is the result of
the way mineral oil is introduced into sediments. Mineral oil in sediment is 2
weathered oil and easily degradable compounds {low boiling compounds (<Cys) and
n-alkanes) are not present or are only present in low concentrations, Comparable to
the degradation of PAHs described in Chapter 4, a fast degradable fraction of mineral
oil is present and can be degraded on the landfarm in ore year, providing that aerobic
conditions are obtained in the landfarm. The high mineral oil content in Petroleum
Hatbour sediment was likely responsible for the high fast degrading fraction of PAHS
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in this sediment, as discussed in Chapter 4. The mineral oil will act as a solvent for
PAHs, and diffusion of PAHs through this solvent to the pore water will be rapid.

The degradation of the following slow degradable fraction takes several years,
and the degradation rate constants can be derived from the degradation curves. Over a
period of 7 years, the degradation of the slow degradable fraction is responsible for
the result of landfarming mineral oil polluted sediment. Using vegetation creates the
fecessary acrobic conditions quickly in the upper layer, but similar results are obtained
1n the slower aerated lower layer in a period of 7 yeats.

The actual rate coefficients for slow degradation of mineral oil and PAHs are of
the same order of magnirude. The smaller importance of a very slow degradable
fraction indicates that the mechanism responsible for degradation may ‘be different.
For PAHs diffusion in aggregates seems to be important. Probably the association of
mineral oil with organic matter is important, and the turn-over of organic matter may
influence the degradation rate.

The size of a very slow degradable fraction and its degradation rate constant
could not be established in the Geul Harbour and Zierikzee sediment that have been
treated for a longer period. This is in contrast to the presence of a very slow
degradable fraction of PAHs in these sediments, as presented in Chapter 4. If a very
slow available fraction of mineral oil is present in these sediments, it will be in the
tange of ) — 200 mg /kg d.m., which could not he detected, because this is close to the
limit of analyses of mineral oil in sediments.

The degradation rate is not the same for all compounds present in mineral oil.
Liasily degradable compounds are the first to disappear; therefore during landfarming
the composition of the mineral oil in the treated sediment changes. Within the

Measured range Cjy-Cyo, the conttibution of Cy-Cio to the measured concentration
decreased during landfarming most rapidly. The range Cip-Cio is the range responsible

for toxicity (Brils e/ «/, 2002) and therefore risks on a landfarm are reduced more
qUiCkly than the total concentration of mineral oil.
For three of the four investigated sediments, a target value of 500/mg/kg d.m.

has been reached in a period of 5-7 years. For the heavily polluted sediment from the
/kg d.n.), this target value has

Petroleum Harbour (original concentration 13,500 mg . _
How much time required will

ot been reached, and more time will be necessary.

depend on the presence of a very slow degradable fracnox.l.
Using the three compartment first order degradation model and a target value

of 500 mg/kg d.m., treatment times from 15 years (fast and slow and no very slow
degradable fractions) to more then 40 years (fast slow and very slow fiegradaf)le
fraCtions) can be predicted for the heavily polluted Petroleum Harbour sediment. For

the orher less contaminated sediments, 6 to 7 years are sufficient, providing oxygen is
110t a limiting factor. Using the target value of 500 mg/ kg fi.m.,_ preser:ce of'a slow
degradable fracton determines the required degradation time in these sed@ents.
Intensivation of the treatment as described in Chapter 6 has limited effect on this rate.
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Therefore, long treatment times {6 years or more) are necessary, and passive
landfarming (which reduces input of labour and energy as much as possible, see
Chapter 1) is recommended for landfarming of mineral oil contaminated sediment.
Using the higher target values of 2000 mg/kg d.m. introduced in 2004 changes this
conclusion, because in that case removal of the fast available fraction may be
sufficient for many mineral oil polluted sediments. Lower target values will make
longer trearments necessary.

Test for prediction of the degradation of the fast degradable fraction of PAHs
have been shown to be possible (see Chapter 3 and 4). However, it was not possible
to cotrelate results of these tests to mineral oil, with the degradation rates observed on
the landfarms. During development of the tests for PAHs, knowledge on the
mechanisms responsible for the degradation rate was obtained. Development of tests
to predict the degradation of mineral oil may have the same function and give a better
understanding of mechanisms involved in biodegradation of mineral oil. It will,
however, be difficult to develop such a test because of the differences in mineral oil
propettizs (i.e., physical, boiling point, degradability, and polarity).
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6 Effects of optimisation of landfarm treatment of

sediments on bioremediation

6.1 Introduction

611.1 Optimisation on a landfarm

Lﬂndfarming is an inexpensive, but relatively slow bioremediation process for
degradation of organic contaminants in sediment and soils. Tt is part of human nature
to imptove and to optimise landfarming systems that are in use, with respect to
biodegradation rate and biodegradation efficiency. Landfarming, especially passive
landfarmjng as applied on Kreekraksluizen, is one of the cheapest bioremediation
methods. Optimisation may increase COSts in most cases and optimisation should
therefare lead to improved results; lower residual concentraton in a shorter time. If
this can be shown, then the use of the optimised method can be considered, even if
not associated with passive landfarming. Otherwise passive landfarming will be the

Proper choice, .

In this chapter the possibilities of optimisation on a land_farrn are dxf‘,c'ussed,
The process of bioremediation can be optimised by improving the actvity of
degrading organisms and the mass transfer processes'in the Se.djmem' The most
Optimum system regarding biodegradation rate ancl‘ biodegradation efﬁue{lcy is a
bioteactor like system, in which slurry is treated at optimum (emperature, 15 mixed and
in which oxygen, nutrients and eventually surface-active compounds to inerease
chemical solubility are added, As shown in Chapter 2.2.2,  slury reactor is the most
Optimum system for mass transfer because the high water c-ontent a4 slurry mereases
the desorption rate. A discussion of the bioreactor system is beyond the scope of thj_s
thesis as this study is limited to addressing landfarm _systems. A. landfarm s
characterised by water that is present in unsaturated conditions in which oxygen is

Supplied by diffusion through gas filled potes in the landfarm medium. Lack of mixing

L . : i rm.
limics the possibilities o increase the biodegradation rate it 2 landfa ,
“What is possible under landfarm conditions?" should be the first question to

] ) : the mass transfer, without active
answer. [ncreasing the moisture content to increase ) L -
crobic sediment in which no degradation

Inrroduction of oxygen will lead to an ana S¢ ffective. then it should
will occur, If working under water saturated condmor-ls was ¢ ective, then it s TEU
also be easy to do this in-situ and clean the sediment 10 1ts OW wailt:f N o€
technologies do not work (Ferdinandy, 1999} or may be cxpensive, because an active
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electron acceptor has to be included (Mysona and Hughes, 1999). The fraction easily
degradable organic matter present in sediment (see Chapter 4.3.3) will be responsible
for a high demand of the electron accepror. In this chapter technologies are discussed
to increase the remediadon rate on a landfarm. Landfarming of sediments has three
partly overlapping phases: .
— Dewatering and dpening of the sediment, so thac the sediment becomes acrobic
and degradation is initiated.
— Fast degradation of bioavailable contaminants.
— Slow and very slow degradation of contaminants well adsorbed in the soil matrix.

Every phase can be accelerated to shorten the overall treatment time. The time
necessary for dewatering and ripening of dredged sediment can be shortened by
tiilage. Vegetation also stimulates dewatering and ripening by a more intense
evaporation. The subsequent biodegradation may be stmulated by forced aeration,
higher temperature, addition of substrates and nutrients, and activadon of soil life.
The following ways of optimisation have been studied which can be effective on a
landfarm:

- Dewatering of the sediment using tillage and vegetation.

—  Use off elevated remperature and forced aeration in the dewatered sediment.

— Adding degrading organisms in the form of fungi.

— Use of vegetation including nutrients to activate microbiological soil activity.

Results of these optimisations have been compared with the observed degradation on
the ongoing landfarm experiment on the landfarm Kreekraksluizen as described in
Chapter 4 and 5. The measured bioavailability will be used to explain the results.
Published results of bioreactors with the original sediments used in this chapter
(Ferdinandy, 1997; Stefess, 1997) are also included in this evaluation,

It is not the intension of this chapter to exhaustively discuss the optimization
methods used, as this would require several more chapters, Not only the possibility of
applying the methods, but also the effect on bioremediation compared to the results
on the landfarm Kreekraksluizen, are considered. If improved bioremediation can be
shown, resulting in a higher degradation rate combined with lower residual
concentration, a further optimization study is justified to improve results and reduce
the costs,

6.1.2 Dewatering

Oxygen, which Is necessary for biodegradation, can be introduced in dredged
sediment by replacing part of the water filled pores by air filled pores. Part of the
water has to be removed in order to create acrated sediment, Dewatering or lowering
of the water content is possible by removing the excess of water through drainage ot
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evaporadon. As long sediment remains over saturated with water, a grnod drainage
System is needed. After a cerrain time for drainage, the sediment will act like a sponge
and retain the remaining water. After this time the water content can be lowered using
under- or over pressures, like in filter presses, and by stimulation of evaporadon. The
option of over pressure, however, is not an option in a large-scale landfarm system.

Parallel with the investigation on Kreekraksluizen, it has been investigated if the
dewatering of the Perroleum Harbour sediment could be improved in a hall-system
{enclosure and management) as present near the Petroleumn Harbour (Ferdinandy,
1999). Advantages of a hall are the higher temperature and better control of humid
content by elimination of rainfall. In an open landfarm, not only the water present in
the sediment has to be removed, but also the precipitaton. While on first sight the
hall was an artractive ptocedure, in practise however it did not work. In the hall, the
2t was almost 100% saturated with water, which reduced the evaporation. The water
Could only be remaved by forced ventilation. From an energetic point of view this is
not attractive. Energy saving measures are possible to apply, but this will also increase
the investment costs.

In outside systems ventlation is not 2 problem and evaporation from the
surface will occur even under colder winter conditions. The extra precipitation can be
Prevented by construction of a simple roof system under which the wind can still
blow or through use of porous films. This will decrease the ti.me necessary for
dewatering, but will finally end in a very dry system in which biodegradarion will

Stagnate by lack of water. Sprinkling of the dewatered sediment will prevent this.
possible to increase the surface

In an open landfarm system it is only : :
vaporation by renewing the surface (tillage} or using vegetation, If fully covered

Vegetation is present, then the evaporation is at maximum. It .is necessary to take
Measures to remove the rainfall. Under Dutch conditions, there 1s more rainfall (800
Mm) then evaporation (600) mm. Fortunately, in summer evaporaton exceedtq the
ninfal] (Figure 6.1). Removal of the excess rainfall can be based on techniques
developed in the polders in The Nethetlands (De Glopper, 1985).
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Figure 6.1 Precipitation and evaporation in an ‘average’ Dutch year (KNMI, 2004).

The optimisation of dewatering is described using two simple ways of increasing the
evaporation, both in combination with the removal of the excess of rain. They are
studied on the landfarm Kreekraksluizen.

~ Tillage and cultivation creates new surfaces from which evaporation continues.
Without tillage the dry surface crush will act as an isolator and preventing further
evaporation.

— Stimulation of vegetation to create a well-rooted vegetation over the whole surface
of the landfarm. The evaporation from a vegetated surface is much higher than
trom a bare surface.

Application of an underpressure to increase the amount of drained water has also

been investigated.

6.1.3 Forced aeration and higher temperature

Landfarming terrestrial soil can be improved by forced aeration, This is applied on
biopiles (Von ahnenstock, 1998) and by application of landfarming under covered
conditions like hall farming (Freijer, 1994; Riedstra ¢t o/, 1997). In fresh sediment
forced aeration is only possible in a bioreactor. A biopile or hall farming system for
sediments can only be applied after dewatering of the sediment, because it is necessary
that a stabile structured material is applied in those systems, to assure enough air filled
pores.

Application of elevated temperature in combination with forced aeration in an
outside landfarm is not energetically effective, because high losses of energy can be
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_GXpected. This will only be possible on sites where residual heat is available like on an
tndustrial plant. Steketee and Huisman (2000) have investigated the possibility to start
a landfarm for sediment near an energy plant and to use the excess of heat. Their
study was focussed on rthe effect on dewatering and according to their results,
acceleration of ripening with a factor 2 seems possible. The heat demand was very
high and their procedure will only be effective if energy is freely available. The model
results in Chapter 2.5 showed that a higher temperature did not have a positive effect
on aeration. Although the activity of organisms is higher at higher temperatu-e, the
degradation of organic matter necessary for ripening does not occur sufficiently,
because the supply of oxygen is limited. Culdvation gives also an acceleration of
Opening with at least factor 2. This is showed not only using the model’ (Chapter 2),
but also experimentally by intensivation of the cultivation of the scdimenr as described
further. Application of heat, starting with fresh sediment, is not further investigated in
this study.

As shown in the previous chapters, the fast degrading fractions of PAHs and
mineral oil are degraded during the dewatering process. Forced aeration and elevated
temperature should rherefore be effective for the slow and very slow degradable

fraction.

6.1.4 Adding of substrate containing active fungi

White-rot fungt have the ability to metabolize contaminants by their production of
extracellular ligninolytic enzymes (Bar and Aust, 1994). Phanerochaete chrysosperium

(Hammel, e af, 1986) and Bjerkandera sp. BOSS5 (Kotterman ef o/, 1998) are well
known for degradation of contaminants. Use of fungi in biofilters to degrade volatile
Aromatic hydrocarbons is suggested by Prenafetta Boldd (2002). The commercial

available fungi Pharotus spp. (oyster mushroom) has been used to increase t.he
biodegradaﬂon rate of PAHs in a soil from a former manufactured gas plant site
(Bogan and Lamar, 1999} and creosote contaminated soil (Eggen ¢f al, 1999). Based
On laboratory research, the degradation of PAHs by fungi has been promoted for full
field application (van der Meene, 1994 Field er «/, 1995). However, full-scale
temediation of a PAH contaminated vadose zone soil that could not be accomplished
With native microorganisms but was accomplished by augmentation using the white

fot fungi has not been demonstrated. o
Most fungi grow on substrate. For further growth and su.'lrvwal it is necessary to
Moculate them and add them to the sediment together with Fhe Subs.trate. The
Production of an active substrate makes the use of fungl expensive. In view of .the
method, commercially

Major importance attached to the economical feasibility of the

Brown residual fungal substrates from Agaricus bispors and Plenrotns
order to grow mushrooms. The

Which are substrates produced in large amouat 10 e
Mijor mushroom production countries are the USA, France, the Neterlands,

spp. ar: favourable,
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England and Italy. In 1993, 190 million kg of mushrooms was produced in the
Netherlands (Van Horen, 1994). This gives finally a large amount of residual substrate,
5 kg for every kg of mushrooms. The fungi in the residual substrate are still active and
the substrate is available for free and could be used to stimulate biodegradation,
providing no residual pesticides are present. Agaricus bisporns and Plenrotus spp. also
produce extracellular ligninolytic enzymes although they are less active compared to
Phanerochaete chrysosperinm and Bjerkandera sp. BOS55 as shown in Table 6.1 (Nobis,
1998).

Table 6.1 Production possibilities of extracellular oxidative enzymes.

Ligminolytic enzymes

Lignine Mn Peroxi- Lactase Glyoxal Aryl-
Hungi peroxi- petoxi- dase oxidase alcohal
dase dase oxidase
Agariens bisporus (+) + +
Plewrotus spp. + + +
Phanerochaele chrysosperinm  + + +
Bjerkandera ip. BOS55 + + + + + +

De Jong ef 2k, 1994, values for Agaricns bisporus Bonnen ¢f al., 1994

The endogenous microbiological populaton developed during dewatering of
sediments is able to degrade the fast degradation available fraction of PAHs and
mineral oil (see Chapter 4 and 5). Fungi are reported to be able to degrade PAHs and
are not applied for mineral oil. Added fungi must have a function in the degradation
of the slow and very slow degradable PAHs. Sediments are not aerobic from origin;
they are completely saturated with water. Because fungi cannot survive under these
conditions, it is necessary to dewater the sediment. Figure 6.2 gives the period of time
in which adding of fungi may have a positive effect on the degradation. In this period
the endogenous population has already degraded the PAHs available for fast
degradation. Slow and very slowly degradable PAHSs are still present.

To be successful, addidon of substrate with active fungi after dewarering of the
sediment must lead to a lower residual concentration compared to the residual
concentration obtained on a landfarm without addition of fungi (compare line
Sediment + substrate + active fungi and line Sediment in Figure 6.2) . Substrate in
which fungi are supplied also contains nutrients and organic matter and the substrate
may also have a positive effect on degradation. To distinguish the effect of fungi from
the effect of substrate, the addition of deactivated substtate (fungi are killed) instead

of substrate with living (active) fungi is also investigated. {Line sediment + deactivated
substrate in Figure 6.2).
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Foncentration

- Sediment -
------ Sediment + deactivated substrate
==~ Sediment + substrate + active fungi

/

Time
Figure 6.2 Hypothesis of the effect of adding of substrate with and without active

fungi during bioremediation of PAHs contaminated sediment.

6.1.5 Activation of microbiological activity in soil by vegetation

Vegetaticm may have a stimulating effect on biodegradation. Use of vegetation also
talled phyroremediation or more specific phytodegradatjorl (Japenga, 19.99) has been
used for the removal of organic pollutants (April and Sims, 1990; Cunningham e/ o/,
1996). Several factors may be of influence:

~ Root activiry stimulates the ripening of the sediment,

structute.
= Roots are able to penetrate small soil aggregates, which reduces the average

aggregate size further. Desorption from small aggregates is faster (see Chapter

2.2.2).
~ By reducing the aggregate size,

attacked by micro-organisms increases. . _
~ Root exudates increase the amount of dissolved organic carbon, which may héve
(see Chapter 2.2.1) and thereby on the degradation

giving an improved soil-

the sutface (especially for mineral oil) to be

an effect on the diffusion rate

rate.
~ Soil roots stimulate the microbiological life in soil, which also rr{ljay hafvc 2l1n
influence on the degradation rate. Associations between plant roots an ungi

(arbuscular mycorhizas) have an important role i.n_the degradation p_rocess (}one_r et
al, 2001), Roots release compounds that selectivily foster contamimant degrfqdmg
Micro-organisms (Fleccher ef al, 1995). Root turnover Pf‘)duc‘?s compm.m}r_lis thjt
stimulate the growth of bacteria that can also degrade contaminants (Leigh ¢/ @/,

2002),
Phytoremediation is not a proper method if the decrejasc .Of PAHSs or nﬁqerai oil
“ontents is the result of uptake by the vegetation. This will lead 'to h-ligh risks fl;JI'
Cganisms consuming the vegeradon. Howevet, uptakeffb}_' ve?za)morfl ;, 5 N0t Lo ! e
eXpe. . |/water partition coefficient (Ku) of the non-polar
Pected because of the high octanol/ ) In sediment, this value is uot only

“ompounds involved (Sims and Overcash, 1983).
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high for PAHs but also for mineral oil, because more polar compounds are not
present in sediments. If PAHs are present in harvested plants their origin is deposition
from air ot splashed soil particles and not the result of root uptake. (Anderotd ef 4/,
2001; Delchen e af., 1999; Samsae-Petersen ef al, 2002, Japenga ¢t af,, 2003). Uptake of
volatile mineral oil components is possible (Briggs et @/, 1983; Burken, 2001), but
these compounds are not present in sediments.

6.2 Materials and methods

6.2.1 Origin of the sediments and applied optimisation methods

The optimisation studies have been done with Petroleum Harbour and Wemeldinge
sediment from the landfarm Kreekraksluizen. This landfarm and sediments have
already been described in Chapter 4.

Evaporaton, which is necessary for dewarering, was stimulated by tillage, or by
using natural vegetation (1994 and following years). In a separate container the effect
of underpressure on dewatering was tested (1994). After dewatering, the sediments
were treated and monitored as described in Chapter 4 and 5. In portions of the fresh
ot partly remediated sediment bioremediation has been stimulated using;

— Degradation under optimum landfarm conditions; higher temperature and extra
addition of oxygen (1995).

— Introduction of substrate containing active fungi (1997 and 1998).

— Optimization of plant growth and stmulation of microbiological soil activity
(1999).

The efficiency of stimulaton has to be compared with a reference situation. The
otiginal anaerobic sediment cannot be used for this purpose, because no degradation
will occur in the original anaerobic sediment. The experiments were conducted in
order to improve the results of landfarming and, therefore the effectiveness of the
different stimulations is compared with the results of the long-term treatment study
described in Chapter 4 and 5. During this study, parts of the treated sediment have
been used for the different optimisation studies,

6.2.2 Dewatering

Dewatering has been stimulated using tillage and natural vegetation. Due to problems
that were related to constraines with regard to Dutch legislarion, cultvation in the first
year could not be optimised and another vear was necessary. The reason for these
problems was the concentrations of the contaminants in the Petroleurn Harbout
sediment. They were above the maximum allowed concentration on the landfarm sit€
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and during the first summer period activities wete legally forbidden. In the second
year a ditch was implemented in the middle of the landfarm and the water in this ditch
Was constantly removed using a pump (see Figure 4.2 in Chapter 4). The water from
the ditch and the drainage system below the sediment was collected and could be
discharged to the surface water (see also Chapter 7). Besides the ditch to stimulate
dewatering, the sediment was cultivated (tllage) in half of the fields to increase
€vaporation of water. Tillage started with the dried top layer together with patt of the
wet sediment until the drainage layer was reached. In the other fields vegetaticn was
allowed to grow also in order to stimulate evapotation. Because of the salt origin of
Wemeldinge sediment and brackish origin of Petroleum Harbour, salt t_olerant reed
Was planted in the first year. Natural vegetation was allowed to grow. Dewatering by
the drainage system was measured due to measurement of the discharge of water by
this system. The effect of dewatering (aeraton) was visually observed:

= Black; the sediment is anaerobic.

= Brown, the sediment is aerobic.

= Brown with black, the sediment is partly aerobic.

The effect of creating an extra underpressure has been tested in conta.?ners of 6% 2.3 %
25m (length*width*height) with a sediment layer of 1.6 m and a drainage layer of 60
m. The container had been divided in two compartments. One compartment could
be naturally drained and the other one had an underpressure of 50 ¢ water. Water
tension had been measured using water filled tensiometers. The cxpeFimcnt had been
Started half of September 1994, On Octobert 13, 1994 the contau'lers have been
Coveted with sail cloth to prevent the large amount of autumn rain to enter the

Sediment,

6.2.3 Forced aeration and higher temperature

Landfarmjng under optimal conditions have been carried out with portions of
dewatered sediment in 1995. The seditnents wete dewatered and the fast degradalile
fraction has been degraded. Sediments from the cultivated Iandfa-rm.s have be.en used.
Ofiginally it was planned to do the research in commercial bit?-umrs in Vlagheide. Due
'O time necessary to fulfil all legislations this was not possible and the-process has
been simulated i.n Rosmalen at the Heymans Company were all permissions were
Ptesent. Containers of 6 * 2.3 * 2.5 m (length*width*height) have been l:lsec.i, which
Were provided with a drainage layer of 50 cma containing tubes (10 cm dral.nplpes) for
the supply of air (Figure 6.3). Heating tubes were present on top of the drainage layer.

sediment layer of 120 ¢m has been used. The dewatered sediments have been taken

from the landfarm on Kreekraksluizen on july 7, 1995 and_ sieved befce filling to
and improve the structure on & SIEVe of 15 % 15 ¢m. The

pled on Kreekrkshizen and the transport has been
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considered as part of the intensivation process. The sediments were already structured
although the centres of larger agpregate were still anaerobic. The moisture contents of
the used Petroleum Harbour and Wemeldinge sediment were respectively 30.3% and
21.7%. In the sediment layer cells for measuring oxygen and temperature have been
installed. The whole systems were covered to prevent cooling and rainfall on the
sediment.

Unfortunately there was a gas explosion in the heating devise directly after start
of the experiment (July 13, 1995). The authorities have investigated this and the real
experiment with forced aeration started after 49 days {August 24, 1995). Before
starting the forced aeration, the sediments were sieved again, because the srructure of
the sediment deteriorated. A start date of the experiment of July 7, 1995 has been
used, because temperature in the period between July 13, 1995 and August 24, 1995
has been relatively high (summer petiod). On October 10, 1995 the sediments have
been sieved another time (see also results) and the thermostatic system has been
optimised because the sediments in the containers were cooled dowa to much by the

lower outside temperarure.

1 1
[ | A i_
SN Y% %%
RS 2

N

NN
N\ =2

Figure 6.3 Schematic presentation of the aeration and temperature experiment. 1
Oxygen cells, 2 Temperature sensor; 3 Cover of the containers, 4 Heating devise, 3
Thermostat, 6 Blower, 7 Tubes for air supply; 8 Sediment, 9 Heating rubes, 10 Drain
sand.

During the experiment of total 154 days samples have been taken to measure PAHs and
mineral oil as described in Chapter 4 and 5. Temperature and oxygen have beert
measured.
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2.4 Adding of substrate containing active fungi

The experiments with fungi were designed to be applicable for future field application

and not to find the optimum amount of fungi. Mixing of t

he sediment should be easy

and not leading to an unacceptable dilution. Therefore, the mixing ratio was 1:1 on the

basis of volume; 28% and 20% (on weight) for tespective

v Agaricus bisporns and

Plenrotus spp.. 'The hypothesis described in 6.1.4 and illustrated in Figure 6.2 has been

tested on three levels:

Dewatered and ripened sediment from t
PAHs (Dutch National List) and minera
Sediment were original 550 and 13,500 mg
“Xperiment had already been dewatered an
Tesidual concentrations were approximate
Mg/kg d.m. for mineral oil. In the Bion ha

Jaboratory. These systems on the Mushroom

Experimental Station in Horst were designed to produce mushroom substrate. The
containers were placed in a tunnel during 24 days and temperature dnd aeration
‘were controlled. ‘The size of each container was 105*1057180  cm
(length*width*height). They were filled with 100 cm sediment ot sediment
substrate mixture. The following experimental set up has been used:

— Sediment only, the sediment was 1ot mixed with 2 sub.strate but received a

treatment, comparahle to the sediments in the other containers (blank).
—  Sediment mixed with substrate, Agarius bisporis 01 Plenrotis 5pp-
— Sediment mixed with deactivated substrate (n0 active fungf). This was achieved
by steaming the substrate during 12 h. at 70 °C. o

Test system in a soil-claning ball {Bion). The soil cleaning hall of t_he company‘l?non %n
Almelo (The Netherlands) was used for this part of the experiment. COﬂdm.onS .
the hall were simulated in small containers during four mont.hs. It was possible to
aerate and to itrigate the soil (Riedstra ¢/ al, 1997). Exper}ment's had the same
design as in the containers. An extrd blank has been used in whlc_h the nutrient
mixture normally applied in the hall has been added (further mentioned as Bion
blank). .
Outside experiment on a landfarm. The outside landfarm was s:tua.ted' near the
Kreekraksluizen in the southwest part of the Nether'lands. On this sllte sz_wcral
sediments have been treated by landfarming. On this site only the Afgancm bisporus
has been tested in different layer thicknesses, 30, 5( and 100 cm during 4 months.

Again necessary blanks have been used.

Controlled system in containers on a research

he Petroleum Harbour was used. The
| oil {Cio-Car) concentrations in this
/kg d.m. The sediment t2ken for this
d landfarmed during 2 years and the
1530 mg/kg d.m. for the PAHs and 4000
1l also fresh sediment from the Water

) 15 plan
ouncil “De Drie Ambachten’ and 2 soil from a formet manufactured gis plant

(Sfadskanaal) was tested.
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Although fungi wete not expected to have effect on the mineral oil
concentration, mineral oil in the treated sediments was analysed. PAHs and
mineral oil have been measured as desctibed in Chapter 4 and 5. Results have been
corrected for the added amount of substrate.

6.2.5 Activation of microbiological activity in soil by vegetation

In 1999 sediments of the lower layer of the vegetated landfarms was sampled and with
these sediments, pots {two series of 18 pots) were filled (approx. 8 kg/pot). Three
levels of nutrients were applied in order to optimise plant growth (0 = no nutrients; M
= medium and H = high). Amounts used were respectively 0; 288 and 575 mg
KCl/pot, 0; 897 and 1795 mg triplesuperphophate/pot and 0; 255 and 510 mg neutral
‘nitrogen fertilizer (27% N)/pot. The pots were sewn with grass (Agrostis capillaris) or
Lucerne (Medicage sativd). Blanks without vegetation were installed with 0- and M-level
of nutrients, The pots with Lucerne did not receive nitrogen, becavse this vegetation
is a nitrogen fixator,

To one treatment with medium level of nutrients and no vegetation extra
organic substrate (glucose+ glycine in an amount equivalent to 3000 kg/ha) has been
added in small portions duting the experiment. This was done to discriminate between
physical effects of the roots and the effects of root exudares. The organic substrate
had to mimic as an extra amount of exudares. The experiment had last 2.5 months and
the pots were placed in a glasshouse to remain optimum conditions for grow of
vegetation. The crop-production was measured. The content of mineral oil and PAHSs
and the availability of PAHs using the Tenax -method were measured at the end of
the experiment (2.5 months). The measured concentrations were compared with the
concentration measured on the landfarm at Kreekraksluizen at that moment.

After 2.5 months the pots were stored under the same conditions in the glass
house. Vegetation was stimulated and the sediment was sampled another time in
October 2003 (after 4 years) and analysed on PAHs.

6.2.6 Measurement of the fraction available for fast degradation

A chemical-measured value for availability of PAHs can be obtained using the Tenax-
method described by Cornelissen e #/. (1997). This method has already been described
in Chapter 3. As explained in Chapter 5, no method was available for predicting the
fraction of mineral oil available for fast degradation.
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6.3 Results and discussion

6.3.1 Optimisation of landfarming versus passive landfarming

Several Optimisation expetiments have been carried out in this study. As mentoned
before, each experiment could be a study on its own, which was not the aim. In this
chapter, the results of experiments applicable on a landfarm are described briefly and
More attention is paid to the comparison of all results, especially the effect of
Optimisation compared to the treatment on the passive landfarm. The results of the
different experiments are described and discussed in the following sections. The same
Order has been used as described in the material and methods section. An overall

evaluation is described in following Section 6.4.

6.3.2 Effect of dewatering

As described before, it was not allowed to handle the sediment in the first summer.
Summer 1994 was a very hot summer, resulting in a quick drying of the top layer of
the sediment. At first transfer of moisture to the top layer took plice by capillary
action. After a week however capillaries were broken and a dty crust had been formed
(visual observation), preventing optimum evaporation (evaporation teduction). Due to
“Ompaction (see Chapter 2.4.2) the volume reduced and excess of water had been
discharged by the drainage system. The discharge rate of dtzinage water, however, was
very low (Figure 6.4). Drainage from the Petroleum Harbout fields started after a
Week. In the Wemeldinge field drainage started immediately, but reduced strongly
after a week, following the Petroleum Harbour curve till the end of the measuring
beriad, Discharge of drainage watet in both sediments stabilised. around 0.2 m3 per
day, which is equivalent with 0.7 mm/d. Precipitation in this petiod was 1 mm/day.
After the measuring period the rainfall increased and potential evapor;?uon decreased
(beginning of autumn) resulting in fields that were fully covered with water. The

'scharge of drainage water increased to 1 mm/day (0.3 m?/ C.D' The l<?w amounts of
drainage water, in spite of the wet conditions of the sediments, indicate a low

Pﬁrmeabiljty of the sediments for water.
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With vegetation, the same result (aerobic soil) was achieved with a delay of
about two years in the Petroleum Harbour sediment and three years in the
Wemeldinge sediment. The Wemeldinge field needed more years to become aerobic
which can be explained by the higher salt content that had a negative effect on the
development of vegetation. ‘

PH Cultivated PH Vegetation

Layer thickness (cm} Layer thickaess (cm)
¢ o

20

40

60
Aerobic

80

0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time after landfarming {years} Time after landfarming (years)

Figure 6.5  Partitioning of the a¢robic, partly aerobic and anaerobic layers in the
Petroleum Harbour {upper figures) and Wemeldinge fields (lower figures).

