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Abstract

Soils of today are under pressure of various patii®, including polychlorinated biphenyls
(PCBs) that are present in the soils at the old NAd@lity in Keflavik, Iceland. Threats
of PCBs to the environment are toxicity, ability tedccumulate, stability and low
reactivity, low water solubility and high adsorptioapacity to soil organic matter (Boga
al., 2005).

The aim of this research was to propose a framewbgkotocols that can be adapted to
bioremediate Icelandic soils that inhibit PCB contaation. To the author's best
knowledge, no data has been reported, neither on B&Badation rates nor PCB
degrading genes in Icelandic soils, and very lichitesearch exists on contamination issues
in Icelandic soils. The study was outlined as a-pliase remediation bench study where
different biostimulation methods at different temgiares were conducted. The study
likewise included a microbiology investigation ohet soils and bioavailability to
earthworms Eisenia foetida

Pine needles biostimulation resulted in nearly 4@égradation of total PCBs after two
months incubation at 10°C. Successful amplificatwas obtained with aerobic PCB
degrading gendphA and significantly different microbial communitiegere found in
anaerobic soils compared to aerobic soils. Bioactation factor (BAF) ranged from 0.82
to 0.89 in the earthworms, and both highly and lek$orinated congeners were
accumulated. To conclude, a further small-scaléd fiexperiment with pine needles
stimulation is recommended, with regular monitoriofy the dynamic changes in the
microbial communities in order to monitor early ngas in other soil parameters.

Utdrattur

Jardvegsmengun er Utbreitt vandamal. Einn af memgdidum i jardovegi eru PCB
efnasambond likt og finnast til deemis & fyrrum udasveedi NATO & Reykjanesi. PCB
eru pravirk lifreen efni sem eru eitrud, geta safiggt i litkedjunni, leysast illa i vatni og
geta bundist i miklu magni vio lifreent efni i jar@véBorja o.fl., 2005).

Markmid verkefnisins var ad gera tillogu ad verkien sem nota ma til ad brjota nidur
PCB med lifreenum adferdum i islenskum jardvegi. Bftirsem hofundur best veit, hafa
gogn hvorki verid birt um PCB nidurbrot né um tilvi®CB nidurbrotserfdavisa i
islenskum jardvegi. Raunar eru mjog takmarkadar s@kmir til um jardvegsmengun &
islandi. Verkefnid var unnid i tveimur prepum & madknastofu par sem jardvegur var
orvadur med voldum adferdum vid breytilegt hitastignnfremur var 6rverumassi
jarovegsins og lifadgengi PCB til anamadk#sénia foetidakannad.

Orvun jardvegsins med furunalum leiddi til neerri 40%@urbrots & heildar PCB eftir
tveggja manada timabil vid 10°C. Mdgnun tokst ahldda PCB nidurbrotserfdavisinum
bphA i PCB mengudum jardvegi. Loftfirrd medferd jarovegdli breytingu &
tegundasamsetningu Orverumassans fra lofthadunvegrd Lifmégnunarstudull (BAF)
var a bilinu 0.82 til 0.89 i anamddkum sem toku lipP og mikid klérberandi PCB. Lagt
er til ad tilraun verdi gerd vid nattdrulegar adsteaded furunalum med reglulegri voktun
orverusamfélagi jarovegsins sem getur gefid uppljesi um snemmbunar breytingar a
0drum pattum jardvegsins vegna 6rvunarmedhondlonari
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1 Introduction

Soils are multi-component and complex systemsgtatide us with numerous ecosystem
services; including nutrient cycling, regulation dfological populations in soils,
maintenance of soil structure and carbon transfboms (Kibblewhiteet al, 2008). In
addition soils also function as an engineering mmediand an interface between

lithosphere, hydrosphere, atmosphere and biosgBesdy and Weil, 2004).

At present, soil quality is under threat from aoffogenic stresses such as pollution. The
European Union’s Soil Thematic Strategy stresses ithportance of soils for the
ecosystems and society, and especially pointsaiypallution as a concern for soil health
(Van-Campet al., 2004). At the moment only nine EU Member Stategeha regulatory
framework on soil protection, and Iceland is amdhg nations that do not have a

comprehensive soil protection strategy.

A preliminary study on soil protection and an intggg of potential polluted sites in
Iceland was carried out in 2005 by interviews wdbal environmental agencies (Meyles
and Schmidt, 2005). Urban areas and infrastruabmtg cover approximately 1.4 % of
Iceland, but the total minimum number of likely lpbéd areas in the country exceeds 200.
It should be noted that this number does not ireludormation from environmental
agencies in the Westfjords and Western Iceland dAés and Borgarnes), or information
about private properties. The most typical pollotsites were fuel filling stations, old
landfills and shooting ranges (Meyles and Schnad5).

