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ABSTRACT

Vermeulen ], 2007. Ripening of PAH and TPH polluted sediments. Determination and quantification of
bioremediation parameters. PhD-thesis Wageningen University. Wageningen.

Ripening is a process of initial soil formation that results from drainage of disposed water-logged
sediments. Ripening can be subdivided into physical, chemical and biological ripening. Physical
ripening irreversibly converts water-saturated clayey sediment into aerated (unsaturated), structured
clayey soil by desiccation. Chemical ripening changes the chemical composition of sediments by
oxidation processes like the conversion of reduced sulfur into sulfate. Biological ripening consists of
the development of aerobic (micro)organisms and their effect on, for instance, soil organic matter
(SOM) mineralization and degradation of organic pollutants. Ripening can be deployed as a
bioremediation technique for dredged sediments that are polluted with polycyclic aromatic
hydrocarbons (PAH) and total petroleum hydrocarbons (TPH).

In this study, bioremediation parameters were determined and quantified for different clayey dredged
sediments. On the average, clay, soil organic carbon, and reduced sulfur contents of the studied
sediments were 22, 7.6, and 1.2%, respectively. All sediments were heavily polluted with PAH and
slightly to heavily polluted with TPH. The different sub-processes of physical ripening, chemical
ripening, and biological ripening — including PAH and TPH degradation — were studied in several
independent laboratory experiments. First, physical ripening was studied independently from chemical
and biological ripening in artificial sediment aggregates that were physically ripened in specially designed
microdepots. Furthermore, biological and chemical (biochemical) ripening processes were studied during
an incubation experiment with slurried sediments that were optimally supplied with oxygen. In this way,
the biochemical ripening processes could be studied independently from physical ripening. The effects of
oxygenation on PAH and TPH degradation in slurried and consolidated sediments were quantified.
Finally, the extent of oxygenation in a layer of clayey dredged sediments with average characteristics was
calculated for different stages of field scale ripening using an oxygen diffusion model for aggregated soils.

It was concluded that matric potentials lower than -16,000 hPa are needed for complete physical
ripening of dredged sediments. For a good description of physical ripening, not only information is
needed on the lowest past matric potential, but also on the aggregate size distribution. Oxygen uptake
rates of biochemically ripening sediments can completely be explained by oxidation of reduced sulfur
and mineralization of SOM. Oxygen uptake for the degradation of PAH and TPH played only a
negligible role in the total oxygen uptake. Fractions of sulfur and SOM that were oxidized and
mineralized during biochemical ripening were 5 to 35% and 5 to 10%, respectively. PAH and TPH
fractions that were degraded during biochemical ripening amounted up to 10 to 60% of the initial
amounts of PAH and TPH. Relative PAH and TPH degradation rates are in the same order of
magnitude as relative SOM mineralization rates. The model results showed that the maximum layer
thickness of ‘average’ clayey dredged sediments that can be completely oxygenated increases from a
few millimeters to 1.10 meter as a result of the combination of physical and biochemical ripening.
Each doubling of oxygen uptake rates decreases the layer thickness that can be completely
oxygenated with a factor 1.4.

The research described in this thesis increased the insight into the individual processes of physical
ripening, biochemical ripening — including PAH and TPH degradation — that result from drainage of
disposed water-logged sediments. This increased insight can be used to optimize conditions for
ripening of dredged sediments at upland sediment disposal sites.

Key words: bioremediation, degradation, dredged sediments, mineralization, mineral oil, oxygen
diffusion, oxidation, polycyclic aromatic hydrocarbons (PAH), ripening, soil formation, soil organic
matter (SOM), sulfur, total petroleum hydrocarbons (TPH)
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GENERAL INTRODUCTION

Waar een gewoon en bondig antwoord mogelijk was,
maak_je een eindeloze omnweg.
De vraag over klei bijvoorbeeld had ik gewoon,
kort kunnen afdoen met te eggen
dat klei met vocht vermengde aarde is,
gonder in te gaan op de toepassing.

Theaitetos — Plato
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Chapter 1

1.1 Dredged sediments

Worldwide, the water management and nautical functions of surface waters are threatened
by settling sediments. To ensure sufficient water depth, huge amounts of sediments have
to be dredged. It is estimated that in The Netherlands alone, 40x10° m3 of sediments have
to be dredged annually during the current decennium. 50% of this volume originates from
freshwater (AKWA 2001).

For centuries, the dredged sediments have been used to raise the land and as natural
fertilizers because of their nutrient content (Van Egmond 1971). Dredged material was a
sought-after product. In the late 1970s, it appeared that urban and agricultural areas where
dredged material had been utilized were heavily contaminated. We now know that 40% of
the Dutch freshwater sediments are heavily polluted with a ‘cocktail’ of contaminants
(AKWA 2001). Therefore, nowadays the dredged material that has been removed from
channels and harbors is seen as an unwanted heritage from the past and no longer as a
useful material (Huisman 2004).

Until the middle of the 1980s, large quantities of polluted dredged sediment were dumped
into the North Sea. The Dutch government decided to stop this dumping as a first step to
avoid negative effects on the marine environment. It was decided that the sediments had
to be stored under controlled conditions. For this reason, a permanent disposal facility
(the ‘Slufter’) was built near the North Sea coast in 1985. During the last decennia, several
additional sediment disposal sites have been constructed. However, the costs of these
permanent facilities are high and their capacity is limited (Huisman 2004). Therefore,
dredging activities decline and vast amounts of polluted dredged sediments are stored
temporarily at disposal sites located throughout The Netherlands. Through the years, this
temporary upland disposal has become the most widely adopted alternative for dredged
sediments worldwide (Singh et al. 1998).

1.2 Remediation of polluted sediments

In the Environmental Management Act of the Netherlands, dumping and storing in
permanent disposal facilities are considered as the least desired alternatives to solve the
problem of polluted dredged sediments (Ministerie van VROM 1992). Therefore, research
into clean-up (remediation) and utilization of polluted dredged sediments has been
stimulated by research programs of governmental organizations like the Dutch Directorate
for Public Works and Water Management (e.g. POSW 1997, AKWA 1999a), water boards
(e.g. GOBZ 1998, Stowa 1998), and research institutes (e.g. TNO-MEP 1997,
CUR/NOBIS 1997).

In addition to these applied research programs, biological, chemical and physical remediation
processes for sediments were also evaluated in different, more fundamental research projects
of Wageningen University. For instance, Noordkamp (1999), Bonten (2001), Cuypers
(2001), Mulleneers (2001), and Harmsen (2004) carried out research with sediments that
were polluted with the widespread pollutants PAH (Polycyclic Aromatic Hydrocarbons) and
mineral oil (characterized as TPH (Total Petroleum Hydrocarbons)). This research has
contributed to a better insight into the processes that play a role in remediation of sediments.

_14 -



General introduction

Recently, insight among remediation specialists has grown that — from an ecotoxicological
point of view — it is not necessary to completely remove the pollutants during remediation of
soils and sediments. Only the potentially (bio)available fraction of the pollutants needs to be
removed to reduce the risk for environment and humans to acceptable levels
(Grotenhuis et al. 2004, Smit et al. 2005). Therefore, extensive remedation methods that
aimed at total clean-up and have been studied and developed in the past (e.g.
Noordkamp 1999 and Bonten 2001) will be applied less and less frequently. In the final
report of the Dutch development programme for treatment processes for contaminated
sediments (POSW 1997), it was concluded that immobilization and less extensive techniques
like sand separation (possibly combined with polishing or flotation), landfarming and
ripening — both typical examples of off-site remediation techniques — are the most promising
of the currently available remediation techniques.

1.3 Ripening of PAH and TPH polluted dredged sediments

Ripening is a soil formation process that irreversibly converts waterlogged clayey sediment
into aerated soil by the action of desiccation and structure development (Pons and
Zonneveld 1965). During ripening at least part of the aerobically degradable contaminants
will degrade to harmless products like carbon dioxide and water. The product of ripening is
a diggable clay that depending on the physical and chemical composition can be deployed as
a construction material (POSW 1997).

Ripening can either be seen as a first step in the processing of sediments through
landfarming (Harmsen 2004), or as a more independent processing method, through which
fine, clayey types of sediments are processed (POSW 1997). In this thesis, we regard ripening as an
independent bioremediation technigue for PAH and TPH polluted sediments that are stored at upland
disposal sites. 1f sediments could be successfully remediated by ripening during temporary
disposal space needed for permanent disposal facilities is not needed. Therefore, ripening is
not only a promising remediation technique, but it also complies with the goals of the Dutch
Environmental Management Act (section 1.2).

Numerous studies have confirmed that ripening has potential as a bioremediation
technique for sediments that are polluted with organic pollutants like PAH and TPH
(POSW 1995, 1997a, 1997b, GOBZ 1998, CUR/NOBIS 19992, CUR/NOBIS 1999b,
Harmsen 2004). In these studies, non-optimal removal of pollutants was attributed to a
combination of limited bioavailability of the pollutants and limited availability of oxygen.
However, most of these (field) studies could not separate the effect of the individual
processes on the success of bioremediation because of the complex relationships between
the different ripening processes and bioremediation. It was concluded in several studies
that the available knowledge was not sufficient to guarantee optimal ripening during
temporary upland disposal and that more fundamental research was needed (e.g. PHB 1996,
TNO-MEP 1997, CUR/NOBIS 1997). In such fundamental research, the different aspects
of ripening of dredged sediments — including degradation of PAH and TPH — should be
studied independently (see also chapter 2 of this thesis).

_15-



Chapter 1

1.4 Objective and outline of this thesis

Ripening of sediments is complex. Numerous interacting processes take place. Many are
not well understood. The objective of this thesis is therefore to optimize bioremediation
conditions in dredged sediments during temporary storage by better defining the
individual ripening processes —including PAH and TPH degradation — and its

interactions.

In chapter 2, a literature review is presented on the different aspects of ripening of clayey
dredged sediments. Special attention is given to the subdivision into physical, biological and
chemical ripening. The relevance of the ripening process as bioremediation technique for
PAH and TPH polluted sediments is demonstrated. It is shown that more fundamental
research is needed to quantify the different processes that are at work during upland
disposal.

In chapter 3, all relevant physical process parameters are quantified for two sets of clayey
dredged sediments at different stages of physical ripening. The first set of sediments was
artificially ripened in the laboratory, wusing specially designed microdepots
(Vermeulen et al.. 2000). The second set of sediments had undergone naturally ripening at
field disposal sites that were extensively described by Harmsen (2004). The chapter includes
the quantification of parameters governing shrinkage, swelling, moisture retention, hydraulic
conductivity, oxygen diffusion, and structure development. Using the microdepots, physical
ripening could be studied independently from chemical and biological ripening.

In chapter 4, the mineralization kinetics of soil organic matter (SOM) in dredged sediments
is described with a double exponential model. Besides, information is given about nitrogen,
phosphorus and sulfur mineralization. In chapter 5, the kinetics of PAH and TPH
degradation in the five same sediments as the sediments of chapter 4 are described with a
double exponential model and compared with the SOM mineralization kinetics of chapter
4. The biological and chemical (biochemical) ripening processes that are described in
chapters 4 and 5 were studied in an incubation experiment with five types of slurried
sediments that were optimally supplied with oxygen (Bonten et al. 1999). In this way, the
biochemical ripening processes could be studied independently from physical ripening.

In the last part of chapter 5, measurements of oxygen penetration into consolidated
sediment (aggregates) and PAH and TPH degradation in this consolidated sediment are
presented.

In chapter 6, the extent of oxygenation in a layer of clayey dredged sediments at different
stages of ripening is calculated for a field scale using an oxygen diffusion model for
aggregated soils (Smith 1980). All values that were used for the model’s input parameters
origin, or were derived from, preceding chapters of this thesis. The relative importance of
the different input parameters is shown for ripening of PAH and TPH polluted sediments
that are stored at upland disposal sites.

Summaries and general conclusions of the thesis are presented in chapters 7 (English) and

7" (Dutch).
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General introduction

1.5 Research material

This thesis deals with ripening of cayey sediments because they are most widespread in
delta areas like The Netherlands (AKWA 1999b) and because only sediments with clay
contents higher than 8% and/or a SOM content higher than 3% exhibit substantial
physical ripening (Pons and Zonneveld 1965). All sediments that were used in this study
were collected from the bottoms of water bodies in The Netherlands. Their clay and
SOM content ranged from 8 to 26% and 5 to 17%, respectively. They therefore roughly
represent the ‘standard sediment’ (containing 25% clay and 10% SOM) that was defined
in Dutch legislative texts that are used to assess the severity of cases of soil and sediment
contamination (e.g. Ministerie van VROM 2000).

All studied sediments were heavily polluted with PAH (40 — 100 mg kg!) and slightly to
heavily polluted with TPH (450 — 9,100 mg kg1).

17 -






RIPENING OF DREDGED SEDIMENTS

Literature review

Met de hand vergamelen e slijk
dat ze meer door de wind dan door de zon laten drogen
en met deze turf verwarmen e hun voedsel
en hun door de noordenwind verklenmde lichamen.

Naturalis bistoria — Plinius

This chapter is based on a paper that was originally published in the Journal of Soils and Sediments
(Vermeulen et al. 2003)
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Chapter 2

Abstract

In The Netherlands about 40 million m? of sediment has to be dredged annually for both maintenance
and environmental reasons. Temporary upland disposal is the most widely adopted alternative for dredged
sediments worldwide. For good management of temporary disposal sites, knowledge is needed on the
processes controlling the behavior of the sediments during disposal. Therefore, a review of the literature
was made to get an integrated overview about processes that take place during temporary disposal.

After disposal of clayey sediments, the following spontaneous dewatering processes can be distinguished:
sedimentation, consolidation, and ripening. Sedimentation and consolidation are relatively fast processes,
whereas ripening can take up to several years. From a remediation perspective, the ripening of sediments
is the most important dewatering process. Ripening, which may be subdivided into physical, chemical, and
biological ripening, transforms sediment into soil. Physical ripening is the irreversible loss of water and
results in the formation of soil prisms separated by shrinkage cracks. Continuing water loss causes a
breaking up of the prisms into aggregates. The aggregates produced by this ongoing desiccation process
usually remain quite large (> 50 mm) and can only be further broken down by weathering processes like
wetting and drying or by tillage. As a result of the aeration caused by physical ripening, also chemical and
biological ripening take place. Chemical ripening can be defined as the changes in chemical composition
due to oxidation reactions and leaching of soluble substances. Biological ripening is the result of the
activity of all kinds of soil fauna and flora that develop as a result of aeration, including both the larger
and the microscopic forms of life. Decomposition and mineralization of soil organic matter caused by
micro-organisms can be seen as the most important aspect of biological ripening. Many interactions exist
between the different ripening processes.

Oxygenation of dredged sediment is improved as a result of the natural ripening processes: the air-filled
porosity increases, the aggregate size decreases, and the initially high respiration rates caused by chemical
and biological ripening decreases. Therefore, conditions in the disposal site become more favorable for
aerobic biodegradation of organic pollutants like Polycyclic Aromatic Hydrocarbons (PAH) and mineral
oil. It is concluded that the naturally occurring process of ripening can be used as a bioremediation
technique. Ripening in an upland disposal site is an off-site technique, and therefore, the process could be
enhanced by means of technological interference. However, it is concluded that the knowledge currently
available about upland disposal is not sufficient to distinguish critical process steps during the tipening of
PAH and mineral oil polluted sediments because of the complex relationships between the different
ripening processes.

2.1 Introduction

Enormous volumes of sediments have to be dredged worldwide for both maintenance
and environmental reasons. In The Netherlands, for example, 40x10° m3 of sediment
have to be dredged annually. 50% of this volume originates from freshwater. 40% of the
freshwater sediment is heavily polluted with a ‘cocktail’ of contaminants (AKWA 2001).
Sediments that are polluted with hydrocarbons like Polycyclic Aromatic Hydrocarbons
(PAH) and mineral oil can potentially be remediated during temporary upland disposal.
Because temporary upland disposal is easy and cost-effective, it is the most widely
adopted disposal alternative worldwide. If the quality of the dewatered sediments that
remains after temporary disposal meets the legal standards, they can be used in
landscaping, agriculture, construction, restoration of previous industrial sites, the ceramic
industry and as confining layers in and on landfills (Willet 1985, Singh et al. 1998). In delta
areas like The Netherlands, the majority of dredged sediments is clayey (AKWA 1999b)
and the dredged material in upland disposal facilities consequently consists primarily of
clayey material.

_20 -
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For good management of temporary disposal sites, knowledge is needed on the processes
controlling the behavior of the sediments during disposal. International literature about
dredged sediments in upland disposal sites mainly focuses on chemical aspects and the
potential risks for the environment (e.g. Singh et al. 1998 and Brandsch et al. 2001).
Literature about dewatering processes and their relationship with aerobic biodegradation
of organic pollutants is scarce or has not been directed toward the description of the
processes taking place in the relatively thin layers of dredged sediment that are stored in
an upland disposal facility (PHB 1997). Therefore, the aims of this review are: (i) to
present an integrated overview of literature of geotechnique, soil science, and
environmental technology about processes that take place after clayey dredged material is
disposed, (i) to show the relevance of these processes for biodegradation of PAH and
mineral oil polluted dredged material, and (iif) to show where there is a lack of knowledge
about the use of temporary upland disposal as a remediation technique.

In The Netherlands, the knowledge level about the topic is relatively high. Therefore,
much of the data presented in this review originates from Dutch research. Other research
in Europe is conducted in countries with large areas of surface waters like United
Kingdom, Germany and Belgium. The Dutch conditions are more or less comparable
with the conditions in the rest of Western Europe. Under different (climatic) conditions,
the same processes occur, but their magnitude may be different.

2.2 Sedimentation, consolidation and ripening

The water content of dredged sediments that are transported through pipelines and
disposed of in an upland disposal site is over 70% of the total weight. This water is
removed from the disposal site by runoff (horizontally), drainage (downward) or
evapo(transpi)ration (upwards). During this dewatering, sedimentation, consolidation, and
ripening can be distinguished as processes that affect the intrinsic biodegradation of PAH
and mineral oil (Fig. 2.1).

Sedimentation of the sediment particles takes place immediately after disposal of dredged
material. If sediment particles can fall freely without hindrance, Stokes’ law governs their
settling rate. However, when solid concentrations are high, as in dredged material,
hindered settling is usually observed (Imai 1980). Coarse particles composed of gravel and
sand settle almost instantaneously. Particles smaller than 2 um in diameter (clay minerals)
have a very small settling rate. However, they are liable to collide and flocculate into flocs
resulting in higher settling rates. Flocculation is a function of particle and electrolyte
concentration: saltwater results in faster flocculation than freshwater. Even in freshwater,
electrolyte concentrations are usually sufficiently high to cause flocculation (Hough 1957).
Sedimentation of clayey material results in a honeycomb structure of clay platelets (Pons
and Van der Molen 1965). In this honeycomb structure, much of the clay particles are
dispersed and organized in a so called ‘edge-to-edge or edge-to-face flocculated’
association (Van Breemen and Buurman 1998, Grossman 1983, Van Olphen 1977).
Sedimentation is a relatively fast process that takes place within hours or days. In general,
coarse or high-density particles have higher sedimentation rates than small or low-density
particles.

_21-
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Sedimentation

v

Consolidation

v

Physical Ripening

— .

Chemical Ripening < > Biological Ripening

~— I —

Aerobic Biodegradation
of PAH and mineral oil

Fig 2.1 Intrinsic processes during temporary upland disposal of dredged material and their mutual relationships

Sedimentation is followed by a stage where the settling rate of the particles decreases
significantly. During this phase, the flocs which are formed during sedimentation form
bonds and ‘self-weight consolidation’ starts. The weight of overlying sediment forces out
the pore water and the honeycomb structure collapses slowly at the bottom
(Partheniades 1965). Different forms of consolidation can be distinguished including
‘consolidation by overburden pressure’ and ‘consolidation by desiccation’. However, in
this review we reserve the term ‘consolidation’ solely for ‘consolidation by overburden
pressure’, whereas the term ‘physical ripening’ is used for ‘consolidation by desiccation’
(section 2.4.1). The driving force for ‘consolidation by overburden pressure’ is the
pressure caused by the weight of overlying sediment (see also Appendix 3). The volume
will only be reduced if water is able to drain, either upward or downward, from the
sediment layer (Terzaghi and Peck 1967). Therefore, slow permeable sediment layers with
a thickness of several meters may require consolidation periods of several decades.
Rijniersce (1983) found permeability values for water of 1.7x10-4 m d! in a wide range of
clay, and organic matter contents and pore volumes. However, Kim et al. (1993a) and
Wichman (1999) measured different permeabilities for different degrees of consolidation,
which is more likely. They report values from 1.0x10 to 3.0x10-2 m d-! for void ratios
(for definition, see chapter 3) ranging from 2.0 to 4.5 cm? cm?. Thin layers of sediment
(< 2 m) result in consolidation periods on the order of months (AKWA 1999a). A linear
relationship exists between the logarithm of the overburden pressure and the resulting
void ratio (Bradford and Gupta 1980).

From a remediation perspective, the desiccation of dredgings is a more important
compaction process. In soil science, this process is known as ‘ripening’. This denotes the
initial soil formation processes that render a soft alluvial deposit suitable for agricultural
use. Hence, ripening is the very first stage of ‘maturation’ in the pedological sense (Pons
and Zonneveld 1965). The term was coined as an analogy to the traditional term of
‘ripening’ used for cheese (Van Breemen and Buurman 1998). According to Pons and
Van der Molen (1973), ripening may be subdivided into physical, chemical, and biological
ripening. Although the three ripening processes proceed simultaneously and interact with
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each other (Pons and Van der Molen 1973), physical ripening can be considered as the
driving force of the whole ripening process.

In The Netherlands, the ripening process has been the object of extensive study during
reclamation of the IJssel-Lake polders and ample Dutch literature is available on the
subject (Rijniersce 1983). The processes taking place during dewatering of dredgings in an
upland disposal site change soft anaerobic sediment into an aerated soil with structure.
Therefore, the use of the term ‘ripening’ is also widely accepted to describe these
processes in The Netherlands (Willet 1972, De Waard and Van de Velde 1981,
Dekker 1981, Willet and Cavelaars 1981, Van Tol 1985, De Haan et al. 1998,
Zevenbergen et al. 1999, Vermeulen et al. 2000, Harmsen 2001).

2.3 Physical ripening

Physical ripening can be summarized as follows: “physical ripening is a soil forming
process by which a sediment that is exposed to drier hydrological conditions than those
with which it can maintain equilibrium is practically irreversibly converted into more
compact, aerated, more permeable material, the physical properties of which depend on
the new hydrological conditions and which can be designated by the name soil”
(Rijniersce 1983). Physical ripening consists of dehydration and shrinkage, increase of
permeability, change from a soft to a friable or hard consistency (see also Appendix 2),
and subsidence of the surface of the sediment, resulting in the formation of soil prisms
separated by shrinkage cracks (Pons and Van der Molen 1973). Sediments that have no
colloidal particles will not exhibit physical ripening phenomena. In practice, only
sediments with a clay content higher than 8% and/or an organic matter content higher
than 3% exhibit physical ripening (Pons and Zonneveld 1965).

2.3.1 Desiccation

The process of drying sediment is different from the normal drying of clayey soils. Under
normal drying, clay platelets in a face-to-face orientation approach each other as a result
of increasing capillary forces. Upon wetting, the distance between the platelets increases
again and clayey aggregates regain their original volume (Bronswijk and Evers-Vermeer
1990). However, during physical ripening, the major part of shrinkage caused by an
increase in capillary forces is irreversible (Kim et al. 1993b). This irreversibility is caused
by a telescoping of the individual clay platelets in the honeycomb structures that remain
after sedimentation (Pons and Zonneveld 1965). Due to this telescoping, individual clay
platelets assume a face to face orientation (are ‘stacked’). The process of telescoping
results in irreversibly contracted honeycomb structures in which the clay platelets are
more and more aggregated (Van Breemen and Buurman 1998, Van Olphen 1977). Only
mechanical disturbance of the ripened material under wet conditions like ‘puddling’ can
reverse this process (Pons and Zonneveld 1965). After a period of desiccation, the
colloidal particles that have moved towards new positions of higher free energy will
gradually rearrange their positions and orientations back towards a minimum free energy
configuration. This process, that may occur if the soil stays at constant water content, is
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called ‘age-hardening by particle rearrangements’ and results in an extra increase in
strength of the soil (Dexter et al. 1988).

Rather than shrinking entirely in a vertical direction (consolidation) or uniformly in all
three directions (three-dimensional isotropic shrinkage) the soil may show a distribution
of cracking and subsidence which lies somewhere between these two extremes depending
on the degree of physical ripening, strength and overburden load. Crack formation can
occur only if the soil is firm enough to bear the load without flowing (Rijniersce 1984).
Horizontal shrinkage is caused by the capillary attraction stress of pore water. A physical
measure for this stress is the matric pressure (Baver et al. 1972, Appendix 3). A crack is
initiated when the total stress at any point is equal to the tensile strength of the soil.
Stresses of this magnitude are reached at matric pressures lower than about -200 hPa
(Konrad and Ayad 1997). Primary cracks tend to form a hexagonal-type pattern on the
surface, but in a vegetated surface they may run halfway through the rows of plants where
the soil is wettest and hence weakest. When primary cracks reach a certain width, drying
of the soil from the vertical crack faces occurs and horizontal secondary cracks may be
induced (Dexter 1988). Further drying can produce vertical tertiary cracks. Fig. 2.2a
(section 2.3.3) gives a schematic representation of primary, secondary, and tertiary cracks.
Slow drying tends to produce wide cracks at large spacings, whereas rapid drying tends to
produce more but narrower cracks at smaller spacings. On the average, distances between
the primary cracks are about 50 cm (Selley 1976, Chertkov 2000). However, depending on
the granular composition, distances between primary cracks range from 25 (Yaalon and
Kalmar 1984) to 100 cm (Dasog et al 1988).

In cracked bare soils the greater part of evaporation occurs from the shrinkage cracks
(Ritchie and Adams 1974, PHB 1997) whereas evaporation from cracks is negligible in
cropped soils (Bronswijk 1991). Due to cracking, the permeability for water increases
from the values mentioned in section 2.2 up to several hundred meters per day and is
related solely to the ‘crack permeability’ (Rijniersce 1983). As their void ratio decreases
gradually during shrinkage, the permeability of the formed soil prisms decreases. Physical
ripening causes a higher degree of compaction than is brought about by consolidation,
because the magnitude of matric pressures caused by evapo(transpi)ration can be much
larger (up to thousands of hPa) than the overburden pressure caused by the overlying
mass of sediments (up to hundreds of hPa). Data provided by Kim (1993a) suggest that a
soil is almost completely physically ripened if a matric pressure lower than -1,000 hPa is
reached.

The time needed to physically ripen a layer of sediments in a disposal site depends on
different factors. If initial water contents are high, more water needs to be removed
before physical ripening is complete. In The Netherlands —with an average annual
evaporation surplus in the summer season of about 60 mm (Rijniersce 1983) — matric
pressures in the (top)soil as low as -16,000 hPa can be reached (Bronswijk and Evers-
Vermeer 1990). Under these humid climatic circumstances, a one-m thick layer of clayey
sediments vegetated with natural vegetation can be physically ripened within six years. At
a cultivated disposal site with dredged sediments, about two years are needed for this
process (Harmsen 2001). Ripening can be enhanced by the construction of trenches of
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the application of sediments in ridges. Also creation of permeable sand layer in between
layers of dredged sediments can be advantageous. The presence of a (vacuum) tile
drainage system can enhance downward water removal during consolidation (PHB 1997).
Injection of sand slurry into the clayey dredged material to create thin internal drainage
layers has been proved to be successful; attempts to apply electro-osmotic were not
(Haliburton TA 1979). Cultivation of sediments creates new wet surfaces from which
maximum evaporation can occur. Evaporation can also be stimulated by increasing the
temperature, by vegetation, or by forced ventilation (Harmsen 2001). Under drier climatic
conditions, the desiccation process can be much faster (Rijniersce 1983).

2.3.2 Ripening index

The stage of physical ripening can be described with a quantitative ripening index, called
n-value. The n-value is an empirical measure of the water-binding capacity of the material
at a certain ripening stage and is therefore closely related to the total porosity of the
material. In the literature, the n-value is defined in several different ways (Pons and
Zonneveld 1965, Pons and Van der Molen 1973, Soil Survey Staff 1975, Rijniersce 1983,
Van Breemen and Buurman 1998). We here give the most widely used definition:

= Wsa,—pF\’ (2.1)
L+bH
where:
Nrip = n-value (g water g™* clay)
Wsat = saturated moisture ratio (g water (100 g)® D.M.)
p = water-storing capacity of non-colloidal parts (g water g' R)
R = sand + silt content (g sand + silt (100 g)* D.M.)
L = clay content (g clay (100 g)* D.M.)
b = ratio between water adsorption of 1 g organic matter compared to that of 1 g clay (-)
H = organic matter content (g organic matter (100 g)* D.M.)

In soils with well-humified organic matter and illite-clay, a b-factor of 3 is valid. As most
Western European clays mainly consist of illite and, except for peaty dredged material,
most organic matter in dredged material has a high humification, it is also permissible to
use a b-factor of 3 for dredged materials in Western Europe. The b-factor for partly
disintegrated organic matter fluctuates between 3 and 9. The n-value ranges from 3.0 —
2.0 (unripe, recently deposited sediment) via 2.0 — 1.4 g ¢! (consolidated, but practically
unripe), 1.4 —-1.0 gg! (half-ripe), and 1.0-0.7 gg! (neatly ripe) to <0.7 gg! (ripe,
normal soil). Generally, a p-factor of 0.2 g gl is used. However, for very sandy material
this figure might be somewhat higher and in very clayey sediment somewhat lower (Pons
and Zonneveld 1965). At several places in the literature, it is suggested to use a p-factor of
0.3 gg! for dredged sediments (Willet 1972, De Waard and Van de Velde 1981,
PHB 1995). The n-value for soils with clay minerals other than illite, can be estimated if
the ratio between the cation exchange capacity (CEC) of the clay mineral in question and
the CEC of illite is known (Pons and Zonneveld 1965, Appendix 2).

Table 2.1 provides the values of several characteristics of clayey dredgings after
sedimentation (7 < 3 g g'!), after consolidation (7 < 2 g g'1), and after physical ripening
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(mp < 0.7 g g). All values (see also appendix 1) in this table are calculated and based on
the n-values.

Table 2.1 Characteristics of clayey dredged material with different n-values (nrp): saturated moisture ratio on mass (wsar) and
volume basis (), dry matter content (D.M.), wet bulk density (°0), dry bulk density (°04), and relative layer thickness (Z)
after sedimentation, after consolidation, and after physical ripening

Stage Wsat P Gsat ¢d D.M. b Ow d bpd d V4
(mass-%)  (cm3cm3)  (mass-%) (g cm3) (gcm?) ()
sedimented, nip <3 ggta <178 <446 > 36 >1.28 >0.46 <1.00
consolidated, nip<2gg'a <123 <3.08 >45 >1.37 >0.61 <0.75¢
ripe, nrip < 0.7 g g'a <52 <1.29 > 66 > 1.66 >1.09 <0.61f

a np = n-value (Eq. (2.1))

b Wsat = nip(L+3H) + 0.2R (derived from Eq. (2.1)) with L = 25%, H = 10%, and R = 65% (typical values for Dutch sediments)
¢ 9= volume water / volume solids

4 Gsat, Low, and Ly are calculated assuming a particle density of 2.51 g cm3

e calculated with 24 before and after consolidation: Z = 1(0.46 / 0.61)1 (no crack formation, 1-dimensional subsidence)

f calculated with 24 before and after ripening: Z = 0.75(0.61 / 1.09)1/3 (crack formation, 3-dimensional isotropic shrinkage)

2.3.3 Structure development

Desiccation causes polygonal fractures at the surface forming a very coarse prismatic
structure (Fig. 2.2a). The soil prisms are subsequently broken down into coarse angular or
subangular blocky and thick platy aggregates (Wilding and Hallmark 1984). Blocky
aggregates may be found in the surface layers, whereas platy aggregates exist in the
subsurface layers due to overburden pressure (Ahmad 1983). At the same time, the coarse
prismatic structure may be formed deeper in the profile (Fig. 2.2b).
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Structure development stage

Fig. 2.2 Schematic cross section of a layer of dredged material at different stages of structure development (After Baver et
al. 1972, Dexter, 1988 and Vervoort et al. 1999). a = very coarse prismatic structure with primary (1), secondary (2), and
tertiary cracks (3); b = coarse blocky and platy aggregates on very coarse prismatic structure; ¢ = medium and fine
aggregates on coarse blocky and platy aggregates and very coarse prismatic structure
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The blocky aggregates are quite large (> 50 mm, Baver et al. 1972) and can be further
broken down to medium and fine aggregates (< 50 mm) by applying mechanical stresses,
externally by tillage, internally by weathering processes (wetting/drying ot
freezing/thawing) or by a combination of the two (Dexter 1988, Baver et al. 1972). The
more intensively soils are dried, and the more often they are rewetted, the smaller the
average aggregate diameter becomes. Only soils with over 15% clay tend to form stable
aggregates (Horn et al. 1994). Provided that the layer of dredged material is thick enough,
a soil profile as described by Southard and Buol (1988) and Vervoort et al. (1999) is
formed (Fig. 2.2c). The thickness of the different layers depends on evapo(transpi)ration
surplus and the amplitude of the groundwater level.

The process of reduction in aggregate size is called ‘mellowing’ (Utomo and
Dexter 1981a) and simultaneously causes an increase in bulk density and strength of the
resulting ageregates (Hadas 1990). The degree of the dependence between strength and
aggregate size has been developed as a measure of soil friability (Utomo and
Dexter 1981b). Dexter et al. (1984) found extreme high values of friability in young soils
from reclaimed polders, meaning that aggregates can be broken down easily by
weathering processes. Since these young soils are still in the process of physical ripening,
this is also an indication that aggregates which are formed in a disposal site for dredged
material are easily broken down into smaller aggregates. Friability is positively correlated
with increasing organic carbon content, decreasing sand content, increasing hydraulic
conductivity, and decreasing bulk density (Watts and Dexter 1998). The friability of a
given soil tends to increase as a result of wetting and drying, freezing and thawing, and the
addition of lime, gypsum or phosphoric acid (Watts and Dexter 1998, Chan et al. 1999).

