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Abstract
Marine clay capping material with added activated carbon was studied with respect to
important physical properties regarding placement of the cap, and chemical effects
regarding different amounts of activated carbon at different mixing times with contaminated
sediment.

It was experimented with different geotechnical water contents of the clay/AC material to
see how this parameter affected erosion and loss of material when it was sinking through
seawater, and how it affected the disintegration of the material and changed its covering
capacity. In addition, effects of changing salt content of the material, effect of increasing
sinking depth and the sedimentation properties of the material was investigated.

Results showed that at geotechnical water contents in the range of 113%-126% loss of
material was low (< 5%) and the degree of cover was acceptable. Salt content in the material
did not influence loss of material. Loss per metre was found to be 2,4 %, which translated to
full suspension at a depth of 41 metres. From full suspension it was showed that
sedimentation and consolidation time increased with the amount of solid clay in suspension.

Chemical effects were investigated when AC was mixed with heavily contaminated sediment
at 0,2% and 2% of dry clay, and mixed for 5 minutes, 4 hours, 24 hours, 3 days, 7 days and 15
days, to investigate how the mixing times effected the porewater concentration of
contaminants in the sediment.

Results showed that porewater concentrations were not reduced with time as anticipated at
mixing times 24 hours - 7 days, where an increase was observed. This indicated mechanisms
which disturbed sorption of PAH and PCB to AC at low mixing times. Regarding effect of
amount of AC there was observed a reduction in porewater concentration for all compounds
at mixing times of 24 hours and 15 days when comparing 2% AC to 0,2% AC.
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Introduction

For several centuries industrial activities and urban development have been followed by the
release of many different contaminants into the environment. A large portion of these have
reached the aquatic environment through river transport and direct runoff. The result is that
much coastal sediment today contains high concentrations of environmental toxins. These
toxins affect single organisms and ecosystems through biomagnifications and
bioaccumulation, damaging the biodiversity at the polluted locations. By consumption of fish
and shellfish from these areas humans are exposed to a health risk in the form of cancer,
reproductive distortions, weakened immunity and damages to the neural system
(Miljøverndepartementet 2006-2007). In November 2008 more than 32 locations along the
Norwegian coastline had dietetic guidelines recommending reduced- or non-consumption of
local fish and shellfish (Figure 1.1).

Figure 1.1: Places along the Norwegian coastline with dietetic guidelines per 2008.(Miljøstatus 2009a)
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The response to this problem has largely been to reduce the concentrations of contaminants
reaching the sea, which gradually has improved the sediment quality. This improvement is
shown in sediment samples from Oslo harbour (Cornelissen et al. 2008b):

Figure 1.2: Sediment concentration of PAH16, PCB7 and TBT vs. depth at Oslo harbour. Depth of 140
centimetres represents around the year 1900. Note that the concentration of PAH16 is in mg/kg, while it for
PCB7 and TBT is in µg/kg. Dating of the sediment cores was done by determination of Cs-137 and Pb-210 by
Thorbjørn J. Andersen at the University of Copenhagen. (Cornelissen et al. 2008b)

Figure 1.2 shows how the concentration of Polychlorinated Biphenyls (PCB) and Polycyclic
Aromatic Hydrocarbons (PAH) has developed over the last 100 years in the Oslo harbour.
The concentrations are based on core samples of the bottom sediment, and reach a peak
value and are then reduced in the last decades. The decrease of PAH was related to the
transition from coal gasification to hydroelectric power, while the reduction of PCB was due
to successful emission control. The TBT concentration has not yet reached its peak, which is
consistent with the legal use of this substance until 2008. Even though the concentrations of
PCB and PAH are improved, they are still too high compared to the Norwegian sediment
quality guidelines (SQG) given by the Norwegian Pollution Control Authority, SFT (SFT 2007).

In the case where the release from point sources has been reduced, the sediment and
porewater in the sediment can still act as a source of contaminants. A substantial
concentration gradient can be expected between contaminants in sediments, the porewater
and the overlying water (Eek 2008). This gradient will transport the contaminants from the
high concentration in the sediments to the overlying seawater, making the sediments a
2

secondary source of contaminants. This is a major concern in many harbours around the
world.

The white paper of 2001-2002, “A Clean and Rich Ocean” states that there is a need for
remediation of the severely polluted sediment in harbour areas in Norway
(Miljøverndepartementet 2001-2002), in addition to the goal of zero release from point
sources. As a consequence plans have been created concerning the 17 highest prioritized
areas, and by 2009 similar plans are to be made for the rest of the coast. The goal is to reach
a condition where the dietetic guidelines can be removed, and that the population again can
eat and enjoy local fish and shellfish without any health risk (Miljøverndepartementet 20012002, 2006-2007).

There is a continuous supply of new and cleaner sediment which will sink down and settle on
top of the contaminated sediment. If undisturbed this would cover the contaminated
sediment, isolating it from the overlying water and it would act as a natural remediation
process. In sediment with biological active surface layer, sediment dwelling organisms will
mix clean sediment with the contaminated sediment. This will keep contaminants in the
surface layer longer than if the sediment was unmixed, keeping the pore water
concentration in the surface layer high, meaning that the flux of contaminants also will be
larger than if the sediment was unmixed. In this way bioturbation influences the flux of
contaminants from sediment to water (Berner 1980). The rate which benthic organisms mix
new clean sediment with the old will determine for how long the sediment can be expected
to act as a source of contaminants. If the upper 10 centimetres is completely mixed and with
sedimentation rates as low as a one to two mm per year (Vallius 1999, Christiansen et al.
2002, Kibsgaard 2006) it will take 50-100 years to obtain the needed amount of clean
sediment to have a remediation effect. This means that the sediment can pose an
environmental risk for decades after the input rate has decreased. This gives a great need for
well-documented, successful remediation strategies.

There are several possible remediation strategies to choose from. Apitz and Power (2002)
divide remediation alternatives into the following strategies:
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No action, this strategy can be considered if the environmental risk associated with the
sediment of interest is acceptable, or other areas are given a higher priority given a limited
budget.

Monitored natural recovery, where natural high sedimentation rate of new clean sediment is
expected to give good improvements in a relatively short time. Considerable efforts are used
for monitoring the pace of recovery.

Dredging and excavation followed by ex situ disposal or reuse, which involves the physical
excavation and relocation of contaminated sediment. Used in situations where natural
recovery is considered to slow and where sailing depth must be maintained. Problems
connected to release of contaminants during dredging and moving of masses.

In situ containment, this is the isolation of polluted sediment using clean material as a
barrier between the contamination, the benthic fauna and the overlying water. This is
known as capping. Studies (Davies-Colley et al. 1985, Cornelissen et al. 2005, Eek et al. 2007)
show that strong sorption of HOCs and heavy metals in sediments suggest that below the
biological active surface layer, contaminants are chemically and physically stable and pose
only a small environmental risk. In areas with contaminated sediments capping is widely
used and is considered a good environmental initiative (2006-2007).

The risk reducing effect of remediation by capping comes from sealing off the contaminated
sediments and reducing the availability of contaminants for marine life, and thereby
reducing the health risk for humans. The most important physical functions of the capping
layer are protection of the sediment against erosion of contaminated particles, and isolation
of sediment-dwelling organisms from the contaminated sediment. The chemical function of
the cap is to minimize the flux of dissolved contaminants through the cap to the overlying
water by increasing the diffusion path and by sorption of contaminants to the capping
material. Both physical and chemical effects are presented in figure 1.3. The cap is in most
cases constructed so that its thickness exceeds the sum of maximum bioturbation depth,
uncertainties of the cap thickness, consolidation height of the cap and thickness necessary
for sufficient chemical isolation. In this way the contaminated sediment is isolated from the
4

processes which can transport contaminants to the overlying water, and the environmental
risk is reduced. This method requires relatively large amounts of capping material per square
meter to obtain the needed thickness of the cap.

Figure 1.3: Physical and chemical transport
ransport mechanisms affected by capping. Edited version of figure 4 in
(Eek 2008). DBL being the diffusive boundary layer, the layer close to the sediment surface where diffusion is
dominating (Berner 1980).

clean-up of the Oslo harbour
our sediments in 2007, and showed
This method was used in the clean
satisfactory results. A cap of clean marine clay was applied in parts of the harbour (226500
m2) a layer of 40 cm on average, and only 4% of the area was covered with less than 10 cm.
The degree of cover reached
hed above the demanded 90%. Chemical analysis show a 90%
reduction of contaminants in surface sediments, and an improvement of water quality at the
bottom with 80% reduction of PAH and 91% reduction of PCB (Pettersen and Eek 2008).
2008) On a
long term basis the effect of the capping will depend on the supply of contaminants from
active sources on land.

Even though capping is carried out in several heavily contaminated harbour sediments,
modelling of release and transport of contaminants from contaminated sediments suggest
that the contribution of contaminants from large areas with less contamination can exceed
the contribution
tribution from small, heavily contaminated areas. This indicates that there is a need
for measures over larger areas of a polluted fjord to obtain significant remediation
efficiency,, measured as reduced contaminant concentrations in fish (Saloranta et al. 2008).
2008)
5

Based on this, some plans are extended to involve covering of moderately contaminated
sediments in outer fjord areas. These areas can cover several square kilometres, the amount
of capping material needed would be extensive and the costs involved would be large. To
make this more practical and economically feasible, it is desirable to reduce the amount of
capping material, while maintaining the efficiency of the cap. Placing only a thin layer of
clean sediments as cover is known as “thin capping”.

There are several advantages of thin capping; there is no need to disturb the contaminated
sediment like it would when dredging, limiting the imposed release of contaminants during
the remediation process. Only adding small amounts of material to the sea floor reduces the
possible impact on the benthic fauna, and the costs associated with thin capping is mostly
due to the material itself and the process of covering the seabed, making it economically
possible to cover large areas. Lately the interest has grown for the use of active materials in
capping. These are materials with high sorption capacity and are used to reduce the
porewater concentration and flux of contaminants by adsorption to particles in the thin cap,
increasing the efficiency. Challenges to this approach are connected to the physical
distribution of the cap, and to the aspect of maintaining an acceptable chemical effect when
applying only a thin layer. This will be discussed further in chapter 2.
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2 Background
2.1 Opticap

To investigate the possibilities and effects of thin capping, two research institutes, NGI (the
Norwegian Geotechnical Institute) and NIVA (the Norwegian Institute for Water research),
together with SFT (the Norwegian Pollution Control Authority), and four companies, Secora,
Agder Marine, NOAH and Hustadmarmor, is cooperating in a project called “Opticap”. This 4
year project (2007-2011) is financed by the Norwegian Research Council, the companies
involved and SFT. Secora and Agder Marine works with dredging and covering and holds
knowledge about covering methods, while NOAH and Hustadmarmor contributes the
capping materials gypsum and lime.

The object of the research project is to enhance the knowledge about the materials and
methods for thin capping of large contaminated areas (several km2) (NGI 2009).

There are three main subjects which will be investigated:
Work Package 1: Placement technology
Work Package 2: Effect of thin caps on chemical quality
Work Package 3: Effect of capping on benthic fauna

Figure 2.1: Organization of the Opticap Project
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2.2 Aspects of placement technology

The first part of the Opticap project addressed one of the main challenges connected to the
procedure of thin capping; choosing of capping material and how to successfully place the
cap on the seafloor.