6.3.3 Effect of forced acration and higher temperature

Oxygen supply is essential for biodegradation. In the Petroleum Hatbour sediment the
OXygen concentration in the pore gas as measured in the containers was 21% {volume)
during the whole period. This does not mean that the oxygen supply was optimal fof
the whole sediment. Until the last sieving of the Petroleum Harbour sediment treated
in the container on day 95, aggregates were recognised which were black (anaerobic)
in the centre especially in the lower part of the container, The oxygen concentration i
pores in the Wemeldinge sediment was approximately 10% in the first 95 days. Sieving
the sediment and refilling the container on day 95, improved the aeration and a0
oxygen concentration of 21% was measured dll the end of the experiment. Visuallf
the structure of the sediment declined again during this lasts part and black anaerobi¢
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parts became visible, With a longer treatment in the container another sieving should
have been necessaty to improve the structure. This shows that in an optimised system
Structure stability is also an important factor.

The concentration of PAHs and mineral oil is presented in Figure 6.6. It is clear
that in the Petroleum Harbour sediment both contaminants are further degraded.
These concentrations were also relatively high. In Wemeldinge sediment a further
degradation of PAH:s is not visible and a slight degradation of mineral oil is observed,

PAHs (mgrkg d.m.) Mineral oil (mg/kg d.m.)
e 7000
PH
100 -
50 5000
0 : ' ' — 3000 ' . ' *
PAHs (mg/kg d.m.) Mineral oil (mg/kg d.m.)
1500
WEM WEM
40 -
p
§ 1100 -
20 L
o} ! L | S 700 1 L 1 |
0 50 100 150 200 0 50 100 150 200
Time (days)

Figure 6.6 Degradation of PAHs (Dutch National List) and mineral oil in the
. . o

experiment with forced aeration 2nd high temperatuze, 1.ncludmg 95% confidence

values. Petroleum Harbour (upper figures) and Wemeldinge fields (Jower figures).

USing the values of Chapter 4, approximately 50 mg/kg d.m. PAHs prCS'eﬂt in the
low biodegradable, which means

Used Petroleum Harbour sediment is slow or very $i0

that the sediment in the container experiments contained about. 60 mg/ kg d.m. fast
degradable PAHs. Most of the original fast degradable ?AHS in t.he sediment had
already been degraded before starting the optimisation experiment. The fast

degradable fraction in the used Wemeldinge sediment will be very small, bccalfse the
concentration observed in the

I)f’\f‘ls-(:om:enl:ration has already the level of the _ oed .
landfarm in year 2 and 3. The observed decrease of the PAHs in this sed:ment 1s low

0d in agreement with the low fast degradable fraction.

207



Landfarming of polycyclic aromatic hydrocarbons and mineral oil contaminated sediments

Using the daca for mineral oil presented in Chapter 5, the used Petroleum
Harbour sediment contained about 1000 mg/kg d.m. fast degradable mineral oil and
4000 mg/kg d.m, degradable during 7 years of landfarming In the Wemeldinge
sediment these values are respectively 400 and 300 mg/kg d.m. In Wemeldinge
sediment only the fast degradable fraction has been removed during the 150 days of
the intensivated treatment. In the Fetroleurn Harbour sediment more than the fast
degradable amount was degraded in this period. The concentration in this sediment is
much higher and oil will be present as a separate phase (see also Chapter 5).
Intensivation of the treatment will lead to increase of the oil surface, which is available
to be artacked by degrading organisms.

The PAHs and mineral oil in the sediment are not volatile and will be bound by
the sediment. Volatlization was not expected and was not observed using
‘organoleptic observations. Voladlizadon, however, was not measured. If forced
acration will be applied, then the risk of volatilization and emission to the air can be
limited by using a filter system as often applied in hall systems,

The data in Vigure 6.6 have been ficted with an exponental curve (like in
Chaptet 5 and 6) and the actual degradation rate constants and the correlation
coefficients (R2) s are given in Table 6.2, In this rable, the fitted values are compared
with the values of the degradation rate coefficients obtained in Chapter 4 and 5. The
actual rare constants for the degradation of PAHs and mineral oil in Petroleum
Harbour sediment are close to the value for fast degradation reported in Chapter 4
and 5. As mentioned before, there was still fast degradable contaminant present in the
treated sediment. In the Wemeldinge sediment the rate coefficients for degradation
ate between the values for slow and fast degradation as found for the landfarm
Kreekraksluizen,

Table 6.2  Acrual rate coefficients (k) for degradation of PAHs and
mineral oil in the forced aeration experiment. Values are compared
with the actual degradation rate cocfficients obrained in Chaprers 4
and 5. k-values are expressed in y-!. R2-values of the fitted curves are

given.
Contaminant Petroleum Harbour Wemeldinge k- values, resulrs Chapter 4 and 5
k R* k R: fast slow very slow
PAHs 245 0.99 (.55 0.23 >3 0.15 0.03
Mineral oil 1.28 0.82 0.62 0.48 >(.8 0.17

202



Chapter 6 Effects of optimisation of landfarm treaument of sediments on bioremediation

6.3.4 Effect of adding of substrate containing active fungi

Container experiments

The results of the container experirments showed that the addition of substrate
containing the fungi agaricus bisporus leads to a lower residual concentration (see Table
6.3). However, the effects of substrate containing active (containers ! and 2) and
deactivated fungi were the same. The fungi activity did not give extra degradation. The
extra degradation by the substrate could be caused by the improved soil strucrure,
Nutrients in the substrate or presence of extra dissolved ofganic matter (increasing of
solubility of PAHS), bur this was not investigated further. The substrate containing
active and deactivated Plesrotus spp. did not give extra degradation. Agaricus bisporus and
Piearatys spp. from the substrate with active fungi did grow in the containers. Especially
the aparicns bisporus developed well, even within lumps of sediment. The blank was the
original sediment which had all the treatments except adding of the substrate
Containing the fungi. Probably the intensive mixing of sediment has stimulated the
endogenous population to give a fast biodegradation of the PAHs. Already at I:.IO the
low concentration has been obtained. This fast decrease did not occur with the
Substrate. The easily degradable substrate has probably been prefetred by the micro-

Ofganisms and they started degradation of PAHs later.

D)
Table 6.3 Concentration (average of 5 mcasurcment_s) aI;dL?S /o-
confidence level of PAHs-concentrations (Dutch Najuona 1st‘) "
dewatered Perroleum Harbour sediment it the container experiments

{corrected for added substrate).
Substrate Concentration at Concentration Decrease
start experiment after 24 days (mg/kg d.m.)
(mg/kg d.mj (mg/kg d.m.} s
Agaricus bisporns {container 1) 32.4 £ 10.8 257+ 11.0 1:7) 8-+ -:’5
“Agaricus bisporus (container 2) 3321 12 19.4129 0 5 +"5 5
Agaracus deactivated 3284 12 233136 545,
- +
Pheurosus spp. (container 1) 327+67 33.6 £8.5 33 : ;*-g
Pletrotyyg Jpp. (container 2) 30349 29.5 f 8.5 -1'5 t 4‘9
Ple”m“”f spp. deacdvated 280+1.2 205+ 11 DI 4
+
Only sediment (duple) 242+ 3.2 22142 811l
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The extra degradation potential of substrate containing active fungi for high molecular
and mineral ol by the fungi could also not be established. The results for Agaricus
bisporus from Table 6.3 are further specified and presented in Table 6.4. This table
shows that all ring systerns and mineral oil are degraded in same extend with or
without active fungi. L

Table 6.4 Relative degradation (%) of different types of PAHs and
mineral oil in a mixzture of dewatered Petroleum Harbour sediment
and substrate containing active and deactivated Agaricus bisporss.

Group of Agaricus bisporns + Petroleum Harbour sediment
compounds Active fungi Deactivated fungi
Container 1 Container 2

+ 2+ 3ring PAHSs 19.9 49.5 36.9
4 ring PAHs 321 46.2 285
5+ 6 ring PAHs 18.8 242 14.5
Sum PAHs 20.6 41.7 29.0
Mineral oil 2.2 40 1.8

Hall experiments

In the Bion-hall it was investigated weather the fungi Agaricus bisporus and Pleurotus spp.
could survive and be active under the conditions in the hall. The substrate (including
the fung) concentrations (by weight) in the Petroleum Hatbour sediment were
respectively 15 and 26%. The .Aparicus bisporus added to the sediment was well
developed. Development of Plureius gpp. in the sediment could not visually be
observed. Mushrooms from both fungi were growing after three weeks on the
sediment/substrate mixtures. It was concluded that both fungi could survive and are
applicable in a hall system.

Following this expetiment, the effectiveness of the Agaricus bisporus substrate
was tested on fresh sediment. After a fast dewatering petiod the fresh sediment was
mixed with the Agericws bisporus substrate. The results obtained in the first month
presented in Figure 6.7 are a confirmarion of the hypothesis shown in Figure 6.2.
Duting dewatering of the sediment (first month) the bioavailable part has already been
degraded. Mixing with substrate (containing active and deactivated fungi) and also a
freshly prepared substrate instead of the residue of a mushroom farm, leads to the
same decrease. Adding of all substrate had a positive effect on the bioremediation
compared to both blanks. Again the presence of active fungi (Substrate in Figure 6.7)
did not give an extta decrease, even not the very active fungt in the fresh substrate.
Adding the same Agaricus bisporns substrates to soil from a gas factory also showed that
in a petiod of two months no extra degradadon occurs (data nor presented, Harmsen
et al., 1999). Tt should however been mentioned that in the sediment as well as in the
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gas factory soil the fungi development was poor, probably caused by the bad soil
structure,

PAHs (mg/kg d.m.)

2000 —a— Blank
B —~— Bion blank
1600 |- <@ Fresh substrate
~ — O - Substrate
1200 |- ~—e— [Deactivated substrate
800 |-
L
400 |-
0 | 1 ] I —
0 1 2 3 4
Time {months)
Figure 6.7 Decrease of PAHs-concentrations during different steps of the

biotemediation. Time =0, original sediment; time =1 month, after dewatering and
before adding of the substrate; time = 3 months, at the end of the experiment, Data

points are the average of 5 measurements.

Field experiments

The field experiments were started in June 1997 (summer). Both substrate containing

active (in different layer thicknesses) and deactivated fungi were used. Blanks were

sediments with (Bion nutrients) and without nutrients. The temperature and moisture
contents were not limiting factors until September 1997. This month was a very dry
month leading to a very dry soil, about 17% moisture at the end of September
compared to about 30% in August. Oxygen was also not a limiting factor with this
sediment, although there was a remarkable decrease of the oxygen concentration in
the gas filled pores in the first days after adding of the substrate (5% oxygen), caused
by easily degradable substances in the substrate. Within the first month growth of
mushrooms was observed. After two and four months it was not possible to detect
Agaricus bisporns anymore. Agarious  bisporns has lost the competiton with the
endogenous microbiological population. All treatments have lead to comparable end
Concentrations; the fungi were not able to degrade the poorly available PAHs (Table

6.5).
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Table 6.5 PAHs and mineral oil concentrations {average of 5
measutements) in mg/kg d.m. and the 95% confidence level measured
on the landfarm. {corrected for added substrate).

Experiment PAHs Mineral oil
2+3 ring 4 ring 546 ring

time = 0, average all 123 %19 164121 136109 2400 £ 160

ficlds

time = 4 month

100 cm active 14.2 1.7 155+ 46 135+ 20 2410 £ 530

50 c¢m active 11.2+246 1Me6+26 130+15 2710 £ 100

30 cm active 104+28 120 2.0 124+12 1900 * 230

30 cm deactivated 10.1 £ 3.0 105+23 1.1+ 1.1 2100 + 220

Only sediment 98122 103+ 40 11.0+1.2 2230 + 140

"Sediment with Bion 107 + 1.7 114+ 32 121+ 21 2120 £ 100

nutrients

6.3.5 Activation of microbiclogical activity in soil by vegetation

Fertilization of the sediment has, as to be expected, a positive effect on the plant
growth (Figure 6.8). The effect is larger using grass than Lucerne. In Wemeldinge
sediment the development of vegetation at the lowest nutrient level was pore. This is
also caused by the pore soil strucrure of this sediment. More nutrients, however,
compensated for this bad structure. Higher yields were obtained in the better
developed (structure) Petroleurn Harbour sediment.

Petroleumn Harbour Wemeldinge
Gram/pot

50 1 Lucerne
W Grass

40

30

20

10

0 : .
o] M H 0 M H

Nutrient level

Figure 6.8 Vegetation development Petroleum Harbour and Wemeldinge sediment
after different treatments. Nutrienr addition 0 = no nutrients; M = medium and H =
high (see also 6.2.4).

The results of the contaminant measurements in the different treatments are given in
Table 6.6. Results of the landfarm Kreekraksluizen in the upper layer of the vegetated
landfarm measured in Ocrober 1999 are also included in this table. The upper layer

206



Chapter 6 Effects of oprimisation of landfarm teatment of sediments on bioremediation

has been used for comparison, because concentrations in the lower layer are higher
due to partly limited oxygen supply. Because differences are very small they are
averaged for every nutrient level, If the treatment in the pots had an extra effect on
the biodegradation of minetal oil and PAHs, the concentrations measured in samples
from the pots should be lower than the concentrations measured in samples taken
from the landfarm.

The mineral oil concentration in Petroleum Harbour in the pots of the
vegetation experiment was further decreased than rhe mineral oil concentraticn in the
landfarm. This decrease could be observed in all eatments. There was no relation
with type or presence of vegetation or nutrient level (cor.nparc blank, Lucemc. and
grass). It is assumed that the activity of sampling the sediment on K’fcel‘mk“[}“zena
transport of the sediment, filling the pots for the vegetation experiment and optmpm
conditions in the glass house were responsible for the decrease and not the vegetation,
The mineral oil concentration at the start of the experiment was sill rat.her high and
previously described activities could have created new oil Surfacea:, which are more
easily degradable. Such a fast decrease was also observed after filling the conrainers
described in Section 6.3.3. The level reached in the pots was reached on the landfarm
in the following year. In the Wemeldinge sediment it was not possible to recognise‘a
difference for mineral oil, but this level was already low and measurements on this

leve] are less reliable. : i
No difference in PAHs-concentrations could be observed in the different pots

(blank, blank + substrate, Lucetne and grass) at the end of the e.xpcrlment.
Concentrations were comparable with those measured on th(-E landfarm in samples
taken in the same period. The treatment in-tbe pots did not le;:d tolex:a
biodegradation (compared to the landfarm), which agamn conﬂrmegi tl at ondy the
amount available for fast biodegradation has been degraded and not the slow and very
slo rail; 2 .

W a':;lllllzb:agzr;ns of PAHs available for fast degradation measured in the pots

(measured as fast desorbing fracton, Tenax-method) were low. For Wemeldinge

sediment they were comparable with the values measured bon tbe :ﬁndfi[: ‘EZ:
Chapter 4). The Tenax values measured for Pen‘.()le?m ar Iom' 1trl qi\e qg n l\d to
lower compared to the values on the landfarm, mdu;.atl'rlg that the It dof .

vailable fraction. This 1s not only observed for the

3 faster degradation of the a Joner e al, (2001) also found a

. : tation.
vepp . e pots without vege "
getated pots, but also in the p izas (association between plant

e . lar mycorrh
Positive effect of the presence of arbuscu (avadable for fast degradation),

: i iked PAHSs
toots and fungi) on the degradation of Splke_ ) L
Their extra reduction of available PAHs i presence of the mycorrhizas is in

; ; ed with Tenax in our
agreement with the reduction of fast available fractton tneasur

eXperiments,
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Table 6.6 Mineral oil- and PAHs-concencration (Dutch Naticnal
List) and the fast desorbing fraction {Tenax) at the end of the pot
experiments (2.5 months) compared with the concentrations on the
landfarm (vegetated upper layer) sampled on the same time. (} =

standard deviation,

sediment Nutrient Vegetation Mineral oil PAHs (mg/kg Fast desotbing
addidon (mg/kg dm.} dm) fraction PAHs
Tenax (%0)
PH 0 blank 1780 25.5 33
2010 25.2 33
0 Lucerne 1780 227 21
1440 18.7 23
0 grass 2180 40.0 2.8
1630 200 2.6
Average nutrient addition 0 1803 (264) 253 (1.7 2.7 (0.5)
PH M blank 1700 35.5 33
1770 277 48
M blank + 1670 204 21
substrate 1710 20.5 34
M Lucerne 1590 26.3 2.5
1660 209 1.5
M grass 2050 215 4.7
1620 14.7 38 -
Avetage nutrient addidon M 1721 (144) 24.6 (6.5) 3.3 (1.2)
PH H Lucerne 2210 220 22
2460 26.1 5.0
H grass 1830 i8.9 5.0
2150 233 3.4
Average nutrient addition H 2163 (259) 22.6 (3.0) 39 (14
PH mecasured on landfarm (n= 5) 3012 (205) 23.2 (3.3) 14.4 (11.4)
WEM 0 blank 628 236 0.9
613 183 0.5
0 Lucerne 557 24.2 0.2
406 323 0.6
0 grass 498 26.8 0.5
532 11.8 0.6
Average nutrient addition 0 539 (81) 22.8 (7.1 0.6 (0.2)
WEM M blank 506 224 2.0
489 23.6 1.5
M blank + 573 21.7 1.4
substrate 546 338 1.8
M Lucerne 540 323 1.0
527 18.8 1.1
M grass 618 238 39
469 20.5
Average nutrient addition M 534 (48) 24.5 (5.3) 2 @
WEM H Lucerne 543 252 1.9
459 34.8 4.0
H £rass 577 24.7 4.5
399 30.3 0.5
Average nutrient addition H 495 (81 287 (4.8) 2.7 _(1.8)
WEM measured on landfarm (n= 5) 337 (42) 19.6 (4.3) 2.1 (0.8)
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The experiments in the pots have been continued till end of 2003 and vegeration was
present during the whole year, The pots with Petroleum Harbour sediments were
analysed again in 2003, Again no difference between the different treatments could be
distinguished. The average value for the PAHs-concentration (National List) was 15.8
mg/kg d.m. (standard deviation 1.3 mg/kg d.m.). This is in line with the observation
on the landfarm (Chapter 4). Based on first order decrease the actual degradation rate
constant was 0.11 y!. In the vegetated landfarm the actual rate constant was 0.10 y!

(see also Table 4.3 in Chapter 4).
Because there are no differences in the pots with and without vegetation, the

vegetation has no influence on degradation of the residual concentration of PAHs and
mineral oil still present in 1999. From Section 6.3.2 and the previous 2 chapters, it can
be concluded that vegetation has a positive effect on degradation during the first years
of landfarming. This effect however is indirect. In the first years the oxygen supply is
the limiting factor for degradation. Vegetation has a positive effect on dewatering and
improves the structure of the soil. This improves the oxygen supply and thereby the

biodegradation.

6.3.6 Prediction of the fast biodegradable fraction PAHs

The fast desorbing fraction PAHs has been measured using the Tenax-method. This
fraction has shown to be a good estimate for the fast degradable fraction. The results
as fraction of the total concentraton are presented in Figure 6.9. During the
landfarming experiment the fast desorbing fraction in Petroleumn Harbour sediment
decreased from 80% in the otiginal sediment to a few pf:rcent aflte_r 5 yean. In
Wemeldinge sediment the fast desorbing was already low in the o.ﬂgmal Se.dimem
{21%), but also decreased during landfarming. The fast des.;orblflg fraction .as
Prediction for the fast degradable fraction during landfarming as given in the subscript
of Figure 6.9 is used to evaluate the effectiveness of the intensive treatments on the

biodegradation of PAHs (see further).
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Fast desorbing fraction (%)

100
o
10 m
O Petrolsum Harbour
- B Wemeldinge Harbour
1 1
10 100 1000
PAHs (mg/kg d.m.)
ligure 6.9 Measured fast desorbing fraction as function of the concentration in the

(partly) remediated sediment. Petroleum Harbour (y = 22.3 In x - 65.8, correlavion
coefficient R* = 0.87); Wemeldinge (y = 22.0In x - 65.7, R* = 0.92).

6.3.7 Results of published rescarch on biodegradation of PAHs in
Petroleum Harbour sediment

Dredged Petroleum Harbour sediment has also been investigated in different bio-
reactors. Results with Petroleum Harbour sediment are reported by Ferdinandy (1997)
and Stefess (1997) using experiments performed by TNO, Bird Iingincering and
Arcadis. 1n all the reactor systems oxygen was actively supplied so dewatering was not
necessary, this in contradiction to the optimised landfarm systems as described in
previous sections. In the Slurry Decontamination (Bird Engineering) the complete
dredged sediment was treated. The Aeration Basin (TNO) and the Continuous Bio
Cascade {ARCADIS) utilized the fine fraction (respectively <63 and <20 pm). The
fine fractions contained the main part of PAHs and mineral oil. Because new freshly
dredged sediment from the hatbour was taken for each experiment the results are also
expressed as percentages of the initial concentration (Table 6.7).

Table 6.7 Bioreactor systems; bioremediation of original Petroleum
Harbour sediment.

Treatment Treatment PAHs Mineral oil
rime
days Start Fnd Uy Start lind %
my/kg g/l mg/kg mg/ky
d.m, d.m. d.m. d.m.
Slurry decontamination 5 350 30 o1 9020 3200 65
process
Aerarion basin 70 1050 84 92 14500 2400 83
Continuous Bio Cascade 9 1710 210 88 14600 4200 71

210



Chaprer 6 Effects of optimisation of landfarm treatment of sediments on bioremediation

Using partly aerobic sediment from the Petroleum Harbour field with vegetation on
the landfarm Kreekraksluizen (taken from lower layer), degradation also was not
enhanced using the fungi Berkandera sp. strain BOS55 under optimum laboratory
conditions. PAHs decreased in all treatments from 96 to 43 mg/kg (dry wt.) in a

period of 8 weeks (Kotterman e 2/, 1999)

6.4 Evaluation of degradation experiments

For the Petroleum Harbour sediment it is possible to compare all the different
treatments as done in Figure 6.10. This figure is a combination of the PAHs
degradation cutrve measured on the cultivated landfarm as presented in Chapter 4
(Figure 4.4) and the fast desorbing fraction or bioavailable fraction (Figure 6.9). The
upper thick line is the total PAHs-concentration, the lower dotted thick line is the sum
of the slow and very slow degradable fraction (total - fast desotbing fraction). The
amount in between is the prediction of the amount that can be degraded on the
landfarm in the following year. There is always a degradable part, because due to
diffusion in soil particles not available PAHs become available again. Every year a

new, but decreasing amount becomes available. .
The effect of improved dewatering is showed by the degradadon curve of the

upper layer of the vegetated landfarm (curve s normalized to the original
concentration in the cultivated landfarm). In this part oxygen was introduced most

fast and full aerobic conditions were obtained within one year.
The results of experiments to optimize biodegradation by the use of a

bioreactor, improved aeration + elevated temperature, adding of fungi and use of
vegetation are presented in the same figure as lines, connecting the PAHs-
the obtained residual

concentration at start of the specific expetiment and
concentration. As described, these experiments were started dutring the landfarm

experiment carried out on Kreekraksluizen. The concentration measured at the start
of the specific experiment is plotted on the uppet degra'dation curve and taken as
starting point. The second point is the residual concentration obtain«f:d ar the end of
the experiment and plotted the treatment time of that specific expertment fPrthﬁf to
the right. The PAHs-concentration in the fresh sediments used in the bioreactor
systems are normalised to the original concentration of the sediment on tt.}e le.mdf'arm,
This figure makes it possible to evaluate the effectiveness of the aPphcanon of a
stimulation process on bioremediation in the Petroleum Harbour sediment. Because
we could not measure the available fraction of mineral oil, such a figure could not be

Made for mineral oil.

Comparing the different stim
Process on the landfarm (long term) as presente
the section Results and Discussion, the profit o

ulation experiments (short term) with the ongoing
d in Figure 6.10 and as presented in
f all stimulation is doubtful. Every
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action taken has shown to have a positive effect on the degradation rate, a lower

concentration of PAHs has been obtained in a shorrer fime period. However, the

same effect can be achieved on the passive landfarm, with a delay of one year. More
specific it can be concluded thac

— A bioreactor gave the same result for both PAHs and mineral oil as a landfarm till”
the beginning of the passive phase (landfarming for 1-2 years). The available part
of PAHs could be degraded including some of the slow available fraction. This is
to be expected, because the rate constant for desorption in a slurry system is much
larger than in the unsaturated landfarm as described in chapter 2 and 4. The
duration of the experiments was long enough to make some of the slow desorbing
fraction available, Tt takes more time on a landfarm to reach the same
concentration, but landfarming is much cheaper than bioreactors.

— Faster dewatering on the landfarm to improve the aeration will result in a faster
degradation of the fast available fraction. On the longer term (> 2 years) the same
results are obtained in a slower dewatered sediment.

— Using forced aeration and a higher temperature after dewatering (1-2 years)
removed only the residual available fraction. The available fraction, however, is
atready much lower than the fraction at the beginning of the treatment. Similar
results were obtained in the same year on the landfarm, so the optimisation
showed no benefit over landfarming after pre-treatment and dewatering,

— 'The same is true for the applicaton of fungi; there was a stimulation of the
bioremediation, but the properties of the substrate and not the fungi were
responsible. Reid ¢/ 4/ {2002} has also reported stimulation of biodegradation using
mushroom compost.

— An intensive vegeration (phytoremediation), applied after 4 years, did not give an
extra degradation, Probably there will be a positive effect on the risks for soil
organisms. Using the intensivated treatment the fraction available for fast
degradation (= risk full concentration, see Chapter 7) scems to be lower, probably
due to faster degradation of this fraction by a more active micmbiological
environment. Continuing the vegetation experiment in the pots for four years (gll
2003) gave a decrease of the PAHs-concentration, but the degradation rate was the
same as was measured on the outside landfarm.
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PAHs (mg/kg d.m.)

500 Total
------- slow + very slow
400 —— - - = Optimal dewatering
\ —0—— T+0y
300 - —~0— Bioreactor
\ —a— Bjerkandera

200 |- \. —0— Agaricus {reactor)

k -—¢&— Agaricus {landfarm)
100 ,:i"'-.\ —-—a—— Vegetation

0
0
Time {years)

Figure 6.10  PAHs-concentration (Dutch Natonal List) in Petroleum Hasbour

sediment landfarmed on Kreekraksluizen. The area between the total and slow + very
slow degradable PAHs is an estimate of the fast degradable fraction of PAHs as
measured with the Tenax procedure, Results of optimisation are plotted as lines
connecting the concentration at statt of the experiment with the concentration after

finishing the experiment,

The evaluation described above shows that optimisation of landfarming does not give
very improved results. With a litde patience, the same results are obtained on a passive
landfarm. However, if it is necessary to decrease the treatment time due to a low
availability of surface area or due to the wish for timely teuse of the cleaned sediment,
a2 more optimised bioremediation can be chosen. If so, removal of the fraction
available for fast degradation must be sufficient to reach the rarget value. Treatment
costs will increase as given in Table 6.8. Values in this table are estimates and depend

on treatment time. Some of the methods are only applicable on dewatered sediment
e to be added. Costs for more optirised technologies
portant for passive

d. Transport costs

and the costs of dewatering hav ;
are set by equipment, labour and energy. These items are less im
landfarming but in this case costs are set by the costs of the used lan
to the cleaning site are not taken into account for all treatments.
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Table 6.8 Costs of bicremediation methods in Euro per ton
dewatered sediment.

Bioremediation Type of sediment Treatment time Removal of Costs/ ton dry
method degradable matter
fraction

Bioreactor fresh i -3 weeks fast 80

Hall treatment dewatered 3 months fast 302

Application of fungi  dewatered 3 months fast 30 +costs
{hall) substrate

Dewatering fresh 3-6 months part of fast 150

Intensive land- fresh and 1-2 years fast 307
farming dewatered

Passive landfarming  fresh and >7 years fast + slow 207

dewatered

" AK\WA, 2001
2 Personal communication P.Goedbloed and A van Ursem, Qostwaardhoeve, 2004

6.5 Conclusions

In this chapter results of optimisation of landfarming have been described. Results on
the passive landfarm have been compared with different and more intensive
treatments. Optimisatdon of the biological process on a landfarm is only possible if the
conditions in the treated sediment are in agreement with the process to be stimulated.
Conditons in the original dredged sediment differ completely from conditions in the
soil developed during landfarming,

As long as the conditions are anaerobic, aerobic degradation cannot be
stimulated. Active introduction of oxygen increases the rate of degradation as
described in 6.3.6 for bioreactor systems. This is however a very intensive treatment,
which can only be applied if costs of bioremediation are not the limiting factor. In a
landfarm the active introduction of oxygen is not an option. Sediments have to
become aerobic by dewatering and ripening of the sediment. A limiting factor for
dewatering is the low permeability for warer of the original sediments. In the Dutch
climate, the sum of leaching and evaporation is not enough to dewater sediment. It is
necessary to create a facility to discharge the excess of rainfall during the dewatering
period. ‘This can be achieved with small ditches. In combination with rillage and
cultivation the fastest dewatering rate can be obtained (1 year or less for 1 meter of
sediment). Increasing the rate of dewatering in a hall is not possible. Rainfall is
prevented, bur the evaporation rate is very low (100% moistute in the hall).
Application of underpressure to increase the dewatering was also not effective.
Dewatering using vegetation instead of cultivation is possible, It takes, however, 2 yeaf
for the vegeaation to develop, resulting in a delay of abour one year on the
bioremediation process. Improper conditons for grow of vegetation (i.e. saline
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sediment) may give a further delay. With a high for fast degradation available fraction,
as present in the Petroleum Harbour sediment, cultivarion instead of vegetation gives
a higher degradation in the first year (intensive phase of landfarming), but the long-
term effect on end points concentration diminished in a few years. In sediment with a
low for fast degradation available fraction (Wemeldinge) differences between
cultivation and vegeration were not noticeable.

Optimising conditions for biodegradation as can be done in a bioreactor or a
hall is effective for removal of the fraction available for fast degradation. If this
fraction is large then the results seems to be effective, but if the supply of oxygen is
not limiting, the same results can be obtained in a passive landfarm in one year.

Adding of a substrate with fungi in order o achieve fungi activity in the
contaminated dewatered sediment is not always successful. Well-controlled conditions
are necessaty. With less optimal conditions, as present in a landfarm, th-e desired fungi
disappear due to competition with the endogenous population of organisms present in
the soil developed in the landfarm. This research shows that under controlled hall
conditions fungal technology using substrates containing Agaricus bisporns and Plenrotus
1pp. will be favourable compared to outside conditons in a landfarm. These sgbstrates
may have a positive effect on the degradation of PAHs. However, the fung: are r?ot
responsible for the observed degradation. The same results could be obtffunled with
substrates in which the fungi were deactivated. Therefore, full-scale_ remed:fmon o.f a
PAH contaminated vadose zone soil that could not be accomplished \v1t.h native
microorganisms bur could be accomplished by augmentation using the fungi has not
been demonstrated, _ . .

Use of vegetation (phytodegmdation) to stimulate mlcro-org.amsm actlvlty'by
root-activity has been shown to have a positive eftect on degradatlon. The fraction
available for degradation degraded at a faster rate, but this did not lead to a low.er
residual concentration. As discussed before vegetation has an important role in
dewarering and improving the structure of treated sediments. ‘ _

Compating the different stmulation experiments _(sh'ort.tcrm} with the ()Illi{().lﬂg
process on the passive landfarm (long term), al.l opqzmsauons slilowcd neg gible
benefits for bio degradation. All of the more intensive methn.ds only s':urnu ate
biodegradation of the fraction of contamninants available for faSt bl()degradatlc)n. The
same effect could be achieved with the passive landfarm, with a maximum delay of

One year,
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7 Environmental and ecological effects during
landfarming of contaminated sediments

7.1 Introduction

Sediment (bagger in Dutch) contaminated with Polycyclic Aromatic Hydrocarbons
and mineral oil, present perceived tisks to the public. However, perception of risks is
subjective. Risk can be defined as ‘the possibility, with a certain degree of ptobability,
of damage to health, environment and goods, in combination with the nature and
magnitude of the damage’ (Health Council of the Nethetlands, 1995). This definition
includes an uncertainty. As long as the magnitude of the uncertainty is not clear,
decisions will be made on pseudo certainties; i.e., notmative values prescribed in
regulations. In that case, removal of the perceived risks will only be achieved when the
contaminant has been completely removed.