The geometric mean diameter (GMD) and the log standard deviation (o, 4) can be useful
to quantify the structure development process (Allmaras et al. 1965). During a laboratory
experiment with a reworked (= unripe) clay soil, Shiel et al. (1988) found that the GMD
decreased from 44.7 mm after the second wet/dry cycle to 0.8 mm after the eighth cycle.
iy 4 decreased from 1.0 to 0.3. The aggregate decay rates decreased with falling aggregate
size, suggesting that an equilibrium aggregate size distribution was approached.

Thus, the stability of the formed aggregates depends on the amount of previous wet/dry
cycles. Besides, chemical processes (section 2.4) are also involved in aggregate
stabilization. ‘Age-hardening by cementation’ (Dexter et al. 1988) occurs if chemical
bonds between soil particles are formed by agents like CaCOs3, Al and Fe-oxides, divalent
cations, and humus (Koorevaar et al. 1983). Furthermore, aggregate stabilization by
biologically produced agents (section 2.5), like extracellular metabolic products of
colonies of bacteria and root exudates, has been observed (Horn et al. 1994).

2.3.4 Aeration

Since oxygen diffusion into the layer of sediments is largely determined by the presence of
continuous air-filled macropores (Bronswijk 1991), aeration is enhanced by the formation
of structure. Soil aeration is governed by the transport of oxygen from the atmosphere
into the soil and consumption of oxygen by biological respiration or by chemical
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reactions (Horn et al. 1994). Most soil physicists support the hypothesis that diffusion
rather than convection is the more important mechanism of soil aeration. However,
convection can contribute significantly to soil aeration in certain circumstances
(Hillel et al. 1998). Diffusion rates through the air-filled cracks (macropores) into the soil
system are relatively high, whereas diffusion rates through water-filled pores in the
aggregates (micro-pores) are relatively low (Smith 1980). However, if aggregate size
decreases, the transport of oxygen into the bed of aggregates is inhibited due to an
increase in tortuosity of the macropores (see Fig. 2.2). It was shown by Bronswijk (1991)
that inter-aggregate diffusion rates in a well-structured clay soil can be 70% lower than the
diffusion rate in a cracked, poorly structured clay soil due to an increase in tortuosity of
macropores. So, the requirements for inter- and intra-aggregate aeration are in conflict,
but if respiration rates and inter and intra-aggregate diffusion coefficients are known, it is
possible to estimate the aggregate size range and thickness of the aggregate bed that
prevents the onset of anoxic conditions (Braunack and Dexter 1989).

In agricultural soils, diffusion coefficients within aggregates range from about 1.4x10-7 for
water-saturated to 1x10-2 cm? s for very dry aggregates (Smith 1980, Sextone et al. 1985,
Sierra et al. 1995, Rappoldt 1995), whereas inter-aggregate diffusion coefficients range
from about 8x10-6 to 8x10-2 cm? s (Smith 1980, Bronswijk 1991). Complete oxygenation
of soil aggregates can be expected only when pores within the aggregates become filled
with air or when micro-cracks start to develop (Bakker and Bronswijk 1993) as a result of
ongoing desiccation. Heavy clay soils can have anaerobic centers even at matric pressures
of -16,000 hPa (Braunack and Dexter 1989). In these soils, only reduction of aggregate
size by weathering or tillage may lead to complete oxygenation.

Calculations made by Smith (1980) show that 65% (at the surface) to 90% (at 1 m depth)
of the total volume is anoxic in a soil profile with air-filled macropores and water-
saturated aggregates (GMD = 10 cm; gis = 1) and a respiration rate of the aggregate
matrix (Q) of 2x107 cm3 Oz 5! ecm3. A GMD of 10 cm and a gy, ¢ of 1 are valid for
dredged material in an initial stage of structure development (section 2.3.3). However, it is
expected that chemical and biological ripening processes in dredged material cause a
higher respiration rate than the respiration rate used by Smith. Therefore, larger fractions
of the total volume are expected to be anoxic in a temporary disposal site.

2.4 Chemical ripening

Oxidation combined with chemical changes as a result of the improved aeration by
physical ripening causes the following processes: “oxidation of soil components that are
stable only under reduced conditions, change of ionic composition and concentration of
the soil solution, weathering of less stable minerals, change of ratios of adsorbed ions, and
the formation of new minerals and precipitates” (Pons and Van der Molen 1973).

Conversion of reduced sulfur compounds plays an important role during chemical
ripening. In general, inorganic sulfur compounds dominate in industrialized environments
(Tack et al. 1997). In the IJssel-Lake polders in The Netherlands, one year of chemical
ripening of the top layer led to a sulfide decrease of 30%. After 15 years, a reduction of
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60% was reached. Initially, FeS was oxidized to Fe(OH)3; and H2SO4, which is a chemical
process. In a later stage, also the more stable FeS, (pyrite) can be oxidized (De Glopper et
al. 1992). The last oxidation proceeds slowly, but can be enhanced by a factor of 10° by
the microorganism Thiobacillus ferrooxidans at pH values lower than 4.5 (Evangelou 1998).
Tack et al. (1997) found no conversion of pyrite during 30 days of drying and oxidizing
contaminated dredged material with a pH of 7.6. Other sulfides were completely
converted to sulfate.

One of the effects of oxidation is a drop in pH, which is mainly due to the formation of
sulfuric acid. Also (biological) oxidation of soil organic matter produces acid
(Singh et al. 1998). In low-buffered sediments, this leads to a mobilization of trace metals,
particularly Cd and Zn compared to Cu and Pb (Calmano et al. 1993). Stephens et al.
(2001) and Singh et al. (2000) showed that the leachability of Zn, Cd, Cr, Cu, Ni, Pb, and
As increases during drying and oxidation of a dredged canal sediment. Most dredged
material in The Netherlands — except dredgings from peatland waters — contains an
excess of calcite, and therefore seems not to be vulnerable to acidification
(Zevenbergen et al. 1999). However, also in well-buffered sediments, mobilization of
trace metals during oxidation cannot be excluded (Calmano et al. 1993). The mobilization
and transfer of toxic trace metals from a disposal site can be an environmental concern.
Uptake by plants and animals and transport by runoff and through percolating water are
the major sources of metal migration from upland disposed dredged materials into the
environment. Before disposing dredged material in an unconfined upland disposal site, a
combination of chemical and biological methods is needed to acquire a complete picture
of the potential environmental impact (Singh et al. 1998). After this, a decision can be
made concerning what measures should be taken to prevent metals from migrating into
the environment.

Contrary to the behavior of the above mentioned trace metals, Mn and Fe-mobility is
lowered during oxygenation. The lower solubility of iron can be explained by the
conversion to insoluble iron oxyhydroxides (Singh et al. 1998). Also a part of the
previously water-soluble P-complexes with Ca, Mg, Al, and Fe can precipitate
(Glinski and Stepniewski 1985). Precipitates can improve the structure stability, as was
already discussed in section 2.3.3.

The buffering by calcite results in decalcification. Within four years of ripening, calcite
concentrations can decrease from 10 to about 9%. Excess amounts of calcite together
with oxidation of sulfides result in a relatively high amount of adsorbed calcium cations
on the soil complex which is favorable for the development of a good soil structure
(De Glopper et al. 1992). If no calcite is available in clayey dredged material, clay particles
become dispersed and Acid Sulfate Soils or Solonchak Soils may develop which are
characterized by a poor soil structure. Acid Sulfate Soils can develop in dredgings with
high amounts of reduced sulfur (Pons and Van der Molen 1973, Van Mensvoort and
Dent 1997), whereas Solonchak Soils can develop in dredgings with relatively high
amounts of Na (Pons and Van der Molen 1973, Van Breemen and Buurman 1998). In
saltwater dredgings, the NaCl concentration decreases depending on the precipitation
surplus in winter. Complete desalinization from 6 g to concentrations lower than
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0.5 g NaCl I'! can take up to 16 years. During chemical ripening, significant amounts of
potassium can leach (De Glopper et al. 1992).

The visible result of chemical ripening is a change from a nearly black color of the
reduced material to mostly lighter, brownish or yellowish gray colors. The change in color
is caused by the oxidation of FeS to Fe(OH)s. The redox potential (Eh) is generally
accepted as being the best indicator for evaluating the degree of oxidation in soils
(Glinski and Stepniewski 1985). As a result of aeration, Eh increases from -300 to -250
mV to +400 to +700 mV (Patrick et al. 1996). During the increase of redox potential,
reduced components are oxidized in the following sequence: organic matter — COg, §*
— SO4%, Fe(Il) — Fe(III), NH4* — NO2 and NO3,, Mn(II) — Mn(IV).

Beside the pyrite oxidation mentioned, numerous other chemical processes are
biologically catalyzed. The conversion of NH4* to NO2 and NOs is an enzyme-driven
reaction and can therefore only be carried out by specialized microorganisms like
Nitrosomonas and  Nitrobacter (Evangelou 1998). Several researchers classify the
decomposition and mineralization of organic components also as a chemical ripening
process (Pons and Zonneveld 1965, Pons and Van der Molen 1973, Buol et al. (1973).
However, we prefer to classify this last process as biological and it will therefore be
discussed in section 2.5.

2.5 Biological ripening

Biological activity develops best in a humid climate, in soils that are not extremely wet or
dry. Therefore, physical ripening makes it possible for biological activity to flourish
(biological ripening). “Biological ripening is the result of activity of all kinds of soil fauna
and flora, including both the larger and the microscopic forms of life, but not including
the direct activity of man” (Pons and Zonneveld 1965).

2.5.1 Development of soil fauna and flora

In the first stage of ripening, aerobic bacteria can develop. At matric pressures lower than
-5,000 hPa, conditions become more favorable for fungi (Parr et al. 1981). During
dewatering and subsequent oxygenation of an unripe soil in a polder in The Netherlands,
the number (plate counts) of aerobic microorganisms increased from 1.0x10° (at the
moment that the water had been pumped out) via 5.0x10° (after one year of dewatering)
and 5.0x107 (after two years) to 6.5x107 (after four years) per gram soil. In old arable soil
in the neighborhood of this polder, 9.0x107 microorganisms per gram soil were found
(Van Schreven 1962). Development of microorganisms during temporary upland disposal
of sediments shows the same pattern, more or less. Harmsen and Bouwman (2002) found
that, during the land farming of polluted sediments, time and tillage positively affected
bacterial biomass, and the numbers and diversity of nematodes.

If desiccation proceeds, aerobic microbial activity might be limited by a lack of moisture.

Different attempts have been made to quantify the effect of moisture on the microbial
activity in soils (Parr et al. 1981). Rijtema et al. (1999) summarized data found in the
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literature in a reduction factor for moisture stress conditions: at matric pressures higher
than -250 hPa, moisture is optimal for microbial activity, whereas activity is inhibited for
80% at matric pressures lower than -16,000 hPa. Matric pressures lower than -16,000 hPa
do not occur in The Netherlands (Bronswijk and Evers-Vermeer 1990). Therefore,
complete inhibition of microbial activity due to moisture limitation is not expected.
Intermittent drying and wetting, and freezing and thawing, cause not only a further
breakup of aggregates (section 2.3.3), but can also have a positive effect on microbial
activity (Ross 1989).

Worms, that preferably live in wet soils and can even survive in entirely anaerobic
sediments, are the most important member of the macro fauna that is involved in
ripening of dredged material (Bal 1982). Other fauna prefers moist to dry soil and is
therefore not discussed in this review. Worms can appear in ripening sediments by
different mechanisms: by cocoons that are disposed with the sediment, by birds which
carry cocoons, or by natural horizontal dispersion which is 4 — 10 meters per year, on the
average (Bal 1982).

During dewatering, so-called ‘pioneer vegetation’ develops. Three stages can be
distinguished during this development: supply of seeds by wind and birds, germination of
the seeds, and competition between species (Van Duin 1976). Some months after polders
fell dry in The Netherlands, they were occupied by a vigorous vegetation of the marsh
fleawort (Senecio congestus), celery leaved buttercup (Ranunculus sceleratus), sea club-rush
(Scirpus maritinus), and knotgrass (Polygonum nodosum). To accelerate physical ripening and
to keep down weeds, large areas of the polders were sown with common reed (Phragmites
australis) some years after they had fallen dry (Bal 1982). Natural vegetation also fully
covered temporary disposal sites that were filled with PAH and mineral oil polluted
sediments within one to two years (Harmsen 2001). Usually, plant growth will not be
limited by a lack of nutrients, because dredged sediments are rich in both organic and
mineral nutrients.

2.5.2 Effects of soil fauna and flora

One of the results of microbial activity is the complete decomposition of some
components of soil organic matter (SOM) and the partial conversion of other
components to compounds of intermediate complexity. These may reunite to form new,
more stable organic substances: humus. Anaerobic microorganisms that are present in
unripe sediments are able to degrade organic matter. However, this process is 100 to
1,000 times slower than the process under aerobic conditions (Rijtema et al. 1999).

The rate of SOM decomposition depends on its ‘quality’. This quality depends on the
amount of lignin and the relationship between the energy (C) in the SOM and its nutrient
content (N and P). In general, the decomposition rate depends more on the amount of
lignin than on the other factors (Ross 1989). Carbohydrates are by far the most important
degrading fractions of SOM in sediments (Conrad 1999). Initially, there is a rapid
breakdown of these carbohydrates, resulting in a more resistant material. Because of this,
overall SOM degradation rates decrease with time (Janssen 1984). Due to the different
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mentioned reasons, SOM degradation rates vary over an order of magnitude (Middelburg
1989). Janssen (1984) reports aerobic degradation rates (&) between 2.0 y! for fresh, labile
SOM like leaves and other plant residues and 0.02 y! for well-humitfied, stable SOM.

Sediments that contain much fresh SOM can have a relatively high C/N ratio (= 20 g g'!).
However, these high C/N ratios will decrease to values close to 10 g g as a result of
biological ripening (Pons and Zonneveld 1965). If SOM is degraded, organic N and P are
transformed into inorganic nutrients. Part of these nutrients is immobilized through the
biomass-synthesis. Depending on the C/N and C/P ratios of the original SOM, net
mineralization or immobilization can take place (Rijtema et al. 1999). When C/N ratios
are less than 20, net N-mineralization occurs, whereas in systems with C/N ratios above
30 — 35 g ¢!, net N-immobilization takes place. Generally, if C/P is less than 200 g g,
net mineralization of phosphorus occurs, whereas when C/P is above 300 gg', net
immobilization occurs (Evangelou 1998). There are indications, however, that the
phosphorus  mineralization and immobilization, compared with the nitrogen
mineralization, is less dependent on the mineralization of organic phosphates, due to the
availability of relatively large quantities of inorganic phosphates (Rijtema et al. 1999).

The oxidation of SOM by microorganisms affects the course of physical and chemical
ripening. Metabolites that are formed during SOM degradation can increase the aggregate
stability (Wilding and Hallmark 1984). During SOM degradation, the CEC increases,
whereas the water absorption capacity (b-factor in Eq. (2.1)) decreases (Pons and
Zonneveld 1965). Many chemical processes (section 2.4) are catalyzed by the activity of
microorganisms.

By the activity of macro fauna that enters the sediment after conditions are improved,
stratified sediments are mixed (Pons and Van der Molen 1973). The blocky aggregates
formed by weathering processes (section 2.3.3) can be transferred into granular aggregates
when larger fauna-species ingest soil and produce excreta, and when biopores are formed
(Oades 1993). Although earthworms prefer a wet environment, they have the ability to
crack soil by tensile stresses (McKenzie and Dexter 1988). Annually, worms may work 5
to 120 tons of soil per hectare and may translocate this through the soil. Worms move
down to greater depths when they are forced to do so for various reasons, for instance
due to heating, desiccation or freezing. For this reason earthworms which usually live at
or near the surface can be found down to 1 — 2 m depths (Bal 1982). Earthworms
produce mainly vertical pores up to 1 cm in diameter, sometimes to depths of several
meters (Van Bremen and Buurman 1998). The ingestion of soil by earthworms can
promote the decomposition of soil organic matter. The importance of worms was already
recognized by Darwin (1881), who observed that they consume soil, which is often
excreted at the soil surface in the form of worm casts. The activity of earthworms
develops a granular sponge-like soil structure that promotes high infiltration, high water-
holding capacity and good aeration.

Roots of vegetation attract extra water which enhances desiccation (section 2.3.1) of the

sediment. Roots also have the ability to mix the soil particles (Pons and Zonneveld 1965).
Some plants are able to extract water from totally reduced sediment layers (Pons and
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Zonneveld 1965). Because roots of these plants penetrate into the unripe dredged
sediment and extract water at depth, physical ripening can take place deeper in vegetated
sediment than in non-vegetated sediment. Although roots grow mainly in moist soils with
low tensile strengths, and even then prefer to grow in pores rather than through
aggregates, plant roots have the ability to crack soil by tensile stresses (Misra et al. 1980).
Monocotyledonous plants such as grasses have numerous fine roots which dry the soil at
countless sites, thus creating many non-oriented cracks which give rise to a granular,
crumb structure (Oades 1993). As already mentioned in section 2.3.3, the production of
root metabolites favors the formation and stability of a granular structure
(Wilding and Hallmark 1984). Some wetland plants possess a root ventilation system that
can produce downward oxygen fluxes between 0.5 (basket willow, Salix viminalis) and
8 ¢ m?2 d! (common reed, Phragmites australis) which may enhance chemical and biological
oxidation in the area surrounding the roots (Trapp and Karlson 2001).

2.6 Aerobic biodegradation of PAH and mineral oil

PAH and mineral oil biodegradation has been discussed extensively (e.g. Wilson and
Jones 1993). Here, we will discuss the topic briefly to identify its relationship with
ripening of sediments during temporary upland disposal. PAH and mineral oil can be
biodegraded under both aerobic and anaerobic conditions. However, like the
biodegradation of SOM, anaerobic biodegradation of PAH and mineral oil is about a
factor 1,000 slower than aerobic biodegradation (Van Agteren et al. 1998). Therefore,
oxygen can be seen as the first prerequisite for bioremediation of PAH and mineral oil
polluted sediments. In general, an air-filled pore space > 10% and a redox potential > 50
mV are assumed to be sufficient for aerobic microbial activity. Furthermore, the microbial
activity is dependent on other chemical and physical conditions in the soil, such as pH,
nutrient availability and moisture (Table 2.2).

Table 2.2 Environmental conditions affecting biodegradation of organic contaminants in soil (After Wilson and Jones 1993)

Parameter Optimal conditions for aerobic microbial activity

Oxygen content air filled pore space > 10%

Redox potential > 50 mV (aerobes), < 50 mV (anaerobes)

Soil moisture 25 — 85% of water-holding capacity (matric pressure ~ -300 hPa)
Nutrient content C:N:P 120:10:1, Salts < 4%

Soil pH 55-85

Temperature 15-45°C

In The Netherlands, with its temperate climate and typically well-buffered, nutrient-rich
sediments, conditions for temperature, soil pH, and nutrient content in ripened sediments
are expected to meet the requirements mentioned in Table 2.2. Obviously, microbial
activity and therefore aerobic biodegradation will be inhibited during wintertime.
Furthermore, biodegradation of PAH and mineral oil may be influenced by oxygen
limitation, if the sediment is still unripe, or by moisture limitation if the sediment has
dried out too much.

Even in a ripe soil, anoxic centers of aggregates can result in anoxic conditions in 65% of
the total volume at the surface to 90% at 1 m depth (section 2.3.4). In unripe, dredged
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sediments, chemical and biological ripening processes cause a higher respiration rate than
the respiration rate used by Smith (1980). Therefore, even larger fractions of the total
volume are expected to be anoxic in a temporary disposal site. Complete oxygenation of
the aggregates —and therefore optimal conditions for aerobic biodegradation — is
expected only when pores within the aggregates become filled with air or when micro-
cracks start to develop, both as a result of ongoing desiccation. Nocentini and Pinelli
(2001) proved experimentally that PAH degradation in the interior of wet aggregates is
indeed limited by oxygen availability. If desiccation proceeds too far, aerobic microbial
activity might be limited by lack of moisture. However, in The Netherlands, complete
inhibition of microbial activity due to moisture limitation is not expected (section 2.5.1).

The presence of contaminants that are toxic, such as trace metals and cyanides, may
hinder degradation by microorganisms (Wilson and Jones 1993). However, the effect of
this seems to be negligible in general, because of their relatively low availability in soil
(Riis et al. 2002). Other limiting factors are soil properties like SOM, texture and
structure, and the biodegradability of the specific PAH and the mineral oil. Finally, the
indigenous microorganisms must be able to degrade the pollutant.

It should be stressed that only the bioavailable part of the contaminants can be
biodegraded (Cuypers et al. 2000). The fraction of PAH that is bioavailable depends on
different sediment characteristics and decreases with time, which is called ‘aging’. Among
other factors, aging is enhanced by the wetting and drying cycles (White et al. 1997) that
occur during ripening. In many cases, the non-available part of the pollutant causes hardly
any risk (Cuypers 2001), and only the bioavailable part of the pollution needs to be
removed during remediation.

2.7 Ripening as bioremediation technique

The naturally occurring process of ripening can be used as a bioremediation technique
during temporary disposal of PAH and mineral oil polluted sediments. Ripening is an off-
site technique and it is therefore possible to enhance the process by means of
technological interference like installation of a tile drainage system, stimulation of plant
growth, addition of oxygen release compounds (Koenigsberg and Sandefur 2001),
addition of soil conditioners that increase the friability (Watts and Dexter 1998, Chan et
al. 1999), tillage, mechanical ventilation, heating (Harmsen and Bouwman 2002), and
active introduction of earthworms (Ma et al. 1995). Active introduction of specific plants
as a remediation technique (phytoremediation) may be successful not only by influencing
physical factors, but also by influencing chemical (enzymes, Eh, pH, complexing agents)
and biological (roots, microorganisms, mycorrhiza) factors (Trapp and Karlson 2001). If
matric pressures are monitored and controlled, moisture conditions during temporary
disposal can be optimized with respect to maximum physical ripening and maximum
microbial activity.

Active introduction of (genetically engineered) microorganisms is often proposed.

However, microorganisms that are introduced may have difficulty adapting to the specific
ecological conditions in the disposal site (Wilson and Jones 1993). Also, the introduction
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of white-rot fungus, which have the potential to degrade compounds that will not pass
through bacteria cell walls, seems not to enhance the biodegradation process in soils
(Kotterman et al. 1999 and Harmsen 2001). Finally, addition of surfactants can enhance
desorption and solubilization and, consequently, the biodegradation of hydrocarbons
(Wilson and Jones 1993).

Possibly, ripening can also be used as a remediation technique for trace metal polluted
sediments. Loser et al. (1999) and Loser et al. (2000) showed that ripening could change
an impermeable muddy-paste into a permeable, soil-like material that was suitable for
(bio)leaching. As a result of chemical ripening, pH decreased from 7.0 to 5.6. Addition of
1% S° — that was oxidized to H2SO4 by the indigenous microorganisms — could create
weakly acidic conditions through which significant Zn, Ni and Cd could be leached.
Addition of 2% S° also dissolved Cu and Cr. Pb was practically immobile even after the
addition of 5% S§° (pH 2). Additions of S° greater than 2% led to an undesired
mobilization of Fe, Al, and Ca, which corroborates the findings of Tichy et al. (1996).
They concluded that removal of trace metals using acids should always be optimized with
respect to maximum metal removal at minimum soil damage.

Ripening in temporary disposal sites can require several years and relatively large areas of
land. Therefore, in densely populated areas like The Netherlands, a combination of this
technique with another type of land use like production of a biomass fuel might be
advantageous (Breteler et al. 2001).

2.8 Conclusions and outlook

After dredged material is disposed in a temporary disposal site, conditions for aerobic
biodegradation of PAH and mineral oil are poor, because of a lack of oxygen. As shown
in this review, several conditions affecting oxygenation improve in clayey dredgings as a
result of the natural ripening processes: the air-filled porosity increases, the aggregate size
decreases, and the initially high respiration rate caused by chemical and biological ripening
decreases. Therefore, we conclude that the conditions for aerobic biodegradation of
organic micro-pollutants like PAH and mineral oil improve as ripening proceeds.
Therefore we conclude that ripening can be seen as a cost effective bioremediation
technique for PAH and mineral oil polluted sediments.

Data provided by De Haan et al. (1998), Zevenbergen et al. (1999), and Harmsen (2001)
support our conclusion. Their experiments at field scales show that ripening changes an
anaerobic layer of dredgings into an aerobic soil within two to six years. Physical ripening
could be enhanced by cultivation, vegetation or increasing the temperature in a
greenhouse. Non-optimal biodegradation was attributed to a combination of limited
bioavailability of the pollutants and limited availability of oxygen. However, these field
studies were not suitable to distinguish the influence of the individual relevant processes
on the success of bioremediation because of the complex relationships between the
different ripening processes (see Fig. 2.1).
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To quantify the relevance of the different processes taking place during temporary
disposal, more fundamental research is needed in which the effects of the different
ripening processes (including degradation of PAH and mineral oil) are studied
independently. We anticipate that the increased insight into these specific processes can
be used to identify the critical process steps to be able to improve this bioremediation
technique.

Acknowledgements

We thank Marjorie Aelion of the University of South Carolina for her critical comments on the English of
the manuscript. The research was supported by and performed within the Research Centre on Solil,
Sediment and Groundwater Management and Remediation WUR/TNO.

- 36 -









PHYSICAL RIPENING OF DREDGED SEDIMENTS

Quantification of physical properties

O land van mest en mist, van vuilen, kouden regen,
Doorsijperd stukske grond, vol killen dauw en damp,
V0l vuns, onpeilbaar slijk en ondoorwaadbre wegen,
Vol jicht en parapluies, vol kiespin en vol kramp!

Boutade — P_A. de Génestet

This chapter is based on a paper that was originally published in Geoderma (Vermeulen et al. 2005)
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Abstract

The soil formation process ripening can be used as a bioremediation technique for dredged sediments that
are polluted with organic chemicals. Currently, data are lacking that quantify the effects of physical
ripening on parameters that affect aerobic biodegradation. We quantified the effects of physical ripening
on shrinkage, swelling, moisture retention, hydraulic conductivity, and oxygen diffusion for three freshly
dredged sediments using specially designed pressure chambers. We also quantified the effect of physical
ripening on structure development by measuring aggregate size distributions for four half-ripe and four
ripe sediment samples that were collected from field sediment disposal sites. Using the data and
information developed in this study the course of physical ripening and the aerobic biodegradation
process of sediments at above ground (upland) disposal sites can be predicted with a combination of
existing water- and oxygen transport and ripening models.

3.1 Introduction

Large amounts of sediments are dredged for both maintenance and environmental reasons
wortldwide. For example, 400x10¢ m3 of sediment are dredged annually by the United States
Army Corps of Engineers or their permit recipients (Linkov et al. 2002), and about
40x10° m? of sediment are dredged annually in the Netherlands (Chapter 2). A substantial
proportion of these dredged sediments is held temporarily at an above ground (upland)
disposal facility. Upland disposal is a relatively easy, cost-effective alternative for dredged
materials and is therefore a widely adopted sediment management practice.

Following the application of clayey dredged sediments to a temporary upland disposal
site, the compaction processes of consolidation and ripening are initiated. Consolidation
is caused by the ‘overburden pressure’ resulting from the weight of the overlying sediment
(Terzaghi and Peck 1967 and Appendix 3). Ripening is a soil formation process that
irreversibly converts waterlogged sediments into aerated soil by desiccation and structure
development (Pons and Van der Molen 1973, Chapter 2). The soil profile that results
from ripening, roughly exists of four zones with different extents of structure
development: (i) unripe, consolidated soil below the water table, (ii) half-ripe soil with a
coarse to very coarse prismatic structure, (iii) nearly ripe soil with coarse aggregates, and
(iv) ripe soil with medium to fine aggregates at the top (Chapter 2).

Ripening of dredged sediments consists of physical, chemical, and biological processes. In
Chapter 2, we described these three sub-processes extensively and concluded that
ripening can be used as a bioremediation technique for temporarily disposed dredgings
that are polluted with organic pollutants like Polycyclic Aromatic Hydrocarbons (PAH)
and mineral oil (Total Petroleum Hydrocarbons (TPH)). It is known that ripening of a
one-meter thick layer of dredgings can take up to 3 to 6 years. (Harmsen 2001). However,
it is currently not possible to predict the exact course of ripening of dredged material
during temporary disposal because of the complex relationships (coupling effects)
between ripening and biodegradation of organic pollutants (Chapter 2). Therefore, the
development of a mathematical model that describes the different processes and their
coupling effects would be useful. Such a combined model would need sediment specific
input data. Because the different coupling effects have been studied only rarely (Vulliet et
al. 2002, Horn 2003), sufficient data on parameters that affect aerobic biodegradation
during ripening are lacking.
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Therefore, we carried out this study to quantify: (i) the shrinkage and swelling behavior of
dredged sediments, (ii) the effect of physical ripening on the moisture retention and
hydraulic conductivity characteristics, (iii) the oxygen diffusion coefficients of desiccating
dredged sediments, and (iv) the effect of physical ripening on structure development. We
quantified (i) — (iii) with three freshly dredged, clayey sediments that were artificially
ripened in the laboratory. For (iv) we used samples of sediments that had been subjected
to natural ripening at field disposal sites.

In this study, we only consider the physical aspects of ripening. Biological and chemical
processes typically play an important role in structure development (Dexter 1988, Horn et
al. 1994, Chapter 2), however, we consider physical ripening to be the most important and
the driving mechanism of the whole ripening process.

3.2 Quantification and modeling of physical ripening

The n-value as defined by Pons and Van der Molen (1973) can be used as an empirical
measure of the degree of desiccation of dredged sediments (Chapter 2):

w,, —0.2R
[ (3.1)
L+3H
where:
Nrip = n-value (g water g-' clay)
Wsat = saturated moisture ratio in (g moisture (100 g)! dry matter (D.M.))
R = sand + silt content (g sand + silt (100 g)* D.M.)
L = clay content (g clay (100 g)* D.M.)
H = organic matter content (g organic matter (100 g)* D.M.)

Using 7, Pons and Van der Molen (1973) defined five classes of physical ripening
(Table 3.1). Structure development cannot be described directly by Eq. (3.1) because this
process is not only governed by desiccation but also by the intensity and number of
wet/dry cycles (Chapter 2). However, in general, low values of 7, correspond with a high
degree of structure development.

Table 3.1 Classification of sediment material according to the degree of physical ripening

Nrip Designation

g9’

3.0-2.0 Unripe, recently deposited sediment
20-14 Consolidated, but practically unripe
14-1.0 Half ripe

1.0-0.7 Nearly ripe

<0.7 Ripe, normal soil

Eq. (3.1) gives only a static description of physical ripening. To describe the dynamics of
physical ripening, different mathematical models have been developed in the past
decennia (Rijniersce 1983, Kim et al. 1992a). Kim et al. (1992a) included an overburden
potential into Richards’ equation (Richards 1931) to describe water transport,
consolidation, and physical ripening in a single model. Their model describes both one-
dimensional water transport and three-dimensional deformation (consolidation and
physical ripening) of the soil in a Lagrangian coordinate frame. This coordinate frame is
mathematically more convenient for the description of water transport in a shrinking and
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swelling soil than the more familiar Eulerian coordinate frame is (Garnier et al. 1997).
Kim’s model only considers water movement in a soil matrix excluding shrinkage cracks
from the flow domain. To describe ripening of sediments at a disposal site, his model
should be combined with a model that simultaneously considers water movement
through cracks and matrix in the vadose zone (e.g. Bronswijk 1988 or Van Dam 2000).

For the description of oxygen diffusion and respiration in an aggregated soil with the
occurrence of anoxic aggregate interiors, different oxygen diffusion models have been
developed (Leffelaar 1979, Smith 1980, Rappoldt 1990). All these models are based on
Ficks diffusion law (Fick 1855) and divide the aggregated soil profile into two distinct
domains, each having their own diffusion characteristics: micro-pores within the soil
matrix and macro pores between this matrix. Besides, assumptions are made about the
aggregate size distribution.

A combination of a water transport model (Van Dam 2000), a physical ripening model
(Kim et al. 1992a), and an oxygen diffusion model (Smith 1980), could describe the
coupling effects between hydraulics, mechanics and biology (HMB coupling), both in the
absence of air (water-saturated sediment) and in the presence of air (unsaturated soil).

3.3 Materials and methods

3.3.1 Types of dredged sediment

To study the consolidation and physical ripening process in the laboratory, we collected
three types of dredged sediment at different places in the Netherlands: from a ditch in
Rotterdam (ROSL), a canal in Woerden (WOGR), and a river in Leeuwarden (LERI). The
collected dredgings were transported to the laboratory in airtight containers, sieved to
pass a 2 mm-screen, and stored anaerobically (under water) at 4 °C before use. Table 3.2
presents some properties of the dredgings.

Table 3.2 Properties of freshly dredged sediments

dry mattera  Particle density <2umbe <50 um® CaCOs¢ Organic matter de
(mass-%) (g cm?) (mass-%) (mass-%) (mass-%) (mass-%)

ROSL 27 240 16 74 10 16

WOGR 22 2.52 25 62 14 10

LERI 30 2.55 25 62 4 11

ain percentage of wet weight

bin percentage of mineral part

¢ L (Eq. (3.1)) can be calculated by multiplying with: (1 - fraction of organic matter)
4in percentage of dry weight

eis equal to Hin Eq. (3.1)

To characterize structure development during physical ripening, we also collected samples
of aggregates (= 20 dm?) of eight types of dredged sediment from field disposal facilities.
We collected four samples (OH1 — OH4) of half-ripe aggregates (7 = 1.2 g g1) at the
facility “Oostwaardhoeve” that is located near Slootdorp, the Netherlands. The sediments
had been held at the disposal site for only a few months. Besides, we collected four
samples (PH, WM, GH, and ZZ. These sediments were extensively studied by
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Harmsen (2004)) of ripe aggregates (1, ~ 0.7 g g'1) at the facility “Kreekraksluizen” near
Bergen op Zoom, the Netherlands. These sediments had been ripened at the disposal site
for 8 to 12 years. Clay and organic matter contents of the different types of dredged
sediment from the disposal sites were in the range of 8 — 26% and 5 — 10%, respectively.