In this thesis, work initiated by Kadeco — pronageKeflavikurflugvallar and Almenna
Verkfraedistofan was continued, in order to find @omnethods to biodegrade PCBs that

would make incineration and complete destructiothefpolluted soils redundant. At first



an introductions to soils is given, and thereafter state of art about soil pollution and

bioremediation of PCBs is discussed.

1.1 Soil formation

Soil types differ from each other in both the sfutrming factors and soil forming

processes. The soil forming factors include paraaterial, topography, climate, biota,
anthropogenic effects and time (Chapin Ill, Matsod &ooney, 2002; Brady and Weil,
2004). Van Breemen and Buurman (2002) describe soihihg processes as set of
physical, chemical and biological processes thigcafthe formation of a particular soil.
Physical processes include movement of water ardteso within the soil profile,

temperature effects as well as shrinkage and sweltif soil aggregates and clays.
Chemical processes comprise chemical weatheringanthtion of secondary minerals,
soil minerals and their physicochemical properteasd redox processes. Biological
processes take into account the complexity of deosmtion of fresh organic and
formation of soil organic matter. Soil fauna, egarthworms, consume the soils
continuously and cause bioturbation. That affeloés d0il formation greatly, for example
by aerating the soil and sometimes counteractirty wther soil forming processes (Van

Breemen and Buurman, 2002; Chapin Ill, Matson and Mgp2002).

1.2 Andosols

Andosols are found in volcanic areas, such as Jdphite, New Zealand, Greece, lItaly,
Iceland and Azores (Chorover, 2002; Brady and Wéi42 Dahlgreret al, 2004). They
are young soils (5000-10000 years) and the mainfeoning process is weathering of
volcanic ash and other volcanic ejecta into amaughminerals such as allophane
(Al1,03: (SiQy)1.3.2 2.5-3(HO)) and imogolite (AISIO3(OH),) as well as ferrihydrite
(5Fe03*9H,0) (Wada, 1985). Andosols have unique andic saperties that include a
high amount of poorly crystalline or amorphous mai®g high organic matter content and
great water holding capacity (WHC). The mineralAimdosols have large surface areas,
which results for example in great carbon sequistrgotential. The characteristics of
Andosols result in naturally highly fertile soilthough fertilizing might be needed due to

strong phosphorous retention (Brady and Weil, 2004).



1.2.1 Andosols of Iceland

Iceland is situated on the Mid-Atlantic Ridge andp@xences volcanic eruptions on
average every 4 to 5 years (Thordarson and La2887). The island, 103 000 krim size,
has been built up in the past 16 million years @daomposed entirely of volcanic
material. Therefore Icelandic soils receive greamoants of eolian volcanic material,
basaltic glass particles and rhyolitic pumice gsaiwhich get incorporated into the soill
horizons (Arnalds, 2004). Soils are also formedMeathering of the parent material at the
base of the soil profiles. The climate in Icelaatiges from Boreal to Sub-Arctic in the
lowlands and is Arctic in the highlands (Einarssb®84). The mean annual temperature
ranges from 2 to 5°C in the Icelandic lowlands andthe highlands from -2 to 2°C
(Einarsson, 1984). Mean annual precipitation inlgwdlands varies from 450 to > 2500
mm and from 300 to > 2500 mm in the highlands (Esan, 1984). Due to the several
freeze-thaw cycles, cryoturbation occurs severesulting in visible hummocks and
solifluction features at the surface (Arnalds, 2004

Iceland has six main soil types: Histosols, Hisdindosols, Gleyic Andosols, Brown
Andodols, Vitrisols and Leptosols (Arnalds, 2004jpproximately 86 % of Icelandic soils
are Andosols and more specifically 14 % of Icelansils are Brown Andosols (BA)
(Appendix 1), compared to Andosols only coveringpagximately 1 % of the world
(Chrover, 2002; Arnalds, 2008). Brown Andosols ardgbagically young soils that are
basaltic in origin and receive high amounts of awoland tephra material on the soll
surface. They lack cohesion. These soils havendiséindic properties, which include the
presence of amorphous clay minerals allophane emithydrite, low bulk density (BD) (<
0.9 g cnT), strong organic carbon binding capacity, higtiataexchange capacity (CEC)
and high P retention (Arnalds, 2004; Arnalds, 20@8)alds and Oskarsson, 2009). The
mean summer (June to September) solil total biomadson (mig) in Icelandic Andosols
has been estimated at 3823 mg' kand mean winter (October to December) Jaic2774
mg kg' (Guicharnaudet al, 2010). The same study measured mean summer
dehydrogenase activity at 14y g* h* and mean winter dehydrogenase activity at g5
g'h.