In Dutch regulations (Staatscourant, 2000}, remediation of a site is necessary
when the intervention value has been exceeded. Above this value it is assumed that
functonal properties of soil for human beings, flor and fauna are seriously decreased
or endangered. Intervention values are representative of setious soil pollution and are
based on studies by RIVM (Lijzen ¢ al, 2001) on effects of soil pollution to hun.aans
and the ecological system. Human toxicological effects are bzlse,d on Maximal
Tolerable Risk Levels (MTRuaman), which are equal to the Tolerable Daily Intuke or the

extra chance on tumour incidence of 13-4 in case of lifelong exposure (assumed that all

e€Xposure routes are operational). Ecologically, it is chosen to protect 9?% of all
Species. This level is defined as the Maximum Tolerable Risk (MTReco), which means

that the standard is chosen such that 95% of all the species show no- to the merest-
observable sign of adverse effects. Feological effects are often quantified as
concentrations in the soil where 50% of the (potential) species and processes present
may encounter ohservable negative effects. Using several organtsms with different
sensitivities and a statistical interpolation approach the MTR,T.C(, can l?e calculated. The
final intervention values for soil and sediment are based on integration of the human
and ecotoxicological effects (in principle using the most sensm“ze of both).

Clean means that the concentrations of the contaminants arc equal to or

smaller than the reference value on which level sustainable soil quality i1s achieved. In
sumption that the teference values are

Practise this has been translated to the as N .

indicativi- of the values that should be achieved fo .fUHY recover the functional

Properties of soil for human, flora and fauna. An overview of values for PAHs, and
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mineral oil in soil, sediments and water is given in Table 7.1. In 2002, in response to
the governmental decision ‘Policy renewal on soil remediation’, a discussion has
started that will lead to remediation objectives related to soil use and that will also be
more risk-based (Van Wezel ef 4/, 2003).

Table 7.1 Reference and intervention values, HCsp and MTR for
PAHs and mineral oil (Staatscourant, 2000).

PAHs Water (pg/h) Soil/ sediment (mg/kg d.m.) Hurman
MTR
Reference value Interven- Reference Interven- HCs mg/kg
rnon value  value tion value body
ground-  surface weight
watet water /day
[urch Narional Lise 1 0} 40
Phenanchrene 0.003 0.003 5 50
Anthracene 0.0007 5 50
Flyoranthene 0.003 0.005 H 50
Benz{ajanthracene 0.0001 0.0003 0.5 20
Chrysene 0.003 0.009 0.2 2
Benzlk|fluoranthene 0.0004 0.002 0.05 20
Benz[alpyrene 0.0005 0.002 0.05 2
Benzolg.h I]perylene 0.0003 0.005 0.05 20
Indene|1,2,3-cd|pyrene 0.0004 0.004 0.05 20
Minerai oil 50 600 50 5000 1000

As shown in previous chapters, bioremediation of PAHs and mineral oil to reference
value levels will not be achieved in the short term. Therefore, as long as the risk
petception is correlated with the contaminant concentration, the contaminated
sediment problem will not be solvable. It is necessary to show that bioremediation of
contaminants will lead to a large reduction of risks, and that residual risks ate on an
acceptable level, even if residual concentrations of contaminants are present. A risk
related assessment is necessary, which is intended to be part of future Dutch policy
(VROM, 2004-2).

Instead of an assessment based on concentration of contaminants, a soil
ecotoxicological risk assessment is promoted (Eijsackers and Lokke, 1996), When
assessing ecological risks of chemical substances for soil ecosystems, one is faced with
a threefold challenge (Elijsackers, 1997):

— How to access the impact of many compounds occurring simultaneously in
variable compositions.

— How to encounter the considerable variance in environmental conditions,
especially with respect to exposure and effects assessment,
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— How to assess the impacts on a large variety of species, which have a

heterogeneous distribution over a variety of ecosystems.

Kasamas and Vegter (2001) pragmatically describe risk assessment for contaminated
sites from a more policy oriented view, i.c., as a loose assemblage of concepts and
methods borrowed from various disciplines. Developments ate being driven by
regulators who need better decision-support systems. They conclude thar the
limitations of toxicological reference values, exposure modelling and soil and
groundwater sampling are not widely understood and implemented in assessment
studies. Integration and study of fundamental aspects of the various building blocks of
tisk assessment is said to be necessary.

In this study of landfarming of contaminated sediments the following risks

have to be considered:

~ Dispersion of the contaminant in the soil or to other systems such as ground water
and surface water.

= Interaction of the contaminant with organisms living in the soil.

~ Interaction of the contaminant with higher organisms that use soil, soil otganisms
or plant parts as food.

~ Uptake of contaminant by plants.

= Ingestion by cattle and children.

In soil science, chemical, physical and biological functions of .soil can l.)e distinguis}}ed.
Contaminants may influence them all. Under natural conditions, sgd1mcnt depostlted
on land will develop in a soil, which quality depends on the physical and chemu.:al
composition of sediment. Most sediment will result in the developlment of a fertile
soil, as can be observed in many delta reginns in the world. Some. sedlmeqts, however,
containing very high amounts of clay particles (physica‘I prfapemes) or high amounts
of sulphides (chemical propertics), will develop into soil \Vllth u.ndes.lrable proPerues:
respectively heavy clay or acid soils. This must be kf-'PF in mind io €Y aluating: the
effects of contaminants. In table 7.2 these three functions are d.esc.nbed and the
possible influences of PAHs and mineral oil on these functions are mdlcz.ned (second
column). The third column gives the influence of the soil function on the

Contaminants.
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Table 7.2 Relation between soil functions and the presence of PAHs
and mineral oil.

Function Influence contaminants Influence function on
on function contaminant

Chemical ’

Retention of contaminants - + dispersion/leaching

Physical

aeration - + degradation

water reteftion - + dispersion/leaching

Biological

Interaction with water living + toxicity

otganisms

mineralization + toxicity + depradation

, sediment/soil living organism  + toxicity + depradation

Growing of vegetation + food quality and + degradation

phytotoxicity

The bold marked functions in Table 7.2 are discussed in this chapter. The interaction
of soil physical ptopetties on soil aeration and the possible degradation of PAHs and
mineral oil have been described in Chapter 2. Chapter 4 and 5 showed that sediments
and soils functioned well in degradation of contaminants. In these chapters and in
Chapter 6 it is shown that vegetation can grow and thar phytotoxicity is not present.

The bold subjects relate to dispersion and rto inreraction with soil and water
living organisms, as described in ISO 15799, In this guideline on ecotoxicological tests
of soils, retention functions, and habitat functons are distinguished:

— Retention function - Ability of soils /soil materials to adsorb pollutants in such a
way that they cannot be mobilised via the water pathway and translocated into the
food chain.

— Habitat function - Ability of soils/soil materials to serve as a habitat fot
microorganisms, plants, soil living animals and their interactions (biocenoses).

Children, but also other higher organisms such as cattle, ingest soil duting playing and
grazing respectively. Effects on children of ingestion of sediment or soil are difficult
to establish for ethical and practical reasons. Because landfarms for contaminated
sediments are not playgrounds and will not be used for grazing cattle, these effects are
only hypothetical and therefore not treated in this chapter. Effects on children and
cattle will become important, if the soil in the future will serve a function whete
contact with children and cattle is possible. Examples of these functions are described
in Chapter 9. Spreading of slightdy contaminated sediment on land, on which cattle
may graze, is described in Chapter 8.

In a landfarm, sediment changes into soil, this also implies that the populaﬂOﬂ
of species living in the landfarmed material will change. Sediment species
disappear and be replaced by terrestrial species. Especially in the first year aftet
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dredging the change in population is large and the sediment is colonized by soil living
organisms (Eijsackers 2003). This will happen in both clean and contaminated
sediments. Contaminants may have a negative effect on this development, but on
Kreekraksluizen this has not been investigated for invertebrates.

Water plays an important role in the landfarm, especially as an intermediary to

other environmental compartments. Figure 7.1 shows the risks in 2 landfarm as
investigated on Kreekraksluizen: transport of contaminants to surface and ground
water (retention function) and risks in the soil (tetention and habitat function). The
retention function can be evaluated with leaching experiments and experiments with
aquatic organisms and the habitat function using experiments with plant growth and
soil biocenosis. These tests are also distinguished as respectively acute and chronic
bioassays (Van Gestel et a, 2001). According to IS0 15799, these types of tests are of
equal importance in soils used in green areas, parks, recreation areas and areas used in

agriculture and horticulture.

Plant uptake Soif biology

Soil organisms

;ﬁf ’ i‘\‘ J\/\-""-\
E AN Treated sediment 74

| [Ground water

Figure 7.1 Environmental risks on 2 landfarm. Arrows are fluxes of contaminants in

transported water,

7141 Bioavailabilty
the use of binavailability in

Chapter 3 has described the concept of biocavailability a'ﬂd o . .
soil and site assessment. The conceptual definition of bloavallabmt'y used in relat:on'to
bioremediation as given in Chapter 3 can be slightly modified for risk assessment, with

a disdnction for respectively the retention and the habitat functuon: ‘
eans the amount of PAH and mineral

= Bioavailability for the retention function m : ,
oil that can be transported (caused by diffus‘Lon or physical change of the
adsorption site) to a sediment/soil pote with mobile pote water. - .
Bioavailability for the habitat functions means the amount of PAH and mineral oil

that can be transported (by diffusion or physical change of the adsorptiown site) to a
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site where an organism is present in a defined time period and that enters the
bioinfluenced zone of this organism. It is the amount that is responsible for any
effect on the organism.

This conceptual definition has to be made operational. Mobile pore water or leaching
can be defined as the total amount in water that leaves the landfarm by drainage. This
formulation is useful for risk assessment, because it includes the possibility of
bioremediation. Using an operational definidon based on the pore water
concentration in the landfarm may overestimate the risks, because it excludes possible
degradation during further transport in a site developed for bioremediation.

Related to the tisks for organisms the operational definition of bioavailability
for the habitat can be defined as effect (i.e., mortality, reproduction) measured within
a monitored period. The results of these tests are a measure of the bioavailable
concentraton. The tools for measurement should be focussed on the retention
functon as well as the habitat function.

7.1.2 Retention function of soil

Transport via water of soluble, colloidal or particle fractions play a dominant role in
the risk assessment of contaminated soils. This 15 true not only because water may
mobilise contaminants, but also because contaminants and metabolites in the water
phase have potentdally a distinct effect on micro-organisms, plants and soil fauna,
Aqueous eluates can be used to test the mobilisation ot leaching, but can also be used
for ecotoxicological effects on organisms exposed to the mobile water,

Leaching

The water phase may be responsible for leaching of the contaminant to the ground
watet system or to surface watet. The solubiliies of PAHSs and mineral oil in water are
low (see Chapter 2, Table 2.1). In combination with DOC, their solubilities may
increase, however, as explained in Chapter 2. Also facilitated transport by colloids may
play a role in transport of PAHs and mineral oil (Dolfing and Scheltens, 1999).

A measure to assess leaching can be the concentration in the water phase or in
water produced during leaching tests (Van der Sloot ¢ 4/, 1997). Leaching tests are
designed to provide a means of measuring the overall release of soluble constituents
from a solid macrix (Heasman, 2003). Such an approach is very useful for heavy
metals, as measurements are reliable and tests are already integrated in legisladon.
However, materials in the test and the fest itself influence the results for PAHs and
mineral oill. PAHs adsorb easily to equipment, thereby reducing concentrations.
Contamination of the water samples with soil particles can be prevented in
laboratory study, but is difficult to prevent on the scale of the landfarm experiment ofl
Kreekraksluizen. The concentration in the soil is much higher and the presence of
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only a few soil particles could influence the measured concentration in the water.
Degradation of leached PAHs occurs already during the two days of a leaching
experiment, especially at low concentrations, as can be expected during leaching test
with soil (Steketee and Stefess, 2002). Leaching tests are developed for soil and waste,
which are permeable for water. The low permeability of water in sediments will
influence the practical development of a effective leaching test, thereby decreasing the

reliability of such a test.

Water-dwelling organisms

To overcome experimental limitations with the chemical measurements in the water
phase, it is also possible to focus on the active concentration in the water phase. This
is the amount that affects water dwelling organisms (i.c., the amount that is
bicavailable for the test organism). In such an approach it is possible to take sediment
samples instead of water samples. The sediment is brought into equilibrivm with the
water phase, and the water phase can be used for experiments with organisms. An
equilibration dme of 24 hours is usually used, which is sufficient (See also Chapter 3
and 4j to achieve equilibrium with the more rapidly desorbing fractions. Presence of a
small number of solid particles will not influence the results. Bioassays normally used
for testing water quality such as Dapnia magna and 1/ibrie fisheri can be used.

71.3 Habitat function
Effects on habitat function can be caused by the amount of contaminant in the water
phase, but also by direct contact with the adsotbed contaminant. The presence of a

large amount of mineral oil, which can even exist as 2 phys'ic.al separate phase, can
especially contribute to roxicity. The suitability of the soil for hvmg'OfgﬂmsmS can best
be examined by means of test methods selected to include organisms and processes
tepresentative of different taxonomic groups. Results of such a test have to b.c
Compared with those measured in non-contaminated soils (Contfob - A C()ntr()l- s
Preferably obtained close to and with the same soil type as the soils at the thSt site.
This is not always possible; therefore also ‘artificial’ soils can be used. In testing, the
different habitat.functions of soil can be distinguished (SO 15799): ,

Soil as substrate for soil micro-organisms, which can be fzxpresscq in the mass of

organisms or the result of their activity in soil (mineralization function expressed as

nitrification and CO); production). ' < off

= Soil as substrate for plant growth, where ests have_ to bc. related \vxtlh toxic e clzcts
and therefore have to be distinguished from tests 1 which accumularion in plant
material or soil ferrliry is measured. , functi . i

. . ; i t functions in- soil.

= Soil as substrate for soil-dwelling fauna, which have differen

Tests «an be focussed on one of these functions. Soil animals generally fulfil the
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following four functions; (1) Mechanical activities (drainage, aeration, mixing}; (2)
Chemical changes {enhanced availability of nitrate and phosphate from excrements
and accelerated formation of clay-humus complexes, after the substrate has passed
the gut; (3) Biological changes (distribution of micro-organisms in the soil matrix,
synergistic effects through stimulation of microbial activity and organic mattet
decomposition) and (4) significant links in the food web.

There is no single species that can be used for all of the listed functions. Therefore,
the use of a battery of tests is necessary, taking into account the trophic level, different
taxonomic/physiological groups, and ecological role (soil-dwelling and littet-
inhabiting species). An important aspect in the choice of test organisms is the role of
feeding. Sediment feeding organisms accumulate sediment-bound contaminants such
is PAHs to much higher levels than organisms also living in the sediment but getting
their food from suspension (IKaag, 1998). As mentioned before, ingestion of sediment
ot soil by children or cattle is not a part of this study.

7.1.4 Ecotoxicological methods

ISO 15799 describes several standardised terreserial and aquatic test methods that
have been developed to assess the ecotoxicological potential of chemicals (Table 7.3).
Additional methods, recommended by other international organisations, are given by
Loibnet ef a/ (2003). These methods need to be adapted to the specific requirements
of soil and site assessment. Some of these methods are already used in contaminated
soils and are described further in this chapter. The effects on organisms used in
bioassays are an indication of the bioavailability of contaminants for that specific
organism. If such an organism is representative for a larger gtoup, applicability
increases. In ecotoxicological research a set of organisms is presently in use. ‘

During landfarming, sediment changes into soil, due to ripening and
dewatering. As mentioned previously, this results in a complete change in the
populaton of species present, from sediment species to soil species. The biological
development or activity of organisms can be used as indication for residual toxicity.
Several methods have been used as described by Bloem (1995a-¢). Parameters such as
bacterial biomass, activity and diversity have higher values in a well-functioning soil
ecosystem (Brookes, 1995). However, contamination does not always result in 3
decrease of biological activity. In some sandy soils a decrease of bacterial activity has
been shown in the presence of heavy metals, but an increase has been shown in the
presence of mineral oil (Diaz-Ravifna and Bdath, 1996; Van den Munckhof ¢f o/, 1998}-
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Table 7.3  Standardised biotest systems for ecotoxicological
characterisation developed for testing of chemicals (ISO 15799),

Medium Habitar Organism,/ specics Effect
terrestrial Soil Spring tail, Folsomia candida Reproduction
Earthworms, Firenia foetida or Edsena  Acure toxicity
andrei
Earthworms, Esenta foetida or Eisena  Reproduction
andrel
Pot worms, Enchytracrs spec. Reproduction
Beetle, Oxythyrea funesia Acute effects
Soil Barley, Hordeum vnigare Root growth
Monocotyledonous and dicot.plants  Emergency and growth
Soil Endogenous population Mineralization and
nitrification
Biomass

Endogenous population
Endogenous population
Endogenous population

Ammonium oxidation
Soil respiration

Aqueous Fresh water Water tlea, Daphnia magna Inhibition of mobility
Fresh water  Water flea, Dapbuia magna reproduction
Fresh water Unicellar algae Inhibition of growth
Fresh water  Zebra fish, Broydanio Acute toxicity
Sharp tibbed newt, Plerirodeles waly  Genotoxicity
Duck weed, Lewna minor Inhibition of growth
Saline warer  Unicellar algae Inhibition of growth
Saline water Marine copepods Acute toxicity
Freshand  Bactetia, Vibrio flichers Inhibition of
saline luminiscence
Genotoxicity

Bacteria, Salmonella typhnerium

Nematodes are the most abundant multicellular animals found in soils. They occupy
key positions in soil food webs (De Ruiter e? al, 1995). Different groups of nematodes
¢an be distinguished: bacterivores that consume bacteria; herbivores that extract food
from living plants; fungivores that feed on the contents of fungal hyphea; predators

that consume other nematodes; and omnivores that consume various food items. In a
erent types of nematodes

healthy soil system all groups are present. Counring diffs ; .
duting landfarming can be used as an indicator for development of sediment into a
.SOH (Bouwman and Vangronsveld, 2003). Counting of nematodes is also used to
INvestigate the effect of contaminants (Doelman ¢/ al., 1999 and 2000).

715 Risks and treatment on landfarms

To assess the success of biotemediation, the results of bioremediation will be

Compared with values set by regulators (sec Chapter 1). These values are ~he reference
Values and the values mentioned in the Dutch Building Act. Several decades are

flecessary 1o reach the first value and several years to reach the second value (see
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Chapter 4 and 5). Values for reuse of soils and sediments as building material were set
as 40 mg/kg d.m. PAHs and 500 mg/kg d.m. mineral oil. In 2004 a regulation has
been made by the Netherlands Ministry of Environment (VROM, 2004-b) to set the
minerat oil value for reuse of sediments as 2000 mg/kg d.m. The Most important
argument for setting these levels was that mineral oil in sediment does not contain the
more volatile fraction, which is the most toxic fraction, which is in contradiction to
the situation in soil. This change in policy will mean that a large quantity of sediments
will be ditectly reusable as building material. This new value is a political compromise.
Results of this chapter will show whether the new value is a real risk-based value.
Whatever the target value will be, the large amount of sediment to be treated and the
resulting large areas needed for landfarming make reuse necessary. This reuse will be
only acceptable and sustainable when this can be achieved with an acceptable risk.
Data on concentrations have to be replaced by data on risks.

Replacing total concentration by ecotoxicological testing does not imply that
unceriainties are reduced. Different tests may give different results. This dilernma is
formulated by Heise and Ahlf (2002) as follows: “The nature of ecotoxicological
testing is in contrast with the long efforts to simplify natural systems and to look for
numbers that ensure environmental quality. Ecotoxicology is a young field and much
less straightforward than chemical analysis. Together with ecological data it reflects on
the living environment. The degree of uncertainty is connected with the interpretation,
and the deduction of risks from bio-tests is more obvious than with chemical quality
criteria, where the process of estimating risks is a stringent procedure with no place
for individual decisions. Therewith, an objectivity is feigned and reliability is confused
with reproducibility”.

Feotoxicologists are still looking for an effective set of tests, ones that can be
combined reliably with chemical information (Ahlf e7 a, 2002). The Triad approach
(T.ong and Chapman, 1985; Chapman, 1996, Rutgers ¢f o/, 2001), a combination of
sediment/soil chemistry, sediment/soil toxicity and resident community alteraton, is
used in the Netherlands to decide whether dredged harbour sediment can be
discharged into the sea. Results of Triads are used in Biological Effect-Based
Assessment (BEBA), but no standardised assessment is  available, Different
approaches used in Europe are described by Den Besten ef o/, (2003). Tests are being
evaluated in round robin tests in order to develop proposals for standardisation of
tests (Hund-Rinke ¢ a/, 2002).

When the experiments described in this thesis were started (1990), the
perception of risks was limited to leaching, which was a temporary risk on the
landfarm, because it was assumed that bioremediation would lead to soil free of PAHS
and mineral oil. The presence of a relatively high residual contaminant concentration
has resulted in more risk-based rescarch. The results of this risk-based research are
presented in this chapter. Experiments on the used risk-evaluation tests in
combination with the ongoing processes on the landfarm are discussed. This chapter
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1S flot meant to propose an optimal set of tests to esiablish the quality of cleaned
sediments, as will be necessary when the present target values based on total
concentrations is replaced by risk-based values. Results are used to get a better
understanding of risks posed during landfarming in order to be able to make proper
choices for a treatment procedure with minimal risks.

7.2 Materials and methods

The expetiments described in this chapter have been carried out in combination with
Kreekraksluizen described in previous

the degradation experiments on the landfarm
(semi)field scale. The

chapters. On the landfarm experiments have been carried out on
tandfarm experiments were started in 1990. A limited number of experiments were
cartied out at the start of che Petroleurn Harbour and Wemeldinge expetiments in
1994 and experiments to evaluate the risk during landfarming were intensified from
1997 onwards. All landfarm fields, Geul Harbour (GH}, Zierikzee (ZZ), Petroleum
Hatbour (PH) and Wemeldinge (WEM) were invesdgated. For Petroleum Harbour
and Wemeldinge, both cultivated and vegerated fields were investigated. In the
vegetated fields two layers were distinguished; an upper lager which was rapidly
dewatered and a lower layer, in which dewatering took more time and contaminants

were also slower degraded.
1.2.1 Retention function of soil

Leach_ing

The fields on Kreekraksluizen were supplied with a li
Geul Harbour and Zierikzee fields each had their own drainage system and could be
Sampled separately. For both the Petroleum Harbour and Wemeldinge fields, fhaiﬂs of
the vegetated and cultivated fields were connected and these cgnne;ted drains wete
Sampled. Samples were taken during several field visits (if the dralfls d?scharged water),
Stored below 10 °C, and extracted with petroleum ether after arrival in the laboratory

(within 24 hours).

An extra field without line
Harbour sediment. Instead of a liner, another soil p
Consisting of soil enriched with organic matter (compost). The organ
aolsOl‘ption sites on which PAHs and mineral ol that leach could adéotb. Pore water
has Leen sampled using porous ceramic CUps with copper tubing (to prevent
adsorpdoﬂ) in combination with vacuumed infusion bottles {Van den Toorn, 1999).

oil after extraction with
Al wager samples were measured for P

ner and drains, The extensive

¢ was constructed of 5 x 5 m containing Petroleum
rotection system was tested
ic matter creates

AHs and mineral
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petroleum ether, using HPLC and GC-FID respectively, as described in Chapters 4
and 5.

Water-dwelling organisms

Bioassays were used to test the interaction of the contaminants with mobile water.
Sediment ot soil samples (Petroleum Harbour, Wemeldinge, Geul Harbour and
Zierikzee) were taken and mixed with water, The bioassays were applied to water that
was equilibrated with sediment and obtained after centrifugation. The bioassays used
were Vibrio fisheri (Microtox) (INVN 6516, Maas ¢f al, 1993) and Daphnia magna (Maas
¢/ al, 1993). Because Petroleum Harbour and Wemeldinge sediment were saline, the
Daphuiia magna test was only used in the sediments from the Geul Harbour and
Zierikzee landfarm. The results of Vibrio fisheri are expressed as ECyg, which is the
volume percentage of the original sample in the test sample, where bioluminescence
has been decreased by 20%, compared to a blank, after a contact time of 30 minutes.
A volume percentage of 45% is the highest percentage used, therefore an ECaouyaue of
>45 means no effect measured, compared ro the blank. Results of Daphnia magna are
expressed in LCso, which is the fraction (%) of the original sample in the test sample
showing 50% mortality of the test organisms aftrer 15 days (compared to control).
Results are also expressed in the volume percentages showing no observed significant
difference in mortality (NOECw) and reproduction (NOEC.,;) compated to the
control,

7.2.2 Habitat function

Bioassays

Originally sediment was tested only using sediment organisms. Two types of
organisms, for saline and fresh sediments, were used. After dewatering and ripening of
the sediment, it was possible also to use soil organisms. Because salt was leached
during dewatering and ripening, the same soil organisms have been used for all
sediments. All organisms were soft skin organisms, which are thought to be more
sensitive for contaminants (Vijver e a/, 2003). The test organisms used are described
in Table 7.4,
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Table 7.4 Bioassays used in the sediments.

Saline sediments Fresh sediment

Toxicity Crassostrea gigas, PNR (percent Chirononins riparius®, mortality,
(sediment net response) development and weight
arganismy Corgphinm volulats? , mortality
after 10 days
Toxicity Laumbricus rubelius®, survival, Laumbricus rubellus®, survival,
(soil organism) weight and reproduction weight and reproduction
Fotsoniia candidat, sorvival and  Foliomia candidaP), survis al,
reproduction weight and reproduction

Bioaccumulation  Oligochaetes®) uptake of PAHs Oligochaetes” uptake of PAHs

1) Van den Hurk, 199

2) Van den Hurk and Smit, 1991
3) Maas er af, 1993

4 150 11268

5) 18O 11267

Biological development
Biological development was followed by measuring bacterial numbers and growth,
genedc diversity, and development of the nematode population in samples taken on
the landfarms. The total number of bacteria and the size of the cells were determined
by direct microscopic counting (Bloem e al, 19952 and b). For this purpose micro-
Organisms in soil samples were coloured with a fluorescent compound. Bio volume
and biomass were calculated from the numbers and sizes. Confocal laser-scan
Microscope and automatic image processing were also used (Bloem 2¢ al, 1995¢).
Samnples were fixed and preserved with formaldehyde. . .
Bacterial rate of growth was measured using the incorporation Of. radioactive
labelled 3H-Thymidine and MC-Leucine into DNA and proteins respectively (Diaz-
Raviﬁa, and Baith, 1996; Michel and Bloem, 1993). Because thymidine is labelled with

3H and leucine with 14C, both parameters (mjcrobiological DNA- and protein

S¥ntheses) can be measured in one measurement. The relationsbip of r.ate of growth
n the incorporation of leucine.

and incorporation of thymidine is more constant than i : ci
On the other hand, some anaerobic bacteria are not able to incorporate thymidine
while leucine can be incorporated by most bacteria. Measurement of both is therefore
Supplementary, The incubations are short enough {one hou‘r) to assute that the rate of
8towth does not change during incubation. In principle in sity tates of growl'th are
Measured. Biomass as well as rate of growth measurements can also be applied on
40aerobic samples (Mori 1986). . .
The ger?edc(‘i:;zg,of bz)acteria was measured usir?g Dz.enaru.rat]lon-Gradlent
Gel Electrophoreses (DGGE) (Muyzer ¢ al.y 19?3). Iffhcroblologn:a, DNA was
Xtracted from the sampled sediment soil and multiplied Wlfh PCR (Poly'mer.a.se Cl.mm
¢action). The genetic composition of the DNA after using DGGE is vicible in a
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pattern of bands. The number of bands reflects the number of genotypes (species),
and the intensity of the band is 2 measure of the relative abundance of the group
concerned. Patterns were analysed and quantified with an image-processing program.

Nematodes were isolated from the soil using Qostenbrinks elutriator (s’Lucas
and van Bezooijen, 1984}), The isolated nematodes were counted using 2
stereomicroscope (3-fold) and identified under a ‘high power’ microscope. Nematodes
are funcdonally subdivided into bacterivores, fungivores, hetbivores and
onmivores/predators, as related to their choice of food: bactetia, fungi, plant toots
and animal organisms (predators) or a broad spectrum of food (omnivores). They can
be distinguished by the structure of their mouth. With a normal diversity, 150
specimens were identified. With a low diversity, when most nematodes belonging to
one taxum, 450 specimens, were identified.

7.3 Results and discussion

7.3.1 Retention function of soil

Leaching

During the entire experimental period at Kreekraksluizen it has never been possible to
smell minetal oil in the drainage water. In all water samples taken the mineral oil was
below the detection limit (50 pg/1). PAHs were detectable, but their concentrations
were very low (Table 7.5).

Drainage water samples from Geul Harbour and Zierikzee sediments were
taken and analysed in the aurumn after the passive landfarm was started (1993), In this
first passive treatment period there were still some anaerobic sections in botb
sediments that could prevent degradation and lead to leaching. Also the transport of
the sediment to the new passive fields (see Chapter 4) could have led to facilitated
transport by organic matter or colloids. PAHs could not be detected in the drainage
water samples taken (Table 7.5) showing that in these landfarms leaching did nct
occur, The detection limits presented in this table are not constant for each individual
PAH, but are caused by the different amounts nf water that could be obtained and the
background signal in the chromatogram. From 1990, the PAHs-concentradons
measured in the basin, where drainage water was collected, was low enough (6 of
Borneff < 0.1 pg/l) to permit discharge of this water to the surface water system
(Paemen, 2004, Personal communication).

During the intensive phase of landfarming, the values measured in the drains of
the Petroleum Harbour and Wemeldinge fields were mostly below detection limit, but
were sometimes detectable. The measured values (Table 7.5) were far below the
intervention value defined in the Netherlands (Table 7.1) and are comparable to but
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also slightly higher than the reference value. Below the reference value no negative
environmental impact is to be expected. For PAHs, the reference value is not based
on real measured values, but obtained after extrapolation. The detection limit of most
analytical methods for PAHs is much higher than the reference value. The measured
values were also low enough to discharge the drainage water of the Petroleum
Harbour and Wemeldinge fields ro the surface water system.

PAHs-concentrations in drainage water (pg/l).

Tabel 7.5

PAHS Sampling dare {month-year)

Geul  Zie- Perroleumn Harbour Wemeldinge Mixed PH + WEMY

Har-  nkzee

bour

10-93 1093 894 296 1297 994 296 12-97 996 196 1197
Fluorene TE <m0l 0033 002 <00 0009 D02 <DGZ <0003 <0008
Phenanthrenc U0l <001 002 002 0016 006 002 002 002 <001 <0001
Antheacene CON01 <0001 0002 <0002 <0001 0001 <0002 <0001 0063 <0602 <0001
Fluoranthene <001 <001 <002 <004 0004 <002 <004 0004 <GO2 002 <0001
Pyrene <004 <004 0006 <003 <0005 001 <003 <0005 0008 <001 <to0s
Benzlajanthracene <0008 <0008 <0001 <0005 <0004 <0.001 <0005 <0004 0006  <B.004 <0004
Chf}’senc <009 <0009 GO0l <G08 0001 0001 <0.008 0001 <0.008 <{Q.005 <0001
Bcnzlbmuoramhcnc 0003 <0003 <00l <001 <0gol 0000 <001 <0001 <001 <0005 <0001
Benzlfluoranthene <000l <0000 <0001 <001 <0001 <6001 <061 <0O0T - <00i <0005 <0001
Benzfajpyrene <0004 <0004 <000l 0004 <0003 0001 <0004 <0003 0009 <0005 <0003
Benzojg hijperyiene <003 <003 <0002 <002 <0002 <0002 <002 <0002 003 <0005 <0002
Inde"‘)“,Z,B- <001 =000 <002 <005 <0005 0.002 <005 001 <004 <0005 <0005

Sdlbyrene

I : -
Because it was not always possible to obtam enough

sediments have been combined

collected with porous cups.
7.6 1t was difficult to obtain water from the protectiont lay

?OW permeability of the sedim

'Nerease the sensitivity of the measurement, the sample st
: d cups into one sarnple. In the first sample collected,

¢ P :
“mbining water from all installe _ :
ased. This water sample was turbid and contained

the PAH; concentration had incre
<olloidal particles. Larer samples collected W
Vater is collected from the cups by applyl
“ombined with some sediment particles. The co
“Aused by dissolved organic matter originating fro
“aMples the measured PAHs values were |

W : N .
€fe In some cases near the intervention

water on some dates, the drainage water from both

In the field with an organic matter-enriched soil layer as soll protection, W?ter was
The results of the PAHs analyses arc presented in Table

er. This is caused by the

ent for water as described in Chapter 6. In order tn
e was increased by

ere always clear. It is assumed that when

ow. Only
value. The reliability of these measured

m the added compost. /

ng under pressure, water col]ecfcd is
lour was always brown, which is
*Iso in these

concentrations of the heavy PAHs
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values is low, however, because confirmation of the measured values was not possible
due to the low concentraton. The most sensitive wavelength combination on the
fluorescence detector was necessary to measute these values; other combinations were
less sensitive.