3.3.2 Laboratory physical ripening (desiccation)

We used specially designed pressure chambers (hereafter referred to as microdepots,
Vermeulen et al. 2000) to consolidate and ripen the dredged material at specific
pneumatic pressure levels. After one day of consolidation at a gas pressure of 100 hPa the
pressure was set at the desired level to simulate the physical ripening process. To achieve
dredged material with different degrees of physical ripening five pressure levels were
applied: 100, 333, 1,000, 2,000, and 16,000 hPa. The nylon filter material used in the
microdepots (S&S Nytran®, pore size 0.45 pm) had a bubbling pressure of 2,500 hPa. To
apply the pressure of 16,000 hPa, we transferred the samples from the microdepots into a
pressure chamber as described by Klute (19806).

We allowed the physical ripening process in the microdepots and pressure chamber to
proceed until outflow of water had ceased (2 to 7 days). According to Klute (1986),
equilibrium between the applied pressure (Py;) and the potential of the water in the
dredged material can be assumed after this period. Neglecting the small difference in
pressure between the sample and the discharging water, the resulting matric potential of
the water is W, = -Pys (Koorevaar et al. 1983). To keep anoxic conditions in the samples
during consolidation and ripening, we applied all pressure levels with nitrogen. We
achieved samples with a matric potential of -1,000,000 hPa after equilibrating them with a
Nz-atmosphere with 50% relative humidity, which is known as the ’vapor equilibrium
method’ (Klute 1986).

With the above described procedure we achieved homogeneous circular model aggregates
(all in triplicate) of approximately equal size (diameter = 45 mm, height ~ 20 mm,
hereafter referred to as pellets) that were different in matric potential, matrix porosity, and
air-filled porosity.

To determine mattix porosity (@) and air-filled porosity (@umamix) we used the method
as described by Brasher et al. (1966). We briefly immersed the pellets in a resin (SARAN-
F310™ (DOW) to Methyl Ethyl Ketone ratio 1:4). The resin was air-dried, after which we
determined weight and volume of the pellets by weighing and under water weighing.
Finally, we determined the oven dry weight of the coated pellets (24 h at 105 °C) and we
determined the loss on ignition (3 h at 550 °C) from which we calculated the moisture
content and organic matter content H (H = loss on ignition (%) - 0.07 x L (%)). We used
the measured mass and known density of the fresh and air-dry resin and the density of the
oven-dry resin to correct the results, assuming that the resin was completely lost during
ignition. We calculated the density of the solid phase (Table 3.2) for all pellets using the
pedotransfer function that was suggested by Poelman (1975):

_43 -



Chapter 3

100
PPYH L R (3.2)
+ +
147 2.88 2.66
where:
Do = particle density (g cm-)

We verified the validity of Eq. (3.2) for our sediments with the submersion method (Blake
and Hartge 1986).

We characterized shrinkage of the pellets by changes in their moisture and void ratios,
which are defined as (Bronswijk 1988):

v

F=-" (3.3)
VS
VP

e=— (3.4)
VS

where:

3 = moisture ratio (cm3 cm-3)

e = void ratio (cm3 cm-3)

Vi = water volume (cmd)

Vs = solid volume (cm3)

Vp = pore volume (cm3)

In shrinking and swelling soils & and ¢ are more suitable to express water content and
matrix porosity than the commonly used volumetric moisture content (6) and the matrix
porosity (@uamy). If needed they can simply be converted into each other:

3
= (3.5
1+e
e

¢matr/'x = m (3 6)
where:
0 = volumetric moisture content (cm3 cm-3)
dmatix = matrix porosity (cm3 cm-3)

We calculated dry matter content (D.M.), wet bulk density (?0,), dry bulk density (“p,),
matrix porosity (@rams), ait-filled porosity (@umani), void ratio (¢), volumetric moisture
content (6), and moisture ratio ($). We determined the ‘initial void ratio’ ¢; — that is the
void ratio at the transition from sedimentation to consolidation (¥, = 0 hPa) — by taking
a sample of dredged material that had settled in a beaker for two weeks.

In a separate experiment, we ripened pellets at different specified pressures. After
ripening, we cut the resulting pellets into two parts after which one part was rewetted and
swollen on a suction table (Klute 19806) that was adjusted at a matric potential of -5 hPa.
After one week, swelling was complete and we measured the resulting saturated moisture
ratios ().
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Finally, we calculated n-values () with Eq. (3.1). We used ., that we had derived with
the swelling function (section 3.3) to calculate the saturated moisture ratio (ww) of
Eq. (3.1).

3.3.3 Shrinkage characteristics and swelling functions

To describe shrinkage, swelling, crack volume and crack depth in a clay soil, soil shrinkage

characteristics can be used. Shrinkage characteristics describe the relationship between the

void ratio (¢) and the moisture ratio (). Usually three stages can be distinguished in a

shrinkage characteristic (Bronswijk 1988, Van Dam 2000):

- normal shrinkage. Volume decrease of soil aggregates is equal to water loss. The
aggregates remain fully water-saturated;

- residual shrinkage. Upon drying the volume of the aggregates still decreases, but water
loss exceeds volume decrease. Air enters the pores of the aggregates;

- zero shrinkage. The soil particles have reached their densest configuration. Upon
further water extraction, the volume of aggregates stays constant. Water loss is
practically equal to the increase of air volume in the aggregates.

Air can enter a ripening layer of sediments through the shrinkage cracks that are formed

during normal shrinkage (Bronswijk 1991). However, complete oxygenation of formed

aggregates will only be possible during residual shrinkage, during which air enters the soil

matrix and micro-cracks can develop within the aggregates (Bakker and Bronswijk 1993).

In large field samples, containing more than one structural unit, sometimes a fourth

shrinkage phase can be distinguished: structural shrinkage. The conditions in the

microdepots prevented structural shrinkage during the artificial desiccation process and
therefore we consider our pellets to be built up of soil matrix only, not containing any

(micro)-crack.

Different equations to describe shrinkage characteristics are reported in the literature
(Kim et al. 1992c, Olsen and Haugen 1998, Crescimanno and Provenzano 1999,
Groenevelt and Grant 2002). However, these equations either have many parameters that
are strongly correlated or lead to physically impossible representations of the shrinkage
characteristic. Therefore, we used a restricted version of the equation of Groenevelt and
Grant (2002) that is two times continuously differentiable at the air entry point and has
only two fitting parameters, both having a physical meaning (Eq. (3.7)).

N
e= eo<1 +%exp{z—{1 —(%’j }}> for0< 9 <es (3.7a)
0

e=439 for 9 > ea (3.7b)
where:

€0 =eat $=0(cm3cm?3)

€a = ¢ at the air entry point (cm3 cm)

N =eo/(ea- o) (-)

We obtained the parameters for the shrinkage characteristic (Eq. (3.7)) by a non-linear
regression in SPSS® 10.1 between the measured ¢ and 4.

_45 -



Chapter 3

Bronswijk and Evers-Vermeer (1990) assumed that shrinkage in a (ripe) soil is a
completely reversible process. However, this assumption is only valid for the part of the
shrinkage process that is caused by face-to-face oriented clay platelets that approach each
other (Chapter 2). During physical ripening the honeycomb structure that remains after
sedimentation is contracted (Pons and Zonneveld 1965) and the clay platelets assume a
face-to-face orientation (Chapter 2). This reorientation of the clay platelets and
destruction of the contacts between the clay platelets cause irreversible shrinkage (Basma
et al. 1996, Baumgartl 1998, Baumgartl and Horn 1999). The ratio between irreversible
shrinkage and reversible shrinkage in ripening soil material can be identified using the
concept of the swelling function (Kim et al. 1992a). We obtained this function (Eq. (3.8))
by relating the moisture ratio after dewatering at different pressures ($,i) to the moisture
ratio after swelling (3) at ¥, = -5 hPa.

'9sat = C1'9min + CZ (38)
where:

sat = moisture ratio at saturation (cm?® cm3)

Smin = threshold moisture ratio below which irreversible shrinkage (= physical ripening) occurs (cm3 cm-3)

C1 = empirical fitting parameter (-)

C2 = empirical fitting parameter (-)

The matric potential below which irreversible shrinkage occurs (W) has the same order
of magnitude as the ‘predesiccation stress’ that was introduced by Baumgartl and Horn
(1999). After rearranging Eq. (3.8), the moisture ratio below which irreversible drying
occurs can be calculated for any given saturated moisture ratio:

g =Yt —C2 (3.9)

3.3.4 Moisture retention and hydraulic conductivity characteristics

Usually the volumetric moisture contents (6) at various matric potentials () are used to
construct moisture retention characteristics. However, using these parameters to describe
the behavior of ripening soils is mathematically inconvenient and can lead to erroneous
results due to changes in the volume of the soil matrix (Kim et al. 1992b, Garnier et al.
1997). Therefore, we used moisture ratios () for constructing the moisture retention
characteristics. Such moisture retention characteristics can be used in mathematical
models that describe water transport and shrinkage and swelling in a Lagrangian
coordinate frame.

Van Genuchten (1980) described the moisture retention characteristic with Eq. (3.10).

G — 3

9= + =t Tr_ (3.10)
n
[+l ]

where:
9 = residual moisture ratio (cm?® cm?9)
a = empirical shape factor which is related to the matric potential at the first inflection point (hPa-")
W = matric potential (hPa)
n = empirical shape factor related to the steepness of the moisture retention characteristic at very low wm (-)

m =1-1/n(-)
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We obtained the Van Genuchten parameters for the unripe dredged sediments
(Wumin = 0 hPa) using the RETC code (Van Genuchten et al. 1991).

Physical ripening results in a change in moisture retention characteristic. To quantify this
change, Kim et al. (1993a) proposed a mathematical relation between the parameters &
and . of a ripening soil matrix:

a = 10(03*9sat—04) (311)
where:

C3 = empirical fitting parameter (-)

C4 = empirical fitting parameter (-)

To estimate ¢; and ¢ of Eq. (3.11), we constructed moisture retention characteristics for
different values of 9. — that is different degrees of physical ripening — using the RETC
code. We did this for the values of . belonging to W, = -2,000 hPa. After this, we
petformed a linear regression between the resulting values for o and S

Because the parameters 9, and 7 of Eq. (3.10) don’t change significantly as a result of
physical ripening (Kim et al. 1993a), we used fixed values for both of these parameters: 9,
was set at 0 by the RETC code and for # we used the value that was estimated for the
unripe sediments.

Although it has been believed that physical ripening increases the hydraulic conductivity
(Pons and Van der Molen 1973), this is mainly true for material consisting of both
shrinkage cracks and soil matrix such as field ripening sediments but not for our pellets
that consist of soil matrix only (Kim et al. 1993a). Laboratory measurements of hydraulic
conductivity (Kw) in a ripening soil matrix by Kim et al. (1993a) revealed that the decrease
in G can almost completely describe the decrease in K.y of the matrix in a ripening
marine clay soil. They described this effect by a log-linear relationship between Ki.r and

Lgmt :

Iog(Ksat ) = C5‘95at —Cg (312)
where:

Ksat = saturated hydraulic conductivity (cm d-')

Cs = empirical fitting parameter (-)

Cé = empirical fitting parameter (-)

Yong et al. (1983) and Wichman (1999) found similar relationships for consolidating
clays. The slope (¢5) is more or less the same for different types of material, but the
intercept (¢5) can fluctuate considerably. We measured the saturated hydraulic conductivity
(Kiw) of pellets with ¥, = -100 hPa using the constant head method as described by
Klute and Dirksen (1986) and derived sediment specific relationships like Eq. (3.12) for
the three sediments, assuming a fixed value of 0.78 for ¢ (Kim et al. 1993a). We
calculated saturated hydraulic conductivities for unripe (Wuin = 0 hPa) pellets and ripe
(Wamin = -16,000 hPa) pellets with the resulting relationships.

Van Genuchten et al. (1991) described the hydraulic conductivity characteristic for
unsaturated flow with Eq. (3.13).
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2
1 m
K= KsatSfP —(1 —sem) } (3.13)

where:

K = unsaturated hydraulic conductivity (cm d-*)

A = empirical shape parameter that is related to the connectivity of the pore system (-)

Se = relative saturation (-), defined as:

S, = o (3.14)
‘93at - l9r

Based on a very weak correlation between 4 and 3., Kim et al. (1993a) claimed that 4
increases linearly with decreasing . An increase in A would indicate a decrease in pore
connectivity and therefore a decrease of K at matric potentials lower than 0 hPa
(Eq. (3.13)). Horn et al. (1996) observed that K increases with decreasing s, suggesting
that A decreases. Wosten and Van Genuchten (1988) measured hydraulic conductivity
characteristics for a large number of soils in the Netherlands and found lower values for A
of clayey samples compared to A of sandy samples. For fine to medium textured soils,
they found an average value for A of -5. We concluded that A is stronger related to
textural characteristics than to $.s and used a fixed value of -5 for A to construct the
hydraulic conductivity characteristics for both unripe sediments (¥,.» = 0 hPa) and ripe
soils (W,min = -16,000 hPa).

3.3.5 Intra-aggregate oxygen diffusion coefficients

Oxygen diffusion coefficients in soils can be expressed as a function of air-filled porosity
and tortuosity factor in mathematical models. Penman (1940) used Eq. (3.15) that relates
the diffusion coefficient (D) with the ait-filled porosity (¢,) and a tortuosity factor ().

D, =f¢,D, (3.15)
where:

Ds = diffusion coefficient through the soil (cm?2 s)

Do = diffusion coefficient of oxygen in the atmosphere (cm? s)

f = intra-aggregate tortuosity factor (-)

¢ = air-filled porosity (cm? cm-3)

Penman (1940) concluded that in dry soils, a value of 0.66 is valid for f This value is
widely used to make estimates of diffusion coefficients in soils. However, a value of 0.66
is only valid for a limited range of variation in air-filled porosity. Values of the parameter /
ranging from 0.005 to 0.8 are reported in the literature (Hillel 1998). The value of f not
only depends on the air-filled porosity, but also on other soil characteristics like the
moisture retention characteristic. This moisture retention characteristic changes
continuously during physical ripening (section 3.4). To avoid these issues, we performed
direct measurements of the intra-aggregate oxygen diffusion coefficients (Dsmani).

We used the method described by Sextone et al. (1985) for the pellets at high matric
potential values (-100, -333, -1,000 and -2,000 hPa). We monitored the oxygen
concentration at a depth of 0.5 mm (+/- 0.01 mm) in the pellet with time (240 s) after we
abruptly had changed the atmosphere outside the pellets from water-saturated air to
water-saturated nitrogen. We measured the oxygen concentration with a cathode-type
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microelectrode, built in a stainless steel needle (Visscher et al. 1991) combined with an
Inlab302® Ag/AgCl reference electrode. We calculated D; v, with the method proposed
by Sextone et al. (1985).

Our microelectrodes performed well down to matric potential values of -2,000 hPa.
Probably the required moisture film at the electrode tip is not present at lower matric
potentials (Van Doren and Erickson 1966). Therefore, we used a diffusion chamber as
described by Rolston (19806) for the lower matric potentials (-16,000, and -1,000,000 hPa),
using argon instead of oxygen. Argon has approximately the same diffusion coefficient
and solubility in water as does Oz, but has the advantage that it is relatively unreactive. We
monitored the change of Nz-concentration in the diffusion chamber (volume = 0.3 dm?3)
every 10 to 20 min for 1 (y, = -1,000,000 hPa) to 3 h (y, = -16,000 hPa) by collecting
100 pl gas samples with a Hamilton syringe. We measured the Nz-concentration of the
samples with a gas chromatograph (Interscience 8340) and handled the data obtained with
the method proposed by Taylor (1949) to calculate values for D yanix.

We applied both methods at a temperature of 30 °C. Finally, we calculated air-filled
porosities (@umanix) With @panmix and 6, and values for f(Eq. (3.15)).

3.3.6 Inter-aggregate oxygen diffusion coefficients

Inter-aggregate diffusion coefficients (D) at different stages of ripening could not be
measured and were therefore calculated with Eq. (3.16) (Bronswijk 1991) that relates the
diffusion coefficient with the fraction air-filled cracks and a tortuosity factor (F).

1
Ds,layer = F{] - (1 - ¢a,cracks) s i|DO (31 6)
where:
Dsiayer = inter aggregate diffusion coefficient (cm? s-1)
F = inter-aggregate tortuosity factor (0.3 to 1.0) (-)
dacracks = volume fraction cracks, including the ‘volume’ of subsidence (cm3 cm-3)
Is = geometry factor (-)
Do = diffusion coefficient of oxygen in the atmosphere (cm? s).

In case of subsidence only (consolidation) the geometry factor () is equal to 1, indicating
that no cracks are formed. Soil strength and depth in the soil profile affect the shrinkage
geometry. During physical ripening, the soil becomes firmer and cracks can be formed,
resulting in a value for 7; that gradually changes from 1 to 3 (Rijniersce 1984, Kim et al.
1992¢). In ripe clayey soils, 7; has a constant value of 3, indicating three dimensional
isotropic shrinkage (Bronswijk 1990). For this study, we assumed one-dimensional
shrinkage (n = 1) for matric potentials from 0 to -100 hPa, and three-dimensional
isotropic shrinkage (- = 3) for the lower matric potentials. We calculated the volume
fraction of cracks (@, ks in Eq. (3.16)) occurring in the field with:

b
P,

¢a,cracks =1- b S (317>
P2

where (see next page):
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bpy 1 = dry bulk density before shrinkage (g cm3)

bpy 2 = dry bulk density after shrinkage (g cm-3)

We calculated values of D; .- for sediments at initial crack formation conditions and for
completely ripe, well structured soil for which we used values for F of 1.0 and 0.3,
respectively. These values were suggested by Bronswijk (1991) for a pootly structured and
a well structured clay soil, respectively.

3.3.7 Field physical ripening (structure development)

In the laboratory, we prepared samples for aggregate size measurements by air drying
half-ripe and ripe field aggregates (section 3.1) at 30 °C. This procedure might have
caused further crumbling of the aggregates and therefore an underestimation of the
aggregate sizes. However, according to our visual observations, crumbling of the
aggregates did not happen extensively during drying, which is consistent with the theory
that aggregate size reduction is mainly caused by wet/dry cycles and not by drying alone
(Shiel et al. 1988, Chapter 2).

After passing the aggregates trough sieves with circular openings of 40, 20, 10, 5 and
2.5 mm, we calculated the weight of the sieve fractions and constructed log-probability
plots as suggested by Allmaras et al. (1965). From the plotted data, we derived the
geometric mean diameter (GMD) and log-standard deviation (0i, 4 values. We also
measured the diameter of of the largest aggregates in the samples to be able to construct a
truncated lognormal distribution (Rappoldt and Crawford 1999). We expected values of
both GMD and oy, 4 to decrease due to the forces of physical ripening (Chapter 2).

3.4 Results and discussion

3.4.1 Laboratory physical ripening (desiccation)

The pellet properties at different matric potentials are given in Table 3.3. Because of
ongoing desiccation, the dry matter content (D.M.) increased from about 35% at initial
conditions (¥, = 0 hPa) to more than 95% after air-drying (¥, = -1,000,000 hPa). The
wet bulk density (?p,) increased from 1.24 to 1.63 g cm? down to matric potentials of
about -2,000 hPa. This point of maximum wet bulk density is called the ‘pycnostatic
point’ in the literature (Philip 1969). At lower matric potentials, we observed a slight
decrease because of air entry in the pellets. The dry bulk density (pj) increased from
0.41 g to 1.44 g cm?3. Values of ROSL pellets were slightly smaller because of its relatively
high organic matter content. Matrix porosities (@nam) decreased from 0.84 to
0.43 cm3 cm3. The initial void ratios (&) ranged from 4.56 to 5.22 cm? cm and can be
compared with values of Yong et al. (1983) who reported a value of 5.92 cm? cm™ and
Wichman (1999) who found a value of 4.84 cm? cm3.

The n-values (#,) decreased from 2.90 — 3.66 to 0.30 — 0.41 g g'! as a result of desiccation
(Table 3.3). According to Table 3.1, the initial values (y,, = 0 hPa) are typical for recently
deposited sediments. An n-value of 1.4 to 1.0 g g'! indicates that a sediment is half ripe. In
our sediments, these values were reached at a matric potential of about -333 hPa (= ‘field
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Chapter 3

capacity’). At a matric potential of -16,000 hPa (~ ‘wilting point’) — which is more or less
the lowest potential that can be expected under Dutch climatic conditions (Bronswijk and
Evers-Vermeer 1990) — all three sediments showed values for 7 close to 0.7 g ¢!, which
indicates that the sediments were completely ripe. 7 is closely related to the lowest
matric potential (W min) to which the sediments have been subjected. We believe that
Wmin would be a more physically based and therefore better ripening index than 7. Kim
et al. (1993b) also proposed a more physically based ripening index that was based on the
swelling function (Eq. (3.8)). However, determination of ¥,.» or Kim’s ripening index
are both rather difficult and laborious, if possible at all. We therefore recommend using
Eq. (3.1) for practical purposes. 7 decreased down to values of 0.30 to 0.41 g g! after
air drying (¥, = -1,000,000 hPa). Pons and Zonneveld (1965) found 7, values down to
0.20 to 0.25 g g'! for topsoils in a Dutch polder. Probably such low values can only be
achieved after a process of repeated rewetting and drying, which causes an extra decrease
in 3 (Baumgartl 1998, Baumgartl and Horn 1999). However, the decrease of 7, in
ripening sediments that is caused by desiccation is much larger than the extra decrease
that could be caused by wet/dry cycles.

3.4.2 Shrinkage characteristics and swelling functions

The parameters ¢ and ¢, describing the shrinkage characteristics (Eq. (3.7)) are listed in
Table 3.4. A plot of the shrinkage characteristics of ROSL is given as an example in
Fig. 3.1. Our characteristics range to > 4.5 cm? cm-3. In general, the range of the moisture
ratio in shrinkage characteristics varies from 2 cm3 cm™ for ripe soils (Bronswijk and
Evers-Vermeer 1990, Olsen and Haugen 1998, Groenevelt and Grant 2001) to 4 cm? cm3
for unripe soils (Kim et al. 1992c).

6
A measured data ROSL
fitted shrinkage characteristic
5 ----liney=x
Vm=0hPa
4

wm=-100 hPa
wm=-333 hPa

Wm = -1000 hPa
“iym = -2000 hPa
o = -16000 hPa

W = -1000000 hPa

9 (cm3 cm'3)

Fig. 3.1 ROSL shrinkage characteristic
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Our values for ¢ are 0.77 (WOGR) to 0.96 cm3 cm= (ROSL). Bronswijk and Evers-
Vermeer (1990) found values ranging from 0.4 to 0.8 cm? cm™ for ripe soils and about
1.1 cm3 cm? for unripe soils. Olson and Haugen (1998) found values between 0.5 and
0.8 cm3 cm? and Groenevelt and Grant (2001) found values between 0.4 and
0.7 cm3? cm3. Kim et al. (1992c) found a value of about 1.0 cm? cm™ for a ripening marine
clay soil. Based on our measurements and the values found in the literature, we expect
that the mechanism of rewetting and drying — which plays a role under field conditions —
would not only cause a decrease of 7 (section 4.1), but consequently also a decrease of ¢
(Bronswijk and Evers-Vermeer 1990). Differences between ¢ and ¢ (shrinkage potential)
are extremely high: 4.45 (WOGR), 4.14 (LERI), and 3.60 cm? cm? (ROSL). Obviously,
this is a typical feature of ripening sediments.

Our values for ¢, are between 3.25 (ROSL) and 3.92 cm? cm? (WOGR) and compare well
with the results of Kim et al. (1992c), who found a value of about 3 cm?cm? for a
ripening marine clay soil. The relatively low value for ROSL can be explained by the high
value for "L+3H (Eq. (3.1)) that is a measure for the total water-absorbing capacity of
clay and organic matter (Pons and Van der Molen 1973). For completely ripe topsoils,
Bronswijk and Evers-Vermeer (1990) found values for ¢, that are lower than 1.2 cm3 cm3,
whereas they found values up to 2.1 cm? cm- for the less ripe subsoils. So, both ¢ and e,
are expected to decrease as a result of physical ripening, ¢ as a result of wet/dry cycles
and ¢, as a result of ongoing desiccation. We anticipate that these effects can be easily
incorporated in a mathematical model describing physical ripening.

35
3 | *
2.5 -
o
5 2]
o«
e
S
5 1.5
=
A , measured data ROSL
1 & measured data WOGR
. ®m measured data LERI
* - - -line y =X )
0.5 - linear fit ROSL: ¥ = 0.74x +0.75; R*=0.93
— - linear fit WOGR:y = 0.77x + 0.86; R = 0.88
R — =—linear fit LERI: y=0.77x+0.73; R%=0.97
0 T T T T T T
0 0.5 1 15 2 25 3 35

Sin (cm3 cm'g)

Fig. 3.2 Swelling functions of ROSL, WOGR, and LERI

Fig. 3.2 shows a plot of the swelling function (Eq. (3.8)) for the different dredged
sediments. It can be seen that the swelling potential of the sediments increases while

desiccation (= dectrease in ;) proceeds. This agrees with the observations done by
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Kim et al. (1992a) and can most probably be attributed to the relatively larger fraction of
clay platelets that have assumed a face-to-face orientation after being desiccated. Basma et
al. (1996) also found an increase in swelling potential when soils were fully shrunk;
however, they found a decrease in the swelling ability when soils where alternately wetted
and partially shrunk. The parameters ¢; and ¢ of the swelling function are 0.75 and 0.75
(ROSL and LERI) to 0.86 (WOGR), respectively (Table 3.4). WOGR’s relatively high
value for ¢; might be attributed to the relatively high initial void ratio of this sediment.
Our values for ¢; compare well with the value given by Kim et al (1992a), whereas our
values for ¢z are clearly lower, which might be attributed to the lower clay contents of our
sediments. The swelling functions cross the line y = x, at a moisture ratio between 2.87
(ROSL) and 3.71 cm?® cm? (WOGR). We speculate that these values — that are
approximately equal to our values for ¢, — correspond with critical moisture ratios at
which horizontal shrinkage of the pellets was initiated and would indicate that horizontal

shrinkage in the pellets is initiated at matric potentials (¥,,) between 0 and -100 hPa
(see Table 3.3).

3.4.3 Moisture retention and hydraulic conductivity characteristics

The Van Genuchten parameters describing the moisture retention characteristics of

unripe sediments (Wu,ui» = 0 hPa) are listed in Table 3.5. Fig. 3.3 gives a plot of the
moisture retention characteristic of ROSL as an example.

-1.E+06 & e 1.E+02
] A measured data ROSL s
fitted MRC unripe
- - - - calculated MRC ripe |
-1.E+05 — — calculated HC unripe ! -
] — - —calculated HC ripe /} 3 1.E+00
-1.E+04 1
£ 1.E-02
g i T
& o
£-1.E+03 A £
=] >
£ 1.E-04
-1.E+02 1
£ 1.E-06
-1.E+01 4 E
physical ripening
A1.E+00 —_— : ‘ ‘ 1 E-08
0 1 2 3 4 5 6

Fig. 3.3 ROSL moisture retention characteristics (MRC) and hydraulic conductivity characteristics
(HC) of unripe sediment (1, ., = 0 hPa) and ripe soil (¥, i = -16,000 hPa)
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The moisture retention characteristics of the three sediments are very similar. The only
clear difference between the different sediments is that $w of the unripe WOGR

characteristic is higher than S, of the other sediments. The values for the shape factors a
and 7 are in the same order of magnitude as the values given by Kim et al. (1993a).

0
A measured data ROSL
& measured data WOGR
-0.5 4 B measured data LERI
—  fitROSL:  y=0.68x-4.06; R?>=0.99
.- --ft WOGR: Y=047x-3.58;R?=0.99
4| ——fitLER:  y=054x-3.65R?=099 A M
b4
o -1.5
3
{e2]
K]
S -2
25
-3
-35 ;
0 1 2 3 4 5 6

9sat (Cms Cm-3)
Fig. 3.4 Relations between the Van Genuchten parameters «and s of ROSL, WOGR, and LERI

Plots of the relations between « and ., can be found in Fig. 3.4. Values for parameters ¢;
and ¢ (Eq. (3.11)) are 0.47 to 0.68 and 3.58 to 4.00, respectively. Kim et al. (1993a) found
similar values for ¢; en «. The relation for ROSL has the largest slope (¢3), whereas the
relation for WOGR has the smallest slope, indicating that desiccation has a relatively large
effect on the moisture retention characteristic of ROSL and a relatively small effect on the
characteristic of WOGR. ROSL has also the highest value for ’ILL+3H (Eq. (3.1)), whereas
WOGR has the lowest value for this parameter. ’I.+3H’ is a measure for the total water-
absorbing capacity of clay and organic matter (Pons and Van der Molen 1973). Also Horn
et al. (1996) reported dependencies between o and Y. for samples from different texture
classes. However, from their data we were not able to draw univocal conclusions about
any effect of the water-absorbing capacity on the relation between o and S The Van
Genuchten parameters describing the moisture retention characteristic of the complete
ripe sediments (W»in = -16,000 hPa) are also listed in Table 3.5 (see Fig. 3.3 for a plot of
ROSL).

The values for the parameters ¢5 and ¢ of Eq. (3.12), the saturated hydraulic conductivity
(Ksus) that we derived with this Eq., and the (fixed) connectivity parameter of the hydraulic
conductivity characteristic (4, Eq. (3.13)), can be found in Table 3.5. Plots of the resulting
hydraulic conductivity characteristics for the unripe and ripe sediment ROSL are shown

in Fig. 3.3. Ky values for the matrix of unripe dredged sediments ranges from 3.87
(LERI) to 491 (WOGR) cm d'l. K for ripe sediments ranges from 0.0052 (WOGR) to
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0.0151 (ROSL) cm d-!, which is about 3 orders of magnitude lower than values that we
found in the literature for comparable bulk soil (Wosten and Van Genuchten 1988). Horn
(1990) found similar discrepancies between K of single aggregates and K of the bulk
soil. Ky for the ripe pellets of WOGR and LERI are about the same, whereas the value
for ROSL is clearly higher. We assume that this difference is attributed to the relatively
low clay contents of ROSL. All our values for K, are higher than the values reported by
Kim et al. (1993a). Their lower values might be a result of the relatively high clay contents
in the soil they studied (46%). Generally, a larger variation in K, is observed in field
samples from different types of soil because K, in such samples is largely controlled by
soil structural features, or macropores (Jarvis et al. 2002). Different textural properties
cause different soil structural features. However, soil structure and macropores did not
influence the hydraulic properties of the pellets because the formation of (micro-)cracks
during physical ripening in the microdepots could be prevented. Therefore, we measured
only small difference in K between sediments having a different texture.

Moisture retention characteristics and hydraulic conductivity characteristics for sediments

at intermediate ripening stages can be calculated with the methods that were described by
Kim et al. (1993a).

3.4.4 Intra-aggregate oxygen diffusion coefficients

We successfully measured oxygen diffusion coefficients (Ds i) in desiccating pellets of
dredged sediment that had a moisture content from neatly water-saturated to air dry.
Published diffusion coefficients usually cover the range from an air-filled porosity of
about 5% to air-filled porosities equal to total porosities (Troeh et al. 1982, Moldrup et al.
1997). Only little data was published about diffusion coefficients in nearly saturated soil
(Sextone et al. 1985, Zausig et al. 1993, Rappoldt 1995, Sierra et al. 1995). To our
knowledge, measurements that cover the complete range from nearly saturated (unripe)
sediments to air dry (ripe) soils have never been published before. Our measured D; i
ranges from 8.11x10¢ to 2.06x10-> cm? s'! at a matric potential of -100 hPa to 8.80x10-3

to 1.69x102 cm? s’ at a matric potential of -1,000,000 hPa (Table 3.6).

The ROSL pellets show the highest values for D; i, whereas the WOGR pellets show
the lowest values. The differences can be attributed to differences in clay content. The
tortuosity factor fin Eq. (3.15) is not a constant value, but is low for matric potentials
between -100 and -2,000 hPa (0.005 to 0.02) and relatively high for matric potentials
between -16,000 and -1,000,000 hPa (0.04 to 0.17). These values are in the same order of
magnitude as those reported by Grable and Siemer (1968) who found values for fof 0.02
at air-filled porosities around 10% and Lemon and Erickson (1952) who found values for
fof 0.005 at air-filled porosities of about 5%. However, all our values for f that are
representative for soil matrix are much lower than the value of 0.66, which was suggested

by Penman (1940) for bulk soil.
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Fig. 3.5 Intra-aggregate oxyen diffusion coefficient (Ds matrix) vs. -matric potential (- ym) of ROSL, WOGR, and LERI

D aris: 18 positively correlated with @ mamiv. However, using fixed parameters, none of the
models described in the literature (Troeh et al. 1982, Moldrup et al. 1997,
Moldrup et al. 1999), can relate Dipamic With  @umamc for the whole range of our
measurements from wet to dry pellets. Zausig et al. (1993) concluded that an increasing
connectivity of air-filled pores is more important than the total volume of air-filled pores
and the only exact measure of oxygen diffusion properties is the diffusion coefficient
itself. They found a nearly linear relation between Dy yumix and ¥, in the a small range of
matric potentials (¥, = 0 hPa to -70 hPa) and suggested using , as an indirect parameter
to predict the aeration status of nearly saturated aggregates. We copied the ideas of Zausig
et al. (1993) and could derive a linear relationship between the logarithm of D i and
the logarithm of i, for the whole range of ,, from -100 hPa to -1,000,000 hPa (Fig. 3.5).
Extrapolation of our measurements up to a matric potential of -1 hPa, results in values
tor Djpami between 2x10-7 and 5x10-7 cm? s! (Fig. 3.5). Our values that were measured at
a temperature of 30 °C, compare well with measurements reported in the literature:
1.4x107 at water-saturation (Sierra et al. 1995), 4.6x107 cm? s! at y,, = -10 hPa to
7.5x107 cm? s at y,, = -70 hPa (Zausig et al. 1993), 8.5x10¢ cm? s at ‘field capacity’
(Sextone et al. 1985), and 9x10¢ cm? s! wunder ’locally saturated’ conditions
(Rappoldt 1995). These literature values were measured at temperatures between 20 and
23 °C.