There are several materials, both natural and manmade which has been used for capping
purposes, the most common being uncompacted materials like gravel, sand, silt and clay. Up
to a few years ago it was most common to use coarse grained materials, like sand and gravel
due to their availability and low cost. While sand and gravel based caps can meet project
needs in a number of cases, it is also recognized that these materials are relatively nonactive, relatively permeable and that they can be eroded under high-flow conditions. It is
also recognized that the effectiveness of coarse grained material primarily is due to physical
retardation of contaminants. The fine grained clay is recognized as a more active, less
permeable and more cohesive (erosion resistant) material, and its effectiveness is based on
both physical and chemical retardation of contaminants. However it has not been used for
sediment capping due to logistical aspects (Jersak and Hull 2001) and considerable higher
costs. New technology has now given the possibility to use clay as capping material. As this
material can be quite costly, its use must be justified by a considerable higher efficiency than
the low cost materials.

There are several physical and chemical advantages of using clay or other materials with
clay-sized grains in capping projects. They show a relatively cohesive and homogeneous
physical character, making them more resistant to erosion, low permeability reducing
advection of contaminated pore water, and high specific surfaces which effectively can sorb
or attenuate contaminants (Jersak and Hull 2001).
The cohesive strength of clay is a consequence of the bonds between clay minerals, making
the material relatively strong. When the cohesive forces are overcome, the clay minerals are
pulled from the surface and into suspension (eroded) (Mostafa et al. 2008). The cohesive
strength is negatively correlated to the moisture content of the clay, meaning that an
increase in water content gives a decrease in the cohesive strength of the material (Lambe
8

and Whitman 1979). In marine clay especially
especially, these cohesive forces are also influenced by
the salinity
inity of the pore water in the cl
clay. Several studies show how leaching of salt from clay
reduces the strength of the material (Ohtsubo et al. 1996, Andersson-Skold
Skold et al. 2005,
Lundstrom et al. 2009),, indicating th
that an increase of salinity might strengthen the material.

When clay is used as capping material it may be deployed tens of metres above the seafloor,
either as clods of clay or suspended in water
water. In the first case resistance from the water
while it sinks down will lead to erosion of the material, and the amount of erosion is
dependent on the strength of the material
material,, low strength indicating high erosion. In the latter
case the cloud of water with suspended clay will sink as one unit because of the increased
increa
density until it is diluted so that the density again equals that of sea water. Then the clay
particles will sediment naturally. Clay minerals in suspension or which has been eroded off a
clod of clay will stay in suspension for a relatively long time because of their small grain size,
size
and any matter in suspension is likely sub
subjected to transport with currents;; this is illustrated
in figure 2.2. At sites with relatively strong currents the eroded capp
capping
ing material can be
transported out of the intended area of remediation. A significant loss of particles will
reduce the thickness of the cap, negatively influencing its efficiency.

Figure 2.2: Sketch showing
ing how capping material suspended in the water can be transported by currents
c
(modified from (Pettersen and Eek
ek 2008)
2008).

There are two important aspects of placing a sediment cap on the seafloor; to avoid loss of
the capping material due to erosion and transport, and to obtain a layer which covers as
much as possible of the contaminated sediment. Spots without a cap will continue to supply
the overlying water with contaminants. To get a good cover the material must be weak
9

enough to divide into smaller clods when sinking through the water, but still strong enough
to avoid substantial loss of. There is a fine balance between having a too strong or too weak
material. With this dilemma the question is how to obtain the best suited composition of the
capping material. Having both moisture content and salinity as two parameters which affect
the strength of the material it is of interest to see how the behaviour of the material changes
with change in the parameters.
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2.3

Effect of thin caps on chemical quality

The second part of the Opticap project addresses the chemical aspects of thin capping. This
Thi
includes investigating the chemical effect of different capping materials, the effect of using
active materials and the development of reliable methods to measure the efficiency of a cap
in-situ
situ and in laboratory experiments.

2.3.1 Diffusive flux
The aim of thin capping is to reduce the porewater concentration and transport of
contaminants from the polluted sediment to the overlying water. The porewater
concentration is mainly controlled by the sorption properties of the sediment particles, while
there are several
eral mechanisms controlling transport; particle resuspension, biodiffusion,
subaqueous groundwater discharge, wave
wave-pumping (Huettel and Webster 2001),
2001) advection
and diffusion. The low permeability of Norwegian fjord sediments (Eek et al. 2008 and
references therein) reducing advection (Berner 1980, Huettel and Webster 2001),
2001) and the
effect of wave pumping being restricted to the upper centimetres of the sediment (Huettel
and Webster 2001),, suggests that diffusion is particularly important for the long term
transport of contaminants from sediment to water.

Recent studies of contaminated sediment show substantially
higher concentrations of dissolved organic contaminants in
sediment porewater than in the overlying water (   )
(Booij et al. 2003, Cornelissen et al. 2008a)
2008a). Because of this
concentration gradient diffusion of contaminants from
porewater to overlying water will occ
occur. The rate of this
diffuse flux is controlled by the magnitude of the
concentration gradient. A reduction in porewater
concentration will reduce the diffusive flux of contaminants;
this is illustrated in figure 2.3.. The flux is also related to the
boundary conditions at the sediment/water interface and
more specifically to the thickness of the water layer where

Figure 2.3:: Diffusion of contaminants
from sediment to water because of a
concentration gradient. High flux
indicated by bold arrow to the left where
porewater concentration in sediment is
high. At reduced concentration
concentrat
the flux
is smaller, to the right.
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molecular diffusion dominates, the diffusive boundary layer (DBL) (Boudreau 2001). Applying
a cap on top of the sediment reduces the diffusion flux by increasing the length of the
diffusion path (illustrated in figure 2.4), and by use of fine grained and/or active materials
the flux is also reduced due to sorption of contaminants which reduces porewater
concentrations (Eek et al. 2008).

Figure 2.4: Theoretical concentration of HOC profile in water and capping layer in the microcosm test
assuming steady-state molecular diffusion. Concentration in water in contact with cyclohexane (Cw),
concentration in sediment pore water (Cpw_sed), diffusive layer thickness (δe) and cap thickness (hcap) are
indicated. (a) Test with uncapped sediment, (b) test with capped sediment. Figure 2 in (Eek et al. 2008).

The steady state flux of hydrophobic organic contaminants (HOC) can be determined by
measuring the concentration gradient over the sediment water interface and applying Fick’s
first law. This can be described by (Boudreau 2001):

_



=

 


(1)

D

= The diffusion coefficient



= Pore water concentration



= The concentration in the overlying water

 = The thickness of the diffusive boundary layer.
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=




(2)

As already mentioned this is the case in many heavily contaminated sediments.

The linear relation between porewater concentration and diffusive flux (equation 2) makes it
possible to determine the flux of contaminants by measuring porewater concentrations, and
vice versa.

When contaminated sediment is capped with clean materials, the contaminants will first
diffuse into the porewater of the cap and adsorb to the cap material. The flux is then
transient until a new steady state is reached when there is equilibrium between the
dissolved concentration in the cap porewater and the adsorbed concentration in the cap.
The time to reach steady state is then dependant on the sorption capacity of the material
(Eek et al. 2008).
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2.3.2 Sorption and active materials
Sorption is a collective name for processes where a compound is bound to or taken up in a
gas, liquid or solid matter. These processes are then divided into adsorption, absorption and
ion exchange. Adsorption describes the process where molecules are bound to the surface
of a given structure, like a sediment surface, or particles in a liquid phase. Absorption
describes the process where a compound is bound inside a structure, like in a cell or inside
the molecular structure of a particle. Ion exchange describes the process where ions which
balance the surface charge of a colloid exchanges place with ions in a solution. There are
several models explaining how adsorption to a material is affected by the concentration of
compounds to adsorb. One model makes use of a linear relation, where the adsorption
increases with the concentration, assuming that there are an infinite number of sorption
sites on a particle. Other models assume that there is a certain amount of sorption sites,
and as they get occupied the adsorption rate slows down and reaches a point of saturation.

Sediments are composed of minerals, inorganic particles, organic matter, porewater, air and
non aqueous phase liquids. Of these, the organic matter is the most important sorber of
many organic compounds. Recent research on sorption properties shows large differences
between the sorption properties of different organic phases (Gustafsson et al. 1997,
Cornelissen et al. 2005). Organic matter can undergo humification, creating humus, or it can
undergo geological processes like burial and increase of temperatures which lead to
formation of kerogen and coal (White 2005). In the last group we find the carbonaceous
geosorbents (CG). It is shown that CG may adsorb hydrophobic organic contaminants (HOC)
one to two orders of magnitude stronger than fresh organic matter. GC has been estimated
to consist mainly of black carbon (BC), unburnt coal, kerogen, coke and fly ash (Cornelissen
et al. 2005). BC include many heterogeneous, aromatic and carbonaceous compounds from
the combustion of fossil fuels and biomass. In marine sediments, most of the BC comes from
soot deposition (Haberstroh et al. 2006). It is estimated that the average portion of BC of the
total organic carbon (TOC) is 9% in sediment and soil (Cornelissen et al. 2005).

Today there are companies which specialize on synthesizing sorbents with even better
sorption properties than the natural occurring geosorbents. These compounds are called
active materials because they are deliberately altered through physical and/or chemical
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processes to increase porosity and thereby increasing the specific surface of the material,
giving more sorption sites. One of these materials is the so called Activated Carbon (AC).
Activated carbon consists of carbon, but in contrast to natural black carbon, AC is activated
by chemical and physical processes. Marsh and Rodriguez-Reinoso (2006) define activated
carbon as “porosity (space) enclosed by carbon atoms”. Activated carbon is made from
wood, coconut shells, fruit stones, coals and synthetic macromolecular systems (Marsh and
Rodríguez-Reinoso 2006). There are many different activated carbons available, having
different porosity for different applications. The activation is either thermal, or chemical.
The thermal activation utilizes CO2 or water vapour at about 800-900 °C. The reactions
remove individual carbon atoms, increasing the porosity. The chemical activation uses zinc
chloride, phosphoric acid or potassium hydroxide and gives different techniques to modify
the development of porosity.

This new development is of great interest, because CGs, and especially AC is shown to
absorb PAH and PCB very well (Murphy et al. 2006, McDonough et al. 2008) by a non-linear
sorption isotherm (Cornelissen et al. 2006a). PAH and PCB are hydrophobic organic
contaminants which are shown to have carcinogenic effects for humans. Both compound
groups are known to accumulate in biota, especially in high lipid tissue (McIntosh et al. 2004,
Miljøstatus 2009c), which make the compounds a subject of bio-accumulation and biomagnification. Degradation of PAH and PCB is a slow process, and most of the compounds
are considered more or less persistent (ATSDR 1995, 2000). These compounds are
considered primary pollutants because of their negative health effects and their
bioaccumulation properties.

Based on the knowledge of chemical effects of capping, suggested capping materials have
been tested and the reduction of PAH and PCB flux from the different materials has been
compared. A study by Nag (2008) showed that the materials gypsum, lime and activated
carbon (AC) seemed to be better sorbents than clay and AC being superior to the other
materials. AC reduces the contaminant flux by strongly adsorbing HOC and thereby reducing
porewater concentration. AC is suggested to be the best suited material in areas with high
influence of bioturbation, advection or other processes which disturb the cap, because it
maintains its effective sorption when it is mixed with the contaminated sediment.
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When AC is mixed into the sediment one can expect to observe a reduction in porewater
concentration because of the high sorption capacity of the activated carbon. The released
contaminants are desorbed from the sediment particle into porewater, and are then
adsorbed to AC. The bond to AC is strong, and the compounds are not likely to desorb.
Mechanical mixing will increase the sorption rate to AC and reduce the concentration of
contaminants in the porewater available for biological uptake with time.