Table 7.6 PAHs-concentrations in pore water in the drainage layer
{pg/1). Field with extra organic matter as soil protection (Petroleum
Harbour sediment).

PAHs Sampling date (month-year)

8-94 9-95 i1-95 1-96 6-97 8-97

Fluorene <0.5 0.1 0.002 0.004 0.006 0.01
Phenanthrene 0.2 .04 0.0 0.02 0.01 0.01
Anthracene 0.008 0.005 0.001 0.001 0.001 0.004
Fluoranthene 01 0.05 0,005 0.009 0.02 0.05
Pyrenc .06 0.01 0.004 0.009 0.009 0.04
Benzlalanthracene 0.008 0.003 0.003 0.004 0.003 0.006
Chrysenc 0.04 0.09 0.006 0.009 0.002 0.007

Benz[bifluoranthene  0.009 0.008 0.002 0.009 0.01 0.01
Benz{k}fluoranthene  0.003 0.003 0.001 0.006 0.005 0.01
Benz[a]|pyrene (1005 0.02 0.001 0.008 0.008 0.03
Benzo|gh,i|perylene <0.01 <. 0.01 <0.009  0.005 0.02
Indeno|1,2,3-¢,d|pyrene 0.01 <0.01 <0.002 003 0.02 0.06

From 1997, the passive landfarming concept was applied on a practical scale on
Qostwaardhoeve in combination with growing of biomass (see Chapter 9). Based on
the results on Kreekraksluizen (Harmsen ef 4/, 1996 and as presented in this chapter)
the liner as soil protecdon was replaced by organic matter already present in the soil
on this site {see also Secdon 7.3.3 in this chapter). Aftet the first sediment treatment il
1997, different sediments were treated on different fields up to a total surface of 10
ha. The water from the drain tubes in the fields discharged water to a collection basin-
This watet, which was discharged to the surface water system, has been analysed from
1997 to 2003. No increased concentrations of PAHs and mineral oil could be detected
(Goedbloed, 2003, Personal communication). All PAHs concentrations were below
0.02 pg/l and mineral oil concentrations below 50 pg/l. Pleijte {1996, Personal
communication) had similar results while treating PAHs-conraminated sediment on 2
site near Julianadorp.

Water-dwelling organisms

Because it is difficult to separate the water phase from the sediment without losses of
PAHs and mineral oil, the presence of bioavailable contaminants in the water phas¢
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was tested with bioassays. 7brie fischers showed toxicity (ECs < 45) in the original
Petroleum Harbour sediment 2nd during the first year (1994) of landfarming (Table
7.7). No toxicity (except one outdlier in 1997) was measured in following years. 17ibrio
JSiseheri did not show toxicity in Wemeldinge sediment. As described before, the test
was not performed on the Geul Harbour and Zierikzee sediment during the intensive
Phase (1990-1993), Toxicity was present at the beginning of the passive phase, after
transport of the sediments to the passive fields. All subsequent samples did not show
toxicity. This means that toxic compounds were not present in a concentration in the
water phase to be toxic for 1/zbris  fischer.

Table 7.7 Results of Vibrio Sfischeri (ECao {(%v/v)) in water obtained
from different landfarmed sediments (see also Chapter 4}.

Sediment sampling ECa (%ov/v) sampling ECyw (%ev/v)
period period
(month- Petroleum  Wemel- (month-  “Gey] Zietikzee
year) Harbour  dinge year) Harbour
Fresh 8-94 8.4 >45 5-94 13.4 34
Vegetated upper  10-94 30 >45 6-95 >45 >45
Vegetated upper 695 7.6 >45 10-95 >45 >45
Vegetated upper  12-95 1.0 >45
Vegetated lower 1097 >45 >45 1097 >45 =45
=45 =45 10-99 >45 >45
Vegetated upper 10-97 >45 >45
>45 >45
Cultivated 10-97 >45 >45
17.6 >45
Vegetated upper  10-99 >45 >45
Vegetated lower  10-99 >43 >45
Cultivared 10-99 >45 >45

Comparable results wich Daphnia magna (Table 7.8) were obta?ned in the non-sa}ine
Geul Harbour and Zierikzee sediment. The tosicity measured in the sample of Geul

Harbour from 1997 is considered to be an outlier. ' ;
Results of both bioassays are in agreement with the low concentratons o

PAHs and mineral oil measured in the drainage water and in the. pore water below t}lle
sediment, as described in 7.3.1.1. PAHs and mineral oil were still present in the solid

Phase and can desorb and diffuse to the water phase. The rate of this process “iill not
be rapid enough to cause toxicity. Another explanation 15 that in the aerobic test
System and on the aerobic landfarm, the toxic compounds are degraded before they

“an be responsible for toxicity.
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Table 7.8 Results of Daphnia magra in water obtained from Geul
Harbour and Zierikzee sediments.

Sampling Geul Harbour Zierikzee

date LCs0 (®  NOEC, NOECL,: LCo(® NOEC, NOECq:
(month-  v/v) (% v/v) (Yov/v) v/v) (% v/v) (% v/v) -
year)

5-94 =100 100 100 =100 100 100

6-95 >100 100 100 >100 100 100

10-95 >100 100 - >100 100 100

10-97 >100 56 <10 >100 100 100
10-99 >100 100 100

Blank >100 >100 100 =100 =100 100

Consequences of observed leaching for soil protection

As a result of the expetiment on the retention functon of soil and especially on
leaching, another concept of soil protection has become possible. Before this study,
liners were thought to provide the most effecrive soil protection and were prescribed
in most situations where contaminated sediment or soil has to be handled. They were
assumed to prevent all leaching of contaminants, but this was not based on research in
field siruations. A liner also has several limitations:
— It is necessaty to have a drainage laver between the liner and the sediment to
stimulate dewatering and aeration. Water-saturated conditions will be present just
above the liner,

— A liner is not watertight. Leakages will occur through holes caused by shatp
particles or due to the heavy machinery used during intensive landfarming and
removal of the cleaned sediment. A liner under field conditions is usually not
completely impermeable due to mistakes in welding. Under ideal conditions, up till
20 holes of 1 cm? will be present per hectare (Boels, 1993). Tn a landfarm extra
holes will be created during use and one hole per 10 m? seems to be more realistic.
This will lead to 2 leakage of 10 to 20% of the rainwater surplus.

— Liners are not impermeable for organic chemicals. Breen and Der Kinderen (1991}
showed that benzene and toluene were only retained 1 to 10 weeks, Larger
molecules will be retained longer.

The above considerations illustrate thar a liner is not the ideal soil protection to be

used in a landfarms and the effectiveness of different means of soil protection should

be evaluated.

A good soil protection system will retard the eventual transport of
contaminants. As shown above, a liner has to be combined with a drainage layefs
which may give further retardation of the contaminant. This retardation is greatly
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dependent on the otganic matter content; the relative transport velocity can be

described as:

vi /vw = SW /(gw +focKocp)

where:

Vi = mobility of the contaminant {m/y)

Vi = velocity of the pore water {m/y)

&y = fraction water filled pore volume

Joc = fracton otganic carbon

Ko = pattition coefficient organic carbon and water
P = density of dry soil (kg/1)

Koc-values for PAHs are much larger than &, even when the association with organic
Matter is taken into account (see Chapter 2). This means that the relative transport of
PAHs becomes inversely proportional to the fraction of organic matter. In drainage
sand this fraction is about 0.1 percent, Using organic matter such as compost, this
Percentage can be easily increased to a few percent. Another approach is to deposit
and further treat the contaminated sediment on top of original agricultural soil, which
has naturally high organic matter content. Decrease of the relatve transport velocity
of a factor of 10 to 30 can be easily obtained. The most mobile PAH, naphthalene,

has a relative transport velocity of 0.016 in a soil with 2% organic matter, a fraction of
Water-filled pote volume of 0.5 and a density of 1.6 kg/1. With a yearly rain fall surplus
of 300 mm (normal under Dutch conditions), this means that for transport of

“aPhthalene over a distance of 30 cm, about 20 years will be necessary, while much
-value of these PAHs

More time will be necessary for the more hcavy PAHs. The K.

IS ar least a facror of 10 larger, even when the association with dissolved organic
more than 200 years for

Matter is taken into account. Resulting transport fimes 'of
Mosk PAHS are greater than the guaranteed life time ofa liner. . .
layer with low organic matter

On the landfarm Kreekraksluizen, a drainage '
‘ontent (<0.1%) showed no leaching during the treatment period (1990-2001),

Retardation using organic matter could therefore be an effective s.oll p.rotecuon s.ysr;em
for the longer term, especially if this will occur in combination with biodegradation of
PAHs. The latter can be achieved by using a drainage system that not only removes

. i e landfarm on a permeable
€Xcess water, but also introduces oxygen, of by locating th ) P
er requires a zone for

50j] containing sufficient oxygen. Soil protection without a lin -
tetardation of leached contaminants (organic matter) and a zone for de;;radau?n of
these contaminants. Both zones can be combined. The o.rgamc maftcr prcscgt in the
Protectior layer should not fully degrade during femediamon,()f sedimz?nt, ‘th_lCh iy
i ’ Natural organic matter in soil is slowly

fequire several decades (see Chapters 4 and 5)-
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degradable, as shown in Table 2.5 of Chapter 2. Using materials such as compost,
degradation of organic matter has to be taken into account to ensure that the organic
matter content remains sufficient high during use of the landfarm.

This method of soil protection has been applied on a following large scale
landfarm on Kreekraksluizen started 1995 (De Bruyckere en van der Linden, 1995)
using peat to increase the organic matter content in the subsoil to 3%. On the
Oostwaardhoeve the soil present contains already 3% organic matter and was used as
soll protection as without the need for addition of organic matter. The hydrological
situation at this site is such as to prevent leaching risks. It is situated in a polder and a
light seepage is present. All drainage water flows to the ditch system of the farm and
finally to a large basin. From this basin, it is pumped to the surface water system. This
is the only off-site water flow and can be controlled. So no risks are present for the
groundwater system and the surrounding surface water (Figure 7.2),

Oostwaardhoeve ! + Public area ——

/- “
Landfarm £ \@
Al 3 \_/

Drain \

~ \__Basn _/
m\_M

AN,

Seepage

Iigure 7.2 The hydrological system on Oostwaardhoeve,

7.3.2 Habitat function

Sediment assays

Crassotrea gipas and Corophium volulator

From the starc of the landfarming experiment with Petroleum Harbour and
Wemeldinge (1994 dll 1997), sediment bioassays with soft skin sediment organisms
have been used. The results with Crassotrea gizas and Corophium volylator are presented in
Table 7.9. The toxicity of Petroleum Harbour sediment at the start of landfarming s
larger than the toxicity in Wemeldinge sediment, which is in agreement with the
higher PAHs and mineral oil concentrations. The decrease in toxicity appears to be
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the lowest in the lower layer of the vegetated landfarms, which is also the layer with
tl?e slowest degradation. The lower toxicity in the other samples in which higher
biodegradation is observed, indicate that biodegradation may have a positive effect on

the residual toxicity.

Table 7.9 Results of bioassays using sediment organisms (all

individual measurements).

Sediment Sampling Crazsotrea gigas (PNR) Corophinm volui stor
Period {%) (mortality) (%o)
(month- Petroleum Wemeldinge Petroleum Wemeldinge
year) Harbour Harbour

[resh 8-94 99,3 39 100 77

Vegetated upper 10-94 99 16 100 18

Vegetated upper 6-95 100 5

Vegetated upper 12.95 100 5

Vegetated upper  10-97 99; 08 11,17 70; 81 12,7

Vegetated upper  10-99 82 48

Vegetated lower  10-97 100, 93 26: 21 97, 100 13; 10

Vegetated lower 10-99 85 36

Cultivated 10-97 56; 61 20; 5 18; 16 57

Cultivated 10-99 43 20

Blank 5.4 54 4.5 45

Toxicity can be caused by different contaminants present in the sediment (PAHs,

Mineral oil, bur also slightly increased heavy metal content). The latter can be
fesponsible for a residual roxicity after biodegradation of the PAHs and mineral oil. In
Figure 7.3, the toxicity observed in the different fields is plotted against PAHs- and

Mineral oil concentrations, The two sediments have comparable residual PAHs
dinge are comparable with the

Concentrations. The lower effect values of Wemel

Values for Petroleum harbour. The resulting figure for both bio-assays has the shape
of 2 normal dose-response curve and the no effect value is close to the residual
This value is far above the

Concentration of 20-25 mg/kg d.m. for both sediments. ‘
Teference value and has the same level as the interventon value; respectively 1 mg/kg
dm and 40 mg/kg d.m. at 10 % organic matter. The organic matter in the tested
Sediments varied berween 5 and 8% (see Chapter 4.3.3). _ .

Using the mineral oil concentration as the factor that explains tqmcmy, the no
etfect value for the rest organisms is also equal to the residual concentration as present
in 1999, The no effect values for both sediments are different; about 2000 mg/kg d.m.
for Petroleum harbour sediment and less than 1000 mg/kg d.m. for Wt‘:rn.cldinge.

From the two figures it can be concluded that during bioremediation, dzf.'fercfut
“ONtaminants present in the sediment can cause toxic effects. [t was not possible in
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this experiment to distinguish between the toxic effects of PAHs and mineral oil. Both
contaminants may have influenced the no effect value found for the individual

contaminants.
Effect (%)
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Figure 7.3 Results of the bioassays with Crassstrea gigas and Corgphism volulator as a
function of the PAHs-concentration (left) and mineral o1l concentration (right) in the
tested sediments. Closed signs Petroleum Harbour, open signs Wemeldinge.

Another way of evaluating the observed toxicity is in relation to availability. Tenax
extraction mimics the availability for several benthic and terrestrial organisms (Ten
Hulscher ¢ 4/, 2003). The available PAHs-concentration in the tested sediments is
estimated using the Tenax-procedure which measures the amount of PAHs available
for fast desorption and can be used to predicr the amount biodegraded on a landfarm
(see Chapter 4). The amount available for biodegradation is also derived from the
degradation curves presented in Chapter 4. The biodegradable amount (degradable in
one year) is calculated for the moment the samples were taken for testing. Results are
presented in Figure 7.4. On first analysis, the range for the Tenax-available PAHs is
wider than the biodegradation data and the data presented in Figure 7.3. However,
this does not mean that the results of the Tenax-procedure are less well correlated
with the effects of the bioassays. The wider range is mainly caused by the larger
uncertainty of the Tenax-results at low available fractions. Below an available fraction
of 10% of the total amount, the standard deviaton of the Tenax-method is of the
same order of magnirude as the measured value (see Table 4.5 in Chapter 4). It i
therefore necessary to improve the Tenax measurement at low available fractons.
Application of the degradation rate results in a no effect value of approx. 3 mg/kg
d.m. available PAHs. This value is close to the reference value, which should to be
considered as a value where no toxic ¢ffect occurs.
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Effect (%)
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Figure 7.4 Results of the bioassays with Crasiofres gigas and Campbz'fwf volilator as a
function of the available PAHs. Available for fast desorPHOH (Tenax) in left figure and
available for fast biodegradation in right figure. Closed signs Petroleum Hatbour, open

signs Wemeldinge.

Chironomus fparius

For the Geul Harbour and Zierikzee sediments, results of sediment bioassays with
Chironomus riparius are available since 1994, four yeats after the start _O f the ]ar-]d.fart-n
treatment, Results are presented in Table 7.10 and show thatr residual toxicity is
Present in the period 1994-1997 and did not decrease. Largc eﬁect; \vcr.e .nolt fbeen
Measured, but are to be expected when the assay was applied on the original fresh

. i 9. Because
sedimenrs (comparable with the results presented in Tabltlal 7(91)“.“ - a ! .the
aVaﬂabﬂit}’ of the contaminants in the aerated sediment was small ana st ecreasing,

2 decreasing toxicity was expected. .
The applicability of the test organism, given th‘.e expe:flmental Ia;a_t{-u;; on th;
landfarm, has to be assessed critically. During the sampling period, Geul Harbour an

i o a soil. Chironemus
Zierikzee sediments were completely dewatered and transferred t . ‘
ystem containing a fayer of soil

"Parius, an aquatic organism, was introduced In 2 £ bi naerobic. Properties of
Oovered with water. The soil thereby changes fmml aere lclflonagt? of bio‘wailI:bilify of
. a ;
the soil wi . i which may result int 3 € . .
il will change accordingly, formaton of toxic

) i ; or in the
Contaminants pres including heavy metals) . : '
} present : o change to bioassays using soil organisms for

compounds. Therefore it was decided ¢ in this chapter). Inidally tests with
further testing of the treated sediment (se¢ furth?r s ¢ t Er a:;isms ‘n 1997
Soil organisms were run parallel to experiments with sediment org

239



Landfarming of polycyclic aromate hydrocarbons and mineral oil contaminated sediments

Table 7.10 Results of the bicassay Chironomus riparius in treated Geul
Harbour and Zierikzee sediment.

Sediment Sampling Petiod ~ Mottality Development, Dty weight,
(month-vear) {%o} mortality + stage  relative to blank
) C4)
Geul Harbour  5-94 12 25 18
6-95 10 27 -24
10-95 15 36 -23
10-97 28 51 -24
Zierikzee 5-95 29 41 12.6
6-95 21 29 -18.4
10-95 29 52 0.5
10-97 14 40 -23.7
Blank {10-97} 7 18
Bioaccumuliation

Bioaccumulation has been tested since 1997 with aquatic oligochaetes living in the
sediment. These organisms obtain their food from the anaerobic sediment.
Accumulation of PAHSs in these organisms is an indication of the bioavailabilitv of
PAHs, The accumulation in the oligochaetes is presented in Figure 7.5. The sediments
are arranged in order of the amount of fast available PAHs, as can be estimated using
the Tenax-method, or the amount degraded in one year (both had also been measured
in 1997). These amounts were the highest in the sediments that were sdll partly
anaerobic in 1997, i.e,, in the lower layers of the vegetated landfarms. Accumulation of
PAHs in the oligochaetes in these sediments was high. No accumulation occurred in
the Geul Harbour and Zierikzee sediments, where the available amounts of PAHs are
very low.
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Figure 7.5 Accumulation of PAHSs in oligochactes exposed to the treated sediments
in 1997, Sediments are arranged in order of increasing amount of fast available PAHs,

Soil assays

Earthworms are commonly used organisms in testing soils, both to study toxicity and
biOavailability (Tager, 2003). Conditions in sediments {anaerobic) are not a suitable
environment for earthworms and they are not found in freshly dredged sediment.
Although earthworms can survive in soil becoming water-saturated for a winter period

(Zorn, 2003), they are not a logical choice to be used as a bioassay in fresh sediment,
in the sediment would influence the

The water-saturated and anaerobic conditions U .
the limiting conditions for survival

fesults too much. After dewatering and ripening, th
disappear and application of this soil bioassay i possible. o , .
In 1995 earthworms (Lumbricus rubellus) were used in bioassays applied to Geul

Harbouyy and Zierikzee sediments and from 1997 onwards also on Petroleum Harbour
n 1995 this bioassay

and Wﬁmddjnge sediments. Results are given in Table 7.11. 1
ments (Geul Harbour and

Showed no residual toxicity in the oldest treated sedi !
obtained in 1999 and 2001, In these sediments both

Zleﬂkzec‘). Similar results were AL .
PAHs and mineral oil concentrations are low. Based on the totsfl .P 8 ul:cclm;entritlon
(compared to the reference value) in Zierikzee sediment, foxicity couid fiave been
€Xpected, however, but the available PAHS fraction _1s low. - |
. Survival is the least sensitive parameter; only the mOMC;:ontar'mn‘alte ;amp 6‘;,
Le,, the lower layer of Petroleum harbour sediment, 2 fﬂducje SULVIVA. 18 Od SI:W ‘;-
More sensitive parameters are weight increasc and rePde”ClnDn’ as measured by the
PAHSs concentrations thete is no effect on

Mumber of cacoons found. At low available
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teproduction (Geul Harbour and Zierikzee). This has also been shown by Eijsackers e/
al (2001) for PAHs-contaminated dredged sediment. They also showed that addition
of fresh PAHs decreased reproduction. On the other hand, they observed that the
earthworms had a positive effect on the degradation of PAHSs.

Table 7.11 Results of the bioassays with Lawbricus rubellns.

Sediment Survival Weight increase Reproduction
(%) {mg/worm) (Number of
€OCOONS)
1995 1999 2001 1995 1999 2001 1995 1999 2001
KOBG = reference 95 95 100 - 195 420 65* 25 27
PH cultivated - 100 100 - 120 133 - 10 10
PH vegetated upper - 90 100 - 42 141 - 16 11
PH vegetated lower - 80 90 - 33093 - 7 6
WEM cultivated - 90 100 - 29 335 - 10 17
WEM vegetated upper - 90 100 - 122 3 - 14 19
WEM vegetated lower - 95 100 - 35 238 - 4 12
GH 95 95 95 - 171 289 59+ 26 27
Z7. 95 100 100 - 111 452 54 25 27

* measured after incubation of 12 instead of 4 weeks (higher reptoduction)

Also in 2001 a bioassay with the springtail Folomia candida was used (Table 7.12), This
assay shows that in Geul Harbour sediment there is still some toxicity {survival), but
we cannot give a specific explanadon for it. The springtail is more sensitive in terms of
survival than the earthworm.
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Table 7.12 Results of the bioassays with Fe/comia candida (springtail).

Sediment Survival Reproduction
(%) (number of Juveniles per
springtail)
KOBG = reference 100 59
PH culdvated 24 * 16 *
PH vegetated upper 7 * [
PH vegetated lower o * o *
WEM cultivated comparable with control! comparable with control?
WEM vegetated upper 84 48
EN 7 2
WEM vegetated lower
GH 30 * 34
4z 77 i

* Difference is significant compared to control (p < 0.05) N
The results of WEM cultivated were conparable with the control. The reproducibility of the

control for these Saniples was, bowever too Jow.
Microbiological development

Microbiological activity

Bacterial biomass, gtowth rate and diversity were only measured in 1999, Results of
these measurements are summarized in Table 7.13. The bacterial biomasses in
Petroleum Harbour and Wemeldinge sediment are low compared to those in Geul
Harbour and Zierikzee sediments. Measured bactetial biomass in cultivated Petroleum
Harbour sediment is extrem ely low and probably an underestimation, because

focussing of the microscope is difficult with low bacterial numbers. Th(? gro.wtb ra.tcs
the vegetated fields ate high, indicating

in the cultivated fields and the upper layer of )
that management (crop growth, soil tillage) may also have_ an effec.t on b:?cterxal
growth. In these samples the highest degradation rates of PAHs and mm-eral oil wete
also measured (Chapter 4 and 5). The lowest degradation was measuted in lower soil
fayers, for in these layers, bacterial growth is also sm
iHarbour and Zierikzee sediments are probably tyP
andfarming) sediments. . .

Bacti)rial activity as measured by dehydrogenases ?ctivity (Khmkomcz—Paw.las
and Maliszewska-Kordybach, 2003) is influenced by adding of PAHs to clean soils.
) the effects were much

When PAHs were already present in the soil (aged. soil) L . Th d
Smaller, indicating that the history of the soil or sediment is 1mP(;lrt?n .b ey use
adaptation of the present otganisms to PAHs as explanaton. Their observations

all. The low growth rutes in Geul
ical for ripened (10 years of

243



Landfatming of polycyclic aromatic hydrocarbons and mineral oil contaminated sediments

showed that results of these types of tests are not always related to the presence of
contaminants and other methods for assessment are necessaty.

Table 7.13 Bacreria biomass, DNA-synthesis {thvmidine), protein
synthesis {leucine) and genetic diversity (numbet of DNA-bands).
Values are the mean and standard deviation (SD)} is based on 3
measurements. DNA-bands two measurements.

Sediment Bacteriea(ug Thymidine Leucine DDNA bands

Cl/g building in building in (nuimber)

(pmol/g.u) (pmol/gu}

mean S mean  SD mean S 1 2
PH fresh 68 72
WEM fresh 57 56
PH cultivated 6.0 2.5 21.6 21 450 18 87 90
PH vegetated upper 43 13 18 0.2 441 52 75 77
PH vegetated lower 59 30 4.6 .7 129 5 57 55
WI:M culiivated 37 5.2 29.6 33 437 40 86 85
WM vegerared upper 16 10 76 29 191 20 67 69
WIiM vegetared lower 14 12 18 04 35 > 63 0
GH 103 19 53 0.5 81 7 87 82
77 144 21 5.0 1,1 84 7 82 81
Number of genotypes

The observed number of genotypes measured as DNA-fingerprints are in agreement
with these observadons: low in the original fresh sediments and high in the most
developed ones. Not only is the number of genotypes important but also the relative
abundance of genotypes as visible in the DNA-fingerprint (Figure 7.6). In the
fingerptints of the original sediments, intensive bands are visible, which means that
specific genotypes are dominating. Different dominating genotypes are visible, which
can be explained by the origin of the sediments: Petroleum Harbour brackish and
Wemeldinge saline. The intensive bands fade out during treatment and in the Geul
Harbour and Zierikzee sediments, which have been treated for the longest period, no
special genotype is dominating.
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Petroleum Harbour Wemeldinge
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Figure 7.6 DNA- fingerprints of the fresh sediments Perroleum Harbour and
Wemeldinge and of sediments treated on the landfarm sampled in 1999

Nematodes

The higher diversity of biological life in Geul Harbour and Zietikzee sediments is also
visible in the diversity of nematodes. In soil ecosystems nematodes belong to various
trophic groups: Omnivores and predators are the first to disappear under stress and
the last to appear during colonisation (Bouwman and Vangronsveld, 2004). These taxa
are hardly present in treated Petroleum Harbour and Wemeldinge sediments {Table
7.14). The diversity of herbivores is largest in treated Geul Harbour and Zierikzee
sediments, which is caused by the long period of vegetation, thus sqmulaﬁng
Nematodes that feed on plant roots. Presence of roots in the O.thet'.sedlments. is
tesponsible for the development of two species of Paratylenchidae in very high
Numbers, In 1999, herbivores are absent in the lower layers of the vegetated landfarm
due tg the absence of roots. In 2001 roots had entered the lower soil layers, and

hetbivores were observed.

Combining all the results, Table 7 14 shows that six (resules Pe_trc‘lleum Harbour
and Wemeldinge of 2001) to ten (results of Geul Harbo-ur ?nd Zietikzee of 1999)
years of passive landfarming are necessary to develop a soil with a normal nematode
Population including omnivores (3 taxa). _ .
_ Ejjsackers (2003) found a quick first colonization by mver.tebrates ((?arthworms,
15opods and springtails) in P AHs-contaminated fresh watelr sediment during t.he first
Months after deposition. However, further development in 1 umber of ZP‘:I“?S -
r?Umber of individuals per species was hampered in the ff)uowmg year. P_ro ably mote
Hme for development is necessary, as has been shown with the observation presented

n this ssection,
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Chapter 7 Environmental and ecological effects during landfarming of contminated sediments

Contaminants in vegetation

Uptake of PAHs and mineral oil by vegetation is not a problem as explained in
Chapter 6. K, values are high, and PAHs do not pass through cell membranes. Only
at high PAH-concentrations (5000 mg/kg d.m), phytotoxicity may occur (Leyval and
Binet, 1998). These high concentrations were not present at Kreekraksluizen landfarm
and are seldom observed in sediments. Maliszewska-Kordybach and Smreczak (2000)
reported that low concentrations of added PAHs (<10 mg/kg sum of fluorene,
anthracene, pyrene and chrysene) even stimulate the growth of plants during the early
stage of their development. At higher concentrations of the same four PAHs, lowest
observed effect concencrations for wheat, oat, maize tomato bean and sunflower were
tespectively 74; 96; 144; 35; 100 and 111 mg/kg d.m. (average for root length and
stem length).

When PAHs in vegetation samples are measured, they are present on
vegetation and originate from ait, dust or soil particles. They are adsorbed on the
leaves or on the roots. Root uptake from soil and translocation of hydrophobic
tompounds are inefficient processes (Wild and Jones, 1992). PAHs in ut?derground
patts come from adsorption of soil particles. Therefore peeling of vegetation such as
potatoes and carrots will remove most PAHs. Samsoc-Petersen ef 4. (2002) found that
When these crops are grown on contaminated soil, their peelings <?ontain four rimes at
Much benzola]pyrene than the peeled product. Free hanging fruit (no direct contact

with soil) on the same soil did not show an increased PAH-content. By growing
vegetation on covered and non-covered contaminated soil, Delchen ¢ /. (1999
established that the origin of PAHs was the adhering soil, and active uptake by the

foots did not occur. Japenga (2003) showed that the sutrounqing activities (traffic,
tndustry) are the most important parameter for PAHSs content in vegetables and that
Washing of the vegetables before use is sufficient to remove most of thcf PAHs. Also
Fismes o af (2002) did not find increased concentrations of PAHs in vegetables

Erown on contaminated soils. . - i
When PAHSs are consumed, they originate from air .pollutlon and 5011. eat.cn
together with the vegetation. These risks for human ingesn.on. are evaluated‘ in ﬂI:Ij
models like CSOIL. (van den Berg ¢t o/, 1995; Lijzen, 2001'). Slmllar'appro.':ches ;f;n e
used for ecotoxicolo gical risk of consumption of vegetau?n growing on a lan aFm.
Risks will be reduced during treatment due o biodegradation of PAHs and reduction

of the available fraction. . i f th
Results of the heavy metal measurements 1o the vegetatlo;ll (averageslo e
Samples . 01 are given in Table 7.15. Heavy metals were
ples taken in 1999, 2000 and 2001) are gl tons normal'y found in

Present in concentrations comparable with concentra
(Wiersma ¢/ al, 1986). The low

Vegetation grown on uncontaminated soil o the sediment in
COnCentr,{rjons are iﬂ agreement “Ilth the re]atl'v’e IOW COI‘lCeIltl’ath
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Landfarming of polycyclic aromatic hydrocarbons and mineral oil contaminated sediments

combination with the high pH (approx. 7.5). The maximum allowable concentrations
for several heavy metals in food for cattle (LAC, 1991) are also given in this table,

Table 7.15 Heavy metals in vegetation grown on the landfarm
Kreekraksluizen (average values measured in 1999, 2000 and 2001)
and limits for cattle food (in mg/kg d.m.).

Sediment As Cd Cr Cu Ni Pb Zn
PH cultivated 1.2 0.34 23 6.4 30 33 58
PH vegetated 1.8 0.44 1.2 8.5 31 25 33
WEM cultivated 1.4 0.24 1.5 4.0 2.1 4.4 27
WEM vegetated 1.1 0.28 1.9 5.1 22 4.4 46
GH 1.0 0.59 29 10.5 1.8 3.7 60
ZZ 1.2 0.15 1.3 8.5 1.1 2.8 42
: Non contaminated <2 <1 <20 <40 <250

food for cartle?

BLAC, 1991

Plant cover has also an important function in the organic matter cycle in the soil. This
is important in managing accumulated contaminants in soil (Eijsackers, 1995). it is
difficult to maintain the organic content of the soil in arable land, due to the natural
mineralization process by which organic matter is broken down. Extra application of
organic matter (for example, application of extra manure) is therefore necessary.
Otherwise continued decrease of organic matter will be observed, which may stabilise
at a lower organic matter level. Compared to surrounding soils, the organic mattet in
sediments is usually higher. This is caused by the lower degradation rate of newly
developed organic matter (vegetation residues) in the anaerobic sediment. Under
aerobic conditions on a landfarm, fast decrease of organic matter content is achieved,
as shown in Chapter 4 (decrease from approx. 9% to 5% in 1 year). With the natural
vegetation on the landfarm and no harvesting of this vegetadon, the organic martet
content stabilized at approximately 5%.