3.4.5. Inter-aggregate oxygen diffusion coefficients

The calculated values for D;.- can be found in Table 3.6 and range from 1.01x10-2 to
8.46x102 cm? s! (FF= 1) and 3.03x10-3 to 2.54x102 cm? s'! (FF = 0.3). We calculated the
highest values for WOGR, whereas we calculated the lowest values for ROSL. Because
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we used Eq. (3.16) to calculate Dy, the resulting values are completely dependent on
the shrinkage behavior of the sediments and therefore they are not surprising as WOGR
has the largest shrinkage potential (section 4.2). Bronswijk (1991) reported measured
maximum values for Dj of 3x102 cm? s in a clayey soil with a poor structure and
2x102 cm? s! in a well structured clayey soil. Smith (1980) used a maximum value of
1x10-2 cm? s to calculate oxygen profiles in a well structured clayey soil. These maximum
values are in the same order of magnitude as our values. For F'= 0.3, D;/yeris 1 to 3 times
higher than D;yumiv. For F'= 1.0, Dsiyer is 4 to 10 times higher than Dy yumiv. These last
ratios correspond with indirect measurements of Currie (1965), who showed that the
within-crumb coefficient was about one-fifth of the between-crumb coefficient for a
given air space.

3.4.6 Field physical ripening (structure development)

The log-probability plots of the aggregate diameter distributions of samples from the
different field disposal sites are presented in Fig. 3.6. The GMD, oy, 4, and cut off
diameter are given in Table 3.7. A clear difference exists between the samples of half-ripe
and ripe aggregates. As expected, GMD and oy, + of half-ripe aggregates are larger than
those of ripe aggregates. These observations are compatible with the observations
reported by other researchers (Dexter 1988): in general, smaller aggregates have a higher
density and a higher tensile strength compared to larger aggregates.

25 & measured data OH1
B measured data OH2 O
2 - A measured data OH3
X measured data OH4 - s
O  measured data PH P 7~ A
@ 1 5 - ¢ measured data WM -~
N g A measured data GH P [
g O measured data 22 7. O
‘g — = =linear fitOH1: y=1.11x-1.75; R*=0.96 //_ 8‘ -
S 19 — — inearfiton2: y = 1.09x - 2.04; R? = 0.98 _ P
s - = = -linearfit OH3: y=1.01x-2.08; R*=0.99 P
= linear fit OH4:  y =1.24x-2.21;R*=0.94 P .
g 0.5 1 linear fit PH: ¥ = 1.56x- 1.29; R = 0.98 .
= — — linear fitWM: ¥ =2.19x- 1.5, R? = 0.95 -
5, - - = -linearfitGH: Yy =1.72x-1.13;R*=0.98 . 'S
'g 04 — - -linearfitzz.  ¥y=163x-148,R* =099 « _ %
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=
o
c
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o
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Fig. 3.6 Log-probability plot of aggregate diameter distributions of samples
from half-ripe sediments (OH1 — OH4) and ripe soils (PH, WM, GH, and ZZ)

GMD and 0y ¢+ show the same pattern as the values found by Shiel et al. (1988) who
reported that the GMD decreased from 44.7 mm after the second wet/dry cycle to

~60 -



Qunantification of physical properties

0.8 mm after the eighth cycle. In their study, oy, s decreased from 1.0 to 0.3. A value for
Oig 4 close to 1 seems to be typical for sediments at an initial stage of structure
development, whereas a 0y, ¢ lower than 0.6 indicates that an equilibrium aggregate size
distribution is reached that is typical for a ripe soil. The largest aggregates in our samples
of half-ripe sediments have a diameter > 100 mm. The first aggregates that are formed in
a field disposal site are expected to be larger and are formed as a result of initial cracking.
Their size is related to the distance between the initial cracks, which is > 250 mm
(Chapter 2). The diameter of the pellets produced with the microdepots (section 3.2)
compares well with the GMD of the field samples of half-ripe sediments.

Table 3.7 Aggregate-diameter distribution for half-ripe and ripe dredged sediments
from different disposal sites. GMD = Geometric mean diameter, olg4 = log-standard
deviation, Cut off diameter = maximum diameter found in the sample

GMD Ologd Cut off diameter
(mm) () (mm)
Half-ripe
OH1 38 0.90 100
OH2 75 0.92 120
OH3 113 0.99 140
OH4 60 0.81 110
Ripe
PH 6.8 0.64 55
WM 5.1 0.46 45
GH 45 0.58 50
Y4 8.2 0.61 75

The cut off diameter ranges from 100 to 140 mm for the half-ripe aggregates and from 45
to 75 mm for ripe aggregates, and are only about 2 (half-ripe aggregates) to 9 (ripe
aggregates) times larger than the GMD. Using a lognormal distribution without truncation
would suggest the existence of aggregates that are 20 to 30 times larger than the GMD
(Rappoldt and Crawford 1999), indicating that it is important to measure the cut off
diameter.

As the ripening index 7, only quantifies the degree of desiccation and gives no
information about structure development, we propose to use the GMD, 0y 4, and cut off
diameter in addition to 7, to quantify the ripening stage.

3.5 Conclusions

The main objective of this study was to achieve input parameters for mathematical
models describing the physical ripening processes in dredged sediments that have been
disposed at an upland disposal site. We were able to artificially drain (ripen) three freshly
dredged sediments to different, well defined extents in our specially designed pressure
chambers (microdepots).

Techniques proposed in this study to measure the stage of ripening, shrinkage

characteristics, swelling functions, hydraulic conductivity characteristics, moisture
retention characteristics, and oxygen diffusion coefficients of the artificially ripened
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sediment aggregates were verified. Our measurements resulted in a valuable data set of
these physical properties for nearly water-saturated (unripe) sediments to air-dry (ripe)
soils. Besides, we were able to use the aggregate diameter distribution to quantify the
effect of physical ripening on structure development in samples from field disposal sites.
This provides the essential extra information that is needed to translate our laboratory
measurements to field situations.

In this study, we did not quantify the effects of wet/dry cycles or the effect of chemical
and biological processes on physical properties of the pellets. These processes may play
an important role in soil structure formation and stabilization processes (Dexter 1988,
Horn and Dexter 1989, Shiel et al. 1988, Horn et al. 1994, Baumgartl and Horn 1999).
However, we assume that the above processes affect the physical properties of ripening
sediment aggregates far less than the desiccation process described in this study.

We measured most of the properties described in this study in artificially ripened
aggregates that did not contain any (micro-)cracks. Therefore, the reported data can be
used as input for so-called dual- or multi-domain models (Bronswijk 1988, Van Dam
2000, Smith 1980, Rappoldt 1990), in which water- and oxygen transport through cracks
are calculated separately from transport through the soil matrix. Water and oxygen
transport models that do not distinguish macro- from micro-pores require input data that
are measured in a system that contains soil matrix as well as cracks (e.g. field
measurements or measurements on undisturbed field samples).

With the data presented in this study, the coupled processes of water transport,
consolidation, physical ripening, and oxygen diffusion can be modeled with a
combination of models as described by Van Dam (2000), Kim et al. (1992a), and Smith
(1980). Such a combination would be a helpful tool in predicting the course of physical
ripening of dredged sediments at an upland disposal site.

In addition to the data presented in this study, quantitative data are also needed on the
biodegradation kinetics of the present pollutants and the biochemical oxygen
consumption kinetics of the sediments. The results of a study on these kinetics that we
carried out in our laboratory, can be found in chapters 4 and 5 of this thesis.
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BIOCHEMICAL RIPENING OF DREDGED SEDIMENTS

1. Kinetics of sulfur oxidation
and soil organic matter mineralization
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Chapter 4

Abstract

After clayey dredged sediments have settled in a temporary upland disposal site, ripening starts which
turns waterlogged sediment into aerated soil. Aerobic mineralization of Soil Organic Matter (SOM) and
oxidation of reduced sulfur compounds ate the major biochemical ripening processes. Quantitative data
describing these processes are scarce. Therefore, we studied the aerobic oxidation and mineralization of
five previously anaerobic dredged sediments duting a 160 days incubation experiment at 30 °C in the
laboratory. A double exponential model could adequately describe sulfur oxidation and SOM
mineralization kinetics. A quantity of 7 to 34% of the total sulfur was oxidized during the first 7 days of
incubation, after which no further sulfur oxidation was observed. Oxygen used for sulfur oxidation
amounted up to 70% of the total oxygen uptake in the first 7 days and up to 30% of the oxygen uptake
during the whole incubation period. Mineralization rates of the rapidly mineralizable SOM fractions that
mineralized during the first 14 to 28 days of incubation were 100 to 1,000 times higher than the
mineralization rates of the slowly mineralizable SOM during the remaining period. First order
mineralization rates of the slowly mineralizable SOM were 0.00011 to 0.00026 d! and can be compared
with those of terrestrial soils.. Yields of biomass on substrate ranged from 0.08 to 0.45 g Chiomass / g Csom
and appeared to be higher for rapidly mineralizing SOM than for slowly mineralizable SOM. The results
of this study can be used to optimize conditions during temporary disposal of sediments, to estimate the
potential decrease in SOM, and for future studies on the link between SOM mineralization and desorption
of hydrophobic organic contaminants (HOC).

4.1 Introduction

Wortldwide, enormous amounts of sediments have to be dredged for both maintenance and
environmental reasons. For example, 400x10¢ m3 of sediment have to be dredged annually
in the United States (Linkov et al. 2002) and about 40x10° m3 of sediment have to be
dredged annually in the Netherlands. A large proportion of these sediments is heavily
polluted with a ‘cocktail’ of pollutants (chapter 2). For different reasons a substantial
proportion of the dredged sediments is disposed temporarily in an upland disposal facility.
Upland disposal is an easy, cost-effective alternative for dredged material and is therefore a
widely adopted technique.

Following the application of clayey dredged sediments to a temporary upland disposal
site, the soil formation process ripening is initiated. Ripening is a soil formation process
that irreversibly converts water-logged consolidated clayey sediments into aerated soil by
desiccation and structure development (Pons and Van der Molen 1973). Ripening can be
used as a bioremediation technique for contaminated sediments. If the quality of the
ripened sediments meets the legal environmental and geotechnical standards (e.g. with
respect to consistency), they can be beneficially used (chapter 2).

After structure development, oxygen can penetrate into the air-filled cracks of the
disposed material and into the aggregates between these cracks. Chemical ripening starts
in the part of the sediments in which oxygen has penetrated (the ‘oxygenated’ part). As a
result of chemical ripening, the oxidation status expressed in the redox potential (Eh)
increases from values as low as -300 to -250 mV when chemically unripe to +400 to
+700 mV when chemically ripe. In general the most important chemical ripening process
is the oxidation of reduced sulfur compounds like FeS and FeS: to Fe(OH); and H2SO4
(De Glopper et al. 1992). At pH values above 4.5, FeS, (pyrite) is more stable than FeS.
Therefore, only less stable sulfur compounds like FeS are susceptible to oxidation in
sediments that are well buffered by CaCOs3 (chapter 2). Under pootly buffered conditions,
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the drop in pH that is caused by sulfur oxidation may lead to an increased mobility of
heavy metals that may subsequently leach from the disposal site (chapter 2).

Another effect of oxygenation is the development of aerobic micro-organisms. For this
development and its effect on the dredged sediments the term biological ripening may be
used. One of the results of biological ripening is the biological mineralization of easily
mineralizable fractions of soil organic matter (SOM). After the mineralization of these
easily degradable substrates, a new quasi-steady state will be achieved in which the
amount of biomass is linearly related with the total amount of soil organic matter and
organic micro-pollutants that are available as substrate (Anderson and Domsch 1989). In
such situations, the amount of biomass will be at a level found in comparable oxygenated
terrestrial soil (Van Schreven and Harmsen 1967, Del’Arco and De Franca 1999,
chapter 2). The resulting soil may be characterized as biologically ripe.

SOM is the principal factor controlling sorption of hydrophobic organic contaminants
(HOC) (Cornelissen et al. 2005). The slow release (and subsequent degradation) of HOC,
which has been observed in many different studies, may be caused by sorption to
carbonaceous SOM fractions (Cornelissen et al. 2005) and is possibly linked to the
mineralization rates of SOM (Reemtsma et al. 2003, Harmsen 2004).

In this study, we define biochemical ripening as the combination of biological and
chemical processes that consume oxygen. The high oxygen uptake rates (sediment
reactivity) and water-logged conditions immediately after disposal limit the extent of
oxygenation of the dredged sediment but will decrease over time as a result of exhaustion
of FeS, easily degradable SOM, and bioavailable organic micro-pollutants. Thus, the
ongoing physical ripening processes of desiccation and structure development and the
biochemical ripening process (with its decreasing oxygen uptake rates) result in a higher
degree of oxygenation.

It is known that, dependent on climate conditions, ripening can change a one-meter thick
layer of dredgings into an oxygenated aggregated soil within 3 to 6 years (Harmsen 2001).
However, it is currently not possible to predict the course of simultaneous ripening of
dredged material during temporary disposal because quantitative data on biochemical
ripening processes are missing and because of the complex relationships between the
different ripening processes (chapter 2).

In this study, we quantified the kinetics of SOM mineralization and S oxidation during an
incubation experiment with different types of dredged sediments. The results can be used
to optimize conditions during temporary disposal, to make estimates about the potential
decrease in SOM contents that can be achieved during temporary disposal, and for a
better understanding of the link between SOM mineralization and the desorption of
HOC. The kinetics of PAH and TPH degradation, which also may be considered as a
form of biological ripening, were described in part 2 of this study (chapter 5).
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4.2 Materials and methods

4.2.1 Sediments

To study the oxidation and mineralization processes in the laboratory five types of
dredged freshwater sediment were collected at different places in the Netherlands: from a
ditch in Rotterdam (ROSL), a canal in Woerden (WOGR), a river in Leeuwarden (LERI),
a canal in Scharwoude (SCGR), and a ditch in Schagen (SCSL). All sediments were heavily
polluted with Polycyclic Aromatic Hydrocarbons (PAH) and slightly to heavily polluted
mineral oil (defined as Total Petroleum Hydrocarbons (TPH)). The collected dredgings
were transported to the laboratory in airtight containers, sieved to pass a 2 mm-screen,
and were stored under anaerobic conditions (under water) at 4 °C before use. Some
properties of the dredgings are presented in Table 4.1.

Table 4.1 Sediment characterization (on dry matter basis with exception of dry matter)

ROSL WOGR LERI SCGR SCSL
x-coordinate (km.m) @ 96.300 120.300 183.170 115.940 115.350
y-coordinate (km.m) @ 440.300 455.550 578.740 522.225 533.650
Dry matter (D.M.) (%, wiw) 26 25 29 20 27
Eh (mV) +15 +45 +10 -15 +55
pH (-) 7.32 7.05 6.94 747 7.19
Clay (< 2 pm) (%, wiw) 13 22 22 21 21
CaCOs (%, wiw) 10 14 4 5 8
SOM® (%, wiw) 171 10.5 10.3 12.9 8.8
Total carbon (g kg'') 118 71 66 72 53
Total carbon / SOM (g g) 0.69 0.67 0.64 0.56 0.61
Total nitrogen (g kg') 5.0 55 5.6 6.9 53
C/N-ratio (g g) 236 12.9 11.8 10.4 10.0
Total phosphorus (g kg 1.2 25 15 1.1 0.9
C/P-ratio (g g) 98.3 284 44.0 65.5 58.9
Total sulfur ¢ (g kg'') 18 8 10 12 11
Total chloride (g kg™') 0.30 0.20 0.76 0.46 0.86
Total potassium (g kg) 2.5 2.8 3.1 3.6 3.8
Total calcium (g kg) 54.8 58.9 16.7 244 312
Total magnesium (g kg) 5.37 5.39 4.53 4.44 5.92
Total sodium (g kg'") 1.00 0.33 0.93 0.54 1.58
Total iron (g kg'') 40 24 28 20 21
Total manganese (g kg™') 0.63 0.71 0.26 0.31 0.35
TPH 4 (C10-Ca0) (mg kg) 9100 2300 2400 450 980
PAH ¢ (X16EPA) (mg kg 100 80 180 40 40
Total cadmium (mg kg) 5.34 8.82 1.85 n.af 1.21
Total nickel (mg kg') 50.7 36.9 315 naf 19.2
Total lead (mg kg) 710 224 378 naf 208
Total chromium (mg kg') 67.3 66.3 453 38.5 36.1
Total copper (mg kg 260 80.1 151 66.3 575
Total zinc (mg kg") 1577 494 871 515 354

a position in Dutch Coordinate System

b Soil Organic Matter, loss on ignition at 550 °C (%) - (0.07 x clay (%))

¢ total of inorganic and organic sulfur

d total petroleum hydrocarbons, C1o — Cso

e polycyclic aromatic hydrocarbons, 16 EPA except Naphthalene, Acenaphtylene Benzo[a]anthracene and Chrysene
fn.a. = not analyzed
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4.2.2 Incubation experiment

An incubation experiment was carried out following the method described by Bonten et
al. (1999). Briefly, 14 to 20 g of wet anaerobic sediment samples (Table 4.1) were weighed
into 100 ml glass serum bottles resulting in 4 g of dry matter per bottle. The bottles were
closed with caps with rubber septa. The headspace was filled with air (78.09% N2, 20.95%
Oz, and 0.03% CO:z (v/v)). Preliminary experiments revealed that addition of mineral
medium and an enrichment culture had no significant effect on SOM mineralization and
PAH and TPH degradation. Therefore, this addition was skipped from the original
incubation procedure. The bottles were incubated for 160 days at 30 °C, whilst on a
rotary tumbler (22 rev. minT).

An Oz concentration > 10% (v/v) was maintained in the headspace of the bottles by
flushing with compressed air. Continuous mixing in the bottles assured that the
Oz concentration in the slurry was not limiting biological activity.

4.2.3 Analytical methods

During incubation, headspace was sampled regularly with a Hamilton syringe. Gas
samples (100 pl) were analyzed for Oz, COp, and Nz on a gas chromatograph
(Interscience 8340) equipped with a Teflon® column (2 mmID x 1.5 mL) packed with
Chromosorb® 108 (60 — 80 mesh) parallel with a stainless steel column (2 mmID x
1.2mlL) packed with Molsieve 5A (60 —80 mesh), with a 1:1 split and a Thermal
Conductivity Detector. Oz uptake and CO: evolution were calculated using gas
concentration differences and head space volumes.

Bottles were sacrificed in triplicate at nine moments between 0 and 160 days after the
start of incubation. pH and Eh in the sacrificed bottles were measured by inserting a
WTW, SenTix® 21 electrode and a WTW, SenTix® ORP electrode, respectively. Both
electrodes were inserted for 2 min. Subsequently, 1.5 ml slurry samples were collected and
centrifuged for 5 minutes (16,000 g). The supernatant was diluted 25 times with Millipore
water and a 25 pl sample was analyzed for SO4*, NO2, and NO3 on a DX-600 ion
chromatograph system (Dionex) that was equipped with an IonPac® AS17 column
(4 mmlID x 250 mmL) and an electrochemical detector. Occasionally, the supernatant was
analyzed for Dissolved Organic Carbon (TOC analyzer model 700, O.1.-Analytical) and
NH4*" and PO43- (segmented flow analyzer, Skalar Analytical). Finally, the sediments were
analyzed for PAH and TPH (chapter 5).

4.2.4 Terminology and calculations

Oxidation and mineralization of FeS, SOM and organic micro-pollutants results in the
production of Fe(OH)3, SO42%, CO2, NH4*, NO2, NO3, PO4*>, H20O, and H*. Examples
of oxidation and mineralization reactions of substances in dredged material are given in
Table 4.2. In these reactions, the ratio of moles CO:z evolution to moles Oz uptake
(CO2/0y) is called the respiratory quotient (RQ). Only when substrates equivalent to the
composition of glucose are completely mineralized under steady state conditions the
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RQ value equals 1 mol mol! (Dilly 2001). When aliphatic organic compounds, amino
acids or refractory compounds having lower O content than glucose (e.g. humic acids) are
predominantly mineralized, the RQ value is smaller than 1 mol mol-!l. The same is true
under conditions of extensive nitrification.

Table 4.2 Stoichiometric relationships of oxidation and mineralization reactions with atom-C/O-ratio (C/O) of the substrate
and corresponding respiratory quotient (RQ)

Conversion of; Relationship C/O RQ
mol mol-! mol mol-!

1 Carbohydrates @ CsH1206 + 602 — 6CO2 + 6H20 1.00 1.00

2 Humic acids b CaosH3a28090Ns + 351.2502 — 3.42 0.88
308CO2 + 161.5H20 + 5NOs3" + 5H*

3PAH¢ C1oHs + 1202 — 10CO; + 4H20 © 0.83

4 ‘average’ SOM ¢ (CH20)106(NHs)16(H3POx4) + 13802 — 0.96 0.77
106C02 + 122H20 + 16NO3 + 16H* + H3PO4

5 Straight alkanes 2(CHz)a + 3nO2 — 2nCO; + 2nH0 % 0.67

6 Amino acids ¢ 2CH2NH2COOH + 702 — 4C02 + 4H20 + 2NO5- + 2H* 1.50 0.57
7 Iron monosulfide 4FeS + 90; + 10H20 — 4Fe(OH)s + 4S04 + 8H* - -

a glucose is given as an example

b after Dilly 2001

¢ Polycyclic Aromatic Hydrocarbons, Naphthalene is given as an example
4 Soil Organic Matter, after Park and Jaffé 1996

e glycine is given as an example

Growth of bacteria — with a cell composition that can be described with CH1.8005No.2
(Roels 1983) — influences the RQ) values that can be derived from stoichiometric relations.
Under conditions of growth, RQ values are lower than the stoichiometrically derived
values for RQ if mainly substrates like humic acids, mineral oil, and PAH having atom-
C/O-ratios higher than 2 mol mol! (= C/O-ratio of biomass) are mineralized. On the
other hand, RQ wvalues are higher if substrates with atom-C/O-ratios lower than
2 mol mol'! are mineralized under conditions of growth (e.g. growth on carbohydrates).
Thus, the RQ value may vary depending on the composition of available substrate and
the microbial growth phase.

In our study, we measured both CO: evolution and O> uptake and calculated RQ values
based on linear regression analysis between the cumulative CO; evolution and cumulative
O uptake. Before regression was performed, O uptake rates were corrected for
Oz uptake needed for the chemical sulfide oxidation (Table 4.2, relationship 7).
Mineralized and oxidized fractions of C, N, and S at the different sampling moments were
calculated using the measured CO2, NH4* NO2, NOs3, and SO4* production and initial
C, N, and S contents (Table 4.1).

In literature about SOM mineralization in soils and sediments two approaches can be
distinguished that describe their kinetics mathematically. In the first approach kinetics are
described with one mineralization rate that decreases with time (Middelburg 1989,
Janssen 1984, Feng and Li 2001). In general, this type of model is used to do long term
predictions of carbon mineralization, which may be useful to study the impact of the
global carbon cycle on global warming. In the second approach, SOM is divided into two
or more mathematical components with different mineralization rates (Boudreau and

Ruddick 1991, Burdige 1991, Murayama 1984, Kalbitz et al. 2003). This approach is more

~70 -



Sulfur oxidation and soil organic matter mineralization

suitable for predictions within a relatively short timeframe and may be compared with the
two-compartment model that is used to describe the biphasic desorption and degradation
of HOC in polluted soils and sediments (Cornelissen et al. 1997a).

It is expected that the residence time of dredged sediments that is needed for ripening in a
temporary disposal site is limited to a relatively short period of 3 to 6 years
(Harmsen 2001). Therefore, we applied the approach that SOM consists of two
mathematical components representing rapidly mineralizable and slowly mineralizable
fractions of SOM. The mathematical description of this double exponential model is
given in Eq. (4.1).

X _ _

Zt—(a,)e ™ +(1-a,)e ™! 4.1)
0

where:

Xi = amount of X at t = t, X = Carbon, Nitrogen or Sulfur (g)
Xo =amountof Xatt=0,X=C,Nor S (g)

t = time (d)

ax = rapidly mineralizable/oxidizable fraction of X, X=C, N or S (-)

kx1 = mineralization rate constant of the rapidly mineralizable/oxidizable fraction, X = C, N, or S (d-)
kx2 = mineralization rate constant of the slowly mineralizable/oxidizable fraction, X = C, N, or S (d"')

Values of ax, £x,; and kx> were determined using the Levenberg-Marquardt least square
optimization method of the statistical software package SPSS®. This resulted in
mineralization and oxidation rates constants for C, N, and S (kx;7 and £x,2) and a rapidly
mineralizable/oxidizable fraction (ax) for the five different sediments. Oxidation of sulfur
in contaminated sediments is mainly caused by an instantaneous chemical oxidation of the
inorganic FeS (chapter 2). We assume that the remaining part of the S is present in
different forms (organic S, FeSy) that are not susceptible to oxidation. Therefore, we used
a fixed value of 0 for £s2in Eq. (4.1).

A linear relation exists between £c and &x of SOM (Van Veen et al. 1985, Voroney and
Paul 1984). We expected such relations to exist for both the rapidly mineralizable fraction
and the slowly mineralizable fraction. The relation between £x and 4c for both fractions
depends on the C/N ratio of the SOM and biomass and the dissimilation/assimilation
factor (Hendriks 1991, McGechan and Wu 2001):

1 C/Ngy,
CIN,
ko =k |1+ biomass 4.2
vee diss/ ass *2)

where:

C/Nsom = C/N-ratio of the soil organic matter (g g")
C/Nbiomass = C/N-ratio of the mineralizing microorganisms (g g-')
diss/ass = dissimilation/assimilation ratio (-)

ke = C-mineralization constant (d-)

kn = N-mineralization constant (d-")

We assumed that the sediment have equal values for C/Nsom for both the rapidly
mineralizable fraction and the slowly mineralizable fraction.
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The dissimilation/assimilation ratio is the ratio between the part of SOM that is
converted to CO: to the part that is used for the building of new cell material. After
rearranging Eq. (4.2), this factor can be calculated with Eq. (4.3).

_ C/Ngoy

1
diss/ass = O/ Norss (4.3)

In soil science, the ratio of assimilation to the sum of assimilation and dissimilation is
called the biosynthesis efficiency (Rijtema et al. 1999). In biotechnology, this biosynthesis
efficiency is better known as the yield of biomass on substrate (Roels 1983). Eq. (4.4)
converts the dissimilation/assimilation ratio to the yield of biomass on substrate (Y).

1

= 4.4
diss/ass +1 S

where:
Y =yield of biomass on substrate (g Cbiomass / g Csom)

4.3 Results and discussion

4.3.1 Composition of the soil solution

During the first week of incubation the pH of the samples decreased with 0.5 (WOGR) to
1.1 (ROSL) pH units. After this week the pH increased with about 0.2 units to stabilize at
this value for the rest of the incubation period. The drop in pH is most likely related to
the fast chemical oxidation of FeS to HoSOy (relationship 7 of Table 4.2). The sediments
we used for this study were well buffered against acidification because CaCO3 contents
were always higher than 4% (Table 4.1). This corroborates the data of Zevenbergen et al.
(1999) who stated that most dredged sediments in the Netherlands contain an excess of
CaCOs; and are therefore not vulnerable to acidification.

Eh increased from about 0 to about +300 mV within a few days of incubation, which is
normal for a system that undergoes oxidation by oxygen (chapter 2). Eh stabilized at
about +450 mV after about 30 d of incubation. Before starting the incubation experiment
we observed methane formation in the containers in which the sediments were stored.
Therefore, we expected Eh values lower than about -200 mV at the start of the
incubation (Stumm and Morgan 1996). Probably, the electrode was inserted a too short
time to achieve complete equilibrium with the sediments (Patrick et al. 1996).

SO4* concentrations increased from 120 — 360 mg I'! to 1,570 — 2,760 mg I'! during the
first 7 days of incubation. Most probably, SO4? formation was caused by the oxidation of
inorganic sulfur compounds like FeS, which is a purely chemical process. After 7 to
14 days of incubation, no further increase of SO4> concentrations was measured
indicating that oxidation of inorganic sulfur compounds had ceased.
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NH4* concentrations ranged from < 0.5 to 21 mg I'! at the start of the incubation and
decreased to values < 0.5 mg I'! in all samples during the first 20 days of incubation. The
relatively high concentrations in some of the samples at the onset of the experiment were
most probably a result of anaerobic mineralization of SOM. NH4* formed under aerobic
conditions is converted to NOz and NOs3 by nitrifying microorganisms. Consequently,
NH4* concentrations dropped below detection limits during the course of the
experiment. NOz concentrations were lower than the detection limit of 0.02 mg I! during
the whole incubation time, because NOz was instantaneously converted into NOs-.
Contrary to the observed S-mineralization, N-mineralization is a biological process.
Therefore, NO3 concentration steadily increased from values of < 0.02 — 27 mg 11 at
day O to 630 — 1,080 mg I'! after 160 d of incubation.

PO43 concentrations increased from concentrations below 0.6 to 0.6 — 1.8 mg I
Although mineralization of SOM might have caused this increase, a more likely cause is
the dissolution of inorganic P-fractions that were insoluble at the previously higher pH-
values.

Concentrations of mineral N and P in the soil solution were never below detection limit
(0.5 and 0.6 mg I respectively) during the 160 days of incubation. Therefore, it is not
likely that N or P limited microbial activity during the incubation experiment.

Concentrations of Dissolved Organic Carbon (DOC) were 60 to 120 mg I at the start of
incubation. No clear decrease or increase was observed during the 160 d of incubation.

4.3.2 Respiration

Oxygen uptake rates ranged from 0.06 (SCSL) to 0.19 mmol Oz g! D.M. d! (ROSL)
during the first day. After the first day, oxygen uptake rates sharply decreased, except for
ROSL that showed an increase in rate up to 0.221 mmol Oz g' D.M. d'! until the third
day. After ten days, oxygen uptake rates had further decreased to 0.009 (WOGR) to 0.018
(ROSL) mmol Oz g D.M. d-!. After 21 days oxygen uptake rates were 0.005 (WOGR) to
0.013 (ROSL) mmol Oz g!' D.M. d!. During the remaining incubation time, oxygen
uptake rates gradually leveled down to values of 0.001 (WOGR) to 0.003 mmol O> g
D.M. d! (SCSL) after 160 days.

As an example, ROSL oxygen uptake rate and carbon dioxide evolution during incubation
are presented in Fig. 4.1. The figure shows relatively low CO2/Oz ratios (RQ) during the
first days, after which this ratio stabilizes at values of about 0.8 mol moll. During the first
few days of incubation considerable amount of oxygen were needed for sulfur oxidation.
This was confirmed by the increased SO4* concentrations that were measured after
7 days (see section 4.3.1).

From the declining oxygen uptake rates, it may be assumed that the stages of exponential
and stationary microbial growth were passed within one (WOGR, LERI, SCGR, SCSL) to
three (ROSL) days and that the microbial population was in the phase of decline,
characterized by negative growth rates (Monod 1949). In this phase the bioavailability
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and/or degradability of the substrate (SOM) is limiting the mineralization rate and not the
size of the microbial population.
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Fig. 4.1 Oxygen uptake rate, carbon dioxide evolution during incubation of ROSL sediment.
Markers represent averages of triplicate measurements, + standard deviation

Regressions between cumulative CO; evolution and O uptake are given in Fig. 4.2.
Oz uptake by sulfur oxidation (relationship 7 of Table 4.2) was subtracted from
cumulative Oz uptake before regression was performed. Oxygen used for sulfur oxidation
was 10 (ROSL) to 70% (WOGR) of the total oxygen uptake in the first 7 days and 4 to
30% of the oxygen uptake during the whole incubation period. All regression lines, except
ROSL, have an intercept with the ordinate, which can be completely explained by
COz evolution originating from CaCOj that is dissolved during decreasing pH. The
ROSL regression line has an intercept with the abscissa. This is probably caused by an
explosive growth of microorganisms on relatively high amounts of well available and
easily degradable substrates during the first few days, which is confirmed by the increasing
Oz uptake rates in ROSL during these days (see above). In the other sediments, this phase
of exponential microbial growth was already finished within one day.

The value of the slope of the regression lines represents the average RQ value and
amounted 0.82 (ROSL), 0.68 (WOGR), 0.78 (LERI), 0.69 (SCGR), and 0.79 mol mol"!
(SCSL), which is in line with values mentioned in the literature. After reviewing the
literature, Sepers (1981) found RQ values between 0.69 and 0.83 mol mol! for aerobic
mineralization of SOM in freshwater sediments. The RQ values that we measured are an
indication that the major substrate that is mineralized is not TPH because mineralization
of TPH leads to RQ values that are 0.40 (Dilly et al. 2001) to 0.67 mol mol'! (Table 4.2).
This is confirmed by calculations made on TPH (and PAH) degradation in part 2 of this
study (chapter 5).
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Fig. 4.2 Regressions between cumulative CO2 evolution and O2 uptake
for ROSL, WOGR, LERI, SCGR, and SCSL dredged sediments

4.3.3 Kinetics of chemical S-oxidation

The S-oxidation kinetics of all studied dredged sediments could be described adequately
with Eq. (4.1) with &2 = 0 (see Fig. 4.3). The oxidation rate constants of S (£s,7) and the
rapidly oxidizable fraction (as5) of the five sediments are listed in Table 4.3. In addition,
the half-life of the oxidizable fraction is given. Values for £s,7 were higher than 3 d! for all
sediments except SCSL, meaning that 95% of the rapidly oxidizable part of reduced sulfur
was oxidized within 1 (ROSL, WOGR, LERI, and SCGR) to 15 (SCSL) days. The
presence of relatively easily degradable organic sulfur might be an explanation for the
lower value of 4s,7 for SCSL. The value of as ranges from 0.07 to 0.34, suggesting that 7
to 34% of the inorganic sulfur is present as FeS and 93 to 66% is present as the more
stable FeS> and organic sulfur.