Several laboratory studies seem to find reduction of PCB and PAH flux of up to 90 percent
when experimenting with AC as a cap, or mixed in polluted sediment, and conclude that AC
is well suited for remediation purposes (Zimmerman et al. 2004, Cornelissen et al. 2006a).
However observations in field seem to indicate less flux reduction than what is found in
laboratory experiments. A study conducted at Hunter Point Shipyard in San Fransisco, USA
by Zimmerman et al. (2004), reveal a reduction of PCB flux of 77% (6 months contact time
between sediment and AC), while field experiments show a reduction of 62%, (after 7
months contact time between AC and sediment) . This difference is suggested to be caused
by the difference in mixing time of AC and sediment. A typical laboratory experiment is well
mixed, with AC and sediment mechanically mixed of more than one month (Zimmerman et
al. 2005, Cho et al. 2007, McLeod et al. 2008). During this type of mixing the transfer rate
from sediment to AC particles is high and the transfer of HOC to AC particles can be
completed. In field any mechanical mixing is conducted over a short time period and any
further natural mixing is slow, giving lower transfer rates. The Hunter Point field study used
mixing times of 30 minutes (Zimmerman et al. 2004). In this case the time needed to
complete HOC adsorption is much longer. This explains why field fluxes are observed to be
lower than lab fluxes after a specific contact time.

From this one can draw the hypothesis that the time AC is mixed with the sediment
influences the adsorption of HOC and the reduction of contaminant flux, and there is a need
to investigate this effect. Having a better understanding of this effect will help get reliable
estimates of the time needed to obtain a certain flux reduction in field.
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As part of the Opticap project,, remediation
of the Grenland fjords in the south
south-eastern
part of Norway is planned executed in the
summer of 2009. The Grenland fjords have
some of the highest
hest concentrations of
polychlorinated dibenzo-p-dioxins
dioxins and
dibenzofurans (PCDD/Fs) in sediments of
any Norwegian fjord. The main load of
PCDD/Fs has come from a magnesium
plant on an island in the fjord during the
period 1951–2002.
2002. Since the 1960s dietetic
guidelines have been in place,, and since
the 1980s a commercialization ban on all
seafood caught within one particular part
of the fjord. In addition there have been
health advisories on selected commercial

Figure 2.5:The
The Grenland fjord system. The shaded area is
regulated by dietetic guidelines (SFT 2009)

species such as cod and crab in the outer
Grenland fjord areas. Contaminated sediment currently constitute the only known significant
source of PCDD/Fs causing high concentration levels in the biota of these fjords (Saloranta et
al. 2008).

PCDD/Fs like PCB and PAH, are proven to be adsorbed well by black carbon (Cornelissen et
al. 2008c), so thin capping with activated carbon will be used as remediation strategy in this
thi
field test. AC will most likely not be able to sediment on the seafloor by itself because of its
extremely small grain size, to
o help getting AC down to the bottom it will be mixed with clean
marine clay which is applied in a thin cap of approximately fiv
five
e centimetres.
centimetres

h
been
In this study, important physical and chemical properties of this clay/AC material have
investigated.
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3 Aims of this thesis
This thesis was written at NGI as part of the Opticap project, studying the capping material
planned for a field test in the Grenland fjords. The intention was to investigate physical
properties important for the placement of a thin cap consisting of AC mixed in clay, and the
chemical effect of AC on porewater concentrations when mixed in contaminated sediment
at different mixing times. Part one of this thesis deals with the physical aspects of capping
with AC mixed with clay, while part two is devoted to the chemical aspects.

In the first part several properties of the clay and AC mix was investigated; the effect of
water content and salt content on erosion of the material during placement, the effect of
increasing sinking depth and how sedimentation of the material changes with increasing
amount of dry weight material. The aim was to get an estimation of what water content
which would be most suitable for obtaining a covering cap while limiting the loss of material.
A sub goal was to give an estimation of how much material was lost at suitable water
contents, so that this could be accounted for in the field test. In addition sedimentation
properties of the material were investigated.

In the second part, microcosm experiment was conducted to investigate how the porewater
concentration of contaminants in contaminated sediment was effected when AC was mixed
with the sediment at different mixing times. The intention was to get a view of porewater
reduction at very low mixing times of AC with sediment, mixing times which were closer to
realistic field mixing times.
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4 Methods part I
The first part of this thesis addressed the physical properties of the capping material which is
important for the placement of the cap; the effect of change in geotechnical water content,
salt content, sinking depth and sedimentation properties. To investigate these parameters
column tests with falling clods of clay/AC mix were set up.

4.1 Description of materials
These experiments used marine clay mixed with AC, salt and sea water. An earlier master
thesis at NGI (Nag 2008) used some of the same materials and analyzed the chemical
properties of the marine clay.

Marine clay
Physical properties:
Color: Gray – Blue grey
Grain size: < 125 µm
Total water content: 32%

Origin:
The clay used in this experiment was extracted as part of a tunnelling project in the Oslo
harbour area. About 180.000 m3 of clean clay was used for capping of the sea floor in the
most polluted part of the harbour (SFT 2008).

Chemistry:
Analysis by Nag (2008) show that the clay was as clean as expected. Only one find of mineral
oil (THC C12-C35) somewhat exceed SFT (2007) guideline limits . This oil most likely has its
origin from the excavation process. This indicated that the clay was well suited for use as
capping material.

Geochemical properties:
Clay is extremely fine grained, giving it a high specific surface. In addition its layered mineral
structure, physical and chemical stability, and its good cation exchange capability, make the
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material a good adsorbent. These properties make clay a material well suited for capping
projects.

Activated carbon (AC)
Physical properties:
Colour: Black
Content: Carbon (C)
Particle size: min 65% < 45 µm (Chemviron-Carbon 2007)

Origin:
The pulverized AC is of the type PULSORB° FG4 manufactured by Chemviron Carbon. It is
manufactured from selected grades of bituminous coal under rigidly controlled high temperature
conditions. The raw material combined with the manufacturing process develops high internal
surface area of the carbon, providing optimum adsorption of dissolved organics. There are several
properties explaining its great performance, for example the activation process which uniformly
activates over the whole particle giving excellent adsorption properties, and an optimal mesh size
which gives a rapid adsorption rate (Chemviron-Carbon 2007).

Sea water
Origin:
The sea water was brought in from NIVAs marine research station in Drøbak, eastern Norway.
Conductivity was measured to be 52,3 mS/cm at 17,8 °C.
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4.2 Procedure of experiments

4.2.1 Effect of water content
The goal with this experiment was to investigate how changing the water content of the
clay/AC mix influenced the strength of the material. These parameters are known to
determine the erosion of the clay/AC mix, and therefore the amount of material which could
be lost to transport by currents in field. The results were hoped to indicate which water
contents which would be well suited for obtaining a good combination of erosion resistance
and covering capacity.

Preparations:
Initially, a mix of marine clay, AC and salt was made. The mix was imaging the material
planned used in the capping in Grenlandsfjorden. Wet marine clay with a total water content
of 32% (determined by drying) was mixed with AC at a ratio of 2 kg AC per 36,5 kg dry clay.
Then salt was added at a ratio of ¼ of AC. The NaCl was dissolved in sea water before adding
it to the clay/AC mix. The materials were mixed in a bucket using a drill with a mixing stick.
After mixing, the clay was kept in the bucket under a lid at 10°C to limit evaporation and thus
to prevent any large changes in water content.

Physical properties of the mixed clay material are given below. Bulk density was determined
by using a measuring column of known volume and weight which was filled with the material
and weighed. Then it was computed by the following equation (3):
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=
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$
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Where
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= Bulk density

%

= Mass

&

= Volume

Geotechnical water content was calculated from the total water content.
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Summary of properties of the clay/AC mix is given in table 4.1:

Table 4.1: Summary of the properties of the clay/AC capping material used in column tests.

Dry marine clay, %

61,1

Activated carbon (AC), %

5,5

Salt (NaCl), %

1,4

Sea water (total water content), %

32

Geotechnical water content, %

55

Colour

Dark grey

Bulk density, g/ cm3

1,83

From this main batch samples were taken out and added different amounts of water to
study the effect of different geotechnical water contents on erosion of clay/AC falling
through seawater. Calculations of addition of water are found in appendix 2.
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Execution:
The experiment itself was conducted in a glass column measuring 42 centimetres from
bottom to top, and a diameter of 10 centimetres. Wa
Water
ter was filled up to 37 centimetres,
giving a total volume of water 2,91 litres. The tap from which water was drained was located
5,5 centimetres above the bottom, so the total drained volume of water was 2,5 litres. Setup
is illustrated in figure 4.1.

Figure 4.1:Photo
Photo and schematic drawing of the column used.

When making the mixture to go into the column, 500 grams of clay/AC was taken from the
main batch and then added an amount of water which was calculated with the goal of
obtaining an intended series of water contents
contents. The series was chosen to rage from 80% 200% geotechnical water content. This was based on previous experience with similar
experiments over a wider range.
The actual water content was determined by drying for each of the samples.
samples
Each
h of the individual samples was made the day of the experiment to avoid evaporation
and changes in water content. A list of the different samples is given in table 4.2.
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Table 4.2: Properties of the different water content samples.

Intended

Amount of clay

Added water

Actual geotechnical

geotechnical

(g)

(ml)

water content (%)

80

500

85

76,5

90

500

119

85,7

100

500

153

93,6

110

500

187

105,1

120

500

221

113,0

130

500

255

125,9

140

500

289

126,2

160

500

357

149,8

180

500

425

163,5

200

500

493

189,8

water content (%)

Directly after mixing a sample, it was transferred to a plastic cup for running a test of the
shear strength of the material. This was done on a Brookfield Rheometer at NGI, using
spindle 72 with a range of 80 – 800 Pa. The results were shown and stored in EZ-Yield v 1.2.

In order to test disintegration of the clay/AC mix when falling through water a 50 ml sample
was filled in a cut off syringe. The clay was pushed into the water by holding the syringe at
the water surface and pushing out the clay. The samples with the highest geotechnical water
content poured out of the syringe by itself when it was turned up-side down. When the
clods of clay had reached the bottom, all the water above the lowest tap was drained into a
5 litre can in order to determine the amount of particles released from the clay clod. The
column and the 5 litre can were thoroughly cleaned between each run, making sure no
particles were left from the last run. Each sample was tested once.
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Figure 4.2: Cut off 50 ml syringe for pushing clay/AC mix into the water in the test column.

The drained water was filtered through GF 1 µm filter.
The can was shaken well both before and during the filtration to keep particles suspended in
the water. The amount of particles in the water was determined by weighing the filters
before and after filtration and drying at 110°C over night. 3 filters were dried to get the
water content of the filter itself. The average weight of water in the filters was subtracted
from the total weight of the filter before drying.

For the run with 189,8% geotechnical water content only 200 ml were filtered because of
the high particle content and clogging of the filter. The can was shaken well to homogenize
the water before the sample was taken. The particle content was adjusted accordingly.
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4.2.2 Effect of salt content
To investigate how different levels of salt would affect the erosion from the clay, three new
samples were made using ½, ¼ and ⅛ amount of salt in ratio to AC.