7.4 Conclusions

In the perception of most people and as defined in regulations, risks are related to the
total concentration of contaminants. In Chapter 3 it has been discussed that the
bioavailable fraction of pollutants is probably a better measure for risks. Bioavailability
should be combined with the word *for’ and the name of an organism or process. For
development of the concepr of bioavailability, it is therefore necessary to use methods,
such as chemical or biological assays or measures on the biological development of
soil or sediment, in addition to measurements of total concentrations. This chaptef
has shown that different methods can be used to describe the effects of the
contaminants present in the sediment. As expected, the decrease of the contaminant
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Chzpter 7 Environmental and ecological effects during landfarming of contaminated sediments

concentration has resulted in a decrease of negative effects, as measured with different
tests. Although sensitivides for the amount of contaminant differ between the tests,
no adverse toxic effects are measured after 2 to 8 years of landfarming, dependiag on
the test.

As long as toxicity using biological methods is measured, it is clear that
landfarmed sediment will have a limited use. It becomes more complicated when the
effects become comparable with the blank or reference, as found with different assays.
Which effect is acceptable, knowing that also slightly different soil prope :ties may
influence the measured effect? Should reuse be based on the most sensitive organism
that can be used in assays? Answers to these questions ate necessary if the assessment
of treated sediment is changed from a system based on contaminant conce
a risk-based system. The results in this chapter as measuted on field scale ca

ntration (o
n be used

to support this change.

7.4.1 Retention function

in this chapter wete focussed on warter that is in
d soil. This water is in equilibrium with
th these assays decreases very
ready not measurable after the

The first group of bioassays applied
ditect contact with the sediment or develope
the fast desorbing fraction. The toxicity measured Wi
rapidly during trearment on a landfarm, and risks are al

first year of intensive landfarming. Measuring toxici
soil extracts (acute tests) did not

Gestel ¢ al. (2001) also observed that most tests in
demonstrate toxicity. A non-toxic concentration in the water phase is in agreement
with the results of the leaching test, where non-detecta

Mmeasured. -
Only in the first year during dewatering, some risks can be present, especially if
ly of oxygen. After the first fast

biodegradation is limited due to insufficient SupP fa
degradation, contarminants are celeased by the sediment too slowly to cause toxicity

and, after they are released, they will be degraded before they reach the mobile water.
, ’ sent over the whole layer of

Degradation will occur when aerobic conditions atre pre
must be present. Under wet

sediment. This does not imply that optimumm conditions ‘
conditions, the amount of drainage watet will increase and the oxygen concentration

will decrease. As long as the oxygen concentration is more than 2%, biodegradation
contnues (Hurst ef a, 1996 and 1997). At Kreekraksluizen, ail lar%dfarms became
aerobic during the whole year as soofl a8 they were dewatered and rlpened‘ (see also
Chapter 6). All tests on the retention function showed that a landfarm, in which I.)AHS
and mineral oil contaminated sediments afe treated, is no threat to the quality of
ground water and the receiving surface water. '
The observations on K reekraksluizen suggest another approach to soil

Protection in landfarms. In a well-functioning hndfam,” c.ontammants vfmll b.e
o in principle 2 liner, which is often prescribed, is

degraded before they will leach. S
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ty in contaminated soil, Van

ble or low concentrations are
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not necessaty. A liner may even disturb the proper functioning of a landfarm due to
less effective dewatering. It is, however, possible thar no biodegradation occurs in a
landfarm duting dewateting or duting temporary anaerobic conditions after a period
of intensive rainfall. During these periods, the underlying soil must be able to act as a
filter or sink for the contaminants. This will occur if the underlying soil contains
enough organic matter (original or added). As rule of thumb, an organic matter
content of 3% or more should be used.

7.4.2 Habitat function

Using organisms living in the sediment or the soil that has developed from sediment,
toxicity is observed for a longer period. These organisms may take up contaminants
vefore degrading organisms can degrade them. Direct contact of the organisms with
the contaminant is an important factor in toxicity. Van Gestel e @/ (2001) observed
toxicity with soil living organisms (chronic tests) in soils where aquatic organisms did
not show toxicity.

Toxicity and bioaccumulation can be better explained with the available
fraction (chemically measured with Tenax or the fast degradable fraction) than with
the total concentration, which supports the importance of the concept of
bioavailability as has been described in Chapter 3.

In this research it was necessary to start with bioassays using sediment living
organisms, because soil organisms could not survive in the original water-saturated
and anoxic sediment. These sediment assays showed a decreasing toxicity duting the
first years of treatment, but also residual toxiciry. Another effect of treatment is that
the sediment changed into a soil, which makes applicadon of sediment living
organisms not the most logical choice afrer treatment with landfarming, Therefore the
measurement serategy was changed to use of soil-dwelling organisms. Also these
organisms showed a decrease in toxicity during treatment, but the sensitivity of
different species may differ. When using earthworms, morrality shows a faster
decrease of toxicity than reproducdon. Earthworms are less sensitive than springtails.
The different sensitivities have to been taken into consideration when selecting assays
for assessment and setting the final goal for the biological treatment of soils or
sediments on landfarms.

Biological methods showed that sediments are developing to a soil with normal
functions and biodiversity. It took about 5 yvears to obtain an ecosystem suitable for
colonisation of specific nematode species. Especially for the lower layers in the
landfarm, development was slower, because ripening and formation of roots ate
necessary to stimulate several types of nematode species. In the concept of passive
landfarming, this is not a problem, because this is also the time period, which is
necessary for degradation of the fast and slow degradable fractions.
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No effects were shown in Zierikzee sediment regardless of the tests used. ‘The
tesidual PAHs-concentration was 16 mg/kg d.m. Corrected to the standard soil with
10 % organic matter, this value becomes 29 mg/kg d.m., which is far above the
reference value of 1 mg/kg d.m. and just below the intervention value of 40 mg/kg
d.m. The residual mineral oil concentration in this sediment was 130 mg/kg dm (=
230 mg/kg d.m. in a standard soil). This value is also between the reference value and
the value for reuse as building material. Clearly there is some freedom of movement
between toxicity values derived from regulations and toxicity measured in practice.
According to the present regulation, the developed soil could only be used as building

Material; a risk-based regulation would probably allow a more multifunctional use.
The new reuse value for mineral oil of 2000 mg/kg d.m. (VROM, 2004-b) will

‘make reuse of Petroleum harbour sediment possible after 7 years of landfarming.
Some residual toxicity is present in this sediment but this can be acceptable for
regulations. The new value will make reuse of Wemeldinge sediment possible even
Sooner, It takes, however several years for this sediment to develop .into a soil with
significantly reduced risks. The proposed value of 2000 mg/kg d.m. is therefore too
high for Wemeldinge sediment. This high value is not necessary, because a few years
of passive landfarming make reuse with reduced risks possible.
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Chapter 8 Effect of spreading of slightly contaminated sediments on agricultural fields

8 Effect of spreading of slightly contaminated
sediments on agricultural fields

8.1 Introduction

In the Dutch water management system, ditches have an important function in
discharge of surplus of water during wet periods and supply of wacer during dry
petiods in the growing season in summer. Without maintenance of the system they
become silted up by caving in of the bank, sedimentation of particles present in water
coming from other areas, and from residuals of vegetation. Vegetation in most dirches
is removed yearly, and the sediment in the ditches is dredged every 6-10 years. In the
Past, spreading of dredged sediments was not a problem, for dredged sediments had a
fertilising function and were used to equalise fields. Sediments were spread on the
banks of the adjacent agricultural fields in a layer of several to about 20-30 cm {depending
on dredging method and density of the sediment). After the sediment was Cult:lvable
(dewatered and partly ripened), the farmer spread it further if necessary, ploutlghed -lt and
grew crops on it (atable land). The sediment was mixed with t!_me undetlying soil and
became part of the soil in the agricultural field. On pastureland, thinner layers were used,

and the grass grew through the dewatered sediment. Mixing of the satclimenr with the
underlying soil on pastureland is a slower process, because the Ia'nd is not ploughed.
Mixing is the result of bioturbation, which is caused by worms, treac.hx'lg of cattle, and also
Bioturbation is responsible for mixing of the upper 10

by use of agticultural machinery. e
e the sediment was mixed it, became

¢m of pasture land (Boels and Zweers, 2001). Becaus _ t, be
Pare of the soil, The previous dredged sediment is not recognizable at the application of
sediments from the next dredging. _

Since we know that sediments contain contaminants such as PAHs'and heavy
Metals, the practise of spreading has become hamPerffd by legal c.onsrrfunt;j In an
'nventory of knowledge and experiences associated with field studies oL se iments,
Veul o 4/ (2000) concluded that to solve the problem of cgntam-mated rural
Sediments, we should use active sediment management in combination with a system-

and risk approach .
’ . : i d watercourses in

An i , n in sediments of ditches an
n important part of the pollutio Polycyclic Aromatic Hydrocatbons

agticultural regions of the Nethetlands i caused by : matic Hyctocabor
(PAHS)- Kampf {(van Puijenbroek and Kampf, 1998) has intenstvely ruonitore e

tegional warer system in the northern part of the province of Noord-Holland. Near the

Cities and industrial areas in the southern part of the province, heavy metals are the
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dominant contaminants, while in the rural areas to the north; PAHs arc the most
important contaminants. Most of the sediments are slightly polluted (class 2), regarding to
the content of PAHs, as illustrated in Figure 8.1. When the heavy metal concentrations
are also low, these sediments can be spread on land.

Figure 8.1 PAHSs-contamination (classes) in sediment in waterways of the province
of Noord-Holland (Van Puijenbroek and Kampf, 1998). Class 3 and 4 = polluted; class 2
= slightly polluted and class 0 and 1 = clean.
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Chaprer 8 Effect of spreading of slightly contaminated sediments on agricuitural ficlds

In a model study, Huiting ef &/ (1997) showed thar spreading of slighdy PAHs-
contaminated sediments might decrease the soil quality of the receiving soils because of
increased concentrations of contaminants. Accumuladon in the cultivated soil layer may
occur for both heavy metals and PAHs. This theoretical study, based on processes
described further, was not validated with field data and more certainty on their
conclusions is necessary, especially concerning the role of biodegradation of PAHs on
agricultural fields. A study in the UK (Wild ef 4/, 1990) on the effect of amendment of
Sewage sludge has shown that this acdvity leaded to an increase of the content f PAHs
in the soil. After ending this activity, practised from 1942 dll 1960, the concentration of
PAHs decreased from 5.5 mg/kg d.m. in 1960 to 2.4 mg/kg d.m. in 1984-_

According to Dutch law, it is allowable to spread PAHs-contaminated
sediments (class 0 and 1) with values below the reference VﬁlLIfi -of 1 mg/kg d.m
(standardised to 2 soil with 10% organic matter). Sediments containing more than 10
mg/kg d.m. PAHs {also recalculated to 10% organic matter; class 3 and 4) are not
allowed to be spread and should be remediated or deposited in a controlled depot. For
slightly contaminated sediments with content of PAHs between 1 and 10 mg/kg dm
(class 2), spreading was tolerated until the year 2000, assuming that the amount of
class 2 sediment will be largely reduced in the future, as the r‘_asu[t of clean-up of
“ources of contaminants (Dutch Pacliament, 1993). However, since the amount of
class 2 sediments was not drastically reduced, it was necessary to extend the practise of

Spreading of class 2-sediment in 2000 and again in 2003. ‘
PAHs in the rural area may originate from different sources, as summarised by

Kramer ¢z 4/ {(1997):
= Diffuse air pollution.
= Traffic,

Overflow of sewage systems.

Waste water.

—

Creosote sheet pilling,

of soutce reduction, but based on the sources

I . in spi
' a model study, they showed that in spite ghtly polluted

shown above, large amounts of sediment in the rural area will remain s

With PAHs (class 2) for the next 50 years. . .
Knowing that quality improvement of sediment will be achiev?q sI:})]wlgr and

that high amounts of slightly contaminated sediment have to be dre:g‘f; in tet:inum;t;

ARwA, 2001), new polic‘ies are in development ;‘?m preven; ;zsitir?;nir; . dfipm

drede; : ; f the sediment or d¢

dredging of ditches (VROM, 2004). Cleaning o e wheher i

Mstead of spreading will be very expensive; in additon, it is :
5 o will be very exp el 21
Necessary. Policy should be developed to be able to dredge cost effectively 2nd to spread

: isks and preventin
3 much as possible sediment on land without creating unaccc.pt?blc:a OSSibI:C sttateg;g’
ACcumulanon on clean agricultural land. The use of hioremediaton is a p
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to remove PAHSs; however, the positive effects of biodegradation are not yet considered
in the reguladons. The conditions in the top layer of agricultural land are very suitable for
biodegradation, because a farmer can create a well-aerated soil system. They can also
create optimal soil moisture conditions and hence prevent too dry conditions for
biodegradation, because crops will also stop growing in too dty conditions. Moreover,
natural processes like earthworm activity (Eijsackers e o/ 2001) and root mrnover (Leigh
¢t af., 2002) stimulate the biodegradation of contaminants.

The concentration of a contaminant in agricultural land is the result of many
processes, as illustrated in Figure 8.2. For heavy metals (not discussed in this chapter)
all processes except biodegradaton, should be considered. For the effect of spreading
of PAHs-contaminated sediments, several of these processes are not relevant (as
already discussed in previous chapters):

1. Leaching of PAHs to ground or surface water does not occur {see 7.3.1).

2. PAHs are not taken up by vegetation (se¢ 7.3.2).

3. Runoff to the ditch is only a factor when combined with transport of the sediment
or soil on which PAHs are adsorbed. Erosion of the walls of the ditch may lead to
return of PAHs to the sediment. It is assumed that the sediment, which is formed
due to these processes, is spread again on the land during next dredging. This
process is therefore not taken into account.

4, The amount of PAHs from other sources was not the subject of this thesis. PAHS
are not expected to be present in manure, but are certainly deposited from the air.
Anthropogenically-generated PAHs, derived from the combustion of fossil fuels,
generally has resulted in an increase of the content of PAHs in soil since 1890
(Jones e al, 1989). The concentrations of PAHs measured in samples taken in
1890 and kept stored until analysis in 1980 were low. The addition of PAHs to
agricultural soil with PAHs still takes place. Assuming that all PAHs produced in
the Netherlands (462,000 kg in 2002; RIVM, 2004), are deposited again, the
average deposition on land is 110 mg/ha/year. If this is mixed in the upper 10 cm
of the soil, this gives a yearly increase of the concentration of PAHs of 0.07 mg/kg
d.m. The exact amount will depend on the location. It will be higher near roads
and urban areas and will be smaller in natural areas. In the 1990s, the emission of
PAHs was much higher {i.e. 1726,000 kg in 1990; RIVM.2004),

Factors that are affecting the concentration of PAHs are the amount added by spreading
of sediments, the interacton (sorpton) with the soil, and biological degradation (5)-
Consumption of sediment by grazing cattle (6) will not effect the concentration, but has
to be considered a risk. PAHs from other sources than sediments can also adsotb on the
vegetation growing on the field, also posing risks for grazing cattle. The amount of PAHS
adsorbed on vegetadon decreases quickly, as shown by Kilian ¢ 4/ {2001), and is caused
by volatilization, biodegradation and washing off by rainfall. Half-live of these PAHs até
1-3 days for 2-, 3- and 4 ringed PAHs and up to 9-17 days for the larger ringed PAHS:
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Cattle _Wﬂl also consume the spread sediment in combination with the grass. Risks and
teduction of risks for cattle should therefore also be based on the availability of PAHs

present in sediment for cattle and reduction of the available amount in sediment.

anr‘ssion from air / manure, aa‘ditivesl

¢4l

 Consumption

Recirculation

Leaching
to ditch

Figure 82 Fate of contaminants (input and output} in the ditch/bank system of

agticultural land. Numbets are explained in the text.

(1) To investigate if the practise of spreading of the

The objectives of this study were;
oil layer on

sediment has already lead to unacceptable concentrations in the cultivated s
the banks of the ditches and if the dectease of the PAHs-concentratdon by natural
occurting degradation will reduce the concentraions of the PAHs in the soil to an
acceptable level. (2) To investgate if spreading will lead to non-acceptable concentrations
of PAHs and non-acceptable risks for the agricultural products and the ecological quality
of the agricultural soils. To this end an exploratoty examination of fields along the ditches

Of the Water Board District Goeree-Ovetflakkee was begun t0 investigate if deposition
on of PAHs (van den Toorn ¢ a/,

of polluted sediment in the past has lead to accurnulati :
'1996 and 1998, Harmsen ef &/, 1997). To study the impact of natural attenuation, an
Investigation was also undertaken to determine what happens with PAHs in sediment

al practises were simulated.

that was spread out in the usual way, so that normal agricultur

Results of these investigations, in combination with the results discussed in previous
’ .
t the quality development of

ch umular ! m o
apters, were used to model the accumulation and 0 predlc A ; th
diment. As mentoned, the

agricultural soils amended with slightly polluted dredged se e ) :
Ptesence of heavy metals is not taken into consideration in establishing soil quality.
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8.2 Materials and methods

The study has been carried out on the island of Goeree-Overtlakkee, situated in the
south-west part of the Netherlands (Tigure 8.3). The island is composed of polders that
have been systematically constructed over the last 950 years. Intensive arable farms and
pastute land for cattle dominate this rural area. The dense ditch system on the island is
necessary to control the water supply and drainage of the area. The sediment that is
formed in these ditches is dredged every 6 years. It is spread on the directly adjacent land,
and farmers are responsible for further spreading (if necessary) and culdvation of the
land. Comparable with the situation in the agricultural part of Noord-Holland {see 8.1},
the sediments on Goeree-Overflakkee are slightly contaminared with PAHs (class 2) and
these PAHs ate the dominant contaminants.

Figure 8.3  The island of Goeree-Overflakkee in the south-west of The Netherlands.

8.2.1 Accumulation of PAHs in the cultivated soil layer

In this part of the study it was examined, if and to what extent, dredging, spreading, and
further treatment of the sediment on the bank of the ditches have contributed t©
increased concentradons of PAHs in the culdvated soil layers. An approach was
developed in which the concentrations of PAHs in the culdvated layer on banks were
compared with concentrations on the middle of the fields (reference locations) not
affected by sediment spreading. The following criteria were used to select the sites:

— Number of times that sediment was spread on the bank.

— Number of years since last dredging.

— Assurance thar the dredged sediment was spread on the selected field and not on the
field at rhe other side of the ditch,
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= No historical polluting activities on the location (such as waste treatment or old filled
up ditches).

~ Besides dredging there are no other differences between the bank and the middle of
the field used as the reference location.

Sites wete selected on which dredged sediment had been spread one to five times and
mixed with the original agricultural soil. Accumulation of PAHs in the cultvated layer
was studied by comparing the results of PAHs measurements near the ditches (a strip of
3m along the dirch) with the results of PAHs measurements from samples that were
taken in the middle of the field between the ditches. Histotical maps of the Water Board
and knowledge of the area (Nelemans, personal information) were used to select the sites,
Based on the criteria, it was possible to select 25 suitable sites situated in the rural area
(Table B.1). No specific sources of PAHs were present except creosote sheet pilling
Containing PAHs. Due to the large application of sheet pilling on Goeree-Overflakkee, it
Was considered as a diffuse source of PAHs. Sediment quality in the investigated area was
class 2 and concentrations of PAHs wete berween 2 and 5 mg/kg d.m. The amounts of
Sediment spread on the investgated locations were not known. A layer of several cm to
15 em of dewatered sediment was an indication of the amount of sediment spread.

Table 8.1 Number of sampled locations and their dredging history.

Number of Number of Years afier
Locations Dredgings Last

Dredging
3 1 1
1 1 2
4 1 3
4 1 5
4 >3 1
2 »5 2
3 5 3
1 >5 4
3 >5 5

Sarnples that were analysed in the laboratory were prepared by mixing .12 s.ub Isamples
(taken with 4 4 cm Dgauge auger over a depth of 30 cm) patallel to the ditch in distances

tangiﬂg from 0-3 m from the ditch. The distance berween sub samples was 51m_
Reference samples were taken in the same way in the middle of the_’ﬁel‘is' T}Ie SZmP_;:
Were homogenised using cryogenic grinding according to ISO 14507 and analysed wi

Hp : : measurements of 12 individual
i described in Chapter 4. The daa based 0 FEERERE L s

PAK, were evaluared using the statistical program GENST ; o
Teasured were;  Fluorene,  Phenanthrene, Apthracene,  Dluorant €f§, ) yrene,
ez»‘ﬁ}zjgm‘/ﬁmcer:e, Cbgm:,;g, Benz[b] fluoranthene, Beﬂ{féjﬂwmﬂfbf.’ﬂt’, m:(l‘a]pjmﬂe,
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Bengofo.h.ijperylene and Indenof1,2,3-c,d7pyrene {see Table 4.2 in Chapter 4). The PAHs in
Italic form the Dutch Natonal Lisc. Naphthalene is also included in this list, but not
included in this investigation.

8.2.2 Degradation of PAHs on the banks

A field site (location A) in the agricultural area of Goeree-Overflakkee was invesagated to
determine the fate PAHs in the sediment in the short term (1 year) and in the mid long
termn (5 years). The field was divided into two experimental fields of 10*20 meter. Before
the study was begun, the quality of the original soil of the experimental field and the
quality of the sediment was established. The concentration of PAHSs in the soil was
comparable to the reference locations in the other part of the study. The concentration of

"PAHs in the sediment was relatively high for ditches on Goeree-Overflakkee, because the

dredged ditch was situated near a village and the quality of the sediment was influenced
by urban activities. ‘The sediment was transported to the experimenta! field by truck (12
cargos). On both strips a layer of 20-30 ¢m of fresh sediment was applied (9-3-1995). The
initial conditon was determined by sampling every cargo of sediment applied (12
samples).

An investigation was conducted to determine when conditions in the applied
sediment were suitable for aerobic degradation processes. This study was accomplished
by using oxygen measurements, visual evaluation and measurement of the water content
of the sediment. The applied layer of sediment was totally aerobic at the beginning of
June 1995 (see results). In order to link our approach to the commonly used method of
treatment of dredged sediments on agricultural fields, the dewatered sediment in one test
strip was mixed with the original soil (mixing ratio 1 to 1) by ploughing on 8-6-1995, with
a second ploughing and use of the rotary cultivator on 2-7-1995. The applied mixing rago
in the ploughed field in this study is low. In agricultural practise, the farmer spreads the
dewatered sediment further, and a higher mixing ratio (soil/sediment) is obtained. In this
experiment we did not want to have 2 high dilution of the sediment, in order to be able
to measure the amount of PAHs added with the sediment. After 2.5 years (Novembet
1997), the non-ploughed field was also ploughed.

The concentration of PAHs was examinated by sampling in the experimeniﬂl
fields. Both experimental strips wete subdivided into 15 plots. For every sampling date, 3
plots were chosen at random in both strips, sampled and analyzed. The fields wer®
sampled intensively in the first vear, followed by less frequent sampling in following
years,
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8.2.3 Prediction of the degradable fractions
ble ro predict the fast biodegradable fraction
on method. From Chaprer 4 it is concluded

that it may also be possible to predict the slow degradable fraction using the Tenax-
method at 60 °C (Cornelissen ¢ al., 1997). This was investigated using some of the

locations described before. In May and Qctober 2003, samples were taken f-om the
banks, middle-field references and from the sediment in the ditches. Four locatons
4, 13; 14 and 15 from Table 8.2)

wete used from the accumulation study (focations ‘
(locadon A). The Tenax available

and the ditch and field of the degradation study
fractions were measured according to the method descsibed in Chapter 4 using a

desorption time of 20 hours and a desorption temperature of 20 °C. The procedure
was repeated with fresh Tenax at a temperature of 60 °C, a temperature at which the
slow desorbing fraction can also be measured wichin 20 hours. This fraction was
assumed to be representative for the slow degradable fraction. The residual PAHs stll
present in the sediment were determined 25 2 measure for the very slow degradable
fraction. Due to the low concentration in SOIe fractions, the amount of
benzo(ghi)perylene could not be imeasuted reliably and is not included in this pact of
the srudy. The samples from locations A, 4 and 13 locations were analysed in two-

fold, the others in threefold.

As shown in Chapters 3 and 4, it is possi
of PAHs by applying the Tenax adsorpt

8.3 Results and discussion

83.1 Accumufation of PAHs in the cultivated soil layer

The results of the PAHs measurement in samples from the banks of the ditches and
the reference locations are summatised in Table 8.2, according to the Dutch Nadonal
List (minus naphthalene) and as distribution berween the arornfatic ring systems: PAHs
having 2 or 3 rings, 4 rings and 5 ot 6 rings (see also Table 4.2 in Chapter 4). Table 8.2
shows that all PAHs-concentratons were within the range of 0-2 mg/ kg~d.m., except
the value on the bank of the last location in totical research

the table. Further his
Showed that at this location, there was 2 preakthrough of the dike during the large
flooding in February 1953. ";‘ his dike was covered with an asphalt road, and asphalt
from thar petiod contained large amouats of PAHs. Be

cause of this extra source of
PAHE, this site should not be part of the sclected sites {see caten?

in Section 8.2.1),
. ; isti ion.
and the measured values were not raken Ito account 1 the Stntlstlcal evaluation
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Table 8.2 Concenctrations of PAHs measured on the banks of
ditches and the reference locations. PAHs-NL = Dutch National List
{minus naphthalene).

Loca Num- Yeats Bank Reference
-tion  ber of last PAHs- Distribution over PAHSs- Distribution over
Dred- since NL aromaric rings (%) NL aromatic rings (%o}
gings Dired- {mg/kg (mg/kg
ging dm‘) 2+ 4 5+ d'm') 2+ 4 5+
3 6 3 6
1 1 1 0.18 26 57 18 0.13 22 62 16
2 1 1 0.23 23 49 28 0.28 20 56 24
3 1 1 0.25 20 57 22 0.22 21 58 22
4 1 2 0.46 28 51 22 0.50 44 47 08
5 1 3 0.43 22 56 23 0.34 20 58 23
6 1 3 0.35 21 54 24 0.32 22 54 24
7 1 3 0.46 23 51 26 0.17 22 060 18
8 1 3 0.14 21 64 15 0.31 24 54 20
9 1 5 0.22 20 62 19 0.36 25 52 24
10 1 5 0.06 16 75 08 0.20 22 59 19
11 1 5 0.16 24 58 I8 0.14 23 59 18
12 1 5 1.38 32 46 22 0.24 22 58 19
13 =5 1 0.54 25 30 25 0.49 24 53 22
14 >5 1 112 24 49 27 (.57 24 51 25
15 >5 1 173 30 45 25 1.12 28 47 25
16 »5 1 0.20 19 62 19 18 18 04 18
17 =5 2 0.23 23 55 22 G20 2 58 20
18 >5 2 (.58 25 52 23 0.27 22 58 20
19 >5 3 0.48 27 50 23 0.39 27 52 20
20 >5 3 1.06 27 48 24 0.28 20 58 22
21 >5 3 0.65 24 51 25 0.18 21 62 17
22 >5 4 0.27 21 38 21 0.15 21 60 20
23 >5 5 0.46 25 51 2! 0.30 22 57 21
24 =5 5 1.33 26 49 26 0.40 21 54 25
25 >5 5 7.67 37 42 21 0.63 27 50 23

The results of the measurements presented in Table 8.2 were stadstically analyzed (Table
8.3). Because the values are not normally distributed bue fit more closely a log—normal
distribution (not uncommonly found with soil parameters), the mean logarithmic
concentrations instead of the average values are presented. A significant higher value of
the concentration of PAHs in the soil on the banks of the ditches was found, compared
to the value at the reference locatdon. This was the case for the sum of the Dutch
National List and for the different aromatic ring systems.
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Table 8.3 Resulrs of statistical analyses of the comparison of the
concentrations of PAHs on the banks of the ditches and on the
reference locations. Concentrations of PAHs are presented as the
mean-log concentration.

Type of PAHs Bank of  Reference
the ditches locations

Statistical results

mean log
conc
Mean-log conc Significant higher Significant
(mg/kg d.m.) value of PAHs-  decrease of
concentration on  PAHs-
banks concentration
between
spreadings
PAHs- Dutch 0.40 0.28 ves no
National List
minus
naphthalene
2+3ring PAHs 017 0.11 yes no
4 ring PAHs 0.38 0.27 yes o
5+6 ring PAHs  0.15 0.10 yes no

SPreadjng of sediment does not only cause the concentration of PAHs on the banks of
the ditches. The reference locations also contain PAHs. The otigin of these PAHs could
10t be related with local sources. It is assumed that these PAHSs are from diffuse sources
(air pollution). This level of PAHs should also be expected on the banks without
Spreading of sediment. Comparing the measured values in the sampled layers (upper 30

‘M) with values in the sub soil (0.05 mg/kg d.m.) as measured in the soil below the

Ploughed depth on location A (see 8.2.2), it can be concluded that the reference locations
s. The values on the reference locations are

e also influenced by human activide
Omparable with values on agricultural sites in Poland and Fhe UK reported by
E\IHHSZewgka_K()rd‘,bach {2000) Comparing the average concentrations on the banks and
the reference location from Table 8.3, 70% (0.28 mg/kg d.m.) of the PAHs-load can be
allocated 1o, diffuse sources and 30% is cansed by the sediment (average for all .locangns)_
_Th@ concentration of PAHs on the banks with most frequent spreading (locations 13-24
1 Table 8.2) doubled during the practise of spreading of sediments. -

The time since the last dredging on the different sampled locjauons vatried between
1. A0d 5 years. No relation coukl be shown berween the concentration of PAHs and the

e since | : o bly caused by the fast degradation in the first
Ce last dredging. This is presumably ) ~+ after dredging, the fast

Year (see 83 re taken one ye
X (see 8. .2). Because the first samples we e 1 and 5 yeus after

Mitia) decrias i : 1 degradadon
se was missed. The following slow degr o .
dredging, is small and differences in concentradof of PAHs were not significant within
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the experimental set-up. This is in agreement with the calculadons in Chapter 2 and
observations in Chapter 4. A residual concentration after 5 years and presence of PAHs
in the reference locations show the presence of a vety slow degradable fraction as also
found on the landfarm (Chapter 4). .

The soil on the reference locations contained on average of 3.7% organic matter
with 2 standard deviation of 1.0. For the soil on the banks these data ate 4.5 and 1.7
respecdvely. The increase of organic matter by spreading organic-tich sediment on the
banks was not significant. In Dutch legislation, concentrations of PAHs are normalized
to a standard soil. For organic contaminants, this means a soil with 10% organic matter.
Because the natural arganic matter content in soils on Goeree-Overflakkee is low, the
normalised concentration of PAH will become higher.

. Figure 8.4 gives a frequency distribution of the concentration of PAHs in both the
banks and the reference locations, normalized according Dutch reguladons to an organic
mattet content of 10%. In this figure the limitng value for class 2 is also given. It is clear
that also on the reference locatons some locations are class 2 (38%). On the banks the
percentage class 2 is higher, 50%. The reference value for standard soil in the
Nethetlands for clean soil is 1 mg/kg d.m. The normalized mean log-concentration on
the banks of the ditches exceeds this value. Corrected for the organic matter the mean
value becomes 1.06 for the bank of the ditch and 0.81 for the reference locations.

Number present in group

207 Class0 Class 2

15
[_] Banks

10 ) I Reference location

005 010 | 115 1520 2025 2530 =30
PAHs concentration in group

Figure 84  Frequency distribution of the PAHs-concentration in soil samples.
Concentrations are standardised o 10% organic marter, ‘The Dutch reference value (1
mg/kg d.m.) is indicated with the hatched line. PAHs are presented as the sum of the
Dutch National List (minus naphthalene).
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8.3.2 Degradation of PAHs on the banks

A ‘ . . .
cc: the start (I\IarCh) of the degradation experiment described in 8.2.2, the sediment was
mplete anaerobic. The warter content was about 68%. Due to drainage and (mainly)

i\:i\f;ranon of ﬂ";c water, the sediment became aerobic, About 5% of the sediment
e efwas gas(air)-filled afrer 45 days (Figure 8.5 A). After 85 days the air-filled volume
Culdvablrol'rg‘ 5 to 30%, depending on depth (Figure 8.5 B) and the sediment was
one e e. lg_hty seven dayst after spreading, half of the ﬁﬁifﬂ was ploughed and mixed
A 2;);13 with the underlying soil, and two different experimental fields were created.
o o ZYS, between 15 and 30% of the scdimenf volume of the non ploughed field
el i :-‘h (Figure 8.4 C), which is close t0 the air-filled volume in the sutrounding
. - A0 the ploughed soil the air-filled soil volume was slighdly higher. This is in
zireement w1Fh the f:alculaﬁons in Chapter 2, where fall acration is predicted in the upper
) df:;l of ‘SEC-thlen[ in the first year after dredging. The measured oxygen content of the
ediment/ soil gas was 21% ot close to this value and was not limiong biodegradation.