Table 4.3 Quantitative measures of oxidation of sulfur during 160 days of incubation at 30 °C for ROSL, WOGR, LERI,
SCGR and SCSL dredged sediments

as kst Half-life 1 Re
() (d) (d)

ROSL 0.069 3.54 0.20 0.98

WOGR 0.343 3.45 0.20 0.96

LERI 0.171 3.22 0.22 0.88

SCGR 0.229 3.18 0.22 0.90

SCsL 0.239 0.19 3.65 0.93
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4.3.4 Kinetics of biological C-, N-, and P- mineralization

The mineralization rate constants of C (k¢s and kc2) and the rapidly mineralizable
fraction (ac) of the five sediments are listed in Table 4.4. In addition, the ha/f-/ives of the
different fractions are given.

Table 4.4 Quantitative measures of mineralization of organic carbon during 160 days of incubation at 30 °C for ROSL,
WOGR, LERI, SCGR and SCSL dredged sediments

ac ke,1 kc,2 Half-life 1 Half-life 2 R2
() (d1) (d) (d) (year)
ROSL 0.100 0.174 0.00047 3.98 4.05 0.99
WOGR 0.043 0.200 0.00022 347 8.64 0.99
LERI 0.063 0.183 0.00036 3.79 5.28 0.99
SCGR 0.068 0.067 0.00054 10.3 3.52 0.98
SCSL 0.094 0.050 0.00053 13.9 3.58 0.99

The double exponential model (Eq. 4.1) allowed to adequately describe the C-
mineralization (Fig. 4.3).

1

O Organic carbon
—— double exponential model
A Organic nitrogen
—— double exponential model
O Sulfur
—double exponential model
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Fig. 4.3 Mineralization and oxidation kinetics of carbon, nitrogen and sulfur for ROSL dredged sediment

The rapidly mineralizable fraction SOM (ac) varies between 0.04 and 0.10 (Table 4.4).
95% of the rapidly mineralizable fraction of SOM has been mineralized after about 20
(ROSL, WOGR, and LERI) to 50 (SCGR and SCSL) days. The size of this fraction is
related to the mineralization history of the SOM. SOM that has a long history of
mineralization, contains small fractions of rapidly mineralizable SOM and large fractions
of slowly mineralizable SOM (Janssen 1984, Middelburg 1989). The small fraction rapidly
mineralizable SOM (ac) of our sediments points to SOM that already has a history of
mineralization. This is an indication that the mineralization of ‘fresh’ organic matter
(leaves and other plant residues) already begins at the bottom of the surface waters. ROSL
has the largest rapidly mineralizable fraction, which correlates well with the high amounts
of intact plant residues that were removed during sieving of this sediment sample. The
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relatively high C/N ratio of ROSL (23.6 g g) is also typical for relatively fresh SOM
(chapter 2).

Mineralization rate constants of the rapid fraction (k¢7) amount up to 0.05 to 0.20 d'!
(Table 4.4). These values are very similar to the values that were found in the literature.
Summarizing different sources of data on mineralization of SOM, Hunt (1978) reported
rate constants for rapid mineralization between 0.03 and 0.20 d-l. Kalbitz et al. (2003)

measured values of 0.11 to 0.31 d' for mineralization of dissolved organic matter at
20 °C.

Rate constants for the slowly mineralizable fractions SOM (kc¢_2) vary between 0.00022
and 0.00054 d! (Table 4.4) and are therefore about 100 to 1,000 times lower than the rate
constants for the rapidly mineralizable fractions. The values are lower than the values of
Hunt (1978) who reported values of 0.00064 to 0.0067 d! but comparable to the values
of 0.00022 to 0.00050 that were reported by Kalbitz et al. (2003) for dissolved organic
matter with rapidly mineralizable fractions (ac) of 0.03 to 0.06. Kalbitz et al. (2003)
reported higher values for £¢2 (0.0017 to 0.0085 d!) for dissolved organic matter with
rapidly mineralizable fractions of 0.13 to 0.43. Assuming that every 10 °C increase in
temperature increases the microbial activity with a factor 2 (O = 2), the k-values in
Table 4.4 that are measured at a temperature of 30 °C should be divided by a factor 4 to
achieve values that are approximately valid for the Dutch yearly average temperature of
10 °C. This results in Acz-values ranging from 0.02 to 0.05 y'!, which is exactly in the
same range as the C-mineralization rate constants that are reported in literature for ‘stable’
SOM in terrestrial soils under moderate climatic conditions (Kortleven 1963, Saxena and
Bartha 1983, Priesack et al. 2001).

The values of £s,1, £¢1, and ¢z are technologically interesting, because they can be used
to optimize conditions for ripening during temporary disposal. If values of SOM content,
(reduced) sulfur content, k¢, Ac2 and ks are known, oxygen uptake rates and the
maximum sediment layer thickness that can be oxygenated in a disposal site within the
desired residence time can be calculated (chapter 6). Besides, the values of £¢2 maybe
interesting for long term environmental reasons since they may be correlated with the
slow release and degradation of HOC (Reemtsma et al. 2003, Harmsen 2004).
Mineralization rates based on slurry incubations may deviate from in situ rates. However,
studies of the effects of slurrying on bacterial activity are not univocal (Dauwe et al.
2001). Our observation that £cz-values are in the same range as in situ C-mineralization
rate contants suggests that the deviation from in situ rates are of minor importance only.

The mineralization rate constants of N (&n7 and 4ny2) and the rapidly mineralizable
fraction (an = ac) of the five sediments are listed in Table 4.5. In addition, the ha/f-lives of
the different fractions are given. As expected, N-mineralization rates were correlated well
with C-mineralization rates. Consequently, also N-mineralization could be described well
with the double exponential model (Table 4.5, Fig. 4.3). The values for £n,; are 4.9 — 18.7
times smaller than the values for kc 1, whereas this ratio decreases to 1.2 — 2.2, for An.
and £c2.
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Table 4.5 Quantitative measures of mineralization of organic nitrogen during 160 days incubation at 30 °C for ROSL,
WOGR, LERI, SCGR and SCSL dredged sediments

an? k.1 k.2 Half-life 1 Half-life 2 R2
() (d) (d) (d) (vear)

ROSL 0.100 0.0093 0.00021 745 9.05 0.90

WOGR 0.043 0.019 0.00019 36.5 10.0 0.94

LERI 0.063 0.037 0.00011 18.7 17.3 0.93

SCGR 0.068 0.0091 0.00026 76.2 7.31 0.98

SCsL 0.094 0.0091°® 0.00020 ® 76.2 9.51 0.69

a gy was assumed to be equal to ac (Table 4.4)
b the fit procedure did not converge, so the estimate of kw1 was found by assuming a value of 0.00020 d- for k2

The ratio between Ay and £c (Tables 4.4 and 4.5) was used to calculate the yield of
biomass on substrate (Y) with Egs. (4.3) and (4.4). For the C/N ratio of biomass
(C/ Noiomass) a value of 4.29 g g1 (bacteria) was assumed according to Roels (1983). The
C/N ratios of the SOM (C/Nsom) were taken from Table 4.1 and assumed to be constant
during the 160 days of incubation. Calculated yields are 0.17 to 0.38 g Criomass / g Csom for
the rapidly mineralizing SOM and 0.06 to 0.31 g Chiomass / g Csom for the slowly
mineralizing SOM (Table 4.6). These values are comparable to yields reported in the
literature that range from 0.05 to 0.60 g Chiomass / g Csom for microbial growth on SOM
or other organic substrates (Chapman and Gray 1986, Roels 1983). Holland and Coleman
(1987) reported yields between 0.60 — 0.70 g Chiomass / g Csom for aerobic bacteria in the
exponential growth phase and 0.20 — 0.70 g Chiomass / g Csom in the stationary growth
phase. Natural substrates like SOM with a higher C/N ratio or molecular complexity
generally result in a lower Y (Linley and Newell, according to Schwaerter et al. 1988).
Similar relations between Y and substrate complexity were found for straight alkanes and
the more complex branched alkanes (Geerdink et al. 1996). The relatively low Y7
calculated for ROSL may therefore be related to the relatively high C/N ratio of the
SOM. The most likely reason for the lower yield in the biochemically stabilized (ripe)
sediment (Y?2) as compared with the yield in the freshly dredged (unripe) sediment (Y7)
lies in its higher average SOM complexity of the SOM. The extremely low £¢2 of WOGR
indicates that this sediment reached the highest average complexity (and therefore
stability) of the studied sediments. This also explains its extremely low Y> of 0.06 g
Chiomass / g Csom.

Table 4.6 Calculated yields of biomass on labile (Y1) and stable SOM (Y>) (Egs. (4.3) and (4.4))

Y1 Y2
(g Chiomass / g CSOM) (g Cbiomass / [¢] CSOM)
ROSL 0.17 0.11
WOGR 0.31 0.06
LERI 0.31 0.28
SCGR 0.38 0.27
SCSL 0.38 0.31

No correlation was observed between C-mineralization and P-concentrations in the soil
solution. P-concentrations are most probably governed by the dissolution of non-organic
P fractions caused by the decrease in pH and can therefore not be used to make estimates
about P-mineralization rates.
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4.4 Conclusions

Aerobic carbon, nitrogen, sulfur and phosphorus mineralization and oxidation of five
previously anaerobic PAH and TPH polluted dredged sediments were monitored in the
laboratory during a 160 days incubation experiment at 30 °C. During the experiment pH
dropped 0.3 to 0.9 units as a result of (chemical) sulfur oxidation. Redox potentials
increased from values of about 0 to +450 mV within the first 28 days and remained stable
during the remaining incubation period.

Oz uptake and COz evolution were highly correlated and RQ values ranged from 0.68 to
0.82 mol mol! indicating that (biological) SOM mineralization is the major oxygen
consuming process in ripening dredged sediments and not PAH or TPH. Chemical
oxidation of reduced non-organic sulfur compounds (FeS) resulted in clearly higher
oxygen uptake during the first few days only, after which no further sulfur oxidation was
observed. During this short period 7 to 34% of the total sulfur content was oxidized.
Oxygen used for sulfur oxidation amounted up to 70% of the total oxygen uptake in the
first 7 days and up to 30% of the oxygen uptake during the whole incubation period.

Nutrients were not limiting the (biological) aerobic mineralization processes in the
previously anaerobic dredged sediments because previously anaerobic dredged sediments
are enriched with ample organic and inorganic nutrients while still on the bottom of the
waterway.

A double exponential model could adequately describe carbon and nitrogen
mineralization kinetics in dredged sediments. The rate constants of rapidly mineralizing
SOM that mineralized for 95% during the first 20 to 50 days of incubation were 100 to
1,000 times higher than the rate constants of the slowly mineralizing SOM. First order
rates of slowly mineralizing SOM were 0.00011 to 0.00026 d-! and are similar to those of
terrestrial soils. It can therefore be concluded that dredged sediments can be regarded
biochemically ripened after an oxygenation period of 20 to 50 days (at 30 °C). The
resulting ‘soil’ will have the same biochemical characteristics as a terrestrial soil with the
same mineralogical composition. Differences between carbon and nitrogen mineralization
rates were explained by vyields of biomass on substrate between 0.20 and
0.45 g Chiomass / g Csom for the rapidly mineralizable SOM and between 0.08 and
0.38 g Chiomass / g Csom for the slowly mineralizable SOM.

The quantitative data presented in this paper can be used to estimate the maximum
sediment layer thickness that can be oxygenated during temporary disposal of
contaminated sediments. Besides, the data give insight into the potential reduction of
SOM that can be achieved during disposal and the time needed to achieve a stabilized
product that can be used as a building material. Finally, the data may be used to test the
hypothesis that degradation kinetics of SOM are linked to the desorption and degradation
of HOC.
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BIOCHEMICAL RIPENING OF DREDGED SEDIMENTS

2. Degradation of PAH and TPH in slurried
and consolidated sediments

Maar waar blzjven het diepe inzicht
en de natunrijke vertronwdbeid met de grote problemen,
als iemand ijn opleiding krijgt
in een laag landje van modder en kles,
zonder één berg?

Nooit meer slapen — W.F. Hermans

This chapter is based on a paper that was submitted for publication (Vermeulen et al. submitted b)
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Abstract

Ripening of PAH and TPH polluted dredged sediment during upland disposal can be considered as a
bioremediation technique. We studied the aerobic biodegradation of PAH and TPH in five previously
anaerobic slurried sediments during a 360 days incubation experiment. Besides, we studied the oxygen
penetration and degradation of PAH and TPH in three consolidated (physically ripened) sediments. All
experiments were conducted in the laboratory at 30 °C. A double exponential model could adequately
describe PAH and TPH degradation kinetics in the slurried sediments. First order degradation rate
constants for the rapidly degradable fractions (12 to 58%) were about 0.13 and 0.058 d! for PAH and
TPH, respectively, whereas the rate constants for the slowly degradable fractions were about 0.00044
(PAH) and 0.00067 d! (TPH). Rate constants for the rapidly and slowly degrading fractions are similar to
the mineralization rate constants of the rapidly and slowly mineralizing SOM fractions in the sediments,
indicating that degradation of PAH and TPH and SOM mineralization are linked processes. Oxygen
uptake by degradation of PAH and TPH was negligible compared to the oxygen uptake by sulfur
oxidation and soil organic matter mineralization. In consolidated sediments, PAH and TPH degradation
was limited to the oxygenated part. Amounts of PAH and TPH that were degraded in the oxygenated
parts of the consolidated sediments during 21 days of incubation were similar to the amounts that
degraded during 21 days in the slurried sediments.

5.1 Introduction

Following the application of clayey dredged sediments to a temporary upland disposal
site, the soil formation is initiated. This process is called ripening. Ripening irreversibly
converts water-logged consolidated clayey sediments into soil by desiccation and structure
development (Pons and Van der Molen 1973, chapter 2). After structure has been
developed, oxygen can penetrate into the air-filled cracks of the disposed material and
into the aggregates between these cracks. In the part of the sediments in which oxygen
has penetrated (the ‘oxygenated’ part), biochemical ripening starts. In part 1 of this study
on biochemical ripening (chapter 4), oxidation of reduced sulfur compounds and
mineralization of soil organic matter (SOM) were described extensively.

Aerobic biodegradation of bioavailable organic micropollutants like Polycyclic Aromatic
Hydrocarbons (PAH) and mineral oil, defined as Total Petroleum Hydrocarbons (TPH),
is stimulated by oxygenation. This degradation can also be regarded as a biochemical
ripening process. The toxicity of PAH and TPH polluted sediments is strongly reduced by
active oxygenation of slurried sediments (Tabak et al. 2003) or ripening (passive
oxygenation) of consolidated sediments (Harmsen 2004). Therefore, ripening can be
considered as a bioremediation technique for sediments that are contaminated with these
pollutants (chapter 2).

Hydrophobic organic carbons (HOC) like PAH and TPH strongly sorb to the soil organic
matter (SOM) in sediments and can only be biodegradaded after they have been released
(e.g. by desorption) into an aqueous phase containing microorganisms that are capable to
degrade them (Reid et al. 2000, Johnsen et al. 2005). Desorption and subsequent
biodegradation of micropollutants exhibits biphasic behavior. During the initial phase of
biodegradation, desorption of pollutants is rapid and the rate of removal of organic
pollutants like PAH and TPH is primarily limited by microbial degradation kinetics.
Pollutants that are removed during this phase can be classified as ‘bioavailable’. During
the second phase, the rate of removal of pollutants is limited by desorption processes
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(Cornelissen et al. 1998, Cuypers et al. 2000, Bonten 2001, Huesemann et al. 2003).
Pollutants that are degraded during this phase can be classified as ‘pootrly available’.
Different mechanisms to explain this poor availability are proposed in the literature
(Gevao et al. 2000, Reid et al. 2000, Semple et al. 2003, Ehlers and Loibner 20006).
However, regardless of the exact mechanisms, it may be hypothesized that degradation
kinetics of hydrophobic pollutants are equal to the mineralization kinetics of the SOM
(Reemtsma et al. 2003, Harmsen 2004).

To evaluate the hypothesis that biodegradation of PAH and TPH are linked to the
mineralization of SOM, the kinetics of PAH and TPH degradation were quantified in this
part of the study and were compared with the kinetics of SOM mineralization that were
quantified in part 1 of this study (chapter 4). To investigate whether there is a bias in the
measurements in slurries relative to in situ (upland disposal) degradation of PAH and
TPH, the extent of PAH and TPH degradation in these slurries was compared with the
degradation of PAH and TPH in consolidated sediments that had been physically ripened
to different extents.

5.2 Materials and methods

5.2.1 Incubation experiment with slurried sediments

Five types of slurried clayey dredged sediments (ROSL, WOGR, LERI, SCGR, SCSL)
were studied in an incubation experiment. The origin of the samples, sample preparation,
sample characteristics, and the used incubation method were extensively described in part
1 of this study (chapter 4). Briefly, serum bottles containing 14 to 20 g of wet sediment
and a headspace filled with air were incubated at 30 °C, whilst on a rotary tumbler. To get
reliable measurements on slow PAH and TPH degradation, the incubation time was
extended to 352 days. At ten moments between 0 and 307 to 352 days after the start of
incubation, bottles were sacrificed in triplicate for PAH and TPH analyses (see section
5.2.3). Besides, bottles were sacrificed after 0, 21, and 160 days of incubation to monitor
the bioavailability of PAH (see section 5.2.4). Table 5.1 presents the initial concentrations
of low, medium and high molecular weight, as well as total PAH and TPH in the studied
sediments.

Table 5.1 Initial PAH and TPH concentrations in ROSL, WOGR, LERI, SCGR, and SCSL dredged sediments

PAH 2 (mg kg') TPH (mg kg)

2&3ring  4ring 5&6ring Z16 EPA C10-C20 C20-C40 C10-C40
ROSL 17 12 69 98 1,429 7,739 9,168
WOGR 36 37 30 82 451 1,871 2,322
LERI 117 26 32 175 566 1,820 2,386
SCGR 14 7 16 38 74 384 458
SCSL 17 9 16 42 171 828 999

a 316 EPA except Naphthalene, Acenaphtylene, Benzo[a]anthracene and Chrysene
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5.2.2 Incubation experiment with consolidated sediments (pellets)

In addition to the incubation experiment with slurried sediments, an incubation
experiment was carried out with consolidated sediments (artificial aggregates, hereafter
referred to as pellets). Specially designed microdepots were used to physically ripen
(consolidate) three different sediments (ROSL, WOGR, LERI) to different extents. This
laboratory ripening of the sediments, that resulted into disc-shaped pellets with a diameter
of about 45 mm and a height of about 20 mm, was extensively described in an earlier
study of us (chapter 3). In this study, the matric potential (,,) — a measure to quantify the
moisture condition of sediments (appendix 3) — of the water in the pellets was adjusted to
six different values: y,, = -100, -333, -1,000, -2,000, -16,000, and -1,000,000 hPa (all in
triplicate).

To prevent ongoing desiccation due to evaporation during incubation, the pellets were
stored over different NaCl solutions in desiccators. The osmotic potentials of the NaCl
solutions, determining the vapor pressure of the air in the desiccators, were fixed at the
same magnitude as the different matric potentials of the pellets. The desiccators were
stored in the dark at 30 "C for 21 days. After 10 and 21 days of incubation, oxygen
profiles were measured in the pellets. For a detailed description of the methods that we
used to measure the oxygen profiles we refer to Vermeulen et al. (2002), Malina et al.
(2004), and chapter 3. After 21 days, the pellets were separated into oxygenated and
anoxic parts, based on the measured oxygen profiles. Both parts were analyzed for PAH
and TPH (see section 5.2.3).

5.2.3 Analytical methods

5.2.3.1 Extractions

Both the slurried and the consolidated sediment samples were mixed with acetone and
water up to an acetone/water ratio of 4:1 (v/v). The resulting slurry was sonicated for
15 min (Retsch UR 2) and shaken on a rotary tumbler at 20 °C (22 rev. min'!) for one
hour (after Noordkamp et al. 1997). After shaking, 1 ml of the slurry was centrifuged
(5 min, 13,000 g), and the supernatant was analyzed for PAH by HPLC-UV as described
in section 5.2.3.2.

The applied extraction procedure for TPH was a modified version of the method that was
described in NEN 5733 (NEN 1997). Petroleum ether (30 ml) was added to the sediment
slurry that remained after 1 ml of it had been centrifuged (see above) for PAH analysis.
The slurry was mixed on the rotary tumbler at 20 °C for 30 min after which it was
allowed to settle for 5 min and the liquid phase was decanted over a vacuum filter (glass
filter, S&S GF 50). Petroleum ether (20 ml) was added to the (non-decanted) residue; the
resulting slurry was mixed for 15 min and decanted over the glass filter. The filtrate was
transferred to a separation funnel and shaken twice with 200 ml of acidified (1 ml H>SOy)
tap water. The petroleum ether phase was transferred into a 100 ml bottle over a glass
filter that was covered with 5 g of anhydrous Na>SO4. The filtrate was weighed for
calculation of the exact petroleum ether volume. To remove extracted humic polar
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compounds, 10 ml of the extract was transferred into a 30 ml bottle and cleaned up with
3 g of purified Florisil®. After shaking for 30 min (rotary tumbler at 20 °C) and settling of
the Florosil®, the extract was analyzed by GC-FID as described in section 5.2.3.2.
Between the different extraction steps, all glassware was rinsed with petroleum ether to
include all TPH in the final extract.

5.2.3.2 Instrumental analyses

PAH in the acetone/water mixture (20 pl of extract) were separated on a reverse-phase
C18 column (Vydac 201TP54, 5um, 4.6mmlID X 250mmL) with external guard column
(Vydac 102GD54T, 5pm) using a mixture of acetonitrile and water. PAH were detected
by UV absorbance (Gynkotec UVD340S). The following PAH were measured (used
absorbance wavelengths as proposed in NEN 5771 (NEN 1999) are given between
brackets): a) 2—3 rings: acenaphthene (227 nm), flurorene (261 nm), phenanthrene
(251 nm), anthracene (252 nm), fluoranthene (236 nm); b) 4 rings: pyrene (240 nm),
benzo[/|fluoranthene (256 nm), benzo[£]fluoranthene (307 nm); 5-06 rings:
benzo[4|pyrene (296 nm), dibenzo|a,hlanthracene (297 nm), benzo|g A,/ perylene (299 nm),
indeno[7,2,3-¢,dlpyrene (250 nm). Naphthalene and acenaphtylene were not analyzed
because their concentration largely varied within the bulk samples. Benzo[a]anthracene
and chrysene were not analyzed because they could not sufficiently be distinguished from
each other.

Measurement of TPH in the petroleum ether (3 pl of extract) was performed on a gas
chromatograph (Hewlett-Packard 5890 Series II) equipped with a WCOT fused silica
column (Chrompack-Varian, 0.32 mmID x 10 mlL) coated with CP SimDist (film
thickness 0.1 mm). Helium was used as carrier gas. The GC was equipped with a Flame
Ionization Detector. TPH concentrations were calculated by group integration (C10 —
C20 and C20 — C40) of the unresolved peaks after subtraction of a blank (petroleum
ether).

The oxygen profiles in the pellets were measured with a cathode-type microelectrode
(Visscher et al. 1991) combined with an InLab® 302 Ag/AgCl reference electrode. An
industrial precision height gauge was used to insert the microelectrode into the pellets
with increments of 0.25 mm (+ 0.01 mm).

5.2.4 Measurement of PAH bioavailability

To measure the bioavailability of PAH, the persulfate oxidation method was used that
was developed at our laboratory (Cuypers et al. 2000). Briefly, the (wet) sediment was
thoroughly mixed with KzS;Os and demineralized water to obtain a persulfate (S2Os?) to
soil organic matter ratio of 12 g ¢! and an aqueous persulfate concentration of
0.0357 g ml'L. The resulting slurry was placed in a water bath shaker at 70 °C and shaken
end-to-end (120 rev. per min). After 3 hours, the slurry was filtered (glass filter,
S&S GF 50) and solids were extracted for PAH analysis (see section 5.2.3).
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The persulfate oxidation method is not suitable for the measurement of TPH
bioavailability (Cuypers et al. 2001). Although other methods are currently available to
measure TPH bioavailability, they have not been used in the current study.

5.2.5 Calculations

5.2.5.1 Slurried sediments

We used a double exponential model (Eq. 5.1) to describe the (biphasic) degradation
kinetics of PAH and TPH during the incubation experiment with slurried sediments (after
Cornelissen et al. 1997a). This equation was also used in part 1 of this study to describe
the mineralization kinetics of soil organic matter (chapter 4).

ﬁ:(ax)e(—kxnt) +(1_ax)e(—kx,2t) (51)
X,

where:

Xi =amount of X at t =t, X = PAH or TPH (mg)

Xo =amount of Xat t =0, X = PAH or TPH (mg)

t = time (d)

ax = rapidly degradable fraction of X, X = PAH or TPH (-)

kx.1 = degradation rate constant of the rapidly degradable fraction, X = PAH or TPH (d-)

kx.2 = degradation rate constant of the slowly degradable fraction, X = PAH or TPH (d-)

Values of ax, £x,; and kx,» were determined using the Levenberg-Marquardt least square
optimization method of the statistical software package SPSS®. This resulted in
degradation rates of PAH and TPH (kx; and kx2) and an estimation of the rapidly
degradable fraction (ax) for the five different sediments.

5.2.5.2 Consolidated sediments (pellets)

To calculate average oxygen uptake rates (¢J) of the pellets at day 10 and 21, we used
Eq. 5.2. This equation describes the relation between Q) and the oxygen penetration depth
(zpen) under steady state conditions (after Glinski and Stepniewski 1985).

Q _ 2Ds,matrixGr (5 2)

= 5 .
zpen

Wlth Gr = (¢a,matrix + 0[5 Q)Catm (53)

where:

Q = oxygen uptake rate per unit volume of oxygenated pellet (cm3 O2 cm-3 matrix s°')

Dsmatix = intra-pellet oxygen diffusion coefficient (cm?2 s-)

Gr = apparent oxygen concentration at the surface of the pellet (cm?® cm-3)

Zpen = oxygen penetration depth (cm)

damatix = intra-pellet air-filled porosity (cm3 cm-3)

aB = Bunsen’s coefficient, oxygen solubility in water / oxygen solubility in gas at P=101.3 kPa and T=303 K (0.0290)
(cm3 cm-3); after Glinski and Stepniewski 1985

0 = volumetric pellet moisture content (cm? cm?3)

Catm = oxygen concentration in the atmosphere (0.21) (cm3 cm-3)
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In systems without oxygen consumption, the ratio between the passed time and the time
needed to reach steady state can be expressed in a so called Fourier number (Fo). The
Fourier number gives an indication whether it is legitimate to use Eq. (5.3) in our
situation. For our pellets Fo is defined as:

FO — Ds,matrix t (5 4)
z pen

where:

Fo = Fourier number (-)

t = time (s)

It can assumed that an equilibrium oxygen concentration profile has been achieved if Fo is
larger than 1.

5.3 Results and discussion
5.3.1 Incubation experiment with slurried sediments

5.3.1.1 PAH and TPH degradation kinetics

The biodegradation of PAH and TPH generally showed a biophasic behaviour with
concentrations dropping rapidly during the first period of incubation, after which
degradation rates levelled off to low values. This behavior has been described by many
researchers and can be explained by limitation of microbial degradation kinetics and
desorption kinetics during the first and second phase, respectively (e.g. Cuypers et al.
2000).

Figs. 5.1 and 5.2 present the measured and fitted (Eq. (5.1)) degradation kinetics of PAH
and TPH in ROSL slurried sediment. Similar curves were found for the other sediments
studied. The PAH and TPH degradation kinetics could be described well with Eq. (5.1).
The rapidly degradable fraction (#p4r and arpr) and the rapid and slow degradation rate
constants of PAH (kp4n, and kpan2) and TPH (&rpy,s and £rph2) of the five sediments
are listed in Table 5.2. The rate constants for rapid degradation of the low molecular
weight PAH and TPH were higher (but had the same order of magnitude) than those of
the high molecular weight PAH and TPH. No differences could be distinguished between
the rate constants for slow degradation of PAH and TPH of different molecular weighs.
This is in line with the observations of Harmsen (2004) and therefore, only average
degradation rate constants are showed in Table 5.2.

The rapidly degradable fractions of PAH and TPH (a) varied between 0.24 and 0.58 and
is obviously not related to the rapidly mineralizable fraction of SOM that were reported in
part 1 of this study (chapter 4) and that were much lower (0.043 to 0.10). The size of the
rapidly mineralizable fraction SOM is related to the length of the mineralization history of
the SOM (chapter 4), whereas the sizes of the rapidly degradable fractions of PAH and
TPH are related to length of the period between contamination and degradation (that is
the sorption time). According to the values of Table 5.2, 95% of the rapidly degradable
fraction of PAH was degraded after about 10 (LERI and SCGR) to 50 days (ROSL,
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WOGR en SCSL), whereas 95% of the rapidly degradable fraction of TPH was degraded
after about 25 (WOGR and LERI) to 100 days (ROSL and SCSL).

100
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90 —— double exponential model
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Fig. 5.1 Degradation kinetics of PAH (216 EPA) in slurried ROSL dredged sediments
during 352 days of incubation at 30 °C
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Fig. 5.2 Degradation kinetics of TPH (C10 — C40) in slurried ROSL dredged sediments
during 352 days of incubation at 30 °C
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Table 5.2 Quantitative measures of degradation of PAH and TPH during 307 — 352 days of incubation at 30 °C for ROSL,
WOGR, LERI, SCGR and SCSL dredged sediments

PAH (216 EPA) TPH (C10 - C40)

araH Kpan,1 kpan,2 R? arpH KrpH,1 KtPH2 R?

() (d1) (d1) () (-) (d1) (d) (-)
ROSL 0.52 0.061 0.00062 0.97 0.48 0.022 0.00035 0.92
WOGR 0.48 0.095 -0.00099 @ 0.28 0.58 0.1 0.00036 0.95
LERI 0.33 0.26 0.00034 0.24 0.24 0.078 0.0017 0.90
SCGR 0.12 3.270b 0.00066 0.75 -¢ - -c -¢
SCSL 0.53 0.11 0.00015 0.77 0.40 0.021 0.00025 0.89

a negative value caused by an increase of PAH concentrations after 83 days of incubation

b probably unreliable because of low initial PAH concentrations (see also Table 5.1)

¢ no parameters could be estimated because all measured values scatter around a value of 450 mg kg-', which is close to
the detection limit of the used method of analysis for sediments containing SOM (NEN 1997)

5.3.1.2 Rapid degradation of PAH and TPH

Neglecting the extremely high value for SCGR, values for £p4m,7 vary between 0.061 and
0.26 d'! and are similar to degradation constants that are reported in the literature. Based
on a literature review, Cornelissen et al. (1998) reported degradation rate constants for
rapid degradation varying from 0.02 to 0.2 d-L.

Desorption of HOC is also quantified with a double (Cornelissen et al. 1997a), and
sometimes triple (Cornelissen et al. 1997b), exponential model. Therefore, it is legitimate
to make comparisons between rate constants for degradation and desorption. Literature
rate constants for rapid desorption of PAH are 1 to 70 d! (Cornelissen et al. 1998,
Bonten 2001) and are thus clearly larger, indicating that degradation kinetics were indeed
limiting during this phase and not desorption kinetics.

Values for krpy,s vary from 0.021 to 0.11 d' and are also comparable to literature
degradation constants for TPH biodegradation that range from 0.01 to 0.04 d!
(Nocentini et al. 2000, Salanitro et al. 1997). The 47 values for TPH have the same order
of magnitude as the values for PAH, indicating that the same release and degradation
mechanisms might be at work during the first phase of degradation (Cuypers et al. 2001).

Sulfur oxidation, which consumed the largest proportion of oxygen during the rapid
phase of degradation (chapter 4), might have limited SOM mineralization and PAH and
TPH degradation through oxygen competition. However, oxidation rate constants for
sulfur (£s,7) are much higher than rapid mineralization and degradation constants of SOM
and PAH and TPH (chapter 4), meaning that sulfur oxidation did not interfere with
mineralization and degradation of SOM and PAH and TPH. Sulfur oxidation can also
lead to severe acidification of oxygenated sediments with the result that bioremediation
can be halted (Tabak et al. 2003). However, our sediments were well buffered (chapter 4)
and the values measured for £pan,; and £7pH s are equal to the literature values that were
measured under neutral conditions (Cornelissen et al. 1998, Nocentini et al. 2000,
Salanitro et al. 1997). We therefore conclude that biodegradation of PAH and TPH was
not negatively impacted by sulfur oxidation.
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5.3.1.3 Slow degradation of PAH and TPH

Values for kp4p2 vary between 0.00015 and 0.00066 d!' and are similar to the values
found in the literature. Harmsen (2004) found an average value of 0.0004 d-! during long
term experiments with ripening sediments in the field. The values are about a factor 10 to
100 smaller than the desorption rate constants of 0.008 to 0.09 d-! that were found in the
literature for slow desorption (Cornelissen et al. 1997a, Bonten 2001), but are similar to
the desorption rate constants of 0.0002 to 0.002 d! that were classified as very slow
(Cornelissen et al. 1997b). The unexpected negative value for £p4r2 of WOGR was
completely caused by an increase in the measured concentrations of 5 and 6 ring PAH
after 83 days, which was probably caused by heterogeneity of the initial sediment or by an
increase in analytical availability (see also section 5.3.1.5).