The samples were prepared by mixing marine clay, AC and the different amounts of salt,
listed in table 4.3. The salt was dissolved in the amount of water chosen to add to the mix,
and then all was mixed using a drill to ensure homogeneity. The samples were made with an
intended water content of 120%, which was likely to give a measured water content of
113%. The amount of clay and AC was kept constant and identical to the previous material.

The experiment was carried out in the test column with three identical runs per sample.

Figure 4.3:The amounts of salt and AC added to the marine clay to test the effect of different salt contents.

Table 4.3:Amount clay, AC and NaCl mixed giving 3 different samples tested in 37 cm column.

Sample no

Amount marine clay (g)

Amount AC (g)

Amount NaCl (g)

1

500

18,6

2,3

2

500

18,6

4,7

3

500

18,6

9,3
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4.2.3 Effect of depth
To see whether the length of the column, i.e. the depth to which the clay sinks, affected the
erosion of the clay, a column of 2 metres height was used. A batch with an intended water
content of 120% was made from the main batch mixed for the water content experiment.
The actual water content was determined by drying. Properties of the material in this
experiment are given in table 4.4.
The same batch was used for one run in the 2 meter column and one run in the 37
centimetre column for comparison. 50 ml of clay material was put into the column at the
water phase using an open syringe. Immediately after the aggregated part of the sample had
sunk down to the bottom of the column, the water was drained off 5 centimetres above the
bottom in both columns.

Draining from the 2 meter column was done in two stages, the first half (about 7 litres) was
drained into a 10 litre can, then the next half was drained into a new 10 litre can. Then 2
litres of water from each of the split samples were filtered. Since the first can contained
more particles than the last (due to sedimentation during the draining of water), the average
value represents the particle concentration in the entire volume of water. In the 37
centimetre column all the water (2,5 litres) was drained into a 5 litre can, and 2 litres of this
was filtered. All cans were shaken well by hand before filtering to keep the particles
suspended and homogeneously distributed.

Table 4.4: Summary of the material tested in 2 metre column.

Wet weight clay/AC

Amount water (ml)

mix (g)
500

221

Intended geotechnical

Actual geotechnical

water content

water content

120%

113%
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Figure 4.4: Sketch and photo of 2 meter column used to test effect of falling height.
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4.2.4 Sedimentation/consolidation test
The 2 meter high columns were also used in order to study the sedimentation rate and
consolidation of the clay/AC mixture.

This experiment used the main clay/AC batch prepared for the water content test. The first
experiment was conducted using 0,5 kg dry matter, and 1,4 kg dry matter. The two were
tested at approximately the same time in separate columns. Seeing the results of the two
first tests, a third was also of interest. Since the thickness of clay at the bottom after
sedimentation well exceeded the planned capping thickness of 5 centimetres, it was decided
to do one test with 0,12 kg dry matter to get closer to the intended thickness. Summarized;
there were three runs, all with different amounts of dry matter.
The amount of clay to use from the main batch was calculated assuming that the total water
content of the main batch was close to the start value of 32%. For simplicity and to
compensate for some evaporation this value was set to 0,3. Then the amount of clay needed
was calculated by equation (4).

'!

(

=

)*+
,-,/

(4)

Where
'!
'0#

(

= Mass of wet clay needed
= Mass dry matter wanted

After weighing of the needed clay, water was added to make it more fluid to get full
suspension when poured into the column.

The two 2 meter long columns were cleaned, set up and filled with sea water. To keep the
material suspended until the test could start a metal weight attached to a line was used to
stir the column. Once ready, the time was noted as t = 0 and the sedimentation started.

At predefined times water was drained from two levels of the column using the built-in taps,
195 cm and 95 cm from the bottom (figure 4.5). Small 100 ml plastic bottles were used to
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store the water samples. Time
ime was noted for each sampling. Then the water collected in the
bottles was filtered through GF 1 µm filter to find the weight of particles.

Due to the location of the tap at the top, the series from this tap is shor
shorter
ter than
tha for the
middle one since the water level soon got below the top tap.

The approximate time intervals chosen for sampling:
0 min, 10 min, 20 min, 60 min, 2 hrs, 4 hrs, 8 hrs, 24 hrs, 30 hrs

After the sedimentation was started there was formation o
of a mud cake in the column. The
thickness of this cake was reduced with time because there was increasingly fewer particles
above able to sediment, and because water was forced out of the sediment during
compaction.

Figure 4.5: Photo and sketch of the 2metre columns.
s. In the photo the first run (0,5 kg dm) was started first in
the column to the right, while the second run (1,4 kg dm) was started 2 hours later in the column to the left.

For all experiments; graphic presentations and statistical calculations were performed in
Microsoft Excel.
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5 Methods part II
This experiment was related to the diffusion of contaminants from contaminated sediment.
Active carbon (AC) is used in capping materials because of its strong sorption properties. It
was of interest to see how the effect of AC changed with different mixing times with the
contaminated sediment. To investigate this, an experiment was conducted as part of this
thesis.
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5.1 Description of materials

Polluted sediment from Bergen
Physical properties:
Color: Black
Grain size: Silty to sandy clay
Total water content: 62,5%
TOC: 6,2% (Nag 2008)

Origin:
The sediment was extracted from Bergen harbour. This harbour has had built-up areas from
the Viking age, and has been an important European place of trade (BT 2009). From all the
years with urban activities, shipping and industry the area is now heavily polluted with led,
mercury, PCB and other environmental toxins. From 1993 nutrition guidelines were
implemented in this area concerning several types of fish and shellfish, and these guidelines
are still upheld (BT 2007, Miljøstatus 2009b).
The sediment was dredged at a depth of 15-30 centimetres, and since the goal of the
dredging was to find samples for testing of contaminant diffusion the most polluted looking
samples were chosen (Nag 2008).

Chemistry:
The sediment smelled strongly of hydrogen sulphide (H2S) when stirred, which is an
indication of anaerobic decay of organic matter. Chemical analysis by Nag (2008) supported
this by indicating high levels of organic matter. The analysis also showed that the sediment
was heavily polluted. Compared to guidelines the sediment was classified as “poor” when
considering the amounts of PCB and PAH. The sediment also contained exceeding levels of
DDT and TBT (tributyltin), as well as exceeding levels of mercury (Hg), copper (Cu) and led
(Pb). This made the sediment well suited for this experiment.

AC and sea water
The same activated carbon and sea water as in part 1 was used.
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5.2 Procedure of experiment
To get a measure of the effect of sorption by AC and how the mixing time with the
contaminated sediment influences the effect, a microcosm experiment was conducted to
measure changes in flux of PAH and PCB from the sediment at different mixing times.

Normally AC and sediment is mixed for 30 days to reach equilibrium, and it was decided to
operate with the following mixing times: 15 days, 7 days, 3 days, 24 hours, 6 hours and 5
minutes. The ones of 15 days and the ones of only 5 minutes were done in triplets for its
statistical value. 3 samples of 30 days of mixing was also set up and started, but due to time
limitation these results will unfortunately not be available in this thesis.

All samples were tested with both 0,2% AC and 2% AC, while three of 5 minutes mixing was
run without AC to get a background value of diffusion without AC. A summary of the total
number of 29 samples is shown in table 5.1.

Table 5.1: Mixing times and number of different samples.

Test number

AC content

Number of identical samples

Exact time mixed (min)

1-3

0,2 %

3

21600

4-6

2%

3

21600

7

0,2%

1

10080

8

2%

1

10080

9

0,2 %

1

4320

10

2%

1

4320

11

0,2%

1

1440

12

2%

1

1440

13

0,2%

1

240

14

2%

1

240

15-17

0,2 %

3

5

18-20

2%

3

5

21-23

0%

3

5

Total number of samples:

29
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The bulk density of the polluted sediment was determined to be 1,2 g/ml, using a measuring
column of known volume and weight (figure 5.1), and was computed by equation (3). The
water content of the sediment was found to be 62,5% by drying, and the solid matter was
computed from this.

Figure 5.1: Column used to determine bulk density.

Clean glass jars were used as containers for the samples during the mixing and diffusion. 50
ml, or 61 grams, of wet sediment was weighed directly into the jars. AC was added at 0,2%
and 2% of the solid matter of the sediment. The correct amount of coal was weighed in small
plastic cups and added to the jar. Finally, 100 ml of sea water was added to enhance the
mixing. The sea water was containing 0,2 g/l of sodium azide (NaN3), to prevent growth of
bacteria in the jars, which could disturb the results. The samples were hand-shaken for 5
minutes, timed by a stop watch, before they were put in a rotation wheel in the laboratory.
The 5 minute mixing samples were only hand shaken. The start time of the wheel was noted.

The mixing started with delays, so that the mixing was stopped for all samples at the same
time.
The exception is the 30 day-samples which were continued for another 15 days.

After the mixing was completed, the walls of the jars were cleaned by using a 50 ml syringe
to flush the attached sediment off the walls. The same sea water with 0,2 g/l NaN3 was used.
Then the jars were set still for 2 days to allow the sediment to settle at the bottom of the
jars with the water phase above. Figure 5.2 shows the jars after 2 days of sedimentation, the
sediment forming a layer at the bottom.

34

Figure 5.2: Three of the jars after 2 days of sedimentation.

When the sediment had settled at the bottom, sea water (with 0,2 g/l NaN3) was carefully
added in excess in order to flush the film of AC accumulated on top of the water phase out
of the test jar. Again it was made sure that the walls of the jars were as clean as possible. All
was done carefully to keep the sediment undisturbed. After flushing, water was removed
using a syringe until there was 1 cm left above the sediment.

Finally, 50 ml heptane was carefully added on top of the water phase using a 50 ml glass
pipette. Internal standard (IS) corresponding to 20 ng PAH and 2 ng PCB was added to the
heptane, mixed into one batch of 1,5 litres before added to the jars. The heptane acted as an
organic phase and would be an infinite sink of the diffusion of PAH and PCB from the
sediment (Eek et al. 2008). To be able to separate between the PAH and PCB from the IS, and
the PAH and PCB leaked from the sediment during analysis on a gas chromatograph mass
spectrometer (GCMS), the IS contains deuterium. Calculating PAH and PCB from a known
amount IS will correct for any loss due to evaporation, extraction of samples or preparation
of samples for analysis.

The measures that were taken to remove sediment and AC from the walls of the jars and
from the water surface intended to limit any contact between the sediment or AC and
heptane. Having sediment-heptane contact would disturb the results of the true diffusion
from the sediment at the bottom, while having AC in contact with heptane would likely
make AC adsorb the IS from the heptane.
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The jars were placed in a dark cabinet at room temperature for 29 days where the diffusion
took place. Figure 5.3 show one of the jars ready for 29 days of diffusion, with a nice threelayered structure.

Heptane
Water
Sediment

Figure 5.3: Complete sample ready for 29 days of diffusion. It shows the sediment at the bottom, 1 cm water
phase and 50 ml heptane on top.

After 29 days of diffusion of the heptane was ready for collecting. Heptane was transferred
to 50 ml glass containers with a sealed lid. This was done using a 50 ml measuring pipette
which had been cleansed in acid (5% HNO3) and washed with pure heptane before collecting
the first sample. The pipette was washed with pure heptane between each sample to avoid
contamination from one sample to the next. The equipment used is shown in figure 5.4.
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Figure 5.4: 50 ml measuring pipette, 50 ml glass container and the pincers used to seal the Teflon lid.