2 State of the Art
2.1 Soil Pollution

Soil pollution is a result of an increased concaidn of materials in soils that can have
disadvantageous effects on living organisms (Asharah Puri, 2002; Gobat al, 2004;
Killham, 2004). Pollution can result from naturalopesses including forest fires and
volcanic eruptions; however, they are caused priynay various anthropogenic actions.
Those include industrial waste materials and agitical runoff, originating from both
point sources and diffuse sources. The pollutarde enter the ecosystems both
unintended, as in a nuclear accident, or intendgedn the case of waste dumps and usage
of agricultural pesticides and herbicides in laggantities (Gobagt al, 2004; Walkeret

al., 2006). Soils can act as a natural sink and @ures for various substances and wastes
in the environment. The high current magnitude aftaminants, especially close to point
sources, in the soil environment prevents the agénisms from recycling the pollutants
and they accumulate in the soils. Soil pollutares divided into two main groups: (1)
organic pollutants and (2) inorganic pollutants l{&®mn and Puri, 2002; Walket al,
2006).

Organic pollutants consist of many harmful substarguch as hydrocarbons, polynuclear
aromatic hydrocarbons (PAHs), PCBs, detergents asiicjakes (Ashman and Puri, 2002;
Walkeret al, 2006). Organic pollutants are characterizedhieyr thigh binding into or onto
the soil organic matter (SOM) and clay particlestte# soil. Microorganisms face great
challenges in attempting to degrade these compouwvidsh leads to bioaccumulation of
the pollutants in the food chain. Additional comemwith organic pollutants are their
toxicity and persistence in the surrounding envinent (Ashman and Puri, 2002; Walker
et al, 2006).



Inorganic pollutants are mainly heavy metals (Ashnaad Puri, 2002; Walkeet al,
2006). Cadmium, arsenic, chromium and lead are ebemg metals that originate from
industrial processes, more specifically from sewslgege, agrochemicals and burning of
fossil fuels. They are toxic due to their ability affect the energy-producing functions of
the cell, which allows them to enter the food chdine soil microorganisms are therefore
not able to use these pollutants as nutrients agitade them, but the pollutants will

accumulate in the environment (Ashman and Puri22@alkeret al, 2006).

2.1.1 Polychlorinated biphenyls

Polychlorinated biphenyls (PCBs);810+Cln, are organic hydrocarbons that have 1 to 10
chlorine atoms attached to biphenyl (Safe, 199&k8on, 1997; BEST, 2001; Abrahash
al., 2002; Ashman and Puri, 2002; Ohtswgial, 2004; Vasilyeva and Strijakova, 2007;
Figure 2.1). Between 1929 and late 1970s PCBs wemduped and used in industrial
applications such as transformers, capacitors, awdr liquids, lubricants, pesticide
extenders, flame retardants and plastics. PCBs wai@dywsed in closed systems but due
to accidents, leakage and poor storage practiceg kave entered into the natural
environment. The use of PCBs in electrical equipmead considered as closed systems,
whereas hydraulic systems were seen as nominalbed! systems and plasticizers and
carbonless copy paper were seen as open-endectagpls. As much as 1.5 million
metric tons of PCBs have been produced worldwiderel'aee 209 theoretically different
PCB congeners (each have different amount of chl@aioms attached to biphenyl), but
20-60 congeners are the most common ones in theneoeral mixtures. Characteristics of
these substances include thermal stability andré&agtivity, low water solubility and high
adsorption capacity to the soil organic matter.yraee chemically very stable, soluble in
organic solvents such as oil and fat, resistantidat, have low flammability and high
vaporization temperature (Erickson, 1997; Fagereolal., 2007; Jorundsdattir, 2009).

PCBs are manmade pollutants that belong to Persi§egdanic Pollutants (POPs) and
should be phased out of use by 2025 accordinga&thckholm POPs convention. Their
use and production are already heavily restridbedjng been banned since the 1970s in
most countries, but existing machinery with PCBs gotexception in the convention

(Axelrod et al, 2005). Many commercial mixtures of PCBs existedrldvaide, e.g.



Aroclor (USA), Chlophen (Germany), Kanechlor (Jap#&ft)eneclor and Pyralene (France)
as well as Fenclor (Italy) (Safe, 1994; Jorundsd&@009) — of which Aroclor 1260 is the

focus of this thesis.
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Figure 2.1 Demonstration of PCB structure. SouiBerja et al. (2005)

Commercial mixtures were produced by chlorinatiomiphenyls with chlorine gas under
high heat (Erickson, 1997). Aroclor 1260 is ondhef most common forms of PCBs used
as dielectric fluid of liquid-filled transformeréwroclor 1260 is a sticky resin that has 60 %
of chlorine per weight and averages 6 chloride atper biphenyl molecule (Quensen lli
et al, 1990), which makes it a mixture of highly cht@ied PCB congeners. It has been
stated to be recalcitrant in the environment siitse hydrophobicity makes it less
bioavailable and it lacks less chlorinated congenleat are more easily available for the
microorganisms in the soil environment (Fagerveidl, 2007). The threats of PCBs to
the surrounding environment are however not ontgrt@ned by its chlorine content, but
also by the individual congeners in the mixture @ogsible impurities, species that are

affected and exposure route and duration (Safe4)199

Accumulation of PCBs in the environment was firstulmented by accident in the 1960s
by Swedish scientist