Values for £rpy,2 are 0.00025 to 0.0017 d-! and are also comparable to values of 0.0003 to
0.0005 d! that Harmsen (2004) measured during field experiments. No desorption rate
constants for slowly desorbing TPH were found in the literature, but it may be assumed
they are similar to slow desorption rate constants of PAH (Cuypers et al. 2001).

5.3.1.4 PAH and TPH degradation versus SOM mineralization

In part 1 of this study (chapter 4) we measured an average value of 0.13 d! for the rapid
mineralization rate constant of SOM (£c¢,7). On the average, values for £p4p,s are equal to
the this value. Values for &7pm,s are about half of the rapid mineralization constants for
SOM. Generally, also the found slow degradation rate constants for both PAH and TPH
are similar to the average slow SOM mineralization rate constant of 0.00042 d-! (&c,2) that
we measured in part 1 of this study (chapter 4).

We conclude that our hypothesis that PAH and TPH degradation are strongly linked to
SOM mineralization is true. Different mechanisms have been described in the literature
that can explain the observed similar kinetics of PAH and TPH degradation and SOM
mineralization. Sorbed PAH and TPH might be released by mineralization of the SOM
matrix (Reemtsma et al. 2003) and subsequently degraded (Harmsen 2004). However, our
observations can also be explained by slow desorption of both HOC and SOM fractions
from non-degrading SOM fractions (e.g. black carbon or other carbonaceous material
(Nam and Alexander 1998, Cornelissen et al. 2005)) and subsequent degradation and
mineralization. Our experiments show that PAH and TPH degradation rates have indeed
equal orders of magnitude as very slow desorption rates that have been reported by
Cornelissen et al. (1997b). Although we can not prove this, we assume that the similarity
between PAH and TPH degradation and SOM mineralization can be explained by their
similar desorption characteristics. SOM mineralization kinetics that often has been
explained by the formation of stable (slowly mineralizable) SOM compounds
(Janssen 1984 and Middelburg 1989), can thus (also) be explained in terms of
‘bioavailability’ like this is commonly done for HOC degradation.

The reduced sulfur contents, the parameters describing the oxidation kinetics of sulfur (as

and kjy,7), the SOM contents, and the kinetics of SOM mineralization (ac, £¢1, and £c.2)
that are reported in part 1 of this study (chapter 4) can be used to make estimates about
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the oxygen uptake rates during the different stages of biochemical ripening. Using the
initial PAH and TPH contents of the sediments and the parameters on PAH and TPH
degradation kinetics (apam, &pam,1, &pam2, arpH, RTPH,1, RTPH2), similar estimates can be
made for the oxygen uptake rates that are caused by PAH and TPH degradation. In part 1
of this study (chapter 4) it was already shown that oxygen uptake by sulfur oxidation may
account for more than 70% of the total oxygen uptake during the first 7 days of
incubation and up to 30% of the total oxygen uptake during the whole incubation period.
Indicative calculations for the studied sediments show that oxygen uptake rates by PAH
and TPH degradation were, respectively, less than 1 and 5% of the oxygen uptake rate by
SOM mineralization.

5.3.1.5 Biodegradation versus bioavailability of PAH

Rapid degradation of PAH within 21 days has often been described in the literature.
Residual PAH concentrations after persulfate oxidation are strongly correlated with this
biodegradation after 21 days (Cuypers et al. 2000). Therefore, we used a persulfate
oxidation to predict the bioavailability of PAH.

In Figs. 5.3 and 5.4 the initial PAH and TPH concentrations are compared with the
concentrations after persulfate oxidation and 21 days of biodegradation. Residual PAH
concentrations after persulfate oxidation are equal to PAH concentrations after 21 days of
incubation for LERI, SCGR, and SCSL, but not for ROSL. and WOGR. Even after
160 days of degradation, PAH concentrations of these sediments are larger than the
residual concentrations after persulfate oxidation. The differences between the
biodegraded fraction and the measured bioavailable fraction of ROSL can be explained by
the relatively large fractions of PAH with 5 and 6 rings in this sediment (Table 5.1). This
fraction was slower degraded compared to the fractions of PAH with 2, 3, and 4 rings
(data not shown). So, these high molecular weight PAH are bioavailable, but not easily
biodegradable. Their delayed biodegradation is probably the result of cometabolic
processes by microorganisms growing on smaller PAH (Bonten 2001) or SOM
compounds. Probably, a similar explanation is valid for PAH in WOGR and the high
molecular weight TPH fractions. The observed increasing PAH concentration after
83 days of incubation (Table 5.2 and Fig. 5.3) could be explained by heterogeneity of the
sediment which might have caused differences in initial PAH concentrations between the
different incubated bottles. Another explanation could be an increase of PAH
extractability as a result of mineralization of SOM to which PAH were previously bound
(Quantin et al. 2005).

No significant differences were found between residual PAH concentrations after
persulfate oxidation that were measured after 0, 21, and 160 days. This is in line with the
observations of Cuypers et al. (2000).
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Fig. 5.3. PAH concentrations at t = 0, 21, and 307 — 352 days (slurried sediments), after persulfate oxidation, and att=0
and 21 days (consolidated sediments). Bar heights represent averages of triplicate measurements, + standard deviation
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Fig. 5.4 TPH concentrations att =0, 21, and 307 — 352 days (slurried sediments), and at t = 0 and 21 days (consolidated
sediments). Bar heights represent averages of triplicate measurements, + standard deviation

5.3.2 Incubation experiment with consolidated sediments (pellets)

5.3.2.1 Oxygen penetration

Oxygen penetration depths into the sediment pellets (3;) are presented in Table 5.3.
Oxygen penetration depths are 1.1 to 5.0 mm after 10 days of incubation, whereas they
are 1.3 to 6.9 mm after 21 days of incubation. In general, penetration depths are smaller
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than those found in the literature (Sextone et al. 1985, Zausig et al. 1993), which can be
explained by high initial oxygen uptake rates () that were caused by the relatively high
amounts of oxidizable reduced sulfur and labile SOM in biochemically unripe sediments
(chapter 4).

Table 5.3 Oxygen penetration depth (zpen) in sediment pellets of ROSL, WOGR and LERI at different matric potentials ( ym)
after 10 and 21 days of incubation at 30 °C

Wm Zpen (mm)
(hPa) 10 days 21 days

ROSL -100 1.1(0.4) 1.3(0.3)
333 13(0.4) 15(1.0)
41,000 b 20(0.7)
2,000 19(12) 43(1.1)
-16,000 2 - -d
-1,000,000 @ -d -d

WOGR 4100 2.2 (0.1) 25(0.3)
333 21(0.1) 23(0.3)
1,000 28(1.1) 43(1.9)
2,000 5.0 (14) 6.9(03)
-16,000 2 - -d
-1,000,000 a -d -d

LER 4100 15(0.5) 15(0.0)
333 13(0.6) 17 (05
1,000 2.1(0.6) 31(12)
2,000 2.9(0.8) 6.3 (2.2)
-16,000 2 - -d
-1,000,000 @ -d -d

Values are averages of triplicate measurements (+ standard deviation)

a No reliable values for ym = -16,000 and -1,000,000 hPa could be measured with the microelectrodes because the used
microelectrodes did not perform well at ym < -2,000 hPa

b microelectrode malfunction

¢ partly oxygenated, based on visual observations of redoximorphic features (after Patrick et al. 1996)

4 completely oxygenated, based on visual observations of redoximorphic features (after Patrick et al. 1996)

Because low matric potentials () cause high intra-pellet air-filled porosities (@umani) and
therefore are responsible for high oxygen diffusion coefficients (Dsuami) (chapter 3),
higher oxygen penetration depths generally correspond with lower matric potentials. By
far the smallest penetration depths were found in ROSL pellets, which can be explained
by the relatively high oxygen uptake rates (Q) of this sediment caused by sulfur and soil
organic matter oxidation (chapter 4). Oxygen penetration depths in WOGR pellets are
slightly larger than in LERI sediments, which can be explained by its slightly lower oxygen
uptake rates (chapter 4).

Fourier numbers that we calculated with Eq. (5.4) for day 10 and 21 (#), using oxygen
diffusion coefficients that were measured in the same pellets during another experiment
(chapter 3), were much larger than 1 for all pellets, at all matric potentials. These high
Fourier numbers indicate that the incubation time of the pellets was sufficiently long to
reach a steady state in which the penetration depths are solely dependent on the average
oxygen uptake rates ({). Therefore, Eq. (5.2) may be used to calculate these rates. Based
on their observations in soil aggregates, Zausig et al. (1993) concluded the same. Using
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Eq. (5.2) and values for Diurix 0, @amarix, and *pa (aggregate dry bulk density) of pellets at
the different matric potentials () from chapter 3" we calculated average oxygen uptake
rates of 0.09 (WOGR and LERI) to 0.22 mmol O, g1 D.M. d-! (ROSL) after 10 days and
0.04 (WOGR and LERI) to 0.10 mmol Oz g' D.M. d'! (ROSL) after 21 days.

The increased penetration depths after 21 days and therefore the decreased calculated
oxygen uptake rates can be explained by a decrease in reactivity of the sediments with
time as a result of biochemical ripening (see also chapter 4). The average oxygen uptake
rates of the pellets are larger than the average uptake rates that we measured after 10 and
21 days of incubation in the continuously mixed slurry experiment with the same
sediments, which amounted up to 0.03 (after 10 days) and 0.008 mmol Oz g! D.M. d!
(after 21 days) (chapter 4). This difference is caused by the character of the pellets in
which the sediments are not mixed. The oxygen uptake rates of the oxygenated part of a
pellet at a certain moment in time increases with depth in the pellet because material at
small depths has been biochemically ripened for a longer period —and therefore has a
smaller reactivity — than material at larger depths.

From our observations, no conclusions can be drawn about the possible dependency
between oxygen uptake rates and oxygen concentrations. At the time scales of our
observations, Eq. (5.2) seems to describe the oxygenation process of the pellets
adequately. This is in line with the assumption of Smith (1980) that oxygen uptake by
microorganisms may be considered as a zero-order process.

5.3.2.2 PAH and TPH degradation

Initial PAH concentrations in consolidated sediment (pellets) were equal to the initial
concentrations in the slurried sediments (Fig. 5.3). After 21 days of incubation, PAH
concentrations in the oxygenated parts of the pellets were similar to the concentrations
measured in the slurries after 21 days. No decrease in PAH concentrations was measured
in the parts that remained anoxic during the whole period of 21 days, confirming that
PAH and TPH are only substantially degraded under oxygenated (aerobic) conditions.

Surprisingly, initial TPH concentrations in the consolidated sediments, but also
concentrations after 21 days of incubation, seem to be substantially smaller than the
corresponding concentrations in the slurries (Fig. 5.4). Probably, these apparently lower
concentrations were caused by a lower analytical availability of TPH in the desiccated
pellets as compared to the wet slurries. Such decreased availability was earlier described
for desiccating soils by White et al. (1997). Notwithstanding these odd observations, it is
clear that TPH concentrations after 21 days are substantially lower than the
concentrations at the start of the incubation, whereas TPH concentrations did not
decrease in the part that remained anoxic.

Our observations that PAH degradation (and probably also TPH degradation) was limited
to the oxygenated part of our pellets, confirm the study of Nocentini and Pinelli (2001)

" Values for g, are needed to make the conversion from cm3 O, cm matrix s to mmol Oz gt D.M. d!
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who measured PAH concentration profiles in spiked, hand formed soil aggregates during
incubation of 160 days. It may be concluded that degradation rates in slurries were equal
to degradation rates in consolidated sediments, like it was the case for SOM
mineralization (chapter 4).

From our observations, no conclusions can be drawn about the possible dependency
between degradation rates and oxygen concentrations. This is in line with the findings of
Hurst et al. (1996) and Heerenklage et al. (1998) who reported that a decrease in oxygen
concentration from 0.21 down to 0.01 to 0.02 cm?cm- has no influence on the
biodegradation of PAH and diesel fuel, respectively. The thickness of the layer in which
oxygen concentrations dropped below these values is negligible compared to the total
oxygen penetration depths (Vermeulen et al. 2002, Malina et al. 2004) and had therefore
no measurable effect on the extent of PAH en TPH degradation.

At matric potentials lower than -250 hPa (chapter 2) or a water-filled pore space
(WFP = 6/ (0+ @umarix)) lower than 60% (Linn and Doran 1984), microbial activity is
likely to be limited by a lack of moisture. In our experiments no clear differences could be
observed between the degradation of PAH and TPH in pellets at matric potentials
between -100 to -2,000 hPa (WFP = 99% and 87%, respectively (chapter 3)). Degradation
in most of the pellets at ¥, = -16,000 and -1,000,000 hPa (WFP = 71% and 11%,
respectively (chapter 3)) was slightly less than in the pellets at higher matric potentials.

5.4 Conclusions

Sturried sediments

A double exponential model could adequately describe PAH and TPH degradation
kinetics in slurries that were incubated for one year at 30 °C in the laboratory.

First order degradation rate constants for the rapidly degradable fractions (12 to 58%)
were about 0.13 and 0.058 d! for PAH and TPH, respectively. Rapid desorption of HOC
as reported in the literature was clearly larger than the rapid PAH and TPH degradation
rates that we measured, confirming that degradation is not limited by desorption during
this phase. Our average slow degradation rate constants were 0.00044 (PAH) to
0.00067 d' (TPH) and are similar to very slow desorption rate constants as reported in
the literature.

Both slow and rapid degradation rate constants were very similar to the mineralization
rate constants of SOM that were reported in part 1 of this study (chapter 4). This forms a
strong confirmation of the hypothesis that SOM mineralization and PAH and TPH
degradation are linked processes. We assume that the background of this link lies in their
similar desorption characteristics. Based on our measurements on sulfur oxidation, SOM
mineralization and PAH and TPH degradation that are all part of biochemical ripening, it
can be concluded that oxygen uptake by degradation of PAH and TPH is negligible
compared to the oxygen uptake by sulfur oxidation and SOM mineralization.
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The validity of the persulfate oxidation for the measurement of the bioavailable PAH
fraction in sediments was confirmed by this study. Our study showed that high molecular
weight PAH and TPH might be bioavailable but not degradable at the short term.
Cometabolic processes probably played a role in the long term degradation of these
fractions.

Consolidated sediments

Oxygen penetrations depths in consolidated sediments were strongly correlated with the
extent of intra-pellet air filled porosity and reactivity resulting from physical and
biochemical ripening, respectively. The penetration depths were limited to 1 to 2 mm in
wet, unripe pellets (¢, = -100 hPa) but reached values that are larger than 20 mm in dry,
completely physically ripe sediments (¥, < -16,000 hPa).

The amounts of PAH and TPH degradation in the oxygenated parts of consolidated
sediments were equal to the extent of PAH degradation in optimally oxygenated slurried
sediments. No oxygen or moisture limitation could be observed in our experimental set
up for PAH degradation at -2,000 < i, < -100 hPa. This means that the amounts of
PAH that could be degraded during ripening of dredged sediments are comparable to the
amounts that are degraded in slurry bioreactors. Probably, PAH and TPH degradation
were limited at , < -16,000 hPa.
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OXYGENATION OF DREDGED SEDIMENTS

Modeling of oxygen diffusion

Bagger is een min of meer dunne, waterige substantie
met een droge-stofgebalte van 8 a 15%,
die bestaat uit een mengsel van mineraal
en gedeeltelijk omgezet organisch materiaal,
en op de bodem van sloten, vaarten, e.d. wordt aangetroffen.

Het baggeren in relatie tot het toemaken — Th. van Egmond

This chapter is based on a paper that was originally published in the Proceedings of the seventh In Situ
and On-Site Bioremediation symposium (Vermeulen et al. 2004)

- 101 -



Chapter 6

Abstract

A dual porosity oxygen diffusion model was used to predict the extent of oxygenation in a 150 cm thick
layer of ripening clayey dredged sediments (clay, soil organic carbon, and reduced sulfur content of 22, 7.6,
and 1.2%, respectively) in an upland disposal site. The model input consists of values for the sediment
layer thickness, aggregate size distribution, inter- and intra-aggregate oxygen diffusion coefficients, and
sediment reactivity. The model results show that the combination of physical and biochemical ripening of
a layer of dredged sediments increases the oxygenated depth from a few millimeters up to 110 cm.
Therefore, ripening is a feasible bioremediation technique. Depending on the degree of ripening, either
intra-aggregate aeration or inter-aggregate aeration is limiting aerobic biodegradation of PAH and TPH in
ripening sediments. The presented model can be used to determine the maximum permissible sediment
layer thickness for optimal aerobic biodegradation of PAH and TPH contaminated sediments during
ripening.

6.1 Introduction

Ripening of clayey dredged sediments at an upland disposal site consists of physical,
chemical, and biological processes that lead to an increase in air-filled porosity, a decrease
in average aggregate size, and in a decrease in oxygen uptake rate. After these changes,
conditions are more favorable for aerobic biodegradation of organic pollutants like
mineral oil (Total Petroleum Hydrocarbons, TPH) and Polycyclic Aromatic
Hydrocarbons (PAH) than conditions before ripening. Therefore, ripening can be seen as
a bioremediation technique for polluted sediments (chapter 2).

Oxygen penetration in ripening sediments is restricted to a few millimeters (chapter 5,
Vermeulen et al. 2002 and Malina et al. 2004). Complete oxygenation of a layer of
sediments can only be established by crack- and aggregate formation (physical ripening)
that results in (fast) oxygen diffusion through the air-filled cracks and (slow) oxygen
diffusion into the aggregates (chapter 2). In this way, physical ripening, which is
considered to be the driving force of the whole ripening process, can change a 90-cm-
thick layer of clayey dredgings into an oxygenated aggregated soil within 3 to 6 years
(Harmsen 2001).

Currently, it is not possible to predict the course of ripening of dredged material during
temporary disposal. Therefore, development of a mathematical model that describes these
processes and their interactions would be useful. Such a model could consist of a
combination of existing models, including an oxygen diffusion model (chapter 3).
Huesemann and Truex (1996) derived several equations based on Fick’s Law (Fick 1855)
to describe oxygen diffusion during bioremediation of petroleum contaminated soils. The
equations demonstrate the dependency between the diffusion coefficient for oxygen in
soil (Dy) and the depth of oxygen penetration and the required bioremediation time by
passive oxygenation of petroleum contaminated soils. The study of Huesemann and
Truex is useful for sandy soils without any soil structure, but their equations are not able
to describe oxygen diffusion in a dual porosity system of cracks and pores in aggregates
(matrix) that results from physical ripening. For such situations, mathematical models
have been developed by soil scientists that simultaneously consider oxygen diffusion
through the inter-aggregate pores (cracks) and the diffusion into the aggregates
(e.g. Leffelaar 1979, Smith 1980, Rappoldt 1990, Arah and Vinten 1995, Sierra et al. 1995).
The concepts for these models have been developed to calculate denitrification rates in
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aggregated terrestrial soil profiles, but we used the same concept to evaluate the extent of
oxygenation in ripening sediments that are characterized by dynamic aggregate size
distributions, oxygen diffusion coefficients, and oxygen uptake rates.

Physical ripening, biochemical ripening, and biodegradation of PAH and TPH were
quantified in independent laboratory studies in chapters 3, 4, and 5 of this thesis. The aim
of this chapter is to show the usefulness of an oxygen diffusion model as proposed by
Smith (1980) and Arah and Smith (1989) to describe ripening processes at an upland
disposal site. After a brief description of the model and the values that we used for the
different input parameters, we present the results of some model scenario calculations.
With the calculations, we quantified the effect of physical and biochemical ripening on the
overall oxygenation of sediments at an upland disposal site. Besides, we present a
sensitivity analysis in which we show the relative influence of the different input
parameters. Finally, we show some possibilities to combine the oxygen diffusion model
with existing water transport and ripening models.

6.2 Model description

The equations that we used in the oxygen diffusion model are only discussed briefly
below. Smith (1980) and Arah and Smith (1989) reported similar equations. The
presented dual porosity model describes oxygen diffusion through inter-aggregate cracks
(= downward diffusion into a layer of sediment) and intra-aggregate pores (= radial
diffusion into the aggregates).

6.2.1 Inter-aggregate oxygen diffusion (cracks)

The relationship between the oxygen concentration (¢) and depth from the surface (3) in a
layer of sediment containing matrix zones in which no oxygen uptake takes place (@) and
zones in which place and time independent oxygen uptake takes place (1-¢,) can be given
by equation (6.1%) describing linear steady state diffusion (Smith 1980).

d’c  Q

? = D (1 - ¢a,layer )(1 - ¢an) (61)
s layer

where:

c = oxygen concentration in the air of the air-filled cracks (cm?® cm-3)

z = depth into layer of dredged sediments, positive downwards (cm)

Q = oxygen uptake rate per unit volume of oxygenated matrix (cm3 O2 cm3 s-)

Dsiaper = inter-aggregate oxygen diffusion coefficient (cm2 s+1)

dajayer = inter-aggregate air-filled porosity (cms3 cm-3)

@an = oxygenated volume fraction of matrix (cm3 cm-3)

Solving Eq. (6.1) with boundary conditions ¢ = ¢, at 7 = 0 and ¢ = 0 and d¢/dg = 0 at
%= Zpa, tesults in Eq. (6.2) (after Radford and Greenwood 1970 or Huesemann and
Truex 1990):

" The diffusion coefficient Dy iyer is missing in the analogous equation in the original paper (Vermeulen et
al. 2004)
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2
4
C=Chp|1-—1]:0<2<2,, (6.2)
z pen
, 2D, ..C
Wlth Zpe,, — s layer ™ atm (63)
Q(1 - ¢a,layer )(1 - ¢an )
where:
Catm = oxygen concentration in the atmosphere (0.21) (cm3 cm?9)
Zpen = vertical oxygen penetration depth into layer of sediment (cm)

For a layer of dredged material that has been disposed on an impermeable liner at a depth
that is smaller than 2., Eq. (6.1) has to be solved with boundary conditions ¢ = ¢, at
2= 0and de¢/dg = 0 at g = gy, resulting in (after Huesemann and Truex 1996):

2
( J1-—=1;
C=Cpp +\Cotn —Cimp ) 1-— 1 ;0522 (6.4)
4 imp
2

Zimp
Cimp = Cotm - (65)

4 pen
where:
Cimp = oxygen concentration at the depth of impermeable layer (cm3 cm-9)
Zimp = depth of impermeable layer (cm)

The presented analytical solutions (Egs. (6.2) and (6.4)) are only valid if Dsiyer, @aiayer, and
@ are constant with depth. For many other situations, Eq. (6.1) can only be solved
numerically.

6.2.2 Intra-aggregate oxygen diffusion (micro-pores)

In reality, sediment aggregates are irregular and can consist of prismatic, blocky, platy, or
angular structures, depending on the degree of physical ripening. A schematic
representation of the effect of physical ripening on structure development is given in
chapter 2. However, during the determination of the aggregate size distribution no
information was obtained about the exact shape of the aggregates (chapter 3) and we
therefore assumed in this study that all aggregates formed by physical ripening are
spherical. If information about aggregate shapes would be available, the use of so-called
‘equivalent radi’ (Greenwood and Berry 1962) or ‘equivalent aggregates’ (Rappoldt 1990,
Rappoldt and Verhagen 1999) could be considered.

The extent of structure development by physical ripening can be quantified with a
truncated log-normal aggregate distribution using the geometric mean radius (), the log-
standard deviation (0 ), and the radius of the largest aggregate in the distribution (7a)
(chapter 3). For spherical aggregates, the volumetric cumulative probability function for a
truncated log-normal distribution C(7) can be given by
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C(r) = (6.6)
*10g(24/1re,)
erfc| ———- &~
Glogr \/E
The derivative D(7) of Eq. (6.6) is given by:
10 2
2ex _1/{ log(x/r )}
Glogr
D(r)= ” ( ) (6.7)
loglee/,
N27 1 o, In(10)erfc) ———22=
* Glogr \/E
where:
r = aggregate radius (cm)
U = geometric mean radius (cm)
owgr = standard deviation of log-normal r-distribution, base 10 (-)
I'max = radius of the largest aggregate in the distribution (cm)

Oxygen diffusion in a place and time independently oxygen consuming spherical
aggregate (steady state radial diffusion), can be described by (after Greenwood and
Berry 1962):

d’(xc) Qx
0 = ) (6.8)
X s, matrix
where:
X = distance from the center of a spherical aggregate (cm)

Dsmatix = intra-aggregate oxygen diffusion coefficient (cm? s)

For an aggregate with radius » and boundary conditions ¢ = G, at x = r; ¢ = 0 and
de¢/dx = 0 at x = 7., Eq. (6.8) has the following solution (after Smith 1980):

3
c Q [x2—3r32n+2r"’—”j;r
X

= <x<r 6.9
6D an ( )

S, matrix
in which 7, is implicitly given by:
3

r2_3r2 4 plm 2 (6.10)
r
6D, .G
with r = |—2mmr (6.11)
Q
With G, = (, e + @5 0)C  (after Arah and Smith 1989) (6.12)

where (see next page):
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Fan = radius of the anoxic interior of a spherical aggregate (cm)

Gr = apparent oxygen concentration on the aggregate surface (cm3 ¢cm3)

damatix = intra-aggregate air-filled porosity (cm3 cm-3)

oB = Bunsen’s coefficient, oxygen solubility in water / oxygen solubility in gas at P=101.3 kPa and T=283 K (0.0394)
(cm3 cm-3); after Glinski and Stepniewski (1985)

0 = volumetric aggregate moisture content (cm3 cm-3)

re = critical radius of largest aggregate that can be wholly oxygenated (cm)

The fraction of the total aggregate volume that is anoxic (@) can now be given by:

max (ry fmax ) 3
b= | D(r)(%”) dr (6.13)

Ie

The ratio between 7., and r varies with 7 as follows (after Smith 1980 and Arah and Smith
1989)f

2
r"’—"=%—sin %arcsin{Z(r—Cj —1} (6.14)
r r

It should be emphasized that the coefficient Dy and Dy in Eqs. (6.1) and (6.8)
represent the ¢ffective diffusion coefficients that are related to the sediment layer aggregates
as a whole (and not to the cracks and pores only). G, is the apparent concentration of
oxygen within the aggregate at radius 7; it is not the external concentration ¢ in the air-
filled cracks surrounding the aggregate (Arah and Smith 1989).

In this study, we assumed that @ is not affected by the oxygen concentration (neither ¢
nor G). This assumption is supported by the publication of Smith (1980) who refers to
the publications of Longmuir (1954) and Greenwood and Berry (1962) who measured a
Michaelis-Menten oxygen half saturation constant (Ky) of about 5x1006M
(= 0.002cm3 Oz cm? air) for the biodegradation of glucose and organic acids,
respectively. Hurst et al. (1996) and Heerenklage et al. (1998) report that a decrease in
oxygen concentration down to 0.01 to 0.02 cm?® cm3 has no influence on the
biodegradation of PAH and diesel fuel, respectively. Most probably, biodegradation rates
are not inhibited at even lower oxygen concentrations. Although other researchers
(e.g. Sierra and Renault (1995)) suggest that rates are already inhibited below much higher
oxygen concentrations, we here copied the assumptions of Smith (1980) and treat oxygen
uptake as a zero-order process. Compared to a model in which the effect of a
concentration dependent oxygen uptake rate (¢) is incorporated, our model will

underestimate oxygen penetration depth (3.:) and overestimate the anoxic matrix fraction
@un (Sierra et al. 1995).

" The analogous equations published by Smith (1980) and Arah and Smith (1989) contain errors.
Therefore we rederived the equation by solving the cubic equation (Eq. 6.10) using the software package
Derive™ resulting in Eq. (6.14)
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6.3 Materials and methods

We derived the input data for the oxygen diffusion model (Egs. (6.1) through (6.11)) from
experimental data that we reported in chapters 3 and 4. Data for the different types of
dredged sediments that were described in these chapters were averaged and interpolated,
resulting in values for the different input parameters of the model that are typical for
clayey dredged sediments at different degrees of physical and biochemical ripening
(Tables 6.1, 6.2, 6.3, and 6.5).

6.3.1 Degree of physical ripening (1:ip)

An empirical measure of the degree of physical ripening of dredged sediments is the often
used n-value (see also chapters 2 and 3 and Pons and Van der Molen (1973)):

w,, —02R
n =-—2 " 6.15
" L+3H (615
where:
Nrip = n-value (g moisture g-' clay)
Wisat = saturated moisture ratio (g moisture per 100 g dry matter (D.M.))
R = sand + silt content (g sand + silt per 100 g D.M.)
L = clay content (g clay per 100 g D.M.)
H = organic matter content (g organic matter per 100 g D.M.)

np ranges from > 2.0 (unripe, recently deposited sediment) via 2.0 — 1.4 (consolidated,
but practically unripe), 1.4 — 1.0 (half-ripe), and 1.0 — 0.7 (nearly ripe) to < 0.7 g.g! (ripe,
normal soil). 7 is determined by past minimum matric potential (¥, ) of the sediment.
Therefore, the degree of physical ripening can also be expressed in this more physically
based parameter (see also chapter 3).

Volumetric aggregate moisture contents (6) of clayey dredged sediments having a clay
content of 22% at different stages of desiccation range between 0.83 and 0.37 cm? cm-3
for n-values of 3.31 (unripe) and 0.70 g.g! (ripe), respectively (Table 6.1). The presented
moisture contents are the moisture contents that were reached after controlled
desiccation from W, = 0 hPa to ,, = -100, -333, -1,000, -2,000, and -16,000 hPa (chapter
3). Under field conditions, it is likely that the sediments are exposed to rewetting caused
by rainfall, resulting in higher (actual) values of ,, and @ at the same values of 7.
Maximum values for @ after rewetting can be calculated using the concept of the ‘swelling
function’ (chapter 3).

Table 6.1 nip and volumetric aggregate moisture content () of
clayey dredged sediment at different stages of physical ripening (wm);

after chapter 3

Ym Nrip 0

(hPa) 997 (cm3 cm?)
0 3.31 (unripe, recently deposited) 0.83

-100 1.73 (consolidated) 0.71

-333 1.44 (practically unripe) 0.67
-1,000 1.01 (half-ripe) 0.56
-2,000 0.86 (nearly ripe) 0.48
-16,000 0.70 (ripe) 0.37
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6.3.2 Structure development: aggregate size distribution (L, Olog r, Lmax)

Strictly speaking, 7, only quantifies the degree of desiccation and provides no
information on the structure development part of physical ripening (chapter 3). Structure
development can better be characterized by the structure parameters £, Oug » and 7
(Eq. (6.3)). During physical ripening or through the action of tillage, these parameters
decrease (chapter 2 and 3). We derived values for the structure parameters (44, Oy r, max)
that are valid for the whole range of physical ripening from unripe to ripe (Table 6.2). The
volumetric cumulative probability functions that can be constructed with these
parameters are presented in Fig. 6.1.

Table 6.2 Aggregate size distribution (z, omgr, and rmax) of clayey dredged
sediment at different stages of physical ripening (ym); after chapter 3

Ym He Olog r® Imax®
(hPa) (cm) (-) (cm)
0 00 - 0

100 o . o

333 3.58 0.91 5.88
1,000 265 0.81 5.01
-2,000 2.06 0.75 4.46
-16,000 0.31 0.57 2.81

a values at wm=-333 and -16,000 hPa originate from chapter 3, intermediate
values were calculated assuming linear relationships between x and log ym and
Olog r and 10g ym

b values at ym=-333 and -16,000 hPa originate from chapter 3, intermediate
values were calculated assuming linear relationships between rmax/ 1 and log ym
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Fig. 6.1 Volumetric cumulative probability function (D(r)) for sediment aggregates at different stages of physical ripening ( ym)
PAH can be considered as immobile in aggregates with radii larger than 1 mm

(Harmsen 2004). Under these conditions, degradation of PAH is limited by oxygen
diffusion alone. Therefore, an oxygen diffusion model as described in this chapter can be
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used to make predictions about the course of PAH degradation (and most probably also
of TPH).

6.3.3 Aeration: oxygen diffusion coefficients (Dsuyer and Dy marrix)

Separate diffusion coefficients were used for oxygen diffusion through the profile (intra-
aggregate diffusion) and for radial diffusion through the aggregates (intra-aggregate
diffusion).

Inter-aggregate diffusion coefficients depend on the degree of (air-filled) crack formation,
the degree of structure development, and the temperature. Therefore, we related inter-
aggregate diffusion coefficients (Dsue) with the fraction inter-aggregate porosity (@)
and a tortuosity factor (F) (after Bronswijk 1991):

Ds,layer = F ¢a,layerD0 (61 6)
L
with ¢a,layer =1- (1 - ¢a,cracks ) . (61 7)
T 2

and D, =0.178] — | (Penman 1940) (6.18)
273

where:

F = inter-aggregate tortuosity factor (-)

dajayer = inter-aggregate air-filled porosity (cm3 cm-3)

dacracks = fraction air-filled cracks, including the ‘volume’ of subsidence (cm?® cm-3)

Is = geometry factor (-)

Do = oxygen diffusion coefficient in the atmosphere (cm? s1)

T = temperature (K)

For three-dimensional isotropic shrinkage, 7 = 3. When cracking dominates subsidence,
7>3. In case of subsidence only, » = 1, meaning that no cracks are formed
(consolidation). Shrinkage geometry is affected by soil material, depth in soil profile, soil
strength and n-value (see also chapter 3).

Dy jyer was calculated with Eq. (6.17), using different values for 7 for different stages of
physical ripening. During physical ripening, 7 gradually changes from 1 to 3
(Kim et al. 1992). Therefore, Rijniersce (1984) related 7: to 7, and the load’ (as defined in
appendix 3). His relation suggests that cracking in a ripening soil can only occur if loads
are smaller than about 240 hPa (= layer of 170 cm sediment). However, because no exact
data on the relation between 7, 7, and load are available, for this study, we assumed one-
dimensional shrinkage (1 = 1) for matric potentials from 0 to -100 hPa, whereas we
assumed three-dimensional isotropic shrinkage (7 = 3) for the lower matric potentials. We
used a value of 1 for the inter-aggregate tortuosity factor (F) for sediments at initial crack
formation -333 hPa < y,, < -100 hPa and F = 0.3 for completely ‘ripe’, well structured
sediment (Table 6.3) (after Bronswijk 1991).