A cold and wet spring could have influenced dewatering and degradadon of the

};AHS (see Chapter 2). Fortanately in 1995 weathet conditions were nOf extreme.
1:l’ﬂlperatm'es and precipitation in the period APrilectober were respectively 9.2; 12.8;
5;20.1;19.7; 14.2; 12,7 °C and 19; 99; 68; 46; 19; 06; 20 mm (KNMI, 2004).

Volume (%

100 (%} A - B c

80- -

60 ~ i

40 i B ..

i I RO I S
pLliittan gt s C P b ;
6 5 1 15 20 25 o 5 10 15 20 25 25 78 125 175

Depth incm below surface
Solid parts (il Gas [ water [ No measuré

Figure 8.5 Volume fractions of the mineral parts and the watet- and gas- filled
sediment pores in the sediment profile after A: 45 days, B 87 days, C: 225 days.

the concentraton of
d sediment contained

. 'The sprea
on Goeree-Overflakkee),

Efelac‘wg[y high amount of PAHs (compare : ) '
Ut this was favourable in order 10 obtain a reliable degtadation CUIVe: The plovghing and
Mixing with the underlying soil after 87 days resulted in a0 addidonal decrease of the
Concentrason of PAHs by a factor of two (Figute 8.6 B). The concentration of PAHs of

D“ﬁng the dewatering process in the first months after spreading,

P
AHs decreased in both experimental felds (Figure 8.0)
d to most ditches
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the original undedying soil was 0.50 mg/kg dm. (standard deviadon 0.56, n=10).
Ploughing of the non ploughed field after 2.5 years also gave a decrease of the measured
concentration. In both fields, most of the degradation occutted in the first months
(Figure 8.6), followed by a slow continuation of the degradation, as also shown in
Chapter 4. After 1.5 years, 68% of the PAHs in the non-ploughed field had disappeared.
In the ploughed field the decrease was slightly higher. 80% of the sediment-added PAHSs
have been degraded. According to results published by Cerniglia and Heitkamp (1989},
the observed decrease of concentration of PAHs in both fields was inversely
ptoportional to the number of aromatic rings. In the non-ploughed field, degradation
was: 90% for the 243 rings, 60 % for the 4 rings and not measurable for the 5+6 rings.
In the ploughed field these percentages were respectively, 90%, 70% and 20%. This
shows that normal agricultural treatment (ploughing and cultivation) has a positive effect
"on the degradation of fast degradable PAHs. Presence and activity of earthworms have a
positive effect on degradation processes as well (Eijsackers ef a/, 2001).

PAHSs {mg/kg m.d.}
16 A r B
14 -

12 1

10 lPIoughed | lF‘loughed

8
6
4

2 i WW—V‘"
1 | | 1 1 1

0
0 1 2 3 4 5 0 1 2 3 4 5
Time (years) Time (years)

Figure 8.6 The decrease of the PAHs-concentration in sediment on the two
experimental fields. A: Non-ploughed field. B: Ploughed after dewatering. PAHs are
presented as the sum of the PAHs included in the Dutch National List. For all
samplings the 95% confidence interval is presented.

Comparable to the degradation curves presented in Chapter 4, two fractions ar€
visible in Figure 8.6; fast degradation in the first 90 days, followed by slow degradation
in subsequent years, Fast degradation in this study was much faster than presented in
Chapter 4, which is in agreement with the faster dewarering. The dewatering rate i
appatently the time limiting factor again. In the first 90 days, most (>90%) of the fast
degtadable fraction is depraded, which gives a degradation rate constant of 9.2 yt of
higher. The slow degradation (from 90 days to 2.5 years) in Figure 8.6 A can be fitred
with an exponential curve (e =5.30°eo'2“; ? in years). Fitting this part of the curve of
the ploughed field gave ¢, =1.62¢¢*'", Assuming the validity of the first ordef
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degradation model, the actual rate constants for slow degradation of 0.21 and 0.14 y!
are close to the values presented in Chapter 4. It has not been established how long
slow degradation will condinue and which very slow degradable fraction is left. Using
the three-compartment model, the value for the rate constant for slow desorption
depends on the size of the very slow degradable fraction. As shown in Chapter 4, a
Tate constant of 0.33 y'! for slow degradation for use in the three compartment model
(sce 8.4) seems an appropriate choice.

After 4 years the total amounts degraded in both fields were comparable: 32.5% in
the field ploughed after dewatering and 84.5% in the other field. The degradation
bPercentages in both fields of 2+3 rings, 4 tings and 5+6 rings PAHs were also
_COmparable, average values were respectively, 92%, 82% and 51%. Similar to the results
In Chapter 4, degradation of 5+6 rings-PAHs is shown if the treatment time is long
enough. The diseribution over individual PAHs is presented in Figure 8.7. In the first
year, the relatve concentrations of the lower ring PAHs and especially fluioranthene and
Pyrene, decrease. After this first year no large changes in composition are seen. Within
the normal variation in measurements, the composition did not change anymore,
although the total concentration of PAHs still decreased. This shows again that the rate
of slow and very slow degradation of PAHs is independent of the number of rings

bresent in the PAH-molecule (see also Chapter 4).

Retative PAHs concentration (fraction of tolal}

1.0
F —FLU
I ——PHE
081 T o — - ANT
2 b e, ——FLT
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06— —BaA
_\ ——CHR
04— ' - —BpP
1t 5 ‘ | —— BKF
0.2 o
\ )
B & ——BPE
= IPY
0.0 I 2 3 2 2
[+)]
g 23 38z 588382838 2
S © o & 6 o o & - - v
Time (years)
Figure 8.7 Composition of PAHs present in the field not directly plonghed after
dewatcring.
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8.3.3 Prediction of the degradable fractions

Four of the locadons given in Table 8.2 (number 4; 13; 14 and 15) and the sediment
and soil from location A (discussed in 8.3.2) were used for the measurements of the
fast, slow and very slow desorbing fractions of PAHs. These fractions were measured
in samples taken from the sediment in the ditch, soil from the bank where sediment
ha. been spread, and soil from the middle of the field as reference. The three
desotbing fractions, measured with the Tenax-method {Cornelissen ¢ 4/, 1997), are
presented in Figure 8.8,

The differences between the soil samples taken on the banks and on the
reference locations are small. For all locatons the fast desorbing fraction is largest in
the sediment sampled in the ditch. The size of the fast desorbing fraction in the
sediment can be close to the fraction found in the soil samples (locations 4, 14 and
15), but can also be much larger as found on locations 13 and A. On locations 4 and
14, the fast available fraction is low in all samples. On location 15, the fast desorbing
fracdon is also relatively large in the soil samples. Presumably the highway in the
neighbourhood of this location is responsible for fresh and fast degradable PAHs, also
on the field. The number of data is too low to make a cortelation between probable
sources and PAHs present in the sediment, but illustrate the variability obtained after
analysing sediments from different locations.

The measured available concentrations based on the sum of 11 individual
PAHs, are given in Table 8.4, The sums of different series of PAHs correlate well
(Doddema et al.,, 1998). Therefore, the measured distribution over desorbing fractions
can be used as input for the calculations to predict the accumulation (i.e., total
concentration expressed as PAHs of the Dutch National List) in soil as a resuit of
spreading of sediments.
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Ditch Bank References

% Degradation experiment (8.3.2)
100 Very slow
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vidual PAHs over the fast, slow and very slow

Figure 88  Distribution of indi ference on different

i d re
desorbing fractions in samples taken from the ditch, bank an

locations,
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Table 8.4 Fast, slow and very slow desorbing fractions of PAHs in
different sediments based on the sum of PAHs {(sum of measured
PAHs). Fraction in % and ()= standard deviation.

Location Ditch Bank Refetence
fast slow very fast slow very Fast slow very -
slow slow slow

A 471 (94) 19.1(1.7) 33.8 (94) 47 (1.2) 264 (1.5) 68.9 (0.3) - ; ;

4 8802 228(L.1) 684 (1.3) 105 (7.0) 13.7(22) 758 (9.2) 174 (15) 17.4(2.2) 65.3 (13)
13 710 (11} 19.1 (1.6) 10.0 (13) 7.1 (1.0) 16.9 (0.8) 760 (0.2) 3.8 (2.6) 14.4 (0.9) 81.7 (1.7
14 145 (2.3) 23.6 (1.3) 61.8 (3.6) 7.4 (0.7) 13.5(23) 79.0 (1.6) 4.6 (1.7) 168 (4.6) 78.6 (2.9)
15 412 (6.2) 220 (83) 36.8 (3.1) 36.3 (7.5) 32.9 (4.6) 30.8 (8.2) 31.9 (7.4) 26.0 (2.9) 42.2 (9.6)

8.4 Prediction of PAHs-accumulation and resulting risks on

banks of ditches

8.4.1 Three compartment model

For acceptance of the practise of spreading slightly polluted sediments, it is important

to know if and to what extent spreading will lead to decreasing soil quality. In relaton
to PAHs this can be expressed as the future total PAHs-concentration on the banks
and the amount of bioavailable PAHs causing risks (see also Chapter 3 and 7).

Accumulation on the banks will occur if the supply of PAHs is highet than the
amount removed. Biodegradation is the most important process for removal of PAHs
and can be described using a three-compartment model (see also previous chapters).

Cr
Co
where:
C;
Ciy
F, Just
Fc.'uw
F very slow
kfasl
ksn'ow

kvery slow

!
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The degradation rate constants in case of spreading for the fast degradable and slow
degradable fractions are respectively 9.2 and 0.33 yl. For very slow degradation a
value of 0.04 y-L_ as estimated in Chapter 4, is used. The differences between the three
fate constants are large enough ro distinguish three fractions. Based on data presented
by Wild er a/ {1990y, a slightly lower value of 0.03 y! can be derived for very slow
degradation on agricultural land with PAHs originated from amended sewage sludge.
Degradability is an indication that the substance is available and hence, the fast
degradable fracrion may also cause ecotoxicological risks. This fraction is uscd to give

an estimate of risks after spreading.

8.4.2 Accumulation of PAHs

The accumulation of PAHs is calculated for two typical concentrations of PAHs in

sediment spread on land, which are relevant for Goeree-Overflakkee:

= 2 mg/kg d.m, which is representative for most of the sediments on Goeree-
Overflakkee.

=~ 5 mg/kg d.m, the upper limit that is allowed to be spread, assuming an organic
matter content of 5% (the upper limit of class 2-sediment is 10 mg/kg d.m.
standardised to an organic matter content of 10%).

In the firse step of the calculation, the PAHs-concentration of the three degradable

fractions resulting from miking of dredged sediment with the underlying soil is

Calculated. Different mixing ratios of soil and sediment are possible. This is followed

by calculation of the decrease of the concentration due to biodegradation. According

16 the normal waterway management on Goeree-Overflakkee, dredging is repeated

each 6 years, and 2 new amount of sediment is added. The calculation is repeated until

a2 PAHs-concentration (sum of the three degradable fractions) is obtained that differs
just before adding the next amount. Other

.ICSS than 1% with previous dredging, ' i
'Nputs of PAHs that may affect the PAHs concentration are ignored in this approach

In the examples presented, it is assumed that the fraction available for _faSt
dered as worst case scenarios,

degradation is low, so thar the calculations can be cons _
Considering the values in Table 8.4, the three biodegradable fracnf)ns used are
Presented in Table 8.5. The quality of the sediment is kept constant durllng the whole
Period, The lowest fast available fraction in the sediments, presented in Chf{pter 4
QV*’emel(ﬁnge), was also higher (21%) than the value used for this c.aI‘culauc{ns. Further
Itis assumed that after spreading, arable land is ploughed and a mixing ratio ij 1 part
Of sediment with 4 parts of soil s used. In case of pasture land,_sedrment is only
Spread and becomes diluted and mixed with the soil by bioturbation and tread I?y

ding and a ratio

Cattle, The sediment will become mised with the soil before next sprea
of 1 of part of sediment with 1 part of soil is assumed. After 6 ,ears, dredged

Sedimenr is spread again. Results of the calculadons (the different degradable fractions

and rhe sum, are presented in Figure 8.9.
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Table 8.5 Input parameters used for calculations of the
accumulation of PAHs on banks after spreading of sediments.

PAHs- Fast Slow Very slow
concentration degradable degradable degradable
{mg/kg d.m.) fraction fraction fraction
(%0} (%) (%o)
Sediment-1 2 15 25 60
Sediment-2 5 15 25 60
Original soil 1 5 15 80
PAHs (mg/kg d.m.) PAHs {mg/kg d.m.)
1.50 — 250
A
. 2.00
R 1.00 -
c.50
0.50
000 Pttt bbb bbb 0.00

0.00 20.00 40.00 60.00
Time {years)

k Total

.. Very slow
M Slow
| Fast
0.00 | T 1 {
0.00 20.00 40.00 60.00
Time {years}

Figute 8.9  Accumulation of PAHs after spreading of sediment on arable and
pasture land, A and B: arable land, mixing of 1 part sediment and 4 parts soil (A =
sediment-1; B = sedimenc-2). C: pasture land, mixing 1 part sediment-1 and 1 part soil.
Properties of the PAHs in sediment-1 and 2 and soil are given in Table 8.5. .

Spreading of sediment with 5 mg/kg d.m leads to accumulation of PAHs resulting in
levelling of the concentration of PAHs in the agricultural field after 11 dredgings (60
years). The amount of PAHs added with the sediment equals (within 1%) the amount
degraded in the original soil and in the earlier spread sediment. The concentration
after 5 spreadings is already close to this value (90% of final value). The doubling of
the concentration of PAHs after 5 spreadings, measured on Goeree-Overflakkee (se¢
8.3.1), can therefore be considered close to the stable end situation, With a different
time period between dredging or 2 change in the quality of sediment, other results will
be achieved. For instance, if the sediment quality improves in the furure due to 2
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reduction in the source of pollution, a maximum will be reached, followed by a
decrease of the concentrations.

The spreading of sediment with 2 mg/kg d.m. also leads to stabilisation of the
PAHs level, but at a lower concentration (0.53 mg/kg d.m) than the original
concentration. This is caused by degradation of the PAHs in the original soil and by
ignoring the input of PAHs from other sources. If, for example, deposition of PAHs
from the air is taken into account, a higher final concentration will be obtained.

From Figure 8.9 it can be concluded that the very slow available fiaction is
responsible for accumulation. The size of this fraction can, thetefote, be used to
predict the increase of concentration of PAHs in soil as result of spreading of
sediment. Results of the calculations ate given in Figure 8.10, where the additional

-increase of the concentration of PAHs in the soil is presented per mg of added very
slow degradable PAHs present in the sediment. In these calculations not only the
mixing ratios of soil and sediment as given in Figure 8.9 are used, but also Dt}.ler ratios.
Higher mixing ratios are representative for spreading of a thinner layer of sediment.

Increased soil concentration/mg PAHSs in sediment
{mg/kg d.m.)
20 ~

"3 1 spreading

1.5 . MU Final situation

10

05

0.0

LE] a 4 2
Mixing ratio soil f sediment

Figure 8.10  Increase of the PAHs-concentration in soili on t-hi bank P?ri:jgr:g ;r:rgf
slow degradable PAHs present in the spread sedin.len.t, using dif1 erent ?: :i o
soil with sediment, The increase of concentration 15 gIven after 1 spreading

reaching the final equilibrium simation. Spreading every 6 years.

Figure 8.10 can be vsed to predict the accumulation of PAHS with different spri;;dlgg
Strategies. The obtained values have to be compared with the regtlzlamf}’ stan Zf 5.
The reference level for multfunctional use in The Netherlz-mds is 1 mg/kg ?:
{standard soil with 10% organic marter). Because this level is alrf:ady closehto the
backgfound level found on the reference locations (se€ 8.3.1) there 15 noOT muc ;Pﬂlcs
for further accumulation of PAHs from spread sediment, sO the selc;irlr)ment je:juin
Contain uw concentrations of very slow desorbing PAHs and/or should be sp
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a thin layer. If the reference value is replaced by a higher, but still risk-less standard,
the so-called soil use value for agriculture (van Wezel ¢ 4/, 2003), more sediment can
be spread in future.

If the sediment is spread according to the assumptions in the model, this will
lead to an increase of the surface level of the field besides the ditch on which sediment
is spread. Farmers equalize the land during cultivation. The result of equalizing will be
a concentration gradient from the ditch-bank to the middle of the field. If the
deposition strip is close to the ditch, also part of the soil/sediment will wash out the
bank to the ditch again (called recirculation in Figure 8.2).

8.4.3 Risks of PAHs

As shown in Chapter 7, risks of PAHs are related to the bioavailable fraction
expressed as available for fast desorption or fast degradation. The fast available
fraction decreases as a result of degradation by micro-organisms. This activity of
micro-organisms is high in summer and low in winter (see Chapter 2}, Dredging is
mostly done in autumn and winter and due to the low temperature in this period, fast
available PAHs will be present untl the following spring, when micro-organisms
become active again,

In the approach used, it is assumed that zll fast desorbing PAHs are available
and may cause tisks. The fast available fraction reduces with a fitst order decrease and
a rate constant of 9.2 y-1, starting in April, which is sufficient to degrade 99% of the
fast available fraction during the summer period (May-September). The results of the
calculations for the application of sediment are presented in Figure 8.11 for different
amounts of fast available PAHs present in the sediment. Based on laboratory
experiments with added and thus available PAHs, the Dutch reference value (upper
limit for clean soil) is set at ! mg/kg d.m. Assuming that a fast available amount of
more than 1 mg/kg d.m. present in the sediment may cause risks, these risks will be
present as long as degradation does not occur (during the winter period) aftet
application of sediments containing this available amount. In the winter period the
sediment will dewater and risks will quickly reduce as soon as degradation starts in the
first months of the summer petiod. The figure represents the risks on pasture land in
the first year after dredging. On pasture land, mixing is only the result of bioturbation
which is a slow process. It is not known yet if the digestive system of grazing cattle
influences the availability of PAHs and if for cartle, the slow and very slow available
fraction has to be taken into account. On arable land, mixing with undetlying soil by
cultivation will reduce the risks of the original sediment as a result of the reductdon in
concentrations.

Uptake of PAHs by plants is not a problem, as described already in Chapter 6
and 7. If PAHs are present on vegetation, they originate from adsorbed sediment Of
soil particles or from other sources (air pollution). As mentioned in the introductiof
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the ratfe of disappearance, reported by Kilian & al (2001} for PAHs present on
vegetation, is much higher. After a few weeks, risks of these PAHs will be small

compared to risks of PAHs present in sediment.

Fast available PAHs (mgikg d.m.)

25
2.

0 2.0 mg/kg d.m.
15 1.0 mg/kg d.m.

' 0.5 mg/kg d.m.
1.0
0.5
00 ] L 1 J

Dec Aprit Jul October

Time {months)

Figure 8.11  Decrease of the for fast degradation available fraction of PAHs on
agricultural land afrer spreading. Original concentrations fast available as indicated in

the figure,

In next autumn, degradation will slow or cease due to the lower temperatures and wet
conditions (see Chaprer 2). In autumn and winter, a new fast for degradation available
fraction is formed from the slow available fraction. Because the sediment was already
dewatered in previous winter, a desorption rate of 0.33 v has to be used. Duting the
Second winter half year, 16% of fraction available for slow desorption, still present in
Autumn, becomes available for fast desorption. This fraction will be responsible for
.rlsk effects; degradation of this fraction starts again in April. The fast available fraction
I the second spring will be small compared to this fraction in the first spring.
Therefore only the fast available during the first year after spreading has been

calculated.

8.5 Conclusions

ct to biodegradation.
than in sediments
nted for more

PAHs present in sediment spread on agricultural land are subje
Although the concentration in sediment that are spread is lower
treated on 2 landfarm, the same three degradable fracdons as prese
Strongly polluted sediments in Chapter 4 can be distinguished: fast degradable, slo?v
degradable and very slow degradable. Because the thickness of the layer :j,f.)read is
Smaller than in a Ian‘dfarm, dewatering on agricultural land goes faster.-ln addition, the
“Onditions for degradation on agricultural land are good: optimal aerattot,, presence of
Vegetation and application of nutrients to stimulate activity, A faster degradation of

the fast wailable fraction is therefore measured. The degradation rate of the slow
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degradable fraction 1s comparable wich the rate measured on a landfarm (see Chapter
4).

When comparing soil on which sediment is applied and a reference situation
without sediment, an increase of the concentrations of PAHs is observed. After 5
spteadings, a doubling of the concentratdon of PAHs was seen. Calculating the
concentrations of PAHs in the future, it was shown that after 5 spreadings, 90% of
the final concentration is achieved. In this final situation, the amount of PAHs added
in the sediment equals the amount degraded on the bank and is achieved after 11
spreadings (=60 Years), On Goeree-Overflakkee, ditches are dredged every 6 years.
The calculations also show that the very slow degradable fraction is responsible for
the accumulation.

The fast degradable (available) fraction is responsible for the amount of PAHs
lausing risks. A higher risk concentration (> Img/kg d.m. PAHs of the Dutch
National Tist) can be present until about 1 month after biodegradation has begun
(spreading of sediment with a fast available fraction >2 mg/kg d.m and no mixing
with soil). In Dutch conditions, this means that after spreading in autumn, a period
with higher risks can be presenr until spring, Temperatures from April onwards will be
sufficient for degradation. Highest risks will be present on pastureland, because
mixing will only be the result of bioturbation, and cattle can be in contact with the
original sediment. This risk should be prevented by not allowing cattle to graze on
strips where sediment has been spread until May or June following dredging, With
lower available concentration in the sediment and mixing with soil, the period of risk
can be smaller. If the available fraction is larger or if an extra safety factor is used,
which leads to a lower target value, the period of risk will be longer,

In general, a large fast available fraction will lead to shott-term risks and low
long-term risks (accumulation). If the fast available fraction is small and the very slow
available fraction is large, the short-term risks will be low and accumulation will occut,
which will lead to concentrations above the background level. The risks of the
accumulated PAHs will be small, but unlimited accumulation will not be acceptable,
when this leads to values above the limit value for highly pollured soil. Which vaiue i
acceptable in relation to risks is subject of further studies (van Wezel e o/, 2003
Posthuma ¢ @/, 2004).

In the calculations to predict the accumuladon on the banks, the three€
degradable fractions (fast, slow and very slow) were derived from measurements with
the Tenax-method at 20 and 60 °C. Although variations in measurements betwee
different sediments were relatively large, this method seems promising and can bé
used in combination with the calculations to predict the effect (accumulation and
risks) of spreading PAHs-containing sediment on agricultural land.
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9  Evaluation and discussion of landfarming of

contaminated sediments

9.1 Introduction

: . : f
Polycyclic Aromatic Hydrocarbons (PAHSs) and mineral ofl can bebir:ms(::(dijtj:)(r)lf
. polluted  sediments using bioremediation methods L-lﬂdel" .eu:rcnf o cond anci
- Landfarming is one of these bioremediation methods. Tt is subject o

different aspects have been described in previous chaptet"S: .
1. Development of landfarming in relation to increasing knowledge and changing

regulations. i i £

. s in landfarming o

2. Theoretical description of the most 1mpgrtar1t processe SR

sediments; activity of biodegrading Organisms, trél_lspoi.tox en in landfarmed
sediment and limitations regarding microbial availability of oxyg

sediments. dict th

. ethods to predict the

3. Bioavailability of contaminants as an important factor and m P

. ; 1sks.
bioavailable fraction for degradation and environmental nsI s teotadable fractions
4. Degradation of PAHs and recognition of slow and very slow deg

of PAHs. )
5 Degradation of mineral oil in landfarmed Se-dlmem. hereby decrease the treatment
6. Possibilities to increase the rate of degradation and thereby

time.
7. Envitonmental tisks in and around a iandfarm. | land as a special

8. Effects of spreading of dredged sediments on agricultura
application of landfarming,

. ; ntaminants in
An important conclusion in this study is that blOCl“—‘gff‘;i a?(:t]d(;;r:?iaﬁon, (2) slow
landfarmed sediments can be subdivided into t‘hreﬁ Stﬁ'};S; 'g"}zjsais based on theoretical
degradation and (3) very slow degradation (Figure > }1'2 ears) field experiments on
Considerations, laboratory expetiments and long term ( tY in dredged sediments are
the experimental landfarm Kreekraksluizen. Contaminan .S fast, slow, and very slow
Present in three forms regarding rate of biodegradﬁﬂzf;iﬁonsto bicavailability, the
based on bicavailability for degrading organisms. o ;i ments are anarrobic, time is
Presence of oxygen is important. Because dredged se ansport into sediment pores,
fequired for dewatering to occur that allows oxygen tr
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and this oxygenation step is an important factor for the first fast step in
biodegradation.

Contamination
(relative concentration in%)

100

80

Fast degradation
60

40

Slow degradation

20 .
Very slow degradation
' 0 L 1 ]
0 5 10 16
Time (years)
Figure 9.1 [dealised biodegradation curve of contaminants in landfarmed sediment.

In bioremediation studies, most effort has been put into improvement of technologies
in order to achieve both lower residual concentrations and shorter treatment times.
Considering only the fraction available for fast degradation of the contaminant,
shorter treatment times can be achieved. The effect on the slow and very slow
available fraction is very small. This thesis identifies and considers slow and very slow
degradable fractions, and demonstrates that it is possible to achieve improved
remediation results, especially on a landfarm. The necessary longer trearment time
required for treatment necessitates a minimisation of active management activities
(input of energy and labour) in order to reduce the costs of treatment.

For landfarming of sediments, it is necessary to dewater the dredged sediment
in otder to obtain the proper aerobic conditions for biodegradation. Biodegradation
will occur when conditions assure biological activity (neutral pH, organic matter for a
rich soil life and nutrients for microbiological processes). This was the case in the
investigated sediments. In this thesis the following ways of landfarming have been
distinguished:

— Intensive landfarming: processes are optimised using active management
activities to reduce contaminants to residual concentrations as quickly as possible.

-~ Passive landfarming with minimal management activites where rapid
bioremediation is not necessary, and can be used for reducing residual
concentrations.

The preferred way of landfarming depends on the target values to be achieved, the
dme available for achieving the target values, and the area of land that can be used fof
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treatme icati
catment. Application of both ways of landfarming will change treated sediments into

reusable soils.
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uset. This is not a problem as, long as bioavailability is used in connection with a
biological process or effect. If this connection is not made it will stay a confusing
concept. In this thesis bioavailability is further used in combination with
biodegradation of PAHs and mineral oil. Bioavailable for degrading organisms is
defined as: ’

The amonnt of PAHs and minerai oil that can be transported (by diffusion or physical
change of the adsorption site) to a site with a degrading miicro-organism in a defined lime
period and that can enter the bio-influenced 3one of this organism.

This bioavailable amount will be biodegraded under aerobic conditions in that period,
providing there are no other limiting conditions for degradation. This definition is a
conceptual one that can be used for all bioremediation techniques. Time may vary
from days to weeks in a bioreactor and from years to decades in a mote natural
remediation system. With an infinite time the bioavailable fraction will theoretically
equal the total amount of contaminants. Therefore an operational definition of
bioavailability is necessary. Within the context of an operational definition of
bioavailability, which has been used in this thesis, the bioavailable fraction is defined
as:

The amount that is degraded aerobically on a landfarm in one year, under Dutch climate
conditions.

Chemical methods can be used as a tool to predict biodegradation. Results of
chemical methods cannot be used to define the bioavailable fracdon but can only be
used as an estimate of the bioavailable fraction. For the bioavailability of PAHs the
Tenax-method that was used was shown to give good predictions of biodegradation.
There is no chemical tool available ver to predict the bioavailability of mineral oil as
defined above. Mineral oil is a complex mixture of components with different fearures
and is present in different phases. Mineral oil is strongly associated with the organic
matter in sediments.

9.2.2 Time determining steps in landfarming

Aeration

The first step in landfarming of sediment is dewatering, followed by ripening to obtai
an aerobic and stable soil structure. The presence of air filled pores enable the supply
of oxygen necessary for aerobic microbiological degradation processes. Dewatering
and ripening give further physical changes to the sediment, which can be described 25
compaction and shrinking. The sediment becomes a soil with cracks and soil
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aggregates. The distribution and sizes of cracks and aggregates depends on the soil
Wﬁ‘lter potential. In the upper layer of a landfarm and especially if vegetation is growing
this potential is high, resulting in a distribution such rhat all soil aggregates will be
acrated. At greater depths and closer to the ground water table the soil aggregates are
latger and diffusion of oxygen into the aggregates becomes tmore difficult. It 1s shown
that the structure in dewatered and ripened sediment is less compact (lower bulk
density and larger air filled volume) compated to a soil with the same propetties (clay
and organic matter content). This is a positive effect for landfarming because the
larger air filled volume enables betrer supply of oxygen. The soil aggregates will only
-become aerobic (oxygen present) if the amount of oxygen diffusing into the aggregate
is larger than the amount consumed by micro-organisms for degradation of organic

_ Using a model that describes the aeration process (Chaprer 2), it is shown that
In a landfarm with a layer of 1 meter of dewatered sediment, the most effective way to

Create an aerobic structure is to conduct intensive freatment in the first year or to use
ot effecrive include increasing

vegeration with a deep root system. Measures that are n
the temperature and increasing the oxygen concentration in the cracks. On the
expetimental landfarm Kreekraksluizen, dewatering usiog tillage and using vegetation
was compared for a layer of 1 meter depth (Chapter 6)- Tillage gave an aerobic layer
tation, about

within one year that was also calculated with the model. When using vege
obtain vegetaton covering the whole field and to
s responsible for the slow

ecessary to leach the satt

three years were fecessary to
achieve a fully aerobic layer. Salt present in the sediments wa

development of the vegetation, An €xcess of rainfall was 0
give faster aeration.

Present. A faster development of vegetation will also
he landfarm by leaching, surface

Dewatering occurs when more water leaves t
fun off and evaporation than is supplied by cainfall and capillary rise. Under the Dutch

climate conditions (excess evaporation i SUMIMEL, but surplus of rain over the whole
year), it is shown that stimulation of surface run off is necessary when the sediment is
not intensively cultivated. Because the permeability of dredged sediments for water 1s

small, the amount discharged by drainage will be small. An extra under pressure (50
mbar) under the sediment did not increase the leaching (Chapter 6). Withour surface

tun off to discharge the rainfall, the dewatering in SUmmer will be undone %n winter.

. In a passive landfarm, sediment is not cultivated and vegetation h.as an
important role. In the dewatered and ripened sediment, leaching and capillary rise are
influenced by the water table and as a result the air filled volume becomes smaller
deeper down in the direction of the water table. This effect depends or? soil type, is
larger with increasing otganic matter and clay content, and is discussed in Chapter 2.

In summer, the sediment is actated in the rooted layet, because the evaporation from
d pore volume first diops slowly and

this layer is high. Below this layer the air fille
’ gh. Below this layer the At the water table ail pores are filled

becomes small i iti
after reaching a critical depth. )
e andfarm should be low. In Figure 9.2 the

With wwater and therefore the water table in 2 1
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air filled pore volume is presented as calculated for the Petroleum Harbour sediment
(26% clay and 9.1% organic matter). The figure represents the situation in summer,
when evaporatdon exceeds precipitation and the high temperature stimulates
biodegradation. In this example, roots are present to a depth of 20 cm. Other depths
of roots and sediments with other soil characteristics will give other profiles.

Soil moisture (m¥%m?)
Petroleum Harbour

08
Solid phase
0.6
0.4
0.2
0 i .
0 0.5 1 1.5
Height above drainlevel (m)
I'igure 9.2 Pote volume distribution as calculated for Perroleurn Harbour sediment

in summet.

On the landfarm and in sediment spread on agricultural land, it has been shown rhat
the fast degradable fraction is degraded during dewatering. The dewateting rate is
therefore the time derermining step for the degradation of the fast available fraction,
Dewatering using vegetation is fast enough so that it is not the limiting facror for the
slow degradable fraction. The overall result is that the degradation rare of both fast
and slow degradable fractions is the same fot stimulated (intensive) dewateting using
tillage and passive dewarering using vegetation. Therefore, if it is necessaty to degrade
(part of) the slow available fraction, intensive landfarming is not effective, because
passive landfarming will give the same results.