The 50 ml heptane solution was concentrated to about 0,1 ml by using a centrifuge, which
allowed heptane to evaporate, leaving a high concentration of contaminants in the 0,1
millilitres. Since heptane can absorb many other organic compounds in addition to PAH and
PCB, purification is needed to remove compounds which can give disturbances during
analysis. The samples were the purified in micro columns with silica gel (SiO2 + 10% water).
The columns were made of glass pipettes with a small plug of fibre glass in the bottom to
prevent the silica gel from escaping the pipette, but allowing the solution to pass through.
Above the plug there was added 3 centimetres of silica. Silica is used as a stationary phase,
and because of its polarity the non-polar components will tend to elute before the polar
ones. The concentrated samples were added on top of the silica, and eluted with 8 ml
heptane. The purified solution was the concentrated to 0,1 ml, and transferred to small glass
vials for the GCMS analysis.

For about 50% of the samples only one purification was sufficient, while for the remaining
half the concentrate showed such a dark yellow colour that additional measures had to be
taken. Knowing that the original sediment contained quite a lot of sulphur it was decided to
perform a sulphate reduction. This was conducted by adding some cupper to the
concentrates. The test tubes containing the concentrate and cupper was put in an
ultrasound bath for 5 minutes, and then left standing in darkness over night. Then the
samples were purified once more using silica columns, removing cupper and other
components from the solution. After this purification the samples were considered clean
enough to perform the GCMS analysis.
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The samples which were subjected to sulphur reduction and a second purification were
number 1-11.

Having completed the GCMS analysis the amount of compounds ('1 ) were converted to
flux () by equation (5):

=

)2
3∙0

(5)



= Contaminant flux, ng/m2∙d

'1

= Amount of compound measured in the heptane phase, ng

5

= Area of the test jar (= 0,00377m2)

6

= Days of diffusion (= 29)

The diffusjon flux measured in the diffusion tests was shown by Eek et al (2008) to be crrelated with
the pore water concentration in the sediment in the diffusion test. This means that the porewater
concentration was calculated after rearrangement of equation (2):

7

 = 


(5)



= Porewater concentration in the contaminated sediment, ng/ml



= Thickness of the diffusive boundary layer, measured to be 0,06 cm in similar
microcosm experiment by Eek et al. (2008).
= Diffusion coefficient in water of the compound

(cm2/s) was calculated equation (6) presented by (Schwarzenbach et al. 2003) p. 809:

=

'

8,9×,-;<
)=>,?@

(6)

= The molecular weight of the compound
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6 Results and discussion part I:
Physical properties of the clay/AC material
In this chapter results from experiments concerning the physical behaviour of the clay/AC
mix are presented. All water contents in this chapter are geotechnical water contents and
will in the text only be referred to as water content.

Geotechnical water content =

'



)ABCD
)EFG=*E

= Mass of water (g)

'HI!J0H = Mass of dry matter (g)
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6.1 Erosion as an effect of geotechnical water content
The objective of this experiment was to investigate how the water content of the capping
material affected the erosion from a clay clod when it was falling through sea water. The
results can be used to indicate a well suited water content of the capping material for field
application, with respect to dispersion and control of the material.

100 %

Loss of clay particles

0%

50 %

100 %

150 %

200 %

10 %
y = 5E-05e5,0871x
R² = 0,939

1%

0%

Water content

Figure 6.1: Actual geotechnical water content in % against loss of particles in % of solid clay.

The results of the column lab experiment are shown in figure 6.1. This figure shows the
measured water content (%) of the material plotted against the loss of particles in
percentage of the solid clay added, on a logarithmic scale.

The figure shows that there is low loss (< 1% ) of particles up to a water content of about
113%. Increasing the water content rapidly increases the loss of particles, but the loss is < 5%
up to water content of 126%. At the highest water contents the loss is about 50%. Figure 6.1
show a fitted exponential curve with an R2 value of 0,94 indicating an exponential relation
between the erosion of clay with increasing water content.
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At the highest water content about 50% of the solid clay added is in suspension. The
flattening of the curve at the top indicates little change in erosion from 160% - 180% water
content. This could be linked to constrain of the test column making this the maximum
erosion in this experiment.

These results also display a shift in the series which occurs between point 6 and 7. Here the
two points which have quite identical water contents (number 6 and 7), differ more than
expected with a loss of particles of 1,96% and 4,63%, respectively. The reason for this is not
known.

The difference in erosion at the different water contents is clearly illustrated in the photos in
figure 6.2. The colour of the water changed from foggy at 105% to dark brown at 150%,
where it was approaching maximum erosion.

105%

126%

150%

Figure 6.2:Photos visualizing the increase in erosion with increasing geotechnical water content.

These results show that the erosion and loss of particles increased exponentially with water
content. The loss was below 1% up to a water content of 113%. For field application, one
constrain is to minimize the loss of capping material. If this was the only aim and it would be
advisable from figure 6.1 to stay below water contents of 113%. This will be discussed
further in part 6.4. Any conclusions on suggesting the best suited water content of the
material cannot be drawn from this experiment alone.
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6.2 Erosion of particles compared to the shear strength of the material
The
he shear strength of the material was tested to see how this related to the measured
erosion of the capping material. When tested using the Rheometer, the two first samples
were firm enough to show the classical stress
stress-strain curve of clay, with
th a peak showing
sh
the
rupture point, where the clays inner structure is shattered and the strength is lowered to the
materials yield strength. For these samples, the maximum strength appeared at the point of
rupture. The rest of the samples were to liquid to show this behaviour, instead the
measurements can be seen as a reading of the material viscosity. The difference is shown in
Figure 6.3: a) Stress-strain
strain curve with rupture point, b) stress
stress-strain
strain curve without rupture
point.

Figure 6.3: a) Stress-strain
strain curve with rupture point, b) stress
stress-strain
strain curve without rupture point.

The results presented in figure 6.4 clearly show how the shear strength was exponentially
reduced with increasing
sing geotechnical water content, the best fit of the exponential curve has
a R2 value of 0,95, indicating a good fit.

The figure shows that the shear strength of the material at these water contents was low,
with a maximum strength of 454 Pa at the firmest sample with water content of 76%. At
these water contents the samples had strength classified as quick clay (> 0,5 kPa) (Torrance
1999). The strength was reduced as the water content is increased, and the lowest value was
only 7,5 Pa, and the mix was like muddy water.
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Maximum shear strength (Pa)
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y = 5330,4e-3,635x
R² = 0,9483
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Figure 6.4: Maximum shear strength (Pa) as a function of water content in marine clay capping material.

Two points, number five and six, does not fit the line, and could be random errors, while the
dotted trend lines show that the shift which was apparent in figure 6.1 also seemed to
appear in these data. The reason for this shift was not identified, but it could be due to
mechanisms in the clay material. This was not investigated any further.
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Figure 6.5: Loss of particles (%) as a function of maximum shear strength (Pa).
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Figure 6.5 shows the loss of particles in % against the maximum shear strength. It shows that
the loss of particles was low ( < 1%) as long as the shear strength was more than 100 Pa,
corresponding to water content of 125 %. This relation fits a power function with a R2 value
of 0,93. The sudden extreme increase in particle loss at low shear strength could be
explained by the cohesiveness of the clay. At low water contents the cohesive forces are still
strong enough to bind the clay minerals, but at a certain point the cohesive forces are
overcome and the erosion increases dramatically. In this clay/AC material this point seems to
be reached at a water content of about 125% where the maximum shear strength is about
100 Pa.
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6.3 Degree of cover depending on water content
Another measure of the disintegration of the clay clod falling through water was the size
and distribution of the clay aggregate on the bottom of the test column after the test. The
reduced strength of the material with increased water content allowed the clay clods to
break into smaller pieces and give better cover.

Figure 6.6 shows that at 76% water content the cover is poor; the clay upholds the shape
given by the syringe used to inject clay into the sea water, giving large clods and uneven
distribution. It is likely that this material would not give the demanded degree of coverage of
the contaminated sediment at the sea floor. At water content of 105% the disintegration of
the material is larger, but still there are several visible parts of the bottom of the column. At
113% almost the entire bottom is covered with small lumps of clay. Increasing the water
content further evens the cover progressively, and as seen in the figure the cover seems to
be most even at the highest water content.

76%

105%

113%

126%

= 149%

Figure 6.6: Photos illustrating the effect of water content in clay, on degree of cover on the bottom. The
measured water contents are displayed. At 149% water content the water was too foggy to have the photo
taken from above.
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Combining the knowledge of erosion and loss of particles with experience about degree of
cover, one can get a good indication of well suited water content in this marine clay
material. The erosion was lowest at water contents below 113%, but the degree of cover
was not optimal at this water content. At water content of 113% - 125% the erosion was still
acceptable (< 5%), and the cover seemed to be acceptable. In this range of water content
two of the criteria for a successful remediation, little material loss and good cover of
contaminated sediment, are likely to be met.
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6.4 The effect of salt content
Salts can act as key binders between clay minerals, so it was of interest to see the effect of
changing the salt concentration in the capping material. One could expect a relation where
erosion would be reduced with increasing salt content, because this is likely to increase the
connections between the clay minerals, and strengthen the material. Here NaCl added in
different amounts was used to investigate this.

Table 6.1: Summary of salt effect tests.

Test number:

1

2

3

Mass marine clay (g):

500

500

500

Mass AC (g):

18,6

18,6

18,6

9,3

4,7

2,3

200%

100%

50%

Mean weight of eroded particles (g):

0,2199

0,1795

0,2376

Standard deviation:

0,0379

0,0335

0,0378

118

118

119

3

3

3

Mass NaCl (g):
% af original NaCl:

Geotechnical water content (%):
Number of runs:

Table 6.1 shows the mean weight of eroded particles and their standard deviation.
Considering that the variation between erosion at different salt concentrations were about
the same as the standard deviation, there did not seem to be any clear relation between salt
content and erosion of particles. A student t-test (Microsoft excel) shows that the erosion
from clods prepared with different salt concentrations are not significantly different (p=0.12)
from each other. There was no trend supporting the expectation of having less erosion when
the salt content was increased, at least not with the chosen amounts of salt. This was most
likely due to the use of sea water as medium. The effect of the salty water was probably
larger than the effect of the salt in the material, which can explain the similarity of the
samples even though the salt content is changed. This was supported by experimental
results found by Vrenne (2000) which tested sedimentation of particulate matter as a
function of suspension- and salt concentrations in the water. The study showed that for salt
concentrations above 2 g/l sedimentation was independent of salt concentration.
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6.5 Effect of depth
All previous experiments were conducted in the test column of 37 cm. It is of interest to see
how the distance the material sinks effects the erosion. This will give an indication of how
the results found from the experiments can be applied in a field situation. In the actual
capping process out at sea or in a fjord the depth is varying, but the material must be
expected to sink at least 5 metres. The longer a material is exposed to a destructive force,
the more it will be damaged, so it is expected that erosion increases with depth, and the
quantification of this is important to be able to account for this in field preparations.
To look closer at this issue, a column of 2 metres was used to test for erosion of particles in
the same way it was tested in the 37 centimetre column. Results are listed in table 6.2.

Table 6.2: Results from erosion column experiment testing the effect of depth.

Column length:

37 cm

200 cm

2472,8

15307,5

Filtered water (ml):

2000

2 X 2000

Geotechnical water content:

113%

113%

Weight of eroded particles (g):

0,248

0,215

Weight of eroded particles in the entire volume of water (g):

0,307

1,649

Eroded particles per meter (g):

0,829

0,825

2,4

2,4

Volume of water (ml):

Loss of solid clay in % per metre:

As expected the erosion of the material in the 2 meter column is larger than in the 37
centimetre column. The long column is 5,4 times longer than the short one, and the erosion
is more than 5 times larger as well. This supports the expectations.
Then it was of interest to see if this could be expressed as “loss per metre”, which then can
be applied in field preparations. These results show that the loss per centimetre is almost
identical in both columns, about 0,8 grams per meter. This is a 2,4% loss of solid clay
particles per metre. In field this could be compensated for by using more capping material
than calculated, dependent on estimated depth.