Intra-aggregate diffusion coefficients depend on the degree of (air-filled) micro-pores
within the aggregates, the tortuosity and connectivity of these pores, and the temperature.
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Therefore, we related intra-aggregate diffusion coefficients (Dgnarmin) to the air-filled
porosity within the aggregates (@ mam) and a tortuosity factor (/) (Penman (1940)):

D s,matrix = f ¢a,matrix DO (61 9)
where:

Dsmatrix = intra-aggregate oxygen diffusion coefficient (cm2 s-1)

f = intra-aggregate tortuosity factor (-)

damatix = air-filled porosity (cm3 cm-3)

Table 6.3 Air-filled porosities (¢ ayer and ¢a matix), 0xygen diffusion coefficients at T=10 °C (Ds ayer and Dsmatrix) and tortuosity
factors (F and f) of clayey dredged sediments at different stages of physical ripening ( ym); after chapter 3

W Dalayer Fa Ds jayer a,matrix f Ds matrix

(hPa) (cm3 cm-3) (-) (cm2 1) (cm3 cm-3) (-) (cm2s)
0 0 - - 0 - 3.2x107
-100 0 - - 0.01 0.009 1.4x105
-333 0.07 1.0 1.3x10°2 0.01 0.009 2.4x105
-1,000 022 0.8 3.4x10°2 0.03 0.011 6.3x10°5
2,000 027 0.7 3.6x10?2 0.07 0.007 1.0x10+
-16,000  0.30 0.3 1.7x102 0.15 0.033 9.7x10+4

a values at wm = -333 and -16,000 hPa were assumed to be 1.0 and 0.3, respectively (after Bronswijk 1991), intermediate
values were calculated assuming a linear relationship between F and log ym

Both the intra- and inter-aggregate diffusion coefficients reported in chapter 3 and used in
this study are ‘effective diffusion coefficients’, as defined above (Egs. (6.1) and (6.8)). The
diffusion coefficients of chapter 3 were measured during a laboratory experiment at a
constant temperature of 30 °C and were corrected with Eq. (6.18) to achieve values that
are valid for the average Dutch temperature of 10 °C at field conditions. The resulting
values for Dy and Dy pamiv range from 1.3x102 (practically unripe) to 3.4x10-2 cm? s°!
(ripe) and 3.2x107 (unripe) to 9.7x10* cm? s (ripe), respectively. All presented values
represent diffusion coefficients that are valid for the ait-filled porosities (@ ier and @umarrin)
mentioned in Table 6.2. Due to rewetting, actual values might be lower (see also
section 6.3.1). During desiccation, @ mam increases. The tortuosity factor fis about 0.01
for the complete measured range of desiccation (Table 6.3).

6.3.4 Biochemical ripening: oxygen uptake rates (Q)

Oxygen uptake in ripening dredged sediments is a result of chemical oxidation of reduced
sulfur and biological oxidation of soil organic carbon. Besides, oxygen is used to oxidize
organic pollutants like TPH and PAH. However, the contribution of these pollutants to
the total oxygen uptake is negligible (chapter 4). Therefore, oxygen uptake rates depend
only on the reduced sulfur (§) and soil organic carbon (C) content, and the reactivity of
these sediment constituents.

Oxygen uptake rates () of disposed dredged sediments are high during initial contact
with oxygen. These high values are caused by chemical oxidation of rapidly mineralizable
reduced sulfur and rapidly degradable soil organic carbon (biochemical ripening). After
approximately 30 days of incubation at 30 °C, these components have been oxidized and
the oxygen uptake rates stabilize at a value that is in the same order of magnitude as rates
reported in the literature for ripe terrestrial soils (see also chapter 4). It can be assumed
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that the ‘bioavailable’ fraction of organic pollutants like TPH and PAH are also degraded
during this period of biochemical ripening (chapter 5).

From the equations on sulfur and carbon oxidation kinetics (chapter 4), we derived the
following equation to calculate oxygen uptake kinetics of biochemically ripening dredged
sediments:

[k @ exp(= kg t)J[0sS]+ 1000
Q, = X (6.20)
[kc,1ac,1eXp(_ kc,1t)+ kc,zac,z exp(— kc,zt)][RQ C] Mo2
where:
Qnm = oxygen uptake rate (mmol O2 g* D.M. d-)
S = reduced sulfur content (g g' D.M.)
ks,1 = mineralization rate constant of the rapidly mineralizable fraction S (d-")
as,1 = rapidly mineralizable fraction of S (g g')
t = time (d)
Qs = quotient between SO+ and Oz in relationship 7 Table 4.2 (mol mol-)
C = organic carbon content (g g' D.M.)
ke.1 = mineralization rate constant of the rapidly mineralizable fraction C (d-)
ac1 = rapidly mineralizable fraction of organic C (g g)
kc.2 = mineralization rate constant of the slowly mineralizable fraction C (d-)
ac? = 1-ac,1, slowly mineralizable fraction of organic C (g g)
RQ = respiratory quotient carbon (mol mol-)
Moz = molar mass of oxygen (g mol)

Table 6.4 summarizes the oxygen uptake kinetics parameters that were measured in
chapter 4 and presents parameters for ‘average’ dredged sediments that we used to
perform calculations with the oxygen diffusion model.

Table 6.4 Oxygen uptake kinetics parameters @ for ROSL, WOGR, LERI, SCGR, SCSL, and ‘average dredged sediments’ at
30 °C; after chapter 4

ROSL WOGR LERI SCGR SCSL ‘average sediment’

ks,1 (d"") 3.54 3.45 3.22 3.18 0.19 2.72
as1(-) 0.069 0.343 0.171 0.229 0.239 0.210
S(gg'DM) 0.018 0.008 0.010 0.012 0.011 0.012
Qs (mol mol") 0.44 0.44 0.44 0.44 0.44 0.44
ke,1 (d1) 0.174 0.200 0.183 0.067 0.050 0.135
ac1(-) 0.100 0.043 0.063 0.068 0.094 0.074
kc2 (d1) 0.00047 0.00022 0.00036 0.00054 0.00053 0.00042
aca(-) 0.900 0.957 0.937 0.932 0.906 0.926
C(gg'DM) 0.118 0.071 0.066 0.072 0.053 0.076
RQ (mol mol') 0.82 0.68 0.78 0.69 0.79 0.75

a all values presented in this table originate from measurements in optimally oxygenated slurries (chapter 4)

With the values of table 6.4, average initial ‘high’ (#=1d), average stabilized ‘low’
(=30 d) and average ‘intermediate’ oxygen uptake rates were calculated with Eq. (6.20)
that are valued for ‘typical’ dredged sediments (C, and S contents of 7.6 and 1.2%,
respectively (chapter 4 and Table 6.4)). The average initial (#= 1 d) ‘high’ uptake rate is
0.108 mmol Oz g! D.M. d-!, whereas the average stabilized (= 30 d) ‘low’ uptake rate is
0.00478 mmol Oz g D.M. d-1.

The oxygen uptake rates were derived from an experiment with slurried sediments
(chapter 4). Probably, microbial activity is inhibited at ,, values lower than -250 hPa
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(chapter 2). Nevertheless, we assumed that the oxygen uptake rates for slurried sediments
are equal to the rates for consolidated and ripened sediments and can therefore be used in
this study for all stages of ripening and values of ¥, The oxygen uptake rates depend on
temperature. Because the values of table 6.4 were measured during a laboratory
experiment at a constant temperature of 30 °C, they were corrected with Eq. (6.21) to
achieve values that are valid for the average Dutch temperature at field conditions of
10 °C (Table 6.5 and Fig. 6.2) and can be used in the oxygen diffusion model (Egs. (6.1)
and (6.8)). We used a value of 0.25 for f1, assuming that oxygen uptake rates double with
every increase of 10 °CH.

b

= M . (6.21)
24 % 3,600

where:

Q = oxygen uptake rate per unit volume of oxygenated matrix (cm3 O2 cm3 s-)

Vi = volume of 1 mmol Oz at T=283 K (23.22) (cm3)

bpg = dry aggregate bulk density (g cm-3)

fr = correction to account for the temperature difference between laboratory (30 °C) and field (10 °C) (0.25) (-)

24 = # hours per day

3,600 =# seconds per hour

Table 6.5 High, intermediate and low oxygen uptake rates (Q) of ‘average’ clayey dredged sediments with C and S contents
of 7.6, and 1.2%, respectively, at T =10 °C 2 (calculated with Eq. (6.21))

Wm b Od b thghC Qintermediated Qlowe

(hPa) (gcm?) cm?® Oz cm?3 s cm?® Oz cm3 s cm?® Oz cm3 s
0 0.42 3.1x10% 1.6x106 1.4x107

-100 0.70 5.1x10% 2.6x106 2.2x107

-333 0.78 5.7x10% 3.0x10 2.5x107
-1,000 1.02 7.4x10% 3.9x10 3.3x107
-2,000 1.11 8.1x10 4.2x106 3.6x107
-16,000 1.17 8.5x10% 4.5x10% 3.8x107

a Values that originate from measurements in slurried sediments (unit mmol Oz g* D.M. d-') were converted with Eq. (6.21)
to values that can be used in the model (unit cm3 O2 cm3 s') and are valid for different dry aggregate bulk densities (2,04)
belonging to different stages of physical ripening (ym). All values are slightly higher than the values presented in
Vermeulen et al. (2004)

Average of values presented in chapter 3

Qnigh ~ Qmatt=1d

Qintermediate = (thgh + Qlow) /2

Qow~Qmatt=30d

® a o o

Origr 1s representative for the phase during which reduced sulfur is oxidized (chemical
ripening), Qinermediae for the phase during which rapidly degradable (bioavailable) soil
organic carbon and TPH and PAH are degraded (biological ripening), and Qu» for the
phase during which slowly degradable soil organic carbon is mineralized in biochemically
ripe sediments (chapter 4).

f Probably, it is more correct to adjust values for £ to account for temperatures changes. However, to keep
in line with Vermeulen et al. (2004) we made the correction with fr. Adjusting of values for £ would result
in slightly different values for Q
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Fig 6.2 Oxygen uptake rate of ‘average’ dredged sediments with C and S contents of 7.6, and 1.2%, respectively, during 30
days of optimal oxygenation at 7=10 °C

6.3.5 Scenario calculations and sensitivity analysis

A model based on Egs. (6.1) and (6.10) was evaluated numerically by a FORTRAN code.
To integrate Eq. (6.1) the Bulirsch-Stoer method, with shooting based on Brent’s method
to meet the boundary conditions, was applied. Eq. (6.10) was integrated by Gauss-
Legendre quadrature (Press et al. 1992).

With this model, we made calculations for a 150-cm-thick layer (4z) of dredged sediments
at matric potentials (y,) of -333, -1,000, -2,000 and -16,000 hPa and for ‘low’,
‘intermediate’ and ‘high’ values of 0, resulting in relationships between ¢ and 7 and ¢, and
z. Besides, we estimated the effect of independent variation of the parameters g, £, Oy r,
Fonaxs Qaayers Pamamin, a0d O on the model’s output.

6.4 Results and discussion

6.4.1 Scenario calculations

The data presented in Tables 6.1, 6.2, 6.3, and 6.5 were used to evaluate the effect of
physical ripening —expressed in actual matric potential (y,) — on the oxygen
concentration in air-filled cracks (Fig. 6.3) and on the fraction of the total aggregate
volume that is oxygenated (Fig. 6.4) in a 150 cm thick layer of sediments. The presence of
an impermeable liner (zero flux of oxygen) was assumed at the bottom of the layer of
sediment.
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6.4.1.1 Inter-aggregate aeration (cracks)

Fig. 6.3 shows the penetration depth of oxygen in a layer of sediments. Notice that the
curve for unripe sediments (¥, = 0 hPa) almost descends vertically from 0.21 to
0 cm3 Oz2cm3. For y, = 0 hPa, the penetration depth is limited to less than 2 mm for all
values of O (see also Table 6.7). At other stages of physical ripening, the penetration
depth is 36 to 83 cm for high O values, 49 to 105 cm for intermediate Q values, and 130
(W = -16,000 hPa and low Q) to 150 cm ((y,, = -333, -1,000, -2,000 hPa and low Q) for
low Q values.

The oxygen penetration depth does not increase monotonically with decreasing values of
W, This phenomenon can be explained by the lower values for @, (and therefore higher
overall oxygen uptake rates) and the lower values for D; .- that are caused by the lower
tortuosity factors (F) at lower values of .

0.25

—e— 0 hPa
—8—-333 hPa; high Q
—o—-333 hPa; intermediate Q
—#—-333 hPa; low Q
—&—-1000 hPa; high Q
—&—-1000 hPa; intermediate Q
—&—-1000 hPa; low Q

—03 —-2000 hPa; high Q

—<& —-2000 hPa; intermediate Q
—/x —-2000 hPa; low Q

- -l - -16000 hPa; high Q

- -¢ - -16000 hPa; intermediate Q
- -& - -16000 hPa; low Q

<
)

Oxygen concentration in the air of air-filed cracks (cm® cm?)

160

Depth in sediment layer (cm)

Fig. 6.3 Relationship between oxygen concentration in air-filled cracks (inter-aggregate aeration, ¢s,ayer) and depth in the
layer of clayey dredged sediments (z) for different matric potentials (wm) and oxygen uptake rates (Q)

6.4.1.2 Intra-aggregate aeration (sediment matrix)

Fig. 6.4 shows that only extensive physical ripening (¥, = -2,000 and -16,000 hPa) can
cause full oxygenation in 25 (y, = -16,000 hPa, high 0), 35 (¥, = -16,000 hPa,
intermediate 0J), 110 cm (¥, = -16,000 hPa, low 0), and 150 cm (i, = -2,000 hPa, low Q)
of the layer of dredged sediments. Oxygenation of the layer at ¥, = -1,000 hPa and low
Q is slightly less than 100% in the whole layer. At ,, = 0 hPa only a negligible fraction is
completely oxygenated. Under other conditions, between 64 and 96% (at the surface) and
between 0 and 81% (at 150 cm depth) of the aggregate volume is oxygenated. The model
results show that, theoretically, the largest layer of sediments can be completely
oxygenated under conditions of “y, = -2,000 hPa and low (. However, in Fig. 6.4 it can
also be seen that sediments at ¥, =-2,000 hPa that have been less extensively
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biochemically ripened (intermediate and low (), are never completely oxygenated.
Therefore it is unlikely that the combination “;,, = -2,000 hPa and low @ will ever occur
in practice.

1.2

i
—@— 0 hPa
—H8&—-333 hPa; high Q
—6—-333 hPa; intermediate Q
—tr—_333 hPa; low Q

\ —&—-1000 hPa; high Q
—&—-1000 hPa; intermediate Q

& —&—-1000 hPa; low Q

| —fJ= -2000 hPa; high Q

== -2000 hPa; intermediate Q

—A=- -2000 hPa; low Q

= @ = -16000 hPa; high Q

Volume fraction aerobic matrix (cm® cm™)
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0.2 \ . .
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{K - 4= -16000 hPa; low Q
N 1
\ 1 ]
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Depth in sediment layer (cm)

Fig. 6.4 Relationship between the oxygenated volume fraction of the sediment matrix (intra-aggregate aeration, 1-¢n) and
depth in the layer of clayey dredged sediments (z) for different matric potentials (m) and oxygen uptake rates (Q). Notice
that curves for “-1,000 hPa; low Q”, “-2,000 hPa; low Q”, and “-16,000 hPa; low Q" are almost similar

Fig. 6.3 and 6.4 clearly show that the requirements for inter- and intra-aggregate aeration
are in conflict. For instance, the high penetration depth into the layer of dredged
sediments at “y,, = -333 hPa, low 0" (Fig. 6.3) does not result in 100% oxygenation
(Fig. 6.4). Vice versa, the low penetration depths at “y, = -16,000 hPa, high and
intermediate (0 result in 100% oxygenation of the top 25 and 35 cm of the layer of
dredged sediments. So, physical or biochemical ripening alone, will never lead to complete
oxygenation of a substantial fraction of a 150 cm thick sediment layer. Physical ripening
alone can not oxygenate more than about 25 cm. Also substantial biochemical ripening
(decrease of Q) is needed before a larger layer can be oxygenated. Therefore, sediment
layer thicknesses at a disposal site should be smaller during the first stage of ripening (that
is approximately 25 cm) and can be larger (that is approximately 110 cm) during the last
stage of ripening.

The maximum layer thickness is mainly caused by the reactivity (Q) of the sediment. Q
completely depends on the reduced sulfur and soil organic carbon content of the
sediment. In this study, calculations were made for an ‘average’ sediment containing 7.6%
soil organic carbon and 1.2% reduced sulfur. Eqs. (6.3) and (6.9) show that any doubling
of O —which can be caused by a doubling of the soil organic carbon content - results into
a decrease of zp or 7, with a factor 1.4 (\/ 2). A doubling of Q can also be caused by an
increase in temperature of about 10 °C. Such an increase would not only reduce 35 and 7,
and therefore the maximum allowed /layer thickness (Az), but also the #me needed for
biochemical ripening (see also Harmsen (2001)).
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In this study, values of O were assumed to be independent of the location in the sediment
aggregates. However, in reality these values will be relatively high in the interiors of the
aggregates and relatively low in the exteriors due to heterogeneous biochemical ripening.
This phenomenon should probably be included in the model if a more detailed
description of course of ripening during temporary disposal is needed.

Using redoximorphic features (as defined in Patrick et al. (1996) of the sediment profile,
Harmsen (2001) observed similar patterns in ripening sediments during a long-term field
study in The Netherlands. During the first year, a 90-cm-thick layer of disposed sediments
remained completely anoxic. Between the first year and the sixth year, the sediments were
partly oxygenated down to a depth of 90 cm meaning that oxygen has penetrated down to
this level (compare with Fig. 6.3). After the sixth year, the whole layer of 90 cm sediments
was completely oxygenated (compare with Fig. 6.4). In a later study, Harmsen and
Sims (2004) also reported an increasing oxygen penetration as a result of ongoing ripening
and suggested to use this property by applying one or more additional surface layers after
the first layer of sediment has been ripened.

6.4.2 Sensitivity analysis

For the sensitivity analysis, we vatied the input parametets A3, @uier, Gamatrivy My Olog ry Trascy
and @ among ‘standard values’ and estimated the effect of this variation on the
oxygenated fraction. Using the ‘standard values’ as input in the model, results in an
aerobic fraction of 0.39 cm3 cm3. For the ‘standard values’, we used the values for ‘half
ripe’ sediments (Tables 6.1, 6.2, and 6.3) and ‘intermediate’ oxygen uptake rates
(Table 6.5). We wvaried all values between 0.05 and 2 times the ‘standard values’
(Table 6.06).

Table 6.6 Standard values used for sensitivity analysis (1) and 0.01 and 2 times the standard values

Parameter Meaning Standard value times:
1 0.01 2
Az (cm) layer thickness 150 1.5 300
(o Jayer (CM3 cM'3) air-filled cracks 0.22 0.0022 0.44
(ba,matrix (CM3 cm-3) air-filled matrix 0.03 0.0003 0.06
L (cm) geometric mean radius 2.65 0.0265 5.30
Ologr (-) standard deviation r 0.81 0.0081 1.62
Fmax (€M) r of largest aggregate 5.01 0.0501 10.02
Q (cm3 02 cm3 ) Oxygen uptake rate 3.90x106 3.90x108 7.80x106

Fig. 6.5 presents the results of the sensitivity analysis of the model. Different groups of
parameters can be distinguished. The parameters @ ier and @i show a steep slope at
0.01 to 0.1 times the standard value. This indicates the importance of initial crack
formation (@) and desiccation (@u,,amix). Both parameters increase as a result of physical
ripening. Between 0.1 and 2 times the standard value, the effect of an increase in crack
volume is clearly greater than that of an increase in air-filled pores in the aggregates. The
curves for the parameters Az and @, indicating that the importance of application practice
and biochemical ripening, respectively, are also equivalent. The effect of both parameters
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is negligible at 0.01 to 0.1 times the standard value, relatively large at 0.1 to 1 times the
standard value and relatively low at 1 to 2 times the standard value.

25
—=— layer thickness
—o—air-filled cracks
—A— air-filled matrix
—— geometric mean r
—e— standard deviation r

—&—radius largest r
—6— oxygen uptake rate

multiple of standard aerobic fraction

0.5

0 012 O.‘4 016 0‘.8 1‘ 112 1‘.4 116 1‘.8 2
multiple of standard value
Fig. 6.5 Sensitivity analysis of the oxygen model for independent variation of Az (layer thickness), ¢a,ayer (air-filled cracks),

@a,matrx (air-filled matrix), u (geometric mean radius), ougr (Standard deviation radius), rmax (radius largest aggregate), and Q
(oxygen uptake rate)

Compated to the parametets @uimer, Pomarivy, A%, and O, the effect of the structutre
parameters 4, Oy r, Tmax 15 relatively small in the whole range of values that we used in the
sensitivity analysis. However, it should be emphasized that full oxygenation of a layer of
sediments is only possible if actual radii (7) are smaller than the critical radii (r;). Table 6.7
presents values of 7; that we calculated with Eq. (6.9) for spherical aggregates of dredged
sediments at matric potentials () of -333, -1,000, and -16,000 hPa. The table clearly
shows the effects of both physical (within table columns) and biochemical ripening
(within table rows) on the magnitude of 7. Comparing 7 with the actual radii (table 6.3),
we conclude that only complete physical ripening (¥, = -16,000 hPa) can lead to
complete oxygenation of the aggregates at high values of Q. At low values of O, complete
oxygenation can already be reached at higher values of .

Table 6.7 Critical radius? (rc) of spherical aggregates at different stages of physical ripening (wm) and oxygen uptake rates
(Q) for external oxygen concentrations (c) of 0.21 and 0.10 cm3 cm-

Wm (hPa) re, Qnigh (Cm) re, Qintermediate (Cm) re, Qiow (cm)
¢=0.21 ¢=0.10 ¢=0.21 ¢=0.10 ¢=0.21 ¢=0.10

op 0.04 - 0.05 - 0.2 -
-100b 04 - 05 - 1.7 -
-333 0.4 0.3 0.6 0.4 21 1.5
-1,000 0.7 05 1.0 0.7 3.5 2.4
-2,000 1.2 0.8 1.6 1.1 5.6 3.8
-16,000 4.9 3.4 6.7 4.6 23.0 15.9

a assuming radial diffusion, calculated with Eq. (6.9) using values from Tables 6.1, 6.2, 6.3, and 6.5
b no aggregates exist at this stage of physical ripening, meaning downward linear diffusion into the layer of sediment,
calculated with Zper=' ((2DsmaikGr)/Q), Eq. (5.2) of chapter 5
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Reduction of the aggregate size will also have an indirect effect on the level of
oxygenation. Overall desiccation of the sediments will be increased, resulting in higher
values for @unamix (and therefore D;umy), leading to lower values for 7, and thus higher
levels of oxygenation.

6.5 Conclusions and outlook

Model concepts, which were developed in the past by soil scientists to calculate
denitrification rates in aggregated soils, were successfully applied to predict the fraction of
the total aggregate volume that is oxygenated in a ripening layer of clayey dredged
sediments. With the model we were able to integrate the available laboratory data on
physical (chapter 3) and biochemical ripening (chapters 4 and 5) and to upscale these data
to a field scale.

For this study, we made model calculations for ‘average’ clayey sediment with clay, soil
organic carbon, and reduced sulfur contents of 22, 7.6, and 1.2%, respectively. The model
results show that ripening can change a layer of anoxic sediments into a layer of
oxygenated soil. This transformation is initiated by crack and aggregate formation, an
increase in air-filled aggregate porosity, and an ongoing aggregate size reduction (physical
ripening). Complete physical ripening (¥, = -16,000 hPa) can lead to complete
oxygenation of the aggregates. However, to reach full oxygenation, also substantial
biochemical ripening is necessary. Disposal of sediments with a bioremediation intention
should be restricted to layer thicknesses smaller than about 25 for biochemically unripe
sediments. For biochemically ripe sediments, layer thicknesses up to about 110 cm are
feasible. The model results confirm field observations on ripening sediments made by
other researchers.

Because oxygen uptake kinetics are of the same magnitude as PAH and TPH degradation
kinetics (chapter 5), the approach that we present here forms a sound basis to model
oxygen diffusion processes that occur during physical ripening. To achieve this goal, the
presented model should be combined with a water transport model that also describes
water movement and physical ripening in disposed sediments. Bronswijk et al. (1992)
already presented a combination of a water transport, an oxygen transport, and an organic
matter and pyrite oxidation model. Many other models exist that describe different
coupling effects (Vulliet et al. 2002). However, currently no models exist that describe all
coupled processes that determine ripening (including PAH and TPH degradation) of
sediments. Probably, ingredients for such a model can be found in existing computer
models for water transport and crack formation (e.g. Bronswijk 1988, Jarvis et al. 1991,
Hendriks et al. 1999, Van Dam 2000, Perrier et al. 2002), physical ripening
(e.g. Rijniersce 1983, Kim et al. 1992), and oxygen diffusion (e.g. Smith 1980,
Rappoldt 1990, Bronswijk et al. 1992, Arah and Vinten 1995, Sierra et al. 1995). To
construct an integrated model from these ingredients, efforts have to be made to rebuild
and combine existing models into a single model that is able to simulate water transport
in irreversibly shrinking (ripening) sediments. Besides, model components that describe
structure development during physical ripening have to be developed. Efforts have to be
put into describing the water transport and ripening in a Lagrangian coordinate frame and
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in defining correct top (infiltration and evapo(transpi)ration from surface and cracks) and
bottom boundary conditions (drainage) in a three dimensionally shrinking dual porosity
system. Finally, this physical ripening model has to be coupled to a model describing
dynamic oxygen diffusion, sulfur oxidation, SOM mineralization, and PAH and TPH
degradation.

With a combination of the different ingredients, all coupling effects between hydraulics,
mechanics, chemistry, and biology (HMCB coupling) that occur during ripening could be
described in a single computer tool. With such a tool, it would be possible to determine
the residence time that is required for ripening of PAH and TPH contaminated sediments
at an upland disposal site.
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Chapter 7

7.1 Summary

Introduction

In chapter 1 of this thesis, a short introduction is given on the nature and history of the
problem of polluted dredged sediments in The Netherlands. An overview is given of the
recent developments in the research on remediation of dredged sediments that are
polluted with Polycyclic Aromatic Hydrocarbons (PAH) and Total Petroleum
Hydrocarbons (TPH). A promising bioremediation technique that can be applied during
temporary upland (above ground) disposal of these sediments is ripening.

1 iterature review

Chapter 2 is a literature review on the various aspects of sediment ripening. Ripening is an
initial soil formation process that results from drainage of disposed water-logged
sediments. Ripening can be subdivided into physical, chemical and biological ripening.
Physical ripening irreversibly converts water-saturated clayey sediment (clay content
> 15%) into aerated (unsaturated), structured clayey soil by desiccation. Chemical ripening
changes the chemical composition of sediments by oxidation processes like the
conversion of reduced sulfur into sulfate. Biological ripening consists of the development
of aerobic (micro)organisms and their effect on for instance soil organic matter (SOM)
mineralization.

Conditions for aerobic biological PAH and TPH degradation are improved by the
combination of the different ripening processes. Therefore, ripening can be deployed as a
bioremediation technique for dredged sediments that are polluted with PAH and TPH. It
is concluded in chapter 2 that the available knowledge on ripening is not sufficient to
distinguish critical process steps during ripening of polluted sediments. More fundamental
research is needed in which the effects of the different ripening processes — including
PAH and TPH degradation — can be studied independently. Therefore, the different sub-
processes of physical ripening, chemical ripening, biological ripening were studied in
several independent laboratory experiments that are described in chapters 3, 4, and 5 of
this thesis. Chapter 6 describes a study in which the measured parameters of the
preceding chapters are integrated in a mathematical model.

Quantification of physical properties

In chapter 3, physical properties of ripening sediments are described and quantified. In
the laboratory, three dredged sediments were artificially ripened in specially designed
pressure chambers (microdepots). With the microdepots, aggregates were formed and
desiccated to different levels of physical ripening. The level of physical ripening, ranging
from unripe to ripe, was quantified by the matric potential (¥, of the water in the
aggregates. This mechanistic measure was compared with the empirical n-value (7,) that
is often used to quantify physical ripening. Shrinkage characteristics, swelling functions,
moisture retention characteristics, and hydraulic conductivity characteristics were
measured in the aggregates. Besides, intra-aggregate oxygen diffusion coefficients were

- 122 -



Summary and general conclusions

measured using oxygen microelectrodes and diffusion chambers. Inter-aggregate oxygen
diffusion coefficients were calculated using information derived from the measured
shrinkage characteristics. Finally, four samples of half-ripe aggregates and four samples of
ripe aggregates that had been formed by natural ripening were collected from field
locations and their aggregate size distributions were characterized with truncated log-
normal distributions.

Major conclusions of the chapter are:

- the data that are presented in chapter 3, quantify all physical ripening parameters that
are relevant for biodegradation of PAH and TPH in disposed dredged sediments;

- for complete physical ripening of dredged sediments (1, < 0.7 g g'!), matric potentials
(¥,,) lower than -16,000 hPa are needed,;

- for a good description of physical ripening, not only information is needed on the
lowest past matric potential (W), but also on the aggregate size distribution;

- using the information and data developed in this chapter, the course of physical
ripening at upland disposal sites can be predicted with a combination of existing water-
and oxygen transport and ripening models.

Sulfur oxidation and soil organic matter mineralization

In chapter 4, biochemical ripening —in this thesis defined as the combination of
biological and chemical ripening processes that consume oxygen — in the sediment matrix
is discussed and quantified. Five series of slurried dredged sediments were incubated in
the laboratory during an aerobic slurry experiment of 160 days. During incubation,
oxygen consumption, carbon dioxide production, Eh, and pH were measured in the
incubated bottles. Besides, bottles were sacrificed at nine moments to measure SO42,
Dissolved Organic Carbon, NH4*, NO3, NO2, and PO43 concentrations. Based on these
measurements, kinetics of sulfur oxidation and SOM mineralization were characterized
using a double exponential model. With this model, labile and stable sulfur fractions and
rapidly and slowly mineralizing SOM fractions could be distinguished. Sulfur oxidation
and SOM mineralization rates could be quantified with first order rate constants.

Most important conclusions of chapter 4 are:

- oxygen uptake rates of biochemically ripening sediments can completely be explained
by oxidation of reduced sulfur and mineralization of SOM;

- the fraction labile sulfur is 5 to 35% of the total amount of initially reduced sulfur;

- oxygen uptake by sulfur oxidation may account for more than 30% of the total oxygen
uptake during biochemical ripening;

- no measurable amounts of the stable sulfur fractions (e.g. pyrite) are oxidized during
the incubation time;

- the fraction rapidly mineralizing SOM is 5 to 10% of the total amount of SOM,;

- rates of rapidly mineralizing SOM are 100 to 1000 times greater than rates of slowly
mineralizing SOM;

- nutrients are available in sufficient quantities to prevent nutrient limitation during
ripening.
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PAH and TPH degradation

In chapter 5, the effects of chemical, biological, and physical ripening on the degradation
of PAH and TPH are quantified during the same incubation experiment that is described
in chapter 4. To get reliable measurements on slow PAH and TPH degradation, the
incubation time was extended to 352 days. Besides, degradation of PAH and TPH was
studied in the artificial sediment aggregates of three dredged sediments (consolidated
sediments) that were physically characterized in the study that is described in chapter 3.

Bottles with slurried sediments were sacrificed at ten moments to measure PAH and TPH
concentrations. Based on the measurements, PAH and TPH degradation kinetics were
characterized using the double exponential model that was also used to characterize sulfur
oxidation and SOM mineralization. Rapidly and slowly degradable PAH and TPH
fractions could be distinguished and their degradation rates were quantified with first
order rate constants. PAH bioavailability tests were performed using a persulfate
oxidation.

The consolidated sediments were incubated for 21 days. After 10 and 21 days, oxygen
concentration profiles were measured with oxygen microelectrodes and oxygen uptake
rates were calculated. Finally, the aggregates were sacrificed and PAH and TPH removal
was measured in their oxic and anoxic parts.

The conclusions of chapter 5 can be summarized as:

- rapidly degradable (bioavailable) PAH and TPH fractions amount up to 10 to 60% of
the total amounts of PAH and TPH;

- Relative PAH and TPH degradation rates are in the same order of magnitude as
relative SOM mineralization rates;

- oxygen uptake by degradation of PAH and TPH plays only a negligible role in the total
oxygen uptake;

- amounts of PAH and TPH that are degraded in the oxygenated fractions of partly
physically ripened sediments are equal to amounts that are degraded in oxygenated
slurries. Most probably, degradation rates in the oxygenated fractions are also equal
and therefore, bioremediation by ripening can be as successful as bioremediation in
slurry reactors.

Modeling of oxygen diffusion

In chapter 6, a study is described with an oxygen diffusion model for aggregated soils.
The input of the model consists of the sediment layer thickness, the geometric mean
aggregate radius, the largest occurring aggregate radius, the standard deviation of the
aggregate size distribution, the fraction air-filled cracks, the fraction air-filled matrix, and
the oxygen uptake rate of the matrix.

The model was used to calculate the oxygen penetration depth and the oxygenated
fraction in a layer of disposed dredged sediments at a field scale. Data on physical and
biochemical ripening that were collected in the studies that are described in chapters 3
and 4 were used as input for the model. Scenario calculations were made for ‘average’
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dredged sediment (clay, soil organic carbon, and reduced sulfur content of 22, 7.6, and
1.2%, respectively) at different stages of physical and biochemical ripening. Finally, a
sensitivity analysis was performed of the model output (oxygenated layer fraction) for all
input parameters.