Desorption

Degradation can be described as desorption of the contaminants from an adsorption
site and diffusion to a place with an active micro-organism., Desorption can, like
degradation on a landfarm (sce further in this section), be described as a sum of first
otder processes. The fast desorbing fraction of PAHs (measured with desorption
experiments) can be used to predict the fast degradable fraction, showing that
desorption is an important process in degradation of PAHs. Tt is shown in Chapter 2
that the desorption rate constant (first order rate process) is proportional to the squate
of the moisture content in aggregates, becomes smaller if the pore volume reduces
and is reversed proportional to the square of the radius of the aggtegate size.
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Desorption is therefore much slower in dewatered and ripened sediment treated in an
aerobic (unsatutated) landfarm with large agpregates then to desorption as measured
in most laboratory studies. Desorption constants measured in the laboratory of
saturated and stitred sediments (this study, and also referenced studies) are often
detived from measurements in slurry systems, which are (over)saturated with water
and well mixed, giving small aggregates and large pore volumes. These measured
desorption rate constants can be used to predict degradation rates in slurry systems,
but are not directly usable to predict the degradation rate in a landfarm, 1t is necessary
to take into account the moisture content and the radius of the soil aggregate, Using
the derived expression for the rate constant (Chapter 2) it is shown that it is necessary
to decrease the aggregate size to less than 1 mm in order to increase the desorption
rate for slow desorption, This cannot be achieved by normal agricultural treatment.
Root development and activity of earthworms may decrease aggregate sizes, but it will
require a lengthy period of time to realise this for all sediment treared.” Root
development and earthworms will have a positve effect on degradation in passive
landfarming.

With the slow degradation rates measured, the sediment cannot be considered
as a material with a constant composition. Not only contaminants are degraded, but
also the organic matter will be attacked by micro-organisms, Rate cocfficients for the
decrease of organic marter are reported (Rijtema ¢ @/, 1999) and are comparable with
the rates for slow and especially very slow degradation of PAHs and mineral oil. In a
passive landfarm residuals of vegetation also give new organic matter. In the long term
expetiments on Kreekraksluizen it was not foreseen to establish the influence of the
dynamics of organic matter on the degradation of PAHs and mineral oil and therefore
dynamics of organic matter and the consequences for the fate of contaminants should
be subject for further study.

Active micro-organisins

Presence of micro-organisms to degrade PAHs and mineral oil is not a problem in a
landfarm. If the proper degrading organisms are not present in large numbers in the
sediment, an active degrading population will develop during dewatering and ripening
of the sediment. The time necessary for dewatering is large compared to a possible
acclimation time of micro-organisms. In the research presented in Chapters 4, 5 and 8
no acclimation tme could be observed.

Adding of active micro-organisms and especially addidon of fungi has been
suggested by others to increase the degradation. These aerobic organisms can only be
added in dewatered sediments, because they will not be active and probably will not
survive in the original anacrobic sediment. After dewateting, most of the fast
degradable fraction is alteady temoved by the populadons of micro-otganisms that
developed under natural condidons. To degrade this fraction, added organisms are not
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The activity of organisms will be higher too, but this is shown not (o be a relevant
factor during passive landfarming of sediments. Other processes, oxygen supply
during fast degradation and desorption during slow and very slow degradation, are the
limiting factors. The most important factors are: dewatering rate, diffusion and
probably degradation of organic matter. Under cold conditions the activity of micro-
organisms may become a limiting factor,

9.2.3 Prediction of the treatment time

Slow degradation or the presence of a residual concentration of the contaminant afrer
the treatment is said to be caused by a small bioavaitable fractdon. The presence of a
residual concentration after landfarming of sediment means that the contaminants left
in the sediment are not available for the degrading organisms within the treatment
time used and treatment method. Extending the treatment time will lead to a lower
residual corcentration, because more of the contaminant will become available.
Degradation rate constants for the three degradable fractions are presented and when
the sizes of the fractons are known, a three-compartment model can predict the
degradation curve. Because the sum of the fractions is 1, only rwo of the three
fractions have to be measured {(within the accuracy of the methods),

In this thesis the Tenax-method (Cornelissen, 1997) has been used to measute
the different available fractions. The fast desorbing fraction measured with this
method correlates with the amount of PAHs degraded in onc year. If the amount of
measured fast desorbing PAHs is about 10% or lower, slow or very slow degradation
occurs (see Chapter 4). Applying the Tenax-method at 60 °C gives an estimate for the
slow degradable fraction. This is shown for sediments spread on agricultural fields
{Chapter 8), Validation for sediments applied on landfarms is sgl] necessary and may
be application of the method at even higher temperatures may give an estimate of the
very slow degradable fraction.

In Figure 9.3 the predicted degradation curve is constructed for 3 sediments
with an assumed distribution of the three fractions (I'igure 9.3), Comparing sediment
1 and 2, the influence of the slow degradable fraction is shown., Especially in the first
years the degradation rate in sediment 1 is higher. If for instance a target value of 20%
of the original concentration is accepted, sediment 1 could be cleaned in half of the
time necessary for the second sediment. 1f a low residual concentration is compulsory
a longer treatment time is necessary. After about 10 years both sediments will follow
the same curve, because only the very slow available fraction remains {same size In
both sediments). The residual concentration is set by the size of the very slow
degradable fraction in combination with the treatment time. Sediment 3 contains a
large very slow degradable fraction. More than 10 years are needed to reach the target
of 20% of the original concentration. A further slow decrease is shown, but for
sediments with a large slow degradable fraction, very long trearments will be necessary
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to reach lower target values. Biodegradation on a landfarm may take a long time, but
continued degradation does oceur, which results in decreases in risk and opportunities
for other uses of the land following remediation,

PAHs
{relative concentration in %}
100
Sediment 1
so it - — = — Sediment2
o mmeeaee Sediment 3
BO
40
20 )
a L ’ 1
0 5 10 15
Time (years)
Figure 9.3 Predicted degradation curves calculared with the three compartment
model (see previous section). Assumed distribution over different degradable fractions
(™a):
Fast Slow Very slow
Sediment 1 70 20 10
Sediment 2 50 40 10
Sediment 3 30 4 30

Using the experimental data of the degradation of mineral oil, it was not possible to
recognize a very slow degradable fraction. This fraction was not present or too small
to measutre. Probably the degradation of mineral oil can be described with twa
fractions; fast and slow. For this two-compartment model, the degradation rate
constant for fast degradation 1s the same as presented for PAHs in Table 2.1, and for
slow degradation a value of 0.17 v should be used.

The three-compartment model can also be used to predict the accumulation of
PAHs after spreading of slightly contaminated dredged sediments on agticuleural
fields. On the island of Goeree-Overflakkee ditches are dredged every 6 vears and the
dredged sediment is spread on the banks of the ditches. Using this practice it is shown
that a constant PAHs concentration on the bank is obrained after 11 dredgings (60
vears). After 5 dredgings, already 90% of the final value is attained. Compared to
reference locations {only diffuse PAHSs loading from the ait) the measured doubling of
the PAHs concentrations on the banks after 5 dredgings will be a good estimate of the
effect of spreading of sediment on Goeree-Overflakkee.
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9.2.4 Risks during landfarming

For environmental reguladons the contaminant concentration is often used for
conducting risk assessment. With landfarming, and especially with passive
landfarming, the concentradons of contaminants decrease stowly. This makes
landfarming, in spite of its simplicity and low cost, a method, which is difficult to
accept by the public. It is necessary to present to the public data on real risks, not only
of the cleaned sediment, but also of rhe risks during landfarming, It is assumed that
landfarms are not open for the public (especially in the first years after starting) and
that the targce values to be reached are risk less values for human beings. Therefore,
only environmental risks are considered, which can be distinguished in tisks for the
retention funetion and risks for the habicat funcdon. The retention functon is related
to the ability to adsorb contaminants to prevent them from mobilizing or from being
rranslocated into the food chain. The habitat function is the ability to serve as a
habitat for organisms in ot on the soil. Different tests can be used to indicate the risks
for both funcriens.

Tests or assays for the retenuon function are based on measurements in the
water phase, not having direct contact with the solid part of the sediment of soil. In
the first year of landfarming these tests stll showed effects, bue the effects quickly
teduced. Tt is shown that a landfarm on which PAHs and mineral oil are treated is not
a threat for the quality of groundwater and the receiving surface water. Leaching is not
a risk during landfarming of PAHs and mineral oil contaminated sediments. As soon
as aerobic conditions are obtained, contaminants available for leaching will be
degraded before they can leach. Instead of a liner, soil with natural organic matter or
added organic matter can be used as soil protection. Organic matter is an effective
adsorbent for organic contaminants. This way of soil protection is also positive for
dewatering, because a lower water table is possible wirthout liner.

Risks for the habitat function are shown to be present for a longer period.
Organisms used in assays for the habitat function are in physical contact with the solid
parts of the sediment. During passive landfarming it was necessary to replace the
sediment assays by terrestrial assays. All applied assays have shown thar, together with
a decrease of the contaminant concentration and especially the bioavailable
concentration, risks reduces during passive landfarming. Nevertheless, several years
are needed to have no measurable tisks anymore or to huild up a normal soil fauna.
Although concentrations of the conraminants were not low enough to allow
multifunctional use (no risks based on concentration), no measured risks are present
at Kreekraksluizen after 10 years of passive landfarming,
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9.3 Heavy metals as limiting factor for treatment of
sediments on landfarms

PAHs and mineral oil are not always the only contaminants in sediment. Heavy metals
may also be present. Bioremediation does not have an effect on the heavy metal
concentration and in the presence of heavy metals these metals can cause a toxic end
product. To reduce the effects of heavy metals, additional treatments need to be
combined with the landfarm activities in order to reduce the amounts and risks of
PAHs and mineral oil. Possibilities are described in the following sections.

9.3.1 Phytoextraction

Plants may accumulate heavy metals from soils, sediments and water. The extent of
this accumuladon depends on the plant species and soil/sediment and contaminant
type. For many plant species this accumularion process is passive. The removal of
heavy metals from soils in agricultural crops will very gradually reduce soil heavy metal
levels in the absence of fresh inputs. However, for some plants accumulation of
metals appears to be an active process possibly related to a tolerance mechanism for
their survival on contaminated sites and these plants are referred to as ‘hyper
accumulators’ to distinguish the nature of their metal accumulation from the passive
accumulation that is general for plants and typically does not lead to such high leaf
concentrations of metals (Japenga, 1999). Agricultural crops and crops easily growing
on landfarmed sediments are typically not hyper accumulators, although some clones
may have higher metal uptakes than others. There has been much recent research on
the ability of so called short rotation coppice (SRC) species to take up heavy metals,
and thus decontaminate land affected by elevated concentrations of these
contarninants. An overview is given in (Paulson e 2/, 2003) and the technique is open
to discussion on its sustainability and risk management grounds as well as
practicability.

The use of chelates to enhance the availability for plant uptake can be of help
to remove metals from the soil, but care should be taken to avoid losses by leaching.
In non-controlled systems such as free draining areas, leaching losses are actually
exceeding the uptake of plants by far. In controlled systems such as concrete basins
where leaching water can be collected, a combination of crop growth of metal-tolerant
plants and wastewater treatment can result in an effective clean-up of the soil
(Romkens e al, 2001}, Under natural conditions as will be applied for passive
landfarming, however, the use of synthetic chelates most likely will lead to enhanced
leaching and groundwater pollution. Careful design and management of chelate-
enhanced phytoextraction treatments at the field scale, therefore, seems necessary. But
still a long tme will be necessary for treatment. It is doubtful whether this can be
realised in a passive landfarming-like system, because non-predictable climate
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conditions could be responsible for leaching. Chelate enhanced phytoextraction can
be a proper solurion to clean metal pollured sediment only in areas where evaporation
exceeds precipitation,

On Kreekraksluizen the heavy metal content in the vegetation has been
measured (Cadmium 0.34 mg/kg d.m. and zinc 53 mg/kg d.m., see also Chapter 7).
Based on this concentrations, and a dry matter production of 10 tons/ha, it will be
possible to extract yearly 0.0034 kg/ha Cd and 0.53 kg/ha Zn. Assuming that the
* same amount will be extracted every year, a dry densiry of the soil of 1000 kg/m3 and
original Cd- and Zn-concentrations of respectively 2.1 and 210 mg/kg d.m. the
necessary treatment time can be calculated. 1500 years (Cd) and 1000 years (Zn) will
be necessary to reduce the heavy metal content in the upper intensively rooted 50 ¢cm
with 50%. If the uptake is a percentage of the amount present, the treatment time will
be larger. Using willow and slightly more polluted sediment, Vervaeke ef 4/ (2003)
could extract 0.04 kg Cd/ha/y and 1.7 kg Zn/ha/y. If the amount in the vegetation is
low as shown above, very long treatment times will be necessary and phyroextraction
will be wishful thinking.

9.3.2 Immobilisation

Sediments are anaerobic and in most cases the heavy metals are strongly bounded as
sulphide or carbonate. During landfarming the sediment becomes aerobic and
sulphides are oxidised, by which the solubility of the heavy metals increases.
Moreover, the pH can decrease if the buffer capacity of the sediment is low. As a
result, the availability for soil living organisms, leaching and plant uptake may become
too large. 1f the passive landfarm is not designed to treat the surplus of water and to
harvest the vegetation for a long period, then additional measures may be necessary.
These can be distinguished in measutes taken in the aerobic landfarm to decrease the
availability or to return again to anacrobic conditions in which immobile sulphides are
formed. Because heavy metals are not removed, immobilization should lead to a
sustainable system,

Immobilisation under aerobic conditdons

In a landfarm, aerobic conditions are stimulated in order ro increase the
biodegradation of organic contaminants. If heavy metals are present, their availability
has to be decreased by adding an immobilising agent. Landfarming can be extended to
treatment of sediment contaminated with both organic contaminants and heavy
metals by using the results of research into immobilisation of heavy metals in soils, An
immobilising agent should have the following properties (Osté, 2001): 1) High metal
binding capacity; 2) Selective metal binding; 3) Durable; 4) No negative site effects;
and 5) Inexpensive. Groups of materials having several of these properties are: lime,
alumino silicates, Fe/Al/Mun-(hydt)oxides and material rich in organic matter.
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) The effect of the pH has found to be the most important factor. Fortunately
the pH in dredged sediments is often higher than the pI in soil of the same area, so
availability will be low when landfarming the sediment is initiated. If the buffer
capacity of the sediment is high by presence of lime, oxidation of sulphide present in
the sediment will not lead to a drop of the pH. This has been observed in the
investigated sediment on Kreekraksluizen. If the buffer capacity is low and sulphides
are present, adding of an immobilizing agent will be necessary to compensate for the
pH-drop. The pH in Petroleurn Harbour- and Wemeldinge sediment was high enough
to prevent high uptake by crops and leaching (see Chapter 7). There was also no
transport observed from the most upper layer to lower layers (Harmsen ¢ 4/, 2002a).

Natural immobilization

Heavy metals are not available for organisms, when they are present as insoluble salts

like sulphides, which are produced under anaerobic conditions. This process can be

stimulated when the proper preconditions are present (Harmsen o a/, 2002b). These

conditions are: anaerobic sulphate reducing conditions, supply of sulphate and

presence of iron as regulator of the sulphide chemistry. Translated to sustainable

conditions natural immobilization means:

— A high groundwater table as present in a seepage area. Diffusion of oxygen in a
water saturated system is much slower {as cxplained in Chapter 2).

— A consumer of oxygen to maintain the sulphate reducing conditions. Presence of
organic marter content will ensure this condition.

- Supply of sulphate and iron to precipitate the heavy metals. In a seepage area this
means presence of these compounds in the groundwater.

Natural immobilization will not occur in a landfarm, because acrobic conditions are
present. The proper conditions can be created under the landfarm by making a filter
in the water-saturated zone, which prevents heavy metals to leach to the ground- or
surface water. This is also a long-term process, because leaching is a very slow process
in landfarmed sediment especially at the high pH present in a lot of sediments. In the
Petroleum Harbour and Wemeldinge sediment treated on Kreekraksluizen It was not
possible to recognize transfer of heavy metals to lower layers in the petiod 1995-2001.
Another way of natural immobilization is transterring the landfarmed sediment, in
which PAHs and mineral oil are degraded, to a locatdon where the proper conditions
for natural immobilization exist.
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9.4 Potential applications of landfarming

Intensive landfarming can be considered as a bioremediation technology for which a
special site is constructed to clean dredged sediments. After remediation, preferably
wirhin one yeat, the cleaned sediment can be reused. Such a site is characterized by a
high transit of sediments and the only function of the site will be cleaning of
sediments. The capacity of the site can be increased by stimulation of dewatering or by
increasing of the layer thickness. Only the fast degrading fraction will be removed.

As described in this thesis, passive landfarming is appropriate  for
bioremediation of polluted sediments, especially for the removal of the slow and very
slow degradable fractions. When using passive landfarming, only measures are taken
to maintain the proper conditions for biodegradation. Most important of these
conditions is the presence of oxygen over the full layer applied. In contradiction to
intensive landfarming no extra cultivation is applied. Passive landfarming is very close
to normal agricultural practice, not only in relation to the treatment of the soil, but
also due to the function of vegetation in maintaining the ptopet conditions for
biodegradation.

The long treatment time of passive landfarming will put a claim on the use of
land, which will not be a problem if enough land is available. This will, however, be a
problem in densely populated area. Most of the contaminated sediments will be
present in densely populated areas. It will therefore be necessary to combine passive
landfarming with another way of beneficial land use. In this section a few applications
are described. Besides the spreading of sediments on agricultural fields, these
applications have not been extensively described in previous chapters. They have been
discussed in different working groups, some are already applied, and others are in
development. They can be considered as an application of the results and a looking
forward to the future.

Tt is not always necessary to clean the sediment on a special site. The necessary
conditions for biotemediation are also present under natural (field) conditions. If a site
is under development or will provide another function in the future, then the time
necessaty to develop this function can be used to clean the sediment. If sediments are
applied, the site can be closed for the public during development. As soon as the site
will be open for the public, used for agricultural purposes or fulfil a role in nature
development, absence of rthe risks related with the contaminanes has to be necessary
(tisk-based approach). As shown in this thesis, this is possible with PAHs and mineral
oil contaminated sediments,
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9.41 Spreading of sediment on agricultural fields

In the Netherlands a large amount of sediments is dredged in the rural area. Originally
all of these sediments were spread on adjacent agricultural fields, Since we know that
sediments can be contaminated, the practice of spreading is regulated. As shown in
Chapter 8, biodegradation is stimulated on agricultural fields and is responsible for
removal of otganic contaminants. Spreading should not lead to decrease of the quality
of the agricultural land. With low concentrations of PAHs (PAHs Dutch National List
tll approximately 10 mg/kg d.m.) the accumulation is acceptable and the available
concentration will be low enough not to cause risks.

9.4.2 Use for nature development

Natural sites in development can be used for biodegradation PAHs and mineral oil in
dredged sediments. In wet conditions as present in a lot of Dutch natral sites
degradation will not occur. Under these conditions only natural immobilisation of
heavy metals will be stimulared. If both acrobic and anaerobic conditions ate present,
the area is probably suitable for treatment of sediments polluted with both organic
contaminants and heavy metals. Dry parts or frequently dry patts can be used to
degrade PAHs and mineral oil and the continuous wet places for immobilization of
heavy metals and to accumulate heavy metals leaching from aerobic parts. Wetlands
ate examples of those sites and these areas can also be constructed. Sediments can
have a role in development of such a site. Instead of spending the money to only
cleaning, it can be used for the development of a wetland. Applying sediment on the
proper places will lead to a soil or sediment and will reduce the risks of the
contaminants. The time to develop the site is used for cleaning of the sediments.

9.4.3 Use in constructions

If sediments are clean enough, they can be used as building material. In 2004 the reuse
target values for PAHs and mineral oil in sediments were tespecdvely 40 and 2000
mg/kg d.m. Reuse as building material results mosty in use inside of the construction
(mostly elevations like dikes and noise walls, landfills and foundations of roads) and
consequently the conditions for biodegradation will be compromised. (not enough
supply of oxygen). Use of PAHs or mineral oil contaminated sediment on top of the
construction (aerobic part) will lead to continuing degradation and on the long term
achieving of a soil not providing any risks. This in contradiction with the use in the
construction, where risks will always be present.

An example is the application of sediment (o make dikes higher. Rising of the
sea level will make it necessary to make safer dikes in the forth coming decades. This
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will ask for a high supply of scil. If the activities will be started now, sediments can be
used as cover and will give a saving on other sources. The sediment will develop in a
structured and clean soil and will help to make saver dikes. Other examples are verges
of roads, noise walls and landscape development,

9.4.4 PAHs in the floodplains

Large amounts of polluted sediments are present in the floodplains of the large rivers
in the Nethetlands. Sedimentation in the floodplains accurs during every high water
period. Starting at the industrial revolution in the second half of the 19% century the
sediment became polluted and the pollution was at its maximum in the middle of last
century. At the moment the quality of the sediment is much better, due to
environmental measures taken in the countries within the river basin. PAHs are
important contaminants present in the sediment, but not the only contaminants; heavy
metals and chlorinated compounds can also be present. Even in the most
contaminated period the water in the rivers contained oxygen and the rivers acted as
bioreactors. Consequently the fast degradable fraction of the PAHs was degraded
during transport and the sediment mainly contained slow and vety slow degradable
PAHs.

An example of a sediment profile is given in Figure 9.4 (Wieggers, 1996;
Harmsen, 1997). This figure also contains data of surface samples take between 1958
and 1981 and stored under dry conditions (which prevented further degradation) and
measured in 1988 (Japenga, 1990). The figure presents the 6 Borneff PAHs
{fluotanthene,  benzo[b]fluoranthene,  benzo[k]fluoranthene, benzo[a]pyrene,
benzolgh,ilperylene and indeno|1,2,3-cd]pyrene), which were measured in both
investigations, A similar profile was measured in the sediment of [ake Michigan where
the maximum amount of PAHs was sedimented around 1942 (Schneider e o/, 2001).
Assuming that the value measured in the surface sample of 1958 represents the
highest concentration present in the fresh sediment, it is possible to calculate the
degtadation rate constant. 'rom the two profiles presented in Figure 9.4, a first order
degradation constant of 0.016 y! or a half-life time of 43 years can be calculated. This
shows that the PAHs in the floodplains are mostly present in the very slow degradable
fracdon. This is confirmed by Smreczak and Harmsen (2001) using the Tenax
method, between 5 and 8% of the PAHs were available in the fast desotbing fraction,
and with this percentage very slow degradation can be expected (as concluded in
Chapter 4).

Due to presence of coal particles in sediment from the river Rhine it is possible
that also an extreme slow degradable fraction has to be considered in this sediment
(see also 4.4.1). The chemical binding of PAHSs to coal is stronger (Jonker, 2004) and
about 25% of the PAHs in Rhine sediment from the most polluted period, is present
in coal particles (Harmsen, non published data). The coal patticles originate from the
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washing of coals in coalmining areas downstream of the river Rhine. They coloured
the sediment more black and can be used to locate the more conraminated layers
sedimented since the beginning of the industrial revolution (Mulder, 1989).
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Iigure 9.4 Profile of PAHs (6 Bomeft) contamination in the floodplain of the viver
Rhine.

For safety reasons, becoming actually after the extreme water levels in 1995 and 1996,
it became necessary to create space for the river. This can be created by additional
channels in the floodplains which provide extra discharge capacity during high water
levels. Because the sediment is polluted, it has to be relocated in the area and
otherwise it has to be cleaned or stored in a confined disposal, which is not a realistic
approach given the large amount of polluted sediment present? Relocation can be
realised by using pits in the area created in the past for the extraction of sand and
gravel. In this case the sediment will be stored under anaerobic conditions and no
further degradation can be expected. It would be better to relocate sediments with
PAHs as main contaminants on higher location in the floodplains, where aerobic
conditions can be achieved and biodegradation will occur (Faber e 4/, 2001).

Regarding risks it will not be necessary to remove all PAHs present in the
sediment. The quality of the surface of the floodplains is set by the quality of new
sedimentation, Currently the fresh sediment (Figure 9.4) contains approximately 4
mg/kg dm. PAHs (6 Borneff). Based on the degradation rate for very slow
degradation in this thesis, this PAHs-concentration and even lower will be achieved in
the more polluted sediment already present in the floodplains. The PAHs-
concentration in freshly added sediment will also decrease. Without new sediment the
quality of the floodplains will continuously improve. Because the river will always
supply new sediment, the future quality of the floodplains will not be set by historical
pollution, but by the quality of fresh sedimeat.
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9.4.5 Biomass production using Short Rotation Coppice

Biomass production on land is seen as an opportunity to provide non-fossil fuel
energy feedstock. The Netherlands aims to achieve 10% sustainable energy in 2020
(385 petajoules), of this 25 petajoules has to come from biomass production (Novem,
2002). Fast growing species of willow and poplar are grown and harvested by
coppicing on a regular cycle to produce useable wood biomass for a range of
applications, including bio energy. The tree is cut back to just above ground level after
the first year of growth causing many new shoots to develop. Harvesting involves the
cutting and removal of these shoots at regular (normally 2-5 year) intervals. This
practice is called Short Rotaton Coppice (SRC) and maximises the social and
economic as well as the environmental benefits of biomass production on marginal
land (Paulson e af, 2003). This has a beneficial effect on rhe economics and in
particular cash flow thus making the economics of both the testoration and the
development of a commercial crop highly favourable.

In the Netherlands SRC is seen as an opportunity for the re-use and
remediation of sediments. OQostwaardhoeve is an experimental farm in the north /west
of the Nethetlands on which chis is practised (Breteler e af, 2001). Cultivation of
willows as biomass for energy production has been studied on this farm since 1993.
From 1996 this cultivation has been combined with the remediation (landfarming) of
polluted sediments. In trearing sediments SRC-crops have an extra benefit, because
they have a positive effect on dewatering (Chapter 6). Dutring the treatment the quality
of the sediment improves due to biodegradation of PAHs and mineral oil.

The proper application of sediments on a hectare scale requites a thorough
macro-filtration of the sediment, so that objects that may be encountered in the
sediments removed from the boteom of waterways, like bicycles, car wheels, etc, are
removed before the sediment is transported to the landfarm, Application of sediment
in an even layer on the land requires experience and technical skill to tune the
pumping equipment to the acceptable variation of quality and quantity of the applied
sediment. It appeared casier (Harmsen ¢/ a/, 1999) to apply sediments to an existing
willow crop than to establish a2 new crop on a layer of fresh sediment (Figure 9.5). On
the other hand, the existing ctop presented a bartier towards the even distribution of
sediment. Approximately 1.0 m of sediment could be applied, which layer became, in
agreement with the calculations in Chapter 2, a fully aerated layer. Because a willow
crop will be started for at least 10 ro 20 years, this period is also available to clean the
sediments to the extent that the remaining material fulfils the legal requirements for
reuse (Breteler ef 4/, 2001). The crops are harvested in the winter, during periods that
it is possible to drive on the land (dry or frosty conditions}. The hatrvested willow
stems ate dried completely on the field to increase the yield of energy. They are not
cut, because cut willow is easily composted during drying, which reduces the benefit
for energy supply (Gigler, 2000).
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Figure 9.5 Sediment in SRC for remediation (Oostwaardhoeve), one year after
application to an existing willow crop.

The biotemediaton part of the combinadon on Oostwaardhoeve works. The
economic success, however, depends on the profits from the harvest biomass. In spite
of the Dutch policy to stimulate the production of energy from renewable sources
(Bergsma, 2002), the profit of the biomass grown on Oostwaardhoeve is low
(Harmsen e/ a/, 2002-c). The management of OQostwaardhoceve is therefore looking for
possibilities to increase the beneficial use of the sites where sediment s treated to
include landscape development, recreation and use of other crops (Goedbloed, 2004
personal communication; de Poel ef o/, 2004).

Sediments as cover of a landfill

The development of a landfill is a time consuming process. Several decades often pass
before the area will be available again for another desunation, This time can be used
to biotemediate sediments. The sediment to be cleaned should be used to cover the
landfill and not as waste inside the landfill. On top of the landfill bioremediation will
take place during further development of the landfill, with beneficial use as clean soil
as final goal.

A special case has been developed for use in Nizhnekamsk a town near the
Kama River in Tatarstan, part of the Russian Federation (Harmsen and Sims, 2002).
The problem involves contaminated industrial sludge. The properties of sludge are
comparable to the properties of organic rich sediment. Also sludge has to be
dewatered before degradation starts. In Nizhnekamsk a large chemical factory wants
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tx clean a large amount of heavily polluted sludge to prevent pollution of the Kama
River ecosystem. Although the sludge is very polluted (almost 50% of the sludge
consists of mineral oil and different chemicals) micro-organisms are present and can
be activated (Nikitina ef &/, 2003). Effective biodegradaion has been demonstrated in
pitot experiments {Galukhin ¢ @/, 2002). In the treated material toxicity has decreased
significantly (Olsen ef 4., 2003). These observations indicate that landfarming of the
sludge will lead to a soil with improved quality.

Tt is ptoposed to use the dewatered sludge to cover another problem in
Nizhenekamsk, the presence of a site that is used for disposal of solid hazardous
waste including spent catalyst, resins, and rubber waste. The site is available for the
next 25 years after which it will be returned to the community. It is expected (using
the multi compartment model) that in that period of time, the content of oil in the
sludge will be further reduced to an amount significantly less than 1000 mg/kg.

A tecommendation for physical placement of the sludge on the site in a manner
to create a slope of approximately 2% for controlled water drainage into a collection
depression and oxygenation of sludge is illustrated in Figure 9.6. The design shown in
this figure accomplishes run-on and runoff control and will prevent rainwater and
spting snowmelt from contacting and diffusing through the solid hazardous waste
toward the ground water. The collected water can be reapplied to the surface when
irrigation is needed to provide water for plant growth, or can be pumped to the
wastewater treatment plant. This water will be clean if the fast available oil has been
degraded.

The amount of precipitation (snow and rain) in Nizhnekamsk is 550 min. If
vegetation is used as part of the cover, this amount of precipitation will be totally
evaporated thus minimizing overland flow to the collection depression and optimizing
the aerobic status of the sludge cover to allow polishing of the mineral oil and PAHs
through biodegradation. The recommendation is made to use intensively rooting
vegetation, and suggestdons include pine trees (also evaporation in the cokd petiod) or
willow trees that are indigenous to the Nizhnekamsk area,
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Figure 9.6 Future use of landfarmed sludge on a disposal of solid hazardous waste

in Nizhnekamsk.

9.4.6 Four dimensional landfarming

The applications described before are mainly based on application of a relative thin
layer, which makes large areas {two dimensions) necessary. As shown, passive
landfarming makes use of long periods (third dimension). Adding height will complete
this to four dimensions. Using four dimensions may increase the capacity of existing
landfarms or reduce the area necessary for cleaning.

Based on the results presented in this thesis and the research of Utah State
Univetsity on the Libby Ground Water Superfund site in Montana, U.S.A. with three
landfarm areas used for soil bioremediaton, the concept of four dimensional
landfarming has been developed {Harmsen and Sims, 2003}, It was concluded that
remediation of organic contaminants will continue through depth and time as long as
the ait filled volume is large enough and contains sufficient oxygen (> 2%) 1o assure
complete acrobic aggregates. The oxygen consumption in a landfarm is the most rapid
and largest in the first year and decreases in following vears (see Chapter 2). In this
first year also easily degradable natural organic matter will be degraded. Aftet onc year
of treatment it may therefore be possible to add another lift (Jayer) of contaminated
soil to the landfarm and maintain the minimum oxygen condition for continued
treatment in the lower layer beneath the most recent lift, even though target
remediation values are not achieved in the lower buried lift.

As shown in Chapter 3, it is possible to predict the size of the fast degradable
fraction of PAHs using chemical tools. This makes it possible to predict the rate of
degradaton in a landfarm. Using the three-compartment model and a three-layer
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application, the development of the PAHs concentration can be predicted when the
amounts in the different fractions are known. An example is given in Figure 9.7.

Predicted PAHs (mg/kg d.m.)
250
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FIGURE 9.7 Prediction using the three compartment model of the PAHs
concentration in a four dimensional landfarm. PAHs, 250 mg/kg d.m, Fast available
fraction 50%, slow available fraction 35% and very slow available fraction 15%;
degradation rate constants respectively: 5; 0.33 and 0.04 y'. Thickness of each layer 30
cm. Intensive treatment for one season (year).