From this one can give an estimate that the material is likely to be in full suspension (= 100%
loss) at a depth of 41 metres.
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6.6 Results
ts of sedimentation test
The 2 meter columns were also used to obtain data for a project concerning modelling of
sedimentation rates. The aim was to follow and document the sedimentation and
consolidation of the clay/AC material from full suspension until a full sedimentation and
consolidation had taken place.
The interest of sedimentation of capping material is linked to the issue of erosion. As the
results presented in part 6.5 indicates a considerable part of the material can be expected to
be in suspension
sion at deep sites. The suspended material will sink and sediment at the bottom.
bottom
A fast sedimentation will decrease the risk of dislocation of the material by currents.
currents

fo
During the experiment it was visually observed that the suspended clay immediately formed
a clay cake in the column, which then started to consolidate, rather than having the classical
sedimentation of clay before consolidation
consolidation, seen in figure 6.7.. It appeared that rather than
building up during sedimentation and following the shown curve, the cake started
consolidating immediately, following a curve which is indicated by the dotted extension of
the consolidation curve. This at least was the visual interpretation, which could be affected
byy the small diameter of the column (10 cm) and amount of material, which caused high
turbidity and made it difficult to see a possible sedimentation process at the bottom.

Figure 6.7:: Thickness of clay layer as a function of time during a classical
sedimentation process. Sediment builds up because of added material from
above and starts consolidating because of the add
added weight from the settling
material.
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Figure 6.8: Suspended particles in the water at a given time. Samples from the top tap at 195 centimetres, 5
centimetres below the initial water level.

Figure 6.8 shows the consolidation with time at the top tap, located at 195 cm from the
bottom. This was only 5 centimetres below the initial water level, and the top of the column,
which was the reason for the relatively short time series. Draining of water for samples
reduced the water level, so that after 4 hours this tap could no longer be used. Still, the
consolidation was fast enough for all three series to reach the background level within these
4 hours at this level in the column. The consolidation rate varied with amount of clay. The
more clay, the longer it took for the material to sink. One could have expected flocculation
of the clay minerals to increase the rate, but this did not seem to be the case in this
experiment. If flocculation acted as one could expect, the more clay would cause larger
complexes of flocculated material which would sink more rapid due to the increased weight.
If this was the case, the 1,4 kg series could have shown a consolidation rate close to or
possibly less than the two other series. As figure 6.8 shows, this was not the case, and the
high particle concentration acted to reduce than rate rather than increase consolidation.
This could be because of the increased concentration of clay minerals in the water, hindering
settling of particles.
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Figure 6.8 shows that the mix with the most clay (1,4 kg) reached the background level
between 20 and 60 minutes. The mix with only 0,5 kg clay reached the background
concentration in less than 20 minutes, while the last one of 0,12 kg clay only needed less
than 10 minutes to reach this level at this specific height. This shows that the one with the
most clay consolidated 5-6 times slower than the one with the least amount of clay.
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Figure 6.9: Suspended particles in the water at a given time. Samples from the middle tap, at 95 centimetres.

Figure 6.9 shows the consolidation with time at the middle tap, located at 95 cm. The trend
is the same as for the top tap, but it took much longer for the sediment to consolidate the
additional metre. The 1,4 kg sample reached the background level after about 8 hours, the
0,5 kg sample reached this level after about 4 hours , and the 0,12 kg sample only needed
about 2 hours.

At the 95 cm level the particle concentration first increased before it was reduced for the
two samples with the most clay. This was also seen for the 1,4 kg sample at the top tap (see
figure 6.8). This was probably caused by some sedimentation of particles from above in the
beginning, when the clay cake was formed. The concentration was then reduced as the
material sunk.
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Figure 6.10: The visually observed thickness of the clay cake (cm) in the column against time (min).

The thickness of the clay cake in the column was registered, and is shown in figure 6.10. The
steepest decline was for the sample with the least clay. Here the low particle concentration
ended in a layer of only 6 centimetres, which was close to the planned cap of 5 centimetres.
The quick consolidation was probably due to the thin layer, giving the porewater in the clay a
short way out. The time it took to consolidate the material increased with the amount of
clay. For the 0,5 kg and 1,4 kg samples the gradient of the consolidation was less steep, and
the more compacted the bottom layer got, the slower was the consolidation. The prolonged
way for the water to travel trough the clay layer seemed to have a large effect.

For the sample of 0,12 kg dry matter, which was the one that resembles the planned cap of 5
centimetres, the consolidation was rather quick. From a height of 2 metres this amount only
needed about 2 hours for all of it to sediment at the bottom. This will reduce the risk of
having the suspended part of the capping material transported out of the intended area.
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6.7 Conclusions part I
The results of laboratory experiments showed that erosion of the clay/AC material increased
exponentially with water content, and that there was low loss (< 1%) at water contents
below 113% and < 5% loss at water contents below 126%. Photographs indicated that the
degree of cover increased with water content, and that the cover was sufficient at water
content of 113% and upwards. From this it was suggested to aim for water content in the
clay/AC material to be in the range of 113%-126%. Experiments showed that increasing salt
content did not affect erosion from the material when sinking through seawater.

Increasing sinking depth was shown to increase loss of material linearly. The loss was found
to be 2,4% per metre, which translated to having the material in full suspension at a depth of
41 metres.

Sedimentation test of the material showed that time to reach full consolidation increased
with amount of solid clay. At 1,4 kg solid clay added the consolidation time was > 22 hours,
while it was only about 2 hours for 0,12 kg solid clay. 0,12 kg solid clay formed a layer of 6
centimetres which imaged the planned cap thickness of 5 centimetres.

53

7 Results and discussion part II:
Effect of different AC – sediment mixing times on reduction of
porewater concentrations
The diffusion tests were conducted to investigate how porewater concentrations of
contaminants from contaminated sediment varied as a function of amount of, and how long,
AC is mixed with the contaminated sediment.

The results are presented by looking at a few chosen PAH and PCB, because many of the
compounds were below the detection limit. The chosen PAH were phenanthrene, pyrene,
chrysene and fluoranthene, while the chosen PCB were PCB-28 and PCB-52.
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7.1 Effect of increasing AC amounts on reduction of porewater
concentrations at different mixing times

Pyrene
300,000
Cpw (ng/ml)

250,000
200,000
150,000

0,2% AC

100,000

2% AC

50,000

0% AC

,000
240

1440

4320

10080

21600

Mixing time (min)
Figure 7.1: Porewater concentrations (ng/ml) of pyrene at different concentrations of activated carbon.
Samples without AC were only produced for the 5 minute mixing time.

Chrysene
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240
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4320

10080
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Figure 7.2: Porewater concentrations (ng/ml) chrysene at different concentrations of activated carbon.
Samples without AC were only produced for the 5 minute mixing time.

Figure 7.1 and figure 7.2 show how the porewater concentration of pyrene and chrysene
was strongly reduced when 2% AC was mixed with the contaminated sediment, compared to
only 0,2% AC, and it shows how the effect of AC was affected by mixing time. The porewater
concentrations were calculated from the measured fluxes.
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The effect of an increased amount of carbon seemed to be largest at the longest mixing
times (3, 7 and 15 days) and increasing with increasing mixing time. This could be connected
to a competitive sorption mechanism where one considers an AC particle to have a finite
amount of sorption sites available, and that there is a continuous release of contaminants
from the sediment during the mixing. The sediment used in this test was heavily
contaminated which could make it possible for 0,2% activated carbon to get saturated with
time by adsorption of other constituencies like oil, organic matter or other organic
compounds than PCB and PAH. This could explain why the porewater concentration
increased with time when sediment was mixed with 0,2 % AC over a longer time period. For
Chrysene one could observe a small reduction in porewater concentration going from 5
minutes to 24 hours of mixing for both 0,2% and 2% AC, but then an increase appeared in
the 0,2% samples. This could be because the 0,2 % AC got saturated which reduced its
sorption capacity after 24 hours of mixing, while with a tenfold increase of AC this was not

Reduction in porewater concentration

the case and AC upheld its effect.

100 %
R² = 0,7381
90 %
80 %

R² = 0,7603

70 %
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60 %

Chrysene

50 %
40 %
0

5000

10000

15000

20000

25000

Mixing time (min)

Figure 7.3: The reduction in porewater concentration comparing use of 2% AC to only 0,2% AC for pyrene and
chrysene.

Figure 7.3 show the reduction in porewater concentration due to the 10-fold increase in
amount of AC at increasing mixing times for pyrene and chrysene. As mentioned above, the
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effect of increasing AC was largest at the longest mixing times. After 15 days of mixing,
pyrene showed a decrease in porewater concentration of 93% with the use of 2% AC
compared to 0,2% AC. At the shortest mixing times the reduction was 61% and 71% for
chrysene and pyrene respectively. For these compounds the trend was that the reduction in
porewater concentration increased with mixing time, R2 values of 0,77 (pyrene) and 0,74
(chrysene).

Reduction in porewater concentration

150 %
100 %
50 %
Phenantherene
Fluoranthene

0%
0

5000

10000

15000

20000

-50 %

25000

PCB-28
PCB-52

-100 %
-150 %

Mixing time (min)

Figure 7.4: The reduction in porewater concentration comparing use of 2% AC to only 0,2% AC for
phenanthrene, fluoranthene, PCB-28 and PCB-52. A negative decrease indicates an increase in porewater
concentrations.

Figure 7.4 shows reduction in porewater concentration due to the 10-fold increase in
amount of AC at increasing mixing times for the two remaining PAH, phenanthrene and
fluoranthene, and the only two measured PCB, PCB-28 and PCB-52. These compounds did
not show the same relation between increasing amount of AC and reducing porewater
concentrations as pyrene and chrysene. These compounds even showed an increase in
porewater concentration when comparing 2% AC to 0,2% AC at different mixing times. Only
at 24 hours and 15 days of mixing 2% AC had a better effect than 0,2% AC for all compounds.

Considering the porewater reductions for all compounds the results show a reduction in the
beginning (up to 24 hours) and after 15 days of mixing. This is consistent with results from
previous studies (Cornelissen et al. 2006b, Brandli et al. 2008).
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The indication that mixing time of AC with contaminated sediment had an effect on the
reduction of porewater concentrations could help explain the differences in flux reduction
seen between field measurements and laboratory experiments. Considering the porewater
reductions shown in figure 7.3 and figure 7.4 , and assuming that the 5 minute mixing time is
closest to field mixing times of for example 30 minutes, the highest reduction was 71%
(pyrene) and the average was a 22% reduction in porewater concentrations between 0,2%
AC and 2% AC. After 15 days of mixing the maximum was a 93% reduction (pyrene) while the
average reduction for the chosen compounds was 50%. The standard mixing time in
laboratory experiments is 30 days, but the difference between 5 minutes and 30 days was
not expected to be much larger than for 5 minutes compared to 15 days since the data
indicated that the change in porewater concentrations as a function of AC content was
stabilizing for most compounds after 15 days.