Conclusions that can be drawn from the modeling work are:

- the maximum layer thickness of ‘average’ clayey dredged sediments that can be
completely oxygenated increases from a few millimeters to 1.10 meter as a result of the
combination of physical and biochemical ripening. during the combination of physical
and biochemical ripening;

- each doubling of oxygen uptake rates decreases the layer thickness that can be
completely oxygenated with a factor 1.4.

7.2 General conclusions

The research described in this thesis has increased our insight into the individual
processes of physical ripening and biochemical ripening —including PAH and TPH
degradation — that result from drainage of disposed water-logged sediments. This
increased insight can be used to optimize conditions at sediment disposal sites that are
favorable for ripening and aerobic biodegradation of pollutants such as PAH and TPH.

This thesis shows that physical ripening is the most important and driving process step in
the whole ripening process. The matric potential () is the key parameter to describe the
physical ripening process. A layer of disposed dredged sediments can only be completely
ripened if ¥, reaches a value of about -16,000 hPa. Monitoring of matric potentials
during disposal of sediments would provide direct information on the course and extent
of physical ripening and indirect information on inter- and intra-aggregate oxygen
diffusion characteristics. Besides, measurements of y,, can be used as an indicator for
optimal conditions for tillage operations like turning, mixing, and aggregate size
reduction. Low values of , result in low hydraulic conductivities and therefore reduction
of evaporation rates from sediment surfaces. Especially in the top few centimeters of
ripening sediments, this reduction can be substantial. Therefore, growth of plants on the
ripening sediments is advantageous because of their ability to create low values of ¥,
throughout the whole root zone.

No detailed calculations on the maximal sediment layer thickness that can be (physically)
ripened within one summer season are presented in this thesis. However, historical figures
on the annual summer evaporation excess in The Netherlands (chapter 2), combined with
the physical properties of ‘average’ unripe (Wumin = -100 hPa) and ripe (W,min = -16,000
hPa) clayey sediments that are presented in chapter 3 of this thesis, indicate that sediment
layers can only be completely physically ripened within one summer if their thickness is
less than 0.10 to 0.25 m. In chapter 6, it was shown that the maximally permissible final
layer thickness is 1.10 m for ‘average’ dredged sediments that already have been subjected
to physical ripening. Based on the degradation kinetics provided in chapter 5, it can be
reasoned that the required residence time to degrade bioavailable fractions of PAH and
TPH in physically ripe sediments, is about 1 year in The Netherlands (assuming an
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average sediment temperature of 10 °C). Altogether, it can be concluded that 1 year of
disposal is required to physically ripen sediment layers of 0.25 m, after which another year
is needed to biodegrade pollutants like PAH and TPH. During this second year, several
layers that have been physically ripened during the first year can be applied up to
thicknesses of about 1 meter. This knowledge on optimal initial layer thicknesses, final
layer thicknesses, and required residence times can be useful for optimal management of
temporary disposal sites.

The data that are provided in this thesis (chapters 3, 4, and 5) can be used as input in a
model that describes all coupled processes that are at work during ripening of PAH and
TPH polluted sediments at upland disposal sites. Several ingredients that are needed to
build such a model are mentioned in this thesis (chapter 6). With the model, exact
predictions could be made on the required residence time for ripening of PAH and TPH
polluted sediments during temporary disposal. Furthermore, it would be possible to
quantify the effects of management operations like for instance a layer by layer application
instead of the application of one thick layer, weather conditions, active ventilation
systems, constructions that prevent rainfall, vegetation, heating, trenches, tile drainage,
and tillage.
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Hoofdstuk 7’

7.1 Samenvatting

Inleiding

In hoofdstuk 1 van dit proefschrift wordt een korte inleiding gegeven over de aard en
geschiedenis van het probleem van verontreinigde baggerspecie in Nederland. Er wordt
een overzicht gegeven van de recente ontwikkelingen in het onderzoek naar reiniging van
baggerspecie die is verontreinigd met Polycyclische Aromatische Koolwaterstoffen (PAK)
en minerale olie. Minerale olie is in dit proefschrift gekarakteriseerd als de totale
hoeveelheid petroleumkoolwaterstoffen (TPH). Een veelbelovende reinigingstechniek die
kan worden toegepast tijdens de tijdelijke bovengrondse opslag van deze baggerspecie, is

rijping.

Literatunronderzoek

Hoofdstuk 2 is het resultaat van een literatuuronderzoek naar de verschillende aspecten
van rijping van baggerspecie. Rijping is een proces van initi€le bodemvorming, dat
optreedt als gevolg van ontwatering van waterverzadigde baggerspecie. Rijping kan
worden onderverdeeld in fysische, chemische en biologische rijping. Fysische rijping
verandert waterverzadigde kleiige baggerspecie (lutumgehalte > 15%) irreversibel in ge-
acreerde (onverzadigde) kleiige bodem door uitdroging. Chemische rijping verandert de
chemische samenstelling van baggerspecie door oxidatieprocessen zoals de omzetting van
gereduceerd zwavel in sulfaat. Biologische rijping bestaat uit de ontwikkeling van aerobe
(micro)organismen en hun effect op bijvoorbeeld de mineralisatie van organische stof

(SOM).

De omstandigheden voor aerobe biologische afbraak van PAK en TPH worden verbeterd
door de combinatie van de verschillende rijpingsprocessen. Daarom kan rijping worden
aangewend als een reinigingstechniek voor baggerspecie die is verontreinigd met PAK en
TPH. In hoofdstuk 2 wordt geconcludeerd dat de beschikbare kennis over rijping niet
voldoende is om de kritische processtappen van elkaar te onderscheiden. Meer
fundamenteel onderzoek is nodig, waarin de effecten van de verschillende
rijpingsprocessen — inclusief PAK en TPH afbraak — onathankelijk van elkaar kunnen
worden bestudeerd. Daarom zijn de deelprocessen fysische, chemische en biologische
rijping bestudeerd in verschillende onafhankelijke laboratoriumexperimenten die zijn
beschreven in hoofdstuk 3, 4 en 5 van dit proefschrift. Hoofdstuk 6 beschrijft een studie
waarin de gemeten parameters uit de voorgaande hoofdstukken zijn geintegreerd in een
mathematisch model.

Kwantificering van fysische eigenschappen

In hoofdstuk 3 worden de fysische eigenschappen van rijpende baggerspecies beschreven
en gekwantificeerd. In het laboratorium werden drie kleiige baggerspecies kunstmatig
gerijpt in speciaal daarvoor ontworpen drukcellen (microdepots). Met de microdepots
werden aggregaten gevormd en uitgedroogd tot verschillende niveaus van fysische rijping.
Het niveau van fysische rijping werd gekwantificeerd met de matrixpotentiaal () van het

- 130 -



Samenvatting en algemene conclusies

water in de aggregaten. Deze mechanistische maat werd vergeleken met de empirische n-
waarde (75) die in de praktijk vaak wordt gebruikt om fysische rijping te kwantificeren. In
de aggregaten werden krimpkarakteristicken, zwelfuncties, vochtkarakteristicken en
doorlaatkarakteristicken — gemeten.  Hiernaast werden intra-aggregaat  zuurstof-
diffusiecoéfficiénten gemeten gebruik makend van micro-elektroden en diffusiekamers.
Inter-aggregaat zuurstofdiffusiecoéfficiénten werden berekend met de informatie die was
afgeleid van de gemeten krimpkarakteristicken. Ten slotte werden vier monsters
verzameld met half rijpe en vier monsters met rijpe aggregaten die door natuurlijke rijping
in  baggerdepots waren gevormd. Hun aggregaatgrootteverdelingen  werden
gekarakteriseerd met afgeknotte lognormaalverdelingen.

De belangrijkste conclusies uit dit hoofdstuk zijn:

- de gepresenteerde gegevens kwantificeren alle fysische rijpingsparameters die relevant
zijn voor de biologische afbraak van PAK en TPH in gestorte baggerspecie;

- voor de volledige rijping van baggerspecie (7, < 0.7 g g'!) zijn matrixpotentialen ()
nodig die lager zijn dan -16.000 hPa;

- voor een goede beschrijving van fysische rijping is niet alleen informatie nodig over de
laagste in het verleden opgetreden matrixpotentiaal (¥, min), maar ook over de
aggregaatgrootteverdeling;

- met de informatie die is ontwikkeld in dit hoofdstuk, kan het verloop van fysische
rijping in bovengrondse baggerdepots worden voorspeld met een combinatie van
bestaande water- en zuurstoftransport en rijpingsmodellen.

Oxidatie van zwavel en mineralisatie van organische stof

In hoofdstuk 4 wordt de biochemische rijping —in dit proefschrift gedefinieerd als de
combinatie van zuurstofconsumerende chemische en biologische rijpingsprocessen — van
baggerspecie beschreven en gekwantificeerd. Vijf series met baggerslurry’s werden tijdens
een laboratoriumexperiment van 160 dagen onder aerobe omstandigheden geincubeerd in
flesjes. Tijdens het experiment werden zuurstofopname, kooldioxideproductie,
redoxpotentiaal en zuurgraad gemeten. Op negen momenten werden flesjes opgeofferd
om de concentraties sulfaat, opgeloste organische stof, ammonium, nitraat, nitriet en
fosfaat te meten. Gebaseerd op deze metingen werd de kinetiek van oxidatie van zwavel
en mineralisatie van organische stof gekarakteriseerd, gebruik makend van een
dubbelexponentieel model. Met dit model konden labiele en stabiele zwavel en snel en
langzaam mineraliserende fracties organische stof worden onderscheiden. Relatieve
oxidatiesnelheden van zwavel en mineralisatiesnelheden van organische stof konden
worden gekwantificeerd met eerste-ordesnelheidsconstanten.

De belangrijkste conclusies van hoofdstuk 4 zijn:

- de zuurstofconsumptie van biochemisch rijpende baggerspecie kan volledig worden
verklaard door de oxidatie van gereduceerd zwavel en mineralisatie van organische
stof;

- de fractie labiele zwavel bedraagt 5 tot 35% van de totale hoeveelheid initieel
aanwezige zwavel;
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- de zuurstofconsumptie door zwaveloxidatie kan meer dan 30% bedragen van de totale
zuurstofconsumptie als gevolg van biochemische rijping;

- van de stabiele zwavelfracties (bijvoorbeeld pyriet) worden geen meetbare
hoeveelheden geoxideerd tijdens de incubatieperiode;

- de snel mineraliseerbare fractie organische stof bedraagt 5 tot 10% van de totale
hoeveelheid organische stof;

- de relatieve mineralisatiesnelheden van de snel mineraliseerbare fracties organische stof
zijn 100 tot 1.000 maal groter dan de relatieve mineralisatiesnelheden van de langzaam
mineraliseerbare fracties;

- tijdens biochemische rijping zijn de gehalten aan beschikbare voedingsstoffen
voldoende hoog om te voorkomen dat limitatie van de micro-organismen optreedt.

PAK en TPH afbraak

In hoofdstuk 5 zijn de effecten van chemische, biologische en fysische rijping op de
afbraak van PAK en TPH gekwantificeerd tijdens het incubatie-experiment dat al
uitgebreid is beschreven in hoofdstuk 4. Om betrouwbare metingen te krijgen van de
langzame PAK- en TPH-afbraak, werd de incubatietijd verlengd tot 352 dagen. Hiernaast
werden afbraak van PAK en TPH bestudeerd in kunstmatige aggregaten gevormd uit drie
kleiige baggerspecies (geconsolideerde baggerspecie). De fysische karakterisering van de
aggregaten werd al eerder beschreven in hoofdstuk 3.

De flesjes met de baggerslurry’s werden opgeofferd op tien momenten om PAK- en
TPH-concentraties te meten. Gebaseerd op de metingen werd de afbraakkinetiek van
PAH en TPH gekarakteriseerd met het dubbelexponentieel model dat ook werd gebruikt
voor de beschrijving van zwaveloxidatie en organischestofmineralisatie (hoofdstuk 4).
Snel en langzaam afbrekende PAK- en TPH-fracties konden worden onderscheiden en
hun  relatieve afbraaksnelneden ~ werden  gekwantificeerd met eerste-
ordesnelheidsconstanten. Verder werd de biobeschikbaarheid van PAK gemeten met een
persulfaatoxidatie.

De geconsolideerde baggerspecies werden geincubeerd gedurende 21 dagen. Na 10 en 21
dagen werden zuurstofconcentratieprofielen gemeten met zuurstofmicro-electroden. Uit
deze metingen werden zuurstofconsumptiesnelheden afgeleid. Tenslotte werden de
aggregaten opgeofferd en werden de PAK- en TPH-afthame gemeten in de ge-aereerde en
onge-aereerde delen.

De conclusies van hoofdstuk 5 kunnen worden samengevat als:

- de snel afbreekbare fracties PAK en minerale olie bedragen 10 tot 60% van de totale
hoeveelheden PAK en minerale olie;

- de relatieve PAK- en TPH-afbraaksnelheden zijn van een zelfde ordegrootte als de
relatieve mineralisatiesnelheden van organische stof;

- zuurstofconsumptie door de afbraak van PAK en TPH speelt slechts een
verwaarloosbare rol in de totale zuurstofconsumptie;

- de hoeveelheden PAK en TPH die worden afgebroken in ge-aereerde delen van
gedeeltelijk fysisch gerijpte baggerspecie zijn gelijk aan de hoeveelheden die worden
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afgebroken in beluchte slurry’s. Waarschijnlijk zijn de afbraaksnelheden ook gelijk.
Daarom kan worden geconcludeerd dat baggerreiniging door rijping even effectief is
als reiniging in slurryreactoren.

Modellering van zunrstofdiffusie

In hoofdstuk 6 wordt een studie beschreven met een zuurstofdiffusiemodel dat
oorspronkelijk is ontwikkeld voor geaggregeerde bodems. De invoer van het model
bestaat uit de baggerlaagdikte, de geometrische gemiddelde aggregaatstraal, de straal van
het grootste aggregaat in het depot, de standaardafwijking van de
aggregaatgrootteverdeling, de fractie luchtgevulde scheuren, de fractie luchtgevulde matrix
en de zuurstofopnamesnelheid van de baggermatrix.

Het model is gebruikt om de zuurstof-indringingsdiepte en de geaereerde fractie in een
laag gestorte baggerspecie voor een veldsituatie te berekenen. Gegevens over fysische en
biochemische rijping die werden verzameld in de onderzoeken beschreven in hoofdstuk 3
en 4, zijn gebruikt als invoer voor het model. Scenarioberekeningen werden uitgevoerd
voor ‘gemiddelde’ baggerspecie (met gehalten aan lutum, organische koolstof en
gereduceerd zwavel van respectievelijk 22, 7,6 en 1,2%) in verschillende stadia van
fysische en biochemische rijping. Tenslotte is voor alle invoerparameters een
gevoeligheidsanalyse van het model uitgevoerd.

Conclusies die kunnen worden getrokken uit het modelleerwerk zijn:

- de grootste laagdikte van ‘gemiddelde’ kleiige baggerspecie die volledig kan worden ge-
aereerd neemt toe van een paar millimeters tot 1,10 meter als resultaat van de
combinatie van fysische en biochemische rijping;

- elke verdubbeling van de zuurstofopnamesnelheid (bijvoorbeeld door een
verdubbeling van het organischestofgehalte) resulteert in een afname met een factor
1.4 in de laagdikte die maximaal kan worden ge-aereerd.

7.2’ Algemene conclusies

Het onderzoek dat wordt beschreven in dit proefschrift heeft het inzicht vergroot in de
individuele processen fysische rijping en biochemische rijping — inclusief PAK en TPH-
afbraak — die optreden na het storten en ontwateren van baggerspecie in een bovengronds
baggerdepot. Dit vergrote inzicht kan worden gebruikt om de omstandigheden voor
rijping te optimaliseren.

Dit proefschrift laat zien dat fysische rijping de meest belangtijke en drijvende processtap
is van het hele rijpingsproces. De matrixpotentiaal (¥,,) kan worden gezien als de
sleutelparameter voor de beschrijving van het volledige rijpingsproces. Een laag gestorte
baggerspecie kan alleen volledig worden gerijpt wanneer ¥, een waarde bereikt van
ongeveer -16.000 hPa. Wanneer de matrixpotentiaal tijdens de opslag van baggerspecie in
depot zou worden gemonitord, zou dit directe informatie verschaffen over het verloop
van de fysische rijping en indirecte informatie of de inter- en intra-
aggregaatzuurstofdiffusiekarakteristicken. Bovendien kunnen metingen van i, worden
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gebruikt om het tijdstip te bepalen waarop de omstandigheden voor het uitvoeren van
grondbewerkingen als keren, mengen en aggregaatverkleining optimaal zijn. Lage
matrixpotentialen leiden tot een lage waterdoorlatendheid en daardoor tot een verlaging
van de verdampingssnelheden uit de baggerspecie. Deze verlaging treedt vooral op in de
bovenste centimeters van rijpende baggerspecie. Het laten groeien van planten op
baggerspecie is daarom gunstig vanwege hun capaciteit vocht op te nemen tot lage
matrixpotentialen in de hele wortelzone.

In dit proefschrift zijn geen gedetailleerde berekeningen gepresenteerd over de grootste
laagdikte die (fysisch) kan worden gerijpt binnen het tijdsbestek van één zomerseizoen.
Echter, historische cijfers van het jaarlijkse zomerverdampingsoverschot in Nederland
(hoofdstuk 2), gecombineerd met de fysische eigenschappen van ‘gemiddelde’ onrijpe
(W =-100 hPa) en rijpe (¥, = -16.000 hPa) Kkleiige baggerspecie die worden
gepresenteerd in hoofdstuk 3 van dit proefschrift, geven aan dat baggerlagen alleen
volledig fysisch kunnen worden gerijpt in één zomer als de dikte ervan wordt beperkt tot
0,10 tot 0,25 m. Hoofdstuk 6 laat zien dat de grootst toelaatbare uiteindelijke laagdikte
1,10 m is voor ‘gemiddelde’ baggerspecie die al is onderworpen aan fysische rijping.
Gebaseerd op de afbraakkinetick beschreven in hoofdstuk 4 en 5, kan worden
beredeneerd dat de benodigde verblijftijd om de biobeschikbare fracties PAK en TPH in
fysisch rijpe baggerspecie af te breken, ongeveer één jaar is onder Nederlandse
weersomstandigheden (aangenomen dat de gemiddelde baggertemperatuur 10 °C
bedraagt). Alles bij elkaar kan worden geconcludeerd dat een verblijftijd van één jaar in
depot nodig is om baggerlagen van circa 0,25 m fysisch te rijpen, waarna nog een jaar
nodig is om verontreinigingen als PAK en TPH af te breken (biochemische rijping).
Tijdens dit tweede jaar kunnen meerdere lagen die al één jaar fysische rijping achter de rug
hebben worden opgebracht tot een totale laagdikte van ongeveer één meter. Deze kennis
over optimale initi€le laagdikten, uiteindelijke laagdikten en benodigde verblijftijden kan
nuttig zijn voor een optimaal beheer van tijdelijke baggerdepots.

De gegevens die zijn gepresenteerd in dit proefschrift (hoofdstukken 3, 4 en 5) kunnen
worden gebruikt als invoer in een model dat alle gekoppelde processen beschrijft die een
rol spelen tijdens de rijping van verontreinigde baggerspecie in bovengrondse depots.
Verschillende ingrediénten die nodig zijn om zo’n model te bouwen zijn genoemd in dit
proefschrift (hoofdstuk 6). Met dit model zouden exacte voorspellingen kunnen worden
gemaakt over de benodigde verblijftijld in depot voor rijping van PAK- en TPH-
verontreinigde baggerspecie. Verder zou het mogelijk zijn om de effecten van
beheersmaatregelen, zoals een laagsgewijs aanbrengen in plaats van stort van één dikke
laag, weersomstandigheden, actief ventileren, constructies tegen regen, plantgroei,
opwarmen, begreppeling, buisdrainage en grondbewerking, te voorspellen.
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APPENDIX 1: Water contents

In Soil Science, the water content is often expressed as a gravimetric ratio between water
and solids in the wetness (»). The often used dry matter content (D.M.) is related to the
wetness as follows:

100
M=— (A1.1)
w +100
where:
D.M. = dry matter content, in percent (g water (100 g)-' wet sediment)
w = wetness, in percent (g water (100 g) solids)

For modeling purposes, it can be more convenient to express the water content as the
volumetric moisture content (cm? water per cm? sediment or soil). If the dry bulk density
of a sediment (’p,) is known, the volumetric moisture content can be calculated with:

Wy

0 =—- Al.2
100 Py ( )

where:

o = aggregate volumetric water content (cm3 water cm-3 wet matrix)

bpy = aggregate dry bulk density (g cm-3)

In shrinking/swelling sediments, it is mote convenient to express the water content as a
volumetric moisture ratio (after Bronswijk 1991), hereafter referred to as moisture ratio:

"4

g=—" (A1.3)
Ve

where:

3 = moisture ratio (cm3 cm-3)

Vi = water volume (cm3)

Vs = solid volume (cm?3)

The relationship between $and @ is given by:

9= (1+e)o (A1.4)
where:
e = void ratio (cm3 cm-3)

It should be emphasized that @ in Eqgs. (A1.2) and (Al.4) represents the aggregate
volumetric moisture content. The volumetric moisture content of a layer of sediment
(Ouwyer) consisting of aggregates (sediment matrix) and air-filled intra-aggregate potes (@)
can be calculated with:

elayer = (1 - ¢a,layer )0 (Al 5)
where:

Bayer = volumetric moisture content (cm3 cm-3)

dajayer = inter-aggregate air-filled porosity (cm® cm3)
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APPENDIX 2: Consistency

If the water content of a clayey soil is gradually reduced by slow desiccation, the clay
passes from a liquid state through a plastic state, and finally into a solid state. In soil
mechanics, the boundaries between different these different states of consistency are
often quantified with the so called Atterberg limits (Terzaghi and Peck 1967): liquid limit
(w)), plastic limit (wy), sticky limit (»y), and shrinkage limit (w). The different limits are
defined as follows.

Liguid limit
The liquid limit is defined as the wetness, in percent of the dry weight, of a soil at the
boundary between the semi-liquid and plastic states.

Plastic limit

The plastic limit is defined as the wetness, in percent of the dry weight, of a soil at the
boundary between the plastic and semi-solid (brittle, friable) states.

Sticky limit

The sticky limit is defined as the wetness, in percent of the dry weight, of a soil that loses
its ability to adhere to a metal blade.

Shrinkage limit

The shrinkage limit is defined as the wetness, in percent of the dry weight, below which
further loss of water by evaporation does not result in reduction of volume (shrinkage).

Standardized laboratory devices are used to measure the different limits (Sowers 1965).

The plastic limit quantifies the wettest condition at which agricultural tillage can cause a
decrease of aggregate sizes. The sticky limit quantifies the wettest condition at which
(agricultural) tillage is possible. In most soils, the sticky limit has a slightly larger value
than the plastic limit. Tillage is possible between the plastic limit and the sticky limit, but
does not result in aggregate size reduction. In the literature, attempts are described to
relate the optimal range for tillage also to the moisture retention characteristic
(Dexter and Bird 2001). For many engineering purposes, clay is at its best desired packing
density for working with when the wetness lies close to the plastic limit, which is between
the plastic and liquid limit (TAW 1996).
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Plasticity index

The range of wetness within which a soil possesses plasticity is known as the plastic range,
and the numerical difference between »yand u; is called the plasticity index ():

Ip =W, -w, (A2.1)
where:

Ip = plasticity index (mass-%)

wi = liquid limit (mass-%)

Wp = plastic limit (mass-%)

Soils with a high I, tend to contain predominantly clay, those with a lower I, tend to
contain predominantly silt, and those with a I, of 0 tend to contain little or no silt or clay.
The value gives insight into the sensitivity of a clay to differences in wetness.

Consistency index

The following ratio:

| = = A2.2
where:

le = consistency index (-)

w = wetness (g water g solids)x100%)

is called the consistency index (). In soil engineering, the consistency index is the most
common way of expressing the consistency of cohesive soils and it is used to indicate the

workability of a soil. Depending on its value, the different states (consistencies) can be
distinguished (Table A2.1)

Table A2.1 Classification of sediment material according to
the degree of consistency (after DWW 1999)

Consistency index (Ic) state description

<0.00 semi-liquid

0-025 mushy

0.25-0.50 very soft

0.50-0.75 soft

0.75-1.00 stiff

>1.00 semi-solid (brittle, friable)

If the consistency index has a value of 0.6 to 0.7, a clay is usually able to bear earth-
moving and compaction equipment and does not stick to it. Besides, compaction of the
clay under these conditions gives good results. Clays with a lower consistency index
(e.g. caused by higher values of ») are not able to bear heavy machinery. Moreover, such
clays are sensitive to future cracking. At a higher consistency index, compaction will
require relatively high loads (TAW 1996).

- 140 -


http://www.mywiseowl.com/articles/Clay
http://www.mywiseowl.com/articles/Silt

Appendices

Ripening index

The consistency index (1) is related to the ripening index (#,), which is defined as
(Pons and Van der Molen 1973):

Ny, = We —0-2R (A2.3)
L+bH

where:

Nrip = n-value (g water g-' clay)

Wsat = saturated moisture ratio in (g moisture (100 g)* dry matter (D.M.))

R = sand + silt content (g sand + silt (100 g)* D.M.)

L = clay content (g illite clay (100 g)* D.M.)

b = ratio between water adsorption of 1 g organic matter compared to that of 1 g clay (-)

H = organic matter content (g organic matter (100 g)' D.M.)

For sediments/soil containing other clay minerals than illite, Pons and Zonneveld (1965)
proposed to convert the measured value for 7, into that for illite with Eq. (A2.4).

w,, —0.2R
Ny, = —b‘L (A2.4)
L +bH
. CEC
with:: b, = —— (A2.5)
CEC,
where:
b1 = ratio between the water-binding capacity of illite and that of the clay in question (-)
CEC = cation exchange capacity of the clay in question (mmol (+) (100 g)-' clay

CECi = cation exchange capacity of illite (mmol (+) (100 g)* illite-clay)
Pons and Zonneveld (1965) suggested to use a value of 60 mmol (+) (100 g)! for CEC.

Different classes of physical ripening can be distinguished. These classes and their state
description are given in Table A2.2.

Table A2.2 Classification of sediment/soil material according to physical ripening (after Pons and Zonneveld 1965)

Nrip ripening class state description

>2.0 unripe, recently deposited sediment liquid slurry, non kneadable

20-14 consolidated, but practically unripe soft, sticks fast to the hands and can be easily squeezed through
the fingers

14-1.0 half ripe fairly soft, sticks to the hands and can be easily squeezed
through the fingers

1.0-0.7 nearly ripe fairly firm, tends to stick to the hands and cannot be easily
squeezed through the fingers

<0.7 ripe, normal soil firm, does not stick to the hands, and cannot be squeezed
through the fingers

Relation between ripening and consistency

Most probably, the liquid limit (and, to a lesser extent the also the plastic limit) of a
sediment decreases as a result of drying (Sowers 1965), and therefore also as a result of
physical ripening. The result of this decrease is that an unripe sediment has a higher
consistency index (is ‘stiffer’) than a ripe soil having the same wetness (after
Rijniersce 1983).
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APPENDIX 3: Water potentials

In soil physics, the total water potential at any point in a sediment/soil profile is defined
as the work done per unit of moving water in a reference state from a datum position to
the point of question (Koorevaar et al. 1983).

Total potential

Neglecting thermal potentials, the total water potential () at any depth (3, positive
downwards in this thesis) in a layer of sediments can be calculated by the sum of
constituent potentials (Young and Sisson 2002):

R P e e (A3.1)
where:

7 = total water potential (hPa)

Vg = gravitational potential (hPa)

W = pneumatic potential (hPa)

Wi = matric potential (hPa)

Vo = overburden potential (hPa)

W = osmotic potential (hPa)

Gravitational potential

The gravitational potential () needs no special discussion and is simply related to the

depth from the surface into the sediment layer (assuming a density of water of
1,000 kg m-3):

W, =-2 (A3.2)
where:

z = depth into sediment profile, positive downwards (cm)

Prenmatic potential

Water potentials are expressed relative to atmospheric pressure. Under most conditions, it
can be assumed that the pneumatic potential is equal to the atmospheric pressure. Only in
deep, layered sediment profiles, or in (anaerobic) sediments with gas generation,
pneumatic potentials could be significant.

Matric potential

The matric potential () consists of the work performed, per unit of water against the
forces arising from interaction with the sediment/soil particles (e.g. capillary and
adsorptive forces). As we define it, ¥, =0, and is a function (the so called moisture
retention characteristic, see also chapter 3 of this thesis) of the moisture ratio (9. The
quantity -, is often called ‘suction’ and sometimes, in swelling systems,
‘swelling pressure’.
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In soil physics, W, is frequently used as a quantitative measure to express the moisture
condition of sediment/soil (Kootevaar et al. 1983). The matric potential is directly related
to the relative vapor pressure (p/po):

Rl 2 A33
Vi ="Pv 300"\ p, (A3.3)
where:
P = density of water (= 1,000 kg m=3)
Ry = molar gas constant (= 8.314 J mol' K-")
T = absolute temperature (K)
M = molar mass of water (18x10-3 kg mol-)
p = vapor pressure (hPa)
po = vapor pressure at a free surface of water under atmospheric pressure (hPa)
p/po = relative vapor pressure (-)

Eq. (A3.3) can be used to calculate the relative vapor pressure that is needed to dewater a
sediment sample down to a specific matric potential (Klute 1986). This method was also
used in chapter 3 of this thesis.

Furthermore, the maximum diameter of water-filled pores (dy) of a mineral sediment/soil
depends on the matric potential:

4o,

d. =— A3.4
where:
err = effective pore diameter (m)

Ow= surface tension at T = 293 K (73x10-3) (N m-)

Biologists use the term water activity for the relative vapor pressure (Parr et al. 1981). The
water activity is used as a measure of water content that is related to microbial activity. At
matric potentials higher than -250 hPa, moisture conditions are optimal microbial activity,
whereas activity is inhibited for 80% at matric potentials lower than -16,000 hPa
(Rijtema et al. 1999).

Table A3.1 gives the relation between W, p/po, and dy and the corresponding verbal
terms.

Table A3.1 Relationships between matric potential (m), pF, relative vapor pressure (p/po), effective pore diameter (der) at
T=293K, and its verbal state description (after Parr et al. 1981 and Koorevaar et al. 1983)

Wi pF (log(-ywm)) plpo ert state description ¢
(hPa) () () (Hm)

0 - 1 -2 water-saturated

-1 0 1 2908 very wet

-10 1 1 291 Wet

-100 2 1 29.1 moist (‘field capacity’)
-1,000 3 0.999 291 dry

-16,000 4.2 0.988 0.182 very dry (‘wilting point’)
-1,000,000 6 0.478 -b air-dry

-10,000,000 7 0.0006 -b oven-dry (105 °C)

ano capillary forces exist at ym =0
b capillary theory is not valid because the matric potential is lower than the so called hygroscopic point
¢ after Werkgroep Herziening Cultuurtechnisch Vademecum 1988

- 143 -



Appendices

The matric potential can be measured with so called tensiometers. In the tensiometric
measurement of soil water matric potential, the overburden potential (see below) is
manifested (Young and Sisson 2002). Therefore, the ‘true’ matric potential needs to be
corrected for this potential (Smiles 2000), when significant (e.g. in ripening sediments).
The lower limit for tensiometer measurements is approximately -800 hPa
(Young and Sisson 2002). Several indirect techniques have been developed to measure
matric potentials down to much lower values (Andraski and Scanlon 2002 and
Scanlon et al. 2002). Recently, a new polymer tensiometer has been developed that is
capable to measure matric potentials down to -16,000 hPa (Bakker et al. accepted). For
monitoring of potentials in ripening dredged sediments, a device should be used that
gives accurate measurements in the whole range of physical ripening (i.e. 0 to -16,000 hPa
according to chapter 3 of this thesis) in a shrinking matrix in which cracks develop.

Overburden potential

The overburden potential (¥ is the work performed, per unit of water extracted to
realize the required movement of particles against gravity and external load. Therefore, it
is only used in the context of shrinking and swelling sediments/soils. For a one-
dimensionally vertically shrinking (consolidating) layer of sediments i/, is defined by

de

=—~P(z A3.5
Vo =g ) (A3.5)
with P(2) =P(0) + [~ *p, dz (A3.6)
G+
with °p, ==L (A3.7)
1+e
where:
e = void ratio (cm3 ¢cm3)
9 = volumetric moisture ratio (cm?® cm3)
20 = surface of sediment profile (0 cm)
P(z) = total vertical load (hPa)
P(0) = external load on the surface at z = 0 (hPa)
bow = wet bulk density (g cm3)
yo = particle density (g cm3)

In soil mechanics (and also in chapter 2), P is called the total stress or overburden
pressure. The analogue term for the matric potential () is called the effective or
interparticle stress (Smiles 2000).

To make calculations for situations with more-dimensional shrinkage (e.g. physical
ripening), researchers like Kim et al. (1992a) and Garnier et al. (1997) attempted to
generalize Eq. (A3.5) using a geometry factor () that accounts for the relative magnitude

of vertical shrinkage caused by the changes in total volume shrinkage (see also chapters 3
and 6).
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Osmotic potential

In many cases, the existence of the osmotic potential (¥ can be neglected. However, w7
can play a role in cases where water containing different concentrations of dissolved
solutes are separated by a semi permeable membrane (e.g. in the plant-root system). The
osmotic potential of a water solution can be calculated with:

R,Tc (A3.8)
Yn=-— .
100
where:
W = osmotic potential (hPa)
c = jonic concentration (mol m3)

Eq. (A3.8) can be used to calculate the osmotic potential that is needed to equilibrate the
water potential to desired levels in sediment samples that are stored for incubation
experiments. This method was also used in chapter 5 of this thesis.
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