Figure 9.7 shows that the highest decrease of the PAHs concentration can be
expected shortly after application of a lifr. Degradadon of the slow and very slow
degradable fractions requires more time. Lspecially with low target values (minimal
risks), long treatment times are necessary and differences in treatment times of
different layers are hardly visible. In this example a target value of 88 mg/kg d.m.
{USA-value) has been used. Using one layer this value will be reached after two years.
With three layers, all the layers are below this targer in 4 years, and the average
concentration of all three layers will be even lower. With this target value the capacity
of the landfarm has increased to 150%. Having lower target values the profit will be
larger. A target value of 40 mg/kg d.m. (Durtch target value) gives a treatment time of
6 years for one layer and 8 years for three layers, This is an increase of the capacity to
225 %. Use of this concept may reduce the area necessary for landfarming and
increase the capacity of existing sites. It may also be used to reach lower residual
contaminant concentrations in the soil thorough the depth and area (volume) of the
landfarm, without reduction of the present capacity of the site,

Application of this concept of 4-dimensional landfarming is only possible when
the oxygen concentration in the lower layer is above 2% and aggregates are acrobic.
This means that enough air filled pores must be present, The air filled pore volume
depends, among other factors on the soil structure and the level of the water table
(Chapter 2, Vermeulen ef al, 2003). Also the oxygen consumption of the soil itself
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may limit the number of layers. With low organic sandy sediment or soil and a low
water table, it will be possible to use more than 3 layers at 30 em depth for each layer.
With higher clay and otganic marter content, and a high water table 4-dimensional
landfarming may be restricted to 2 layers.

301



Summary

Summary

Due to the necessity of continuous dredging activities in the Netherlands, there is an
enormous supply of contaminated sediments. This situation requires an efficient
treatment procedutre with low costs and reasonable spatial demands. Landfarming is a
treatment technology that offers a good solution. Dredging of waterways is of viral
importance for safety, economy and ecology. Without a good water management
system to maintain proper depths of waterways, of which dredging is a part, shipping
would be difficuli. In 2 low country like the Netherlands greac patts would suffer
under too wet or too dry conditions if the canal and ditch system, used for discharge
of surplus of water and supply of water during dry periods, is not properly maintained.
The presence of contaminated sediments can also be a threat for the envirenment due
to the potential release of contaminants from the sediment. Therefore, large quantities
of seditments have to be dredged yearly, from large harbour systems to small ditches in
the rural area. Since a substantial part of these sediments is too contaminated to be
relocated, either in the sea or on land, disposal or treatment is necessary. For the
removal of contaminants including PAHs and mineral oil that are present in many
sediments, bioremediation is a suitable treatment. PAHs and mineral oil accumulate in
sediments because they are not degradable under the existing anaerobic conditions,
Although the fraction of sediment that is only contaminated with PAHs and mineral
oil is relatively small, the absolute amount is too large for costly treatment procedures.
In the Netherlands the policy is to use inexpensive methods like ripening and
landfarming, followed by reuse of the treated sediment. Reuse may be as building
material, but also as agricultural reuse such as practised in the rural area, where slightly
polluted sediments are spread on adjacent land.

Under proper environmental conditions (aerobic), micro-organisms are able to
degrade PAHSs and mineral oil. In a certain time span, this degradation is limited to the
contaminants available for the organisms. If the contaminants are strongly bound to
the sediment, a residual concentration remains, which is often substantial and higher
than the target value. If the target value is not attained during the set treatrent time,
teuse is not possible. As shown in long-term experiments carried out on
Kreekraksluizen, biodegradation of PAHs and mineral il is a continuing process and
if target values are not attained in the short term (1-2 years), it is possible to obtain
them in periods from 5 years to several decades. Tt will be clear thar risks for the
environment are reduced during treatment.
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Chapter 1 describes the development of landfarming and introduces two main

principles and types of landfarming;

— Intensive landfarming: processes are optimised using active management
activities to reduce contaminants to residual concentrations as quickly as possible.

— Passive landfarming with minimal management activities where rapid
bioremediation is not necessaty, and can be used for reducing residual
concentrations.

Which type of landfarming should be used depends on the target value 1o be reached,
the time available, and the area that can be used. Application of both ways of
landfarming can transform dredged sediments in reusable soil,

The levels of target values in regulations and possible changes in regulations are
important factors for the use of landfarming. Low target values can only be reached in
the long-tetm by using passive landfarming. The higher defined targer values can be
reached much faster.

It is important to understand and to desctibe mathematically the limiting processes
occurring during landfarming of sediments in order to predict the possibilities for
practical application (Chapter 2). PAHs and mineral oil in sediment are strongly ad- ot
absorbed by the organic matter present in sedimeat. Limiting conditions for
biodegradation that are discussed include; (1) desorption and diffusion of the
contaminant within soil aggregates to a place with active micro-organisms, (2)
presence of active micro-organisms, and (3) aeration of the dredged sediment.

Desorption and transport in aggregates can be mathematically described using
an equation with a sum of first order decreases that include fast, slow and very slow
(three-compartment model). The rate constants in this equation not only depend on
the organic material into which the contaminants are absorbed, but depend strongly
on the moisture content, the radius of the aggrepates (respectively quadratic and
inverse quadratic reladons) and on the pore volume of the sediment. This explains the
slow degradation rate in a landfarm, because dry conditions are necessary to have
sufficient supply of oxygen, and the possibilities for reducing aggrepate sizes on a
landfarm are limited.

Within the time frame of landfarming (one year to decades), the presence of
micro-organisms is not a limiting factor. Several species of micto-organisms are able
to degrade PAHs and mineral oil. Micro-organisms cannot be present in soil pores
smaller than their own size; therefore contaminants have to diffuse from these sites to
a site with micto-organisms that are able to degrade the contaminant.

The first step in landfarming of dredged sediment is dewatering. During
dewatering and ripening of the sediment, water filled potes become air filled potes,
which makes supply of oxygen possible, The relevant processes for aeration are
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modelled. Using the model it is shown that increases of evaporation by cultivation of
the sediment or vegetation growing on the sediment are the most important factors. If
this extra evaporation is not achieved, landfarming of dredged sediment has to be
restricted to thin layers.

Desorption, biodegradation and risks on a landfarm can be predicted using methods
developed fot measuring the bioavailable’ fraction. In Chapter 3, the development of
bioavailability is described, including a discussion on implementation of the concept.
Bioavailability is a concept used to explain the fact that only a certain part of the
contaminants are biodegraded in a certain tdme interval, but is also used to explain
effects in bioassays and eco-systems. The ultimate definition of bicavailability does
not exist. Bioavailability alone is a confusing term but gets a better meaning if it is
used in combination with the word ‘for’. Bioavailable for biodegradation is defined as
bicavailable for degrading micro-organisms, which are present in small water-filled
pores. Several chemical methods are applicable to predict the biodegradable fraction
of contaminants and one of them, the Tenax-method, is applied in this thesis.

Landfarming of dredged sediment has been applied from 1990 onwards on the
landfarm Kreekraksluizen in the Nethetlands, The biodegradation of PAHs on this
landfarm is described in Chapter 4. I'rom these long-term experiments it was possible
to tecognise three degradable fractions; (1) Fast, (2) Slow and (3) Very slow
degradable. The degradarion rate constants are derived from the measured data. To
fully degrade these three fractions requires, respectively, 1 year; about 7 years, and 30-
60 years. During fast degradation, the degradation rate depends on the specific PAH.
This rate was larger for the low ringed PAHs. During slow and very slow degradation
there was no significant difference between the different PAHs. The high molecular
weight PAHs (5 and 6 rings) were degraded at the same rate as the low molecular
weight (2 and 3 rings) PAHs. The Tenax-method gave a proper prediction of the fast
degradable fraction. Kinetic parameters derived from the Tenax-method {a slurry
method) showed that processes in an unsaturated landfarm go much slower than in a
slurry as follows from the theoretical approach described in chapter 2. Using passive
landfarming for a long time, as on the landfarm Kreckraksluizen, low residual
concentrations of PAHs have been shown to be possible to achieve.

Chapter 5 describes the biodegradadon of mineral oil on  the landfarm
Kreekraksluizen. It is shown that degradation of mineral oil also follows fast and slow
degradation with comparable degradation rate constants as measured for PAHs. Te was
not possible to recognise 2 very slow biodegradable fraction. This fraction was nor
measurable (too small) or the experiments were not continued for a long ¢nough time
petiod. Compared to biodegradation of mineral oil in contaminated soil, mineral oil in
contaminated sediment is more difficult to degrade. Biodegradation of mineral oil
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caused a change in compositon; more toxic compounds in the range C1p-Cio were
first depraded and larger, less toxic compounds remained longer in the treated
sediment. Using the three-compartment model, predictions of the mineral oil content
on the landfarm Kreckraksluizen were made. The residual concentration for the
heavily contaminated Petroleum Harbour sediment (original concentratdon 13,500
mg/kg d.m.) strongly depended on the presence and size of a very slow biodegradable
fraction,

Different ways to improve the results of landfarming are described in Chapter 6.
During the treatment of sediment on the landfarm Kreekraksluizen, different aspects
of landfarming have been optumised. Expetiments were focussed on improvement of
dewatering, use of higher temperatures, forced aeration, adding of extra organisms in
the form of fungi, and use of vegetation. Results of these experiments were compared
with the results of the passive landfarm on Kreekraksluizen. It was shown that
optimisation only leads to an acceleration of the biodegradadon of the fast degradable
fraction. This fraction is also degraded on the landfarm in one year, providing no
limiting conditions are present. Therefore, optimisation of passive landfarming is not
effective in most cases. Optimisation will only be an effecrive approach if removal of
the fast degradable fraction will result in achieving the target value and in case limited
space for landfarming is available (which is relevant fot short treatment periods).

In forthcoming years, assessment of reuse of weated sediments is expected to be risk-
based instead of based on residual concentration. This new assessment procedure
should be based on results of generally accepted methods; these are, however, not yet
available. Functions of sediment and soil to protect are; (1) the rerention function
(ability to adsorb contaminants and to prevent mobilisation) and (2) the habitat
function (optimal function of soil living organisms). Risks on Kreckraksluizen have
been studied by measuring leaching, application of several bio-assays, and monitoring
biological activity in general (Chapter 7). Risks for the retention function were
followed by using bio-assays with water dwelling organisms and by measuring
leaching. These risks decreased very rapidly during dewatering. Based on the
experiments, a simple approach for protection of the underlying soil has been
developed. The risk for the habitat function decreased more slowly. Small effects in
bin-assays were stll measurable after 7 years of treatment. No measurable risks were
present in the longest (12 years) treared sediments. One of these sediments still
contained a large concentraton of PAHs then, but the available fraction {measured
using the Tenax-method) was lowd. About 5 years were necessary to achieve a shift
from sediment adapted populations of organisms to populations that are to be
expected in clean soil.
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Because PAHs and mineral oil contaminated sediment can be remediated, negative
effects are only present for a limited period. Mixing sediment in 2 low amount with
agricultural or natural soill may therefore be acceptable (Chapter 8). In fact this has
already been practised for a long period in the Netherlands, Slightly  polluted
sediments from ditches in the rural area were and are still spread over adjacent land.
In experiments on the island of Goeree-Overflakkee, it has been shown that the
practise of spreading of thin layers also led to fast, slow and very slow degradation of
the PAHs present. The historical practise of spreading had led to a small increase of
the PAHs-concentration alongside the ditch, Using the three-compartment model and
measured {Tenax-method) bicavailabilities, it is shown that the accumulation of PAHs
in the agriculiural soil due tw additon of sediment stabilised after 5 dredgings and
spreadings of sediment on agricuttural land {30 years), which is also the real situarion
on Goeree-Overflakkee. Short time risks, especially for grazing catde, can be present
during the first spring after spreading of the sediment.

In the final Chapter 9, results of the previous chapters on biodegradation of PAHs
and mineral oil conraminated sediment are reviewed. This review ts combined with a
discussion of the effects of the presence of heavy metals. These heavy metals are not
the subject of this thesis but are present in many sediments. Possibilities of reducing
risks of heavy metals in combination with landfarming are given.

Chapter 9 concludes with a description of possible applications of passive
landfarming. Because passive landfarming requires a long dme period, this approach
should be combined with beneficial use of the area. Examples described are the
combination with nature development, use in constructions, combination with
growing of biomass for energy production, and use as cover of a landfill. The
necessity of biodegradation of PAHs present in the flood plains of large Dutch rivers
is also discussed. This chapter ends with the description of four-dimensional
landfarming, in which the number of applied layers of sediment on a landfarm is

increased in order to minimise the area needed for passive landfarming,
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Zonder een goed onderhoud zullen diverse watersystemen in Nederland langzaam
dichtslibben en kunnen dan hun functie niet meer vervullen, Dit kan leiden tot
economische schade, wateroverlast en achternitgang in kwaliteit en biodiversiteit van
ecosystemen. Onderhoud door middel van baggeren {uitdiepen en verwijderen van de
waterbodem) is daarom noodzakelijk. In het verleden werd de geproduceerde
ondethoudsbaggerspecie naar zee gebracht, gebruikt voor het ophogen en egaliseren
van land en verspreid op landbouwpercelen. Baggerspecie is momenteel echter vaak
verontreinigd en het is nodig deze ondethoudsbaggerspecie op een andere wijze re
verwerken, bij vootkeur met technicken die weinig kosten en een klein beslag leggen
op beschikbare ruimte. Hiernaast kan het noodzakeliik zijn verontreinigde
baggerspecie te verwijderen en te reinigen, omdat de specie ditect gevaar oplevert
voor mens, dier en ecosystemen. Tot 2010 zal in Nederland 250 miljoen kubicke
meter licht tot zwaar verontreinigde baggerspecie moeten worden verwerkt, Deze
specie is afkomstig uit de vele rivieren, kanalen, havens, meren en sloten. De meest
voorkomende verontreinigingen zijn zware metalen als cadmium, zink en lood,
polycyclische aromatische koolwaterstoffen (PAK’s) en minerale olie. PAK’s ontstaan
bij anvolledige verbranding, minerale olie is een verzamelterm voor olieproducten
afkomstig van aardolie. PAK’s en minerale olie zijn biologisch afbreekbaar en kunnen
door micro-organismen in de bodem worden omgezet in onschuldige verbindingen.
Bij de afbraak gebruiken de micro-organismen zuurstof. Zuurstof ontbreekt in
watetbodems, waardoor accumulatie {(opeenhoping) plaats vindt van PAK’s en
minerale olie.

Biologische reiniging van met PAK’s en munerale olie verontreinigde
baggerspecies levert een schoon product, dat kan worden hergebruikt. Hoewel veel
baggerspecie ook niet afbreekbare zware metalen bevat is er voldoende baggerspecie
verontreinigd met alleen PAK’s en minerale olie om toepassing van biologische
technieken te rechtvaardigen. In het Nederlandse beleid wordt er de voorkeur aan
gegeven om verontreinigde baggerspecie te verwerken via goedkope technicken en
vervolgens te hergebruiken als bouwstof of schone grond.

Landfarmen is een ecffectieve biologische manier om  baggerspecie,
verontreinigd met PAK’s cen minerale olie, te reinigen. Het is een biologische
reinigingstechnick, waarbi) verontretnigde grond of baggerspecie in een laagdikte van
30-100 cm op de bodem wordt verspreid. De aanvoer van de voor afbraak
noodzakelijke zuurstof worden gestimuleerd door middel van bewetken van de
bodem of aanwezigheld van begroeting. Gedurende de behandelingsperiode bepetke
de afbraak zich tot die veroatreinigingen die beschikbaar zijn voor de micro-
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organismen. De verontreinigingen, die sterk gebonden zijn aan de baggerspecie,
breken langzamer af. De hoeveelheid  (restconcentratie), die achterblijft na cen
behandelingsperiode van cen jaar, kan te hoog zijn om te voldoen aan de criteria die
zijin  gesteld  voor  hergebruik.  In dit onderzock  zijn  een  aantal
landfarmingsexperimenten op Kreekraksluizen langdurg (rot 12 jaar) gevolgd. Dic
ondetzoek heeft aangetoond dat de afbraak van PAK’s en minerale olie in
baggerspecie behandeld op een landfarm doorgaat en dat op langere termijn lage
restconcentraties kunnen worden verkregen.

Hoofdstuk 1 van dit proefschrift beschrijft de ontwikkeling van de twee belangrijke

vormen van landfarmen:

— Intensief landfarmen: Door middel van actief management van de landfarm
worden processen in de landfarm  geoptimaliscerd om  het gehalte aan
verontreinigingen zo snel mogelijk te reduceren.

— Extensief landfarmen: Activiteiten op de landfarm worden zoveel mogelijk
geminimaliseerd, Het wordt toegepast als snelheid van het proces niet van belang is
of om de restconcentrarie, nog aanwezig na intensief landfarmen, verder omlaag te
brengen. In de Lingelse taal wordt voor extensief landfarmen de term ‘passive
landfarming’ gebruikt,

Welke vorm van landfarmen moet worden gebruikt hangt ar van de eindconcentratie
van de verontreiniging die moet worden bereikt, de beschikbare tijd en de ruimte die
beschikbaar is. Beide wvormen van landfarmen  veranderen baggerspecie  in
hetbruikbare grond.

Het niveau van de te berciken concentraties, vastgelegd in regelgeving en
mogelijke veranderingen in regelgeving, zijn belangrijke factoren bij toepassing van
landfarmen. Lage concentraties (multifunctioneel hergebruik} kunnen alleen op lange
termijn worden berteikt door toepassing van extensief landfarmen. Hogere
concentraties, waarbij wordt voldaan aan de criteria voor hergebruik als bouwstof,
kunnen veel sneller worden bereikt,

Het is belangrijk beperkende factoren in een landfarm te begrijpen en wiskundig te
beschrijven, om te kunnen sturen en te voorspellen wat de effecten van praktische
toepassing van landfarmen zijn (Hoofdstuk 2). PAK’s en minerale olic in baggerspecie
zijn sterk geadsorbeerd aan of geabsorbeerd in de organische stof, die aanwezig is in
de baggerspecie. 'actoren, die bepalend zijn voor de biologische afbranksnelheid, zijn;
(1) desorptic en diffusic van verontreinigingen in bodemaggregaten naar een plek met
acteve micro-organismen, (2) aanwezigheid van actieve micro-organismen en (3) de
introductie van zuurstof in de baggerspecie.
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Het is mogelijk desorptie en diffusie in bodemaggregaten te beschrijven met
een wiskundige vergelijking bestaande uit een combinatie van drie eerste orde
afnamen van  snel,  langraam  en  zeer  langzaam  desorbeerbare  fractics
{(driccompartdmentenmodely. De snclheidscoéfficiénten in deve vergeljking hangen
niet alleen af van de otganische stof waarin de verontreinigingen «ijn geabsotbeerd,
maar worden ook in sterke mate bepaald door het vochegehalte, de straal van de
agpregaten {respectievelijk een kwadratische en ¢en omgekeerd kwadratische relatie)
en het potievolume. Deze relades verklaren de langzame afbraak in een landfarm. In
een landfarm moet het vochtgehalte laag zijn om voldoende aanvoer van zuurstof
mogelijk te maken. Verder is het onmogelijk de grootte van de aggregaten aanzienlijk
te teduceren met behulp van standaard landbouwkundige bewerkingen. )

In de tijd, die benodigd is voor landfarmen (één tot tientallen jaren), is de
aanwezigheld  van  afhrekende  micro-organismen  geen  beperkende  factor.
Verschillende micro-organismen, die al aanwezig zijn in de baggerspecie en micto-
organismen, die zich verder ontwikkelen in de grond ontstaan gedurende landfarmen,
zijn in staat PAK’s en minerale olie af te breken. Micro-organismen kunnen echier
niet aanwezig zijn in porién in sediment ¢n bodem die kleiner zijn dan zijzelf,
waardoot verontreinigingen aanwerig in kleine potién zich moeten verplaatsen naar
porién met acteve micro-organismen.

De eerste stap bij landfarmen van baggerspecie is ontwateren van de specie,
waardoor watergevulde porién worden vervangen door luchtgevulde porién. Hierdoor
wordt een snellere aanvoer van de voor afbraak benodigde zuurstof mogelijk. In cen
wiskundig model zijn de relevante processen voor de aératie beschreven. Dit model
laat zien dat stimulering van de verdamping de belangrijkste factor is. Dit kan worden
gerealiseerd doot het regelmatdg omzetten van de baggerspecie of door stimulering
van de groei van vegetatie. Als deze extra verdamping niet kan worden gerealiseerd,
moet landfarmen van baggerspecie worden beperkt tot uitvoering in dunne lagen.

Desotptie, biologische afbraak en risico’s op cen landfarm kunnen worden voorspeld
door gebruik te maken van methoden voor het meten van de ‘biologisch beschikbare
fractie’ van de aanwezige verontreinigingen. In Hoofdstuk 3 wordr de onrwikkeling
van het concept biobeschikbaarheid beschreven, samen met een discussie over her
gebruik en de invoering van biobeschikbaarheid in regelgeving, Biobeschikbaarheid
wordt pebruikt om te verklaren dat in een bepaalde tijdsperiode niet  alle
verontreiniging is afgebroken, maar dac een dee! onaangetast blijfe. Het wordr ook
gebruikt voor het verklaren van effecten in bio-assays en ecosystemen. Een alles
omvattende definite van biobeschikbaarheid bestaat niet. Biobeschikbaarheid alleen is
een verwarrende term. Het krijgt betekenis als het wordt gebruikt in combinatie met
het woord “voor’, Biobeschikhaarheid voor biologische afhraak  worat  dan
gedefinieerd door beschikbaarheid voor afbrekende micro-organismen, die aanweziy
zijn in kleine watergevulde porién. Fir bestaan diverse chemische methoden om de
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fractie beschikbaar voor biologische afbraak te voorspellen. Eén van deze methoden,
de Tenaxmerthode, is toegepast in het onderzoek beschreven in dit proefschrift.

Landfarmen van verontreinigde baggerspecie wordt al vanaf 1990 toegepast op de
experimentele landfarm Kreekrakstuizen, gelegen bij de gelijknamige sluizen in het
Schelde-Rijnkanaal in de provincie Zeeland. De biologische afbraak van PAKs,
gemeten in verschillende baggerspecies op deze Jandfarm, is beschreven in Hoofdstuk
4. Door de lange duur van de experimenten was het mogelijk drie afbreekbare fracties
te onderscheiden, die met verschillende snelheden afbreken; (1) snel, (2) langzaam en
(3) zeer langzaam. De bijbehorende afbraakconstanten (eerste orde afbraak) zijn
afgeleid uit de gemeten PAK-gehalten. Voor de volledige afbraak van de verschillende
fracties zijn perioden nodig van respectevelijk 1, circa 7 en 30 tot 60 jaar. Gedurende
de eerste periode van snelle afbraak was de waargenomen afbraaksnelheid afhankelijk
van het type PAK. De Kleinere PAIKs (bestaande uit twee en dric aromatische ringen)
braken het snelst af. Afbraak van PAK’s met 4 en vooral met 5 en 6 ringen gaat
langzamer. Gedurende de opvolgende langzame en zeer langzame afbraak kon dit
onderscheid niet meer worden gemaakt en braken alle PAK’s even langzaam af.

De resultaten van desorptiemetingen met de Tenaxmethode gaven een goede
voorspelling van de snel afbreekbare fractie. Kinetische parameters, afgeleid van de
meetresultaten van de Tenaxmethode, lieten zien dat de desorpteprocessen in een
met water verzadigd systeem (zoals bij de Tenaxmethode) beduidend sneller gaan dan
de afbraakprocessen in een met water onverzadipde landfarm. Dit kon worden
verklaard met behulp van de theorieén beschreven in hoofdstuk 2.

Hoofdstuk_5 beschrijft de biologische afbraak van minerale olie op de landfarm
Kreekrakshuizen. De afbraak van minerale olie verliep via snelle en langzame afbraak.
Vergelijkbare afbraakconstanten met die gevonden voor de PAK’s konden worden
afgeleid voor de onderzochte baggerspecies. Het was niet mogelijk een zeer langzaam
afbreekbare fractie te herkennen. Vergeleken met de biologische afbraak van minerale
olie in verontreinigde bodem, verloopt de afbraak van minerale olie in baggerspecie
langzaamn. Dit wordt veroorzaakt door de wijze waarop minerale olie terechtkomt in
de waterbodem. Olie is ecerst aanwezig als dtijflaag en worde via her bovenstaande
water getranspotteerd naar de waterbodem. Op weg hier naar toe vervluchrigen
gemakkelijk  afbreekbare componenten en  worden gemakkelijk  afbreekbare
componenten afgebroken. bir blijtt een verweerde olie over, die moeilijker afbreckbaar
is. Dit in tegenstelling tot een met olie verontreinigde bodem, waatin de
oorspronkelijke minerale olie meestal nog herkenbaar is. Door biologische afbraak in
baggerspecie op een landfarm verandert de samenstelling van minerale olie verder. De
meeste toxische verbindingen (koolwaterstoffen met vussen de 10 en 19
koolstofatomen) worden het eerst afgebroken en minder toxische verbindingen met
meer koolstofatornen blijven langer aanwezig.
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Met het drecompartimentenmodel =zijn voorspellingen gemaakt van het
minerale oliegehalte op de landfarm Kreekraksluizen. Het resterende minerale
oliegchalte na landfarmen van de zwaar verontreinigde baggerspecic uit de
Petroleumhaven (oorspronkelijk minerale oliegehalte 13.500 mg/kg droge stof) hangt
sterk af van de aanwezigheid en grootte van een zeer langzaam afbreckbare fracde.

Verschillende manieren om  de resultaten van landfarmen te verbeteren zijn
beschreven in Hoofdsmuk 6. Verbetering is te beschrijven als een lagere
restconcentratie van de verontreiniging, bij voorkeur in minder tijd en tegen redelijke
kosten. De experimenten waren gericht op optimalisatie van procesfactoren zoals
ontwatering, verhoogde temperatuur, geforceerde beluchting, toevoeging van extra
organismen in de vorm van schimmels en gebruik van vegetatie. Resultaten van deze
expetimenten zijn vergeleken met het doorlopende extensieve landfarm experiment
op Kreekraksluizen. Optimalisatie is alleen effectief voor versnelling van de atbraak
van de snel afbreekbare fractie. Omdat deze fracte wordt ook afgebroken op de
extensieve landfarm binnen één jaar, is optimalisatie van extensief landfarmen meestal
nict effectief. Optimalisatie is effectief als door het verwijderen van deze snel
afbreekbare fractie wordt voldaan aan de criteria voor hergebruik en er weinig ruimtee
voor landfarmen beschikbaar is. Verkorten van de behandelingsperiode vetgroot dan
de verwetkingscapaciteit van de betreffende locatie.

In de komende jaren zal er waarschijnlijk een verschuiving optreden in de beoordeling
van hergebruik van gercinigde baggerspecie: van een beoordeling op basis van nog
aanwezige concentraties van de verontreinigingen naar een op risico’s gebaseerde
beoordeling. Een dergelijke nieuwe beoordeling moet gebaseerd zijn op algemeen
geaccepteerde methoden. Deze zijn echter nog niet beschikbaar. Functies van de
(water)bodems die beschermd moeten worden =zijn; (1) de retentiefuncte; de
eigenschap om  verontreinigingen te adsorberen en mobilisatie van de
verontreinigingen naar grond- en opperviaktewater te voorkomen en (2} de
habitatfunctie; het optimaal functioneren mogelijk maken van de in de bodem
functonerende flora en fauna. Risico’s op de landfarm Kreekraksluizen zijn
bestudeerd door het meten van uitspoceling, het meten van mogelijke ecotoxiciteit met
diverse bio-assays en het meten van diverse biologische activiteiten (Hoofdstuk 7).
Risico’s voor de retendefunctic zijn gevolgd door het meten van uitspoeling en de
toepassing van bio-assays, die gebruik maken van in de waterfase levende organismen,
Deze risico’s bleken snel te verminderen gedurende het ontwateren van de
baggerspecie. Gebaseerd op deze expetimenten is een eenvoudig beheersconcept
ontwikkeld voor de bescherming van de onderliggende grond op een landfarm. De
tisico’s voor de habitatfunctie nemen langzamer af. Kleine effecten in de onderzochte
species waren nog meetbaar na 7 jaar landfarmen, als gebruik werd gemaakt van bio-
assays met in de bodem levende organismen. Geen meetbare effecten zijn
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waargenomen in de baggerspecies die al twaalf jaar zijn behandeld. Fén van deze
baggerspecies bevatte nog steeds cen relatief hoge concentratie PAK’s, maar de
beschikbare fractie hiervan {gemeten met de Tenaxmethode) was klein. Er was circa 5
jaar nodig voordat een gemeenschap van organismen aanwezig in de onderzochte
baggerspecies, is gewijzigd in een gemeenschap van organismen die verwacht mag
worden in een gezonde grond.

Omdat PAK’s en minerale olie via biologische atbraak verdwijnen uit baggerspecie,
zullen gedurende een beperkte periode toxische effecten merkbaar ztjn. Mengen van
bepetkte hoeveelheden baggerspecie met landbouwgrond of grond in natuurgebieden
kan dan een acceptabele oplossing zijn (Hoofdstuk 8). In feite is het verspreiden van
baggerspecie op landbouwgrond een prakdjk die al eeuwenlang wordt toegepast in
Nederland. Ook nu nog worden schone baggerspecie, maar ook licht verontreinigde
baggerspecie, uit gebaggerde watergangen in het landelijke gebied verspreid over
aanliggende percelen. Baggeren om de watergangen op diepte te houden vindt om de
G ot tien jaar plaats. Met een experiment uitgevoerd op Goeree-Overflakkee is
aangetoond dat bij het verspreiden van met PAK’s verontreinigde baggerspecie, de
afbraak van PAK’s ook beschreven kan worden in termen van snelle, langzame en
zeer langzame afbraak. Het verspreiden van baggerspecie in het verleden heeft geleid
tot een lichte verhnging (accumulatie) van het PAK-gehalte in een strook langs de
gebaggerde watergang. Door gebruik te maken van het driecompartimentenmodcl en
biobeschikbaatheden, gemeten met de Tenaxmethode, is aangetoond dat de
accumulatie van PAK’s in de met bagger belaste strook stabiliscert na 5 keer
verspreiden van de bagger. Dit komt overeen met een periode van 30 jaar en een
aantal van de bemonsterde locaties voldeed hieraan. Korte termijn risico’s, speciaal
voor grazend vee, kunnen aanwezig zijn gedurende de eerste lente na het verspreiden
van de bagger.

1n het laatste Hoofdstuk 9 zijn alle resultaten over de biologische afbraak van PAKs
en minerale olie nit de voorgaande hoofdstukken geévalueerd en bediscussieerd. Dit is
gecombineerd met een discussie over de effecten en aanwezigheid van »ware metalen.
Hoewel zware metalen niet het onderwerp zijn van dit proefschrift, mocht deze
discussie niet ontbreken, omdat vele met PAK’s en minerale olie verontreinigde
baggerspecies ook verontreinigd zijn met zware metalen. Mogelijkheden  zijn
beschreven om de risico’s van zware metalen in combinatie met landfarmen te
verlagen.

Hoofdstuk 9 eindigt met cen perspectief voor de toepassing van extensief
landfarmen. Omdat met extensief landfarmen veel tijd is gemoeid, moet het worden
gecombineerd met een nuttige toepassing van de in gebruik genomen ruimte. Dit s
niet alleen om de kosten te verlagen, maar ook om niet onnodig beslag te leggen op
schaarse ruimte. Beschreven voorbeeiden zijn de combinatie met natuurontwikkeling,
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gebruik in construcde als geluidswallen, wegen en dijken, combinatie met de teelt van
biomassa voor de productic van bio-energie en het toepassen van extensief
landfarmen op een vuilstort om een schone afdeklaag te maken, die bovendien als
extta bescherming dient. Ook is ingegaan op de mogelijkheid van biologische afbraak
van PAK’s in de bodem van de uiterwaarden van de gtote Nederlandse rivieren, Dit
hoofdstuk eindigt met de beschrijving van vierdimensionaal landfarmen, waachij het
aantal te landfarmen lagen wordt geoptimaliseerd om de benodigde ruimte en ujd
voor extensief landfarmen te minimaliseren.
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