There are other differences between mixing in field and in a laboratory which influences the
observed deviations in flux reduction, independent of mixing time. Experiments in field deals
with much larger volumes of sediment than laboratory experiments, indicating that
laboratory mixes are better mixed. This would likely affect the observed flux reductions even
at identical mixing times.
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7.2 Change in porewater concentrations as a function of mixing time with
activated carbon
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Figure 7.5: Porewater concentrations of chosen PAH as a function of mixing time at 2% activated carbon (AC).

Cpw (ng/ml)

PCB 2% AC
20,000
18,000
16,000
14,000
12,000
10,000
8,000
6,000
4,000
2,000
,000

PCB028
PCB052

0

5000

10000

15000

20000

25000

Mixing time (min)
Figure 7.6: Porewater concentrations of chosen PCB as a function of mixing time at 2% activated carbon (AC).

Figure 7.5 and figure 7.6 shows how the porewater concentration of the chosen compounds
varied with increasing mixing times, at 2% AC concentration. Surprisingly the porewater
concentrations are not reduced with time in the way one could expect. There was observed
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a decrease in porewater concentration up to a mixing time of 24 hours, and then an increase
was observed up to a mixing time of 7 days before the concentration again showed a
decrease after 15 days of mixing. This indicated that the mixing influenced sorption and
desorption in other ways than just increasing the sorption rate to AC particles as anticipated.
This could be caused by a temporary increase in desorption of some phases induced by the
mixing, and/or it could be related to the competition from other compounds
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7.3 Comparison of contaminant fluxes from contaminated sediment with
and without shaking

Previous experiments with similar setups have been conducted and can be used to compare
measured fluxes of contaminants. Nag (2008) measured PAH and PCB fluxes through
different cap materials using the Bergen sediment, while Eek et al. (2008) measured PAH and
PCB fluxes with and without mineral caps using sediment from Bjørvika, Oslo. Comparing
fluxes from unmixed sediment to fluxes obtained in this study where sediment and water
was mixed could indicate the effect of mixing sediment and water.

Table 7.1: Comparing measured fluxes from this study to previous studies

Flux (ng/m2∙d)
Mixing:

This study (2009)

Nag (2008)

Eek et al. (2008)

5 minutes shaking, 0% AC

No mixing, uncapped

No mixing, uncapped

20°

20°

12°

Temperature:
Phenanthrene

4255

±

1296

118,4

±

15,5

600

±

300

Fluoranthene

1554

±

378

-

-

-

500

±

100

Pyrene

1791

±

499

791,1

±

13,5

1000

±

200

Chrysene

152

±

91

49,1

±

± 4,9

-

-

-

PCB 28

303

±

84

4,0

±

0,5

2,4

±

0,5

PCB 52

390

±

124

1,0

±

0,3

5

±

1

Table 7.1 shows the flux measured after 5 minutes of mixing sediment with seawater
compared to fluxes measured when sediment and seawater was unmixed. The flux
measured in this study exceed the fluxes measured for unmixed samples by factors of 1,7
(pyrene) to 390 (PCB 52) for the different compounds. There are several possible
explanations for these observations.

It is known that increasing the kinetic energy in a sediment/water system will increase the
desorption rate of contaminants from the surface of sediment particles to the aqueous
phase (Birdwell et al. 2007). Shaking the sediment with water is one way of adding energy
and increasing desorption. This is likely to increase the porewater concentrations and the

61

related flux of contaminants. This could be one explanation of why the shaken samples show
a much larger flux than the unshaken samples.

The difference in flux between the compounds could be related to the aqueous solubility of
the compounds, which influences desorption from the sediment. Aqueous solubility is
known to decrease with increasing molecular weight, indicating that a relatively heavy
compound like chrysene (M = 228 g/mol) would be less desorbed than a lighter compound
like phenanthrene (M = 178 g/mol). This seemed to fit the observations well, where the flux
of the heaviest PAH (chrysene) is the lowest.

There are several other factors which also can explain why the difference in flux is large.
Comparing this study to the study of Eek et al. (2008) it is worth noting that the experiments
was carried out at different sediments, the heavily contaminated Bergen sediment, and a
more moderately contaminated sediment from Bjørvika, respectively. There was also a
temperature difference between these studies, where Eek et al. (2008) measured fluxes
occurring at 12°C compared to this study which was conducted at room temperature (20°C).
Concentration of contaminants in sediment, and temperature are two parameters which
influence the measured flux. Comparing this study to the more similar study by Nag (2008)
some of difference could be caused by different methods for calculating concentration of
compounds in the samples. Influence by these differences is most likely small compared to
the effect of shaking of a sediment sample.
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7.4 Conclusions part II

When mixing AC with contaminated sediment it was showed that the reduction in porewater
concentrations was dependant on mixing time and the amount of AC. There was observed a
reduction in porewater concentrations for all compounds at mixing times of 24 hours and 15
days when comparing 2% AC to 0,2% AC.

At a given AC content there was observed a rapid decrease in porewater concentration going
from mixing times of 5 minutes to 24 hours and then an increase in porewater
concentrations was observed for mixing times of 3 days and 7 days, while the concentration
again was reduced after 15 days of mixing. The lowest porewater concentrations were
observed at a mixing time of 24 hours, while the largest concentrations appeared at 7 days
mixing time for most of the measured compounds. This indicated that the mixing influenced
sorption and desorption in other ways than just increasing the sorption rate to AC particles,
and temporary increase in desorption and/or competitive sorption mechanisms were
suggested as influencing mechanisms.

Compared fluxes from samples without AC to previous studies without mixing of
sediment/seawater clearly show much larger fluxes when the sediment and sweater was
mixed for 5 minutes before starting diffusion.
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8 Suggestion of further studies
With respect to the eroded clay/AC material It would be of further interest to analyze the
particle content for total organic carbon (TOC), or even more thoroughly for the portion of
this which is black carbon (BC). It is important for the effect of the cap that the AC mixed in
the material is deposited along with the material, and an analysis which could relate the loss
of AC to the loss of clay particles would be useful.

Regarding the effect of depth on loss of particles it could be of interest to do similar
experiments with larger clods of clay to see whether the size of the clods influence the loss
of particles.

Regarding porewater reductions with the use of AC it would be interesting to have set up
samples with 0% AC at all mixing times to obtain values of reduction comparable to other
studies.
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Appendix 5: Calculated diffusion coefficients for chosen PAH and PCB

69

Appendix 1: Determining water contents
Total water content was determined by drying a clay sample of known wet weight at 110°
for > 12 hours, and was the calculated by equation (a.1):

K=

)CB )*DL
)CB

(a.1)

K

= Water content

'

= Weight of wet clay before drying

'0( = Weight of wet clay after drying

Geotechnical water content was determined by drying a clay sample of known wet weight at
110° for > 12 hours, and was the calculated by equation (a.2):

M=

)CB )*DL
)*DL

(a.2)

M

= Geotechnical water content

'

= Weight of wet clay before drying

'0( = Weight of wet clay after drying
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Appendix 2: Calculations of added water for intended geotechnical water
contents
How much water which needed to be added to the clay to obtain intended geotechnical
water content was calculated by equation (a.3):

'

_N00

= OMJN − MP × O1 − KP × ' (a.3)

MJN

= Intended geotechnical water content

'

= Mass of wet clay sample
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Appendix 3: Added amount of AC
The field ratio of AC had been decided to be 2 kg AC per 50 liters of clay with a geotechnical
water content of 100%.

Density of wet clay was determined by equation (a.4) and (a.5):

&

_1! (

&

_1! (

=

-,RS
T*2

+

-,RS
T

(a.4)

= Volume of 1 g wet clay (cm3)

01

= Density of dry clay (≈ 2,7 g/cm3 )



= Density of water (= 1,0 g/cm3 )



_1! (

=

,S
$CB_2GAL

(a.5)

The density was found to be 1,46 g/cm3.

50 liters of wet clay at a geotechnical water content of 100% = 73 kg wet clay
Amount of dry matter = 0,5∙73 kg = 36,5 kg
Ratio of AC was then determined to be 2 kg AC per 36,5 kg dry clay, = 5,4%.

72

Appendix 4: Results of GCMS analysis
A

Concentrations of internal standards

B

Concentrations of target compounds, 5 minutes, 0% AC

C

Concentrations of target compounds, 5 minutes, 0,2% AC

D

Concentrations of target compounds, 5 minutes, 2% AC

E

Concentrations of target compounds, 4 hours

F

Concentrations of target compounds, 24 hours

G

Concentrations of target compounds, 3 days

H

Concentrations of target compounds, 7 days

I

Concentrations of target compounds, 15 days, 0,2% AC

J

Concentrations of target compounds, 15 days, 2% AC
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A

Concentrations of internal standards:

Concentrations of IS

IS (ng/ml):

d8-Naphthalen

100,00

d10-Phenanthrene

100,00

d10-Pyrene

100,00

d12-Benz(a)anthracene

100,00

d12-Benzo(a)pyrene

100,00

d12-Benzo(ghi)perylene

100,00

13C-PCB028

9,20

13C-PCB052

9,44

13C-PCB101

10,22

13C-PCB153

9,60

13C-PCB138

10,02

13C-PCB180

10,00

13C-PCB209

0,00
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B

Concentrations of target compounds, 5 minutes, 0% AC

Target Compound Concentrations (ng/ml)

5 min 0% AC, (1)

5 min 0% AC, (2)

5 min 0% AC, (3)

260,93

360,04

453,63

Acenaphtylene

3,98

4,89

17,71

Acenaphthene

55,70

10,34

62,27

Fluorene

145,65

169,31

159,94

Phenanthrene

609,64

459,71

326,34

n.a

n.a

n.a

Fluorantene

122,30

191,46

196,22

Pyrene

127,23

204,18

232,70

3,31

6,03

n.a

16,10

26,91

7,02

Benzo[b]fluoranthene

n.a

n.a

n.a

Benzo(k)fluorantene

n.a

n.a

n.a

18,54

n.a

115,04

Indeno(123cd)pyren

n.a

n.a

n.a

Dibenz(ah)antracene

n.a

n.a

n.a

Benzo(ghi)perylen

n.a

n.a

n.a

PCB018

n.a

n.a

n.a

PCB028

42,34

33,31

23,78

PCB031

n.a

n.a

n.a

PCB044

n.a

n.a

n.a

PCB052

52,05

49,00

27,09

PCB-77

n.a

n.a

n.a

PCB101

14,24

10,64

7,74

PCB118

n.a

n.a

n.a

PCB149

n.a

n.a

n.a

PCB153

5,35

n.a

n.a

PCB138

n.a

n.a

n.a

PCB180

n.a

n.a

n.a

PCB194

n.a

n.a

n.a

PCB209

n.a

n.a

n.a

Naphthalen

Antracene

Benz(a)antracen
Chrysene

Benzo(a)pyrene

n.a = below detection limit
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C

Concentrations of target compounds, 5 minutes, 0,2% AC

Target Compound Concentrations (ng/ml)

5 min 0,2% AC (1)

5 min 0,2% AC (2)

5 min 0,2% AC (3)

269,69

283,12

298,51

Acenaphtylene

3,41

3,72

4,40

Acenaphthene

5,09

7,74

6,55

15,55

119,17

14,99

199,17

218,28

228,45

n.a

n.a

n.a

Fluorantene

32,66

67,42

53,24

Pyrene

54,09

75,43

77,00

n.a

8,99

3,49

6,43

20,83

11,91

Benzo[b]fluoranthene

n.a

n.a

n.a

Benzo(k)fluorantene

n.a

n.a

n.a

Benzo(a)pyrene

n.a

n.a

59,55

Indeno(123cd)pyren

n.a

n.a

n.a

Dibenz(ah)antracene

n.a

n.a

n.a

Benzo(ghi)perylen

n.a

n.a

n.a

PCB018

n.a

n.a

n.a

PCB028

12,74

14,78

15,43

PCB031

n.a

n.a

n.a

PCB044

n.a

n.a

n.a

PCB052

13,72

27,85

19,97

PCB-77

n.a

n.a

n.a

PCB101

3,99

3,71

5,11

PCB118

n.a

n.a

n.a

PCB149

n.a

n.a

n.a

PCB153

n.a

n.a

n.a

PCB138

n.a

n.a

n.a

PCB180

n.a

n.a

n.a

PCB194

n.a

n.a

n.a

PCB209

n.a

n.a

n.a

Naphthalen

Fluorene
Phenanthrene
Antracene

Benz(a)antracen
Chrysene

n.a = below detection limit
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D

Concentrations of target compounds, 5 minutes, 2% AC

Target Compound Concentrations (ng/ml)

5 min 2% AC (1)

5 min 2% AC (2)

5 min 2% AC (3)

200,89

264,45

262,22

Acenaphtylene

16,88

12,28

17,99

Acenaphthene

47,70

54,82

62,27

Fluorene

112,11

121,04

133,19

Phenanthrene

211,79

257,32

264,89

n.a

n.a

n.a

Fluorantene

23,03

25,20

29,43

Pyrene

18,46

20,84

21,22

Benz(a)antracen

1,54

1,49

n.a

Chrysene

5,71

5,09

4,57

Benzo[b]fluoranthene

n.a

n.a

n.a

Benzo(k)fluorantene

n.a

n.a

n.a

5,47

n.a

35,21

Indeno(123cd)pyren

n.a

7,50

n.a

Dibenz(ah)antracene

n.a

n.a

n.a

7,64

n.a

n.a

PCB018

n.a

No

n.a

PCB028

18,55

17,76

17,35

PCB031

n.a

n.a

n.a

PCB044

n.a

n.a

n.a

PCB052

13,31

20,59

32,14

PCB-77

n.a

n.a

n.a

PCB101

3,89

3,86

5,86

PCB118

n.a

n.a

n.a

PCB149

n.a

n.a

n.a

PCB153

n.a

1,74

2,79

PCB138

n.a

n.a

n.a

PCB180

n.a

n.a

n.a

PCB194

n.a

n.a

n.a

PCB209

n.a

n.a

n.a

Naphthalen

Antracene

Benzo(a)pyrene

Benzo(ghi)perylen

n.a = below detection limit
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E

Concentrations of target compounds, 4 hours

Target Compound Concentrations (ng/ml)

4 hours 0,2% AC

4 hours 2% AC

335,70

223,94

Acenaphtylene

3,79

2,88

Acenaphthene

5,08

4,44

12,62

12,08

200,22

133,68

n.a

n.a

Fluorantene

42,16

23,65

Pyrene

67,56

18,78

Benz(a)antracen

9,34

n.a

Chrysene

7,18

3,87

Benzo[b]fluoranthene

n.a

n.a

Benzo(k)fluorantene

n.a

n.a

Benzo(a)pyrene

n.a

1,94

Indeno(123cd)pyren

n.a

n.a

Dibenz(ah)antracene

n.a

n.a

Benzo(ghi)perylen

n.a

n.a

PCB018

n.a

n.a

PCB028

19,66

15,77

PCB031

n.a

n.a

PCB044

n.a

n.a

PCB052

14,83

17,02

PCB-77

n.a

n.a

PCB101

7,23

n.a

PCB118

n.a

n.a

PCB149

n.a

n.a

PCB153

n.a

77,85

PCB138

n.a

n.a

PCB180

n.a

n.a

PCB194

n.a

n.a

PCB209

n.a

n.a

Naphthalen

Fluorene
Phenanthrene
Antracene

n.a = below detection limit
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F

Concentrations of target compounds, 24 hours

Target Compound Concentrations (ng/ml)

24 hours 0,2% AC

24 hours 2% AC

223,04

252,28

Acenaphtylene

3,06

3,34

Acenaphthene

3,96

4,46

Fluorene

9,51

80,07

127,12

117,71

n.a

n.a

53,47

28,88

127,77

25,69

3,26

n.a

20,47

8,28

Benzo[b]fluoranthene

n.a

n.a

Benzo(k)fluorantene

n.a

n.a

Benzo(a)pyrene

n.a

n.a

Indeno(123cd)pyren

n.a

n.a

Dibenz(ah)antracene

n.a

n.a

Benzo(ghi)perylen

n.a

n.a

PCB018

n.a

n.a

PCB028

15,61

15,16

PCB031

n.a

n.a

PCB044

n.a

n.a

PCB052

13,48

n.a

PCB-77

n.a

n.a

PCB101

7,85

5,28

PCB118

n.a

n.a

PCB149

n.a

n.a

PCB153

1,57

0,60

PCB138

9,58

5,62

PCB180

n.a

n.a

PCB194

n.a

n.a

PCB209

n.a

n.a

Naphthalen

Phenanthrene
Antracene
Fluorantene
Pyrene
Benz(a)antracen
Chrysene

n.a = below detection limit
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G

Concentrations of target compounds, 3 days

Target Compound Concentrations (ng/ml)

3 days 0,2 % AC

3 days 2% AC

201,17

326,00

Acenaphtylene

2,46

4,92

Acenaphthene

4,96

8,07

73,36

20,66

239,86

539,99

n.a

n.a

79,41

88,09

274,41

81,13

5,71

n.a

41,35

17,01

Benzo[b]fluoranthene

n.a

n.a

Benzo(k)fluorantene

n.a

n.a

Benzo(a)pyrene

n.a

n.a

Indeno(123cd)pyren

n.a

n.a

Dibenz(ah)antracene

n.a

n.a

Benzo(ghi)perylen

n.a

n.a

PCB018

n.a

n.a

PCB028

24,09

55,75

PCB031

n.a

n.a

PCB044

n.a

n.a

PCB052

29,27

46,56

PCB-77

n.a

n.a

PCB101

12,58

25,53

PCB118

n.a

n.a

PCB149

n.a

n.a

PCB153

1,99

2,94

PCB138

60,16

n.a

PCB180

78,35

5,31

PCB194

n.a

n.a

PCB209

n.a

n.a

Naphthalen

Fluorene
Phenanthrene
Antracene
Fluorantene
Pyrene
Benz(a)antracen
Chrysene

n.a = below detection limit
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H

Concentrations of target compounds, 7 days

Target Compound Concentrations (ng/ml)

7 days 0,2% AC

7 days 2% AC

353,09

360,80

Acenaphtylene

15,66

21,98

Acenaphthene

42,47

41,64

Fluorene

115,42

149,91

Phenanthrene

294,24

497,74

41,01

47,45

Fluorantene

135,93

147,83

Pyrene

814,63

103,35

n.a

n.a

Chrysene

91,88

15,28

Benzo[b]fluoranthene

95,48

n.a

n.a

n.a

Benzo(a)pyrene

42,62

n.a

Indeno(123cd)pyren

37,23

15,39

Dibenz(ah)antracene

n.a

n.a

48,13

23,47

PCB018

n.a

n.a

PCB028

27,25

49,24

PCB031

n.a

n.a

PCB044

n.a

n.a

PCB052

46,24

79,47

PCB-77

n.a

n.a

PCB101

22,53

36,77

PCB118

n.a

n.a

PCB149

n.a

n.a

PCB153

13,89

17,21

PCB138

16,21

18,07

PCB180

5,44

6,20

PCB194

n.a

n.a

PCB209

n.a

n.a

Naphthalen

Antracene

Benz(a)antracen

Benzo(k)fluorantene

Benzo(ghi)perylen

n.a = below detection limit
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I

Concentrations of target compounds, 15 days, 0,2% AC

Target Compound Concentrations (ng/ml)

15 days 0,2% AC (1)

15 days 0,2% AC (2)

15 days 0,2% AC (3)

281,49

630,37

123,77

Acenaphtylene

12,40

5,03

4,24

Acenaphthene

34,48

3,74

5,83

Fluorene

86,72

88,81

122,34

202,09

221,26

307,65

n.a

n.a

n.a

Fluorantene

135,20

137,00

211,17

Pyrene

854,33

702,53

919,07

n.a

16,08

20,97

125,56

124,35

143,33

Benzo[b]fluoranthene

n.a

n.a

n.a

Benzo(k)fluorantene

n.a

n.a

n.a

Benzo(a)pyrene

57,39

n.a

n.a

Indeno(123cd)pyren

48,76

49,07

47,69

Dibenz(ah)antracene

n.a

n.a

n.a

63,19

67,87

82,18

PCB018

n.a

n.a

n.a

PCB028

27,11

33,45

39,23

PCB031

n.a

n.a

n.a

PCB044

n.a

n.a

n.a

PCB052

56,83

61,40

52,75

PCB-77

n.a

n.a

n.a

PCB101

32,44

35,11

41,21

PCB118

n.a

n.a

n.a

PCB149

n.a

n.a

n.a

PCB153

17,52

19,77

5,99

PCB138

23,78

29,84

n.a

PCB180

6,53

4,91

4,59

PCB194

n.a

n.a

n.a

PCB209

n.a

n.a

n.a

Naphthalen

Phenanthrene
Antracene

Benz(a)antracen
Chrysene

Benzo(ghi)perylen

n.a = below detection limit
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J

Concentrations of target compounds, 15 days, 2% AC

Target Compound Concentrations (ng/ml)

15 days 2% AC (1)

15 days 2% AC (2)

15 days 2% AC (3)

128,08

174,27

120,34

Acenaphtylene

6,95

6,09

5,39

Acenaphthene

5,84

5,71

3,51

Fluorene

113,58

119,86

69,49

Phenanthrene

215,80

290,48

173,91

n.a

n.a

n.a

Fluorantene

91,43

54,49

28,82

Pyrene

72,14

57,38

43,23

Benz(a)antracen

11,90

n.a

n.a

Chrysene

29,14

16,21

15,35

Benzo[b]fluoranthene

n.a

n.a

n.a

Benzo(k)fluorantene

n.a

n.a

n.a

Benzo(a)pyrene

n.a

n.a

n.a

Indeno(123cd)pyren

27,19

n.a

n.a

Dibenz(ah)antracene

n.a

n.a

n.a

37,09

32,15

n.a

PCB018

n.a

n.a

n.a

PCB028

26,52

28,80

23,30

PCB031

n.a

n.a

n.a

PCB044

n.a

n.a

n.a

PCB052

41,63

38,68

n.a

PCB-77

n.a

n.a

n.a

PCB101

24,89

25,56

n.a

PCB118

n.a

n.a

n.a

PCB149

n.a

n.a

n.a

PCB153

3,65

4,64

3,04

PCB138

Below

0,81

17,91

PCB180

7,51

4,36

6,28

PCB194

n.a

n.a

n.a

PCB209

n.a

n.a

n.a

Naphthalen

Antracene

Benzo(ghi)perylen

n.a = below detection limit
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Appendix 5: Calculated diffusion coefficients for chosen PAH and PCB

Phenanthrene
Pyrene
Chrysene
Fluorantene
PCB028
PCB052

M
178,22
202,3
228,2
202
256
290

D (cm2/s)
0,00000681
0,00000622
0,00000571
0,00000623
0,00000527
0,00000482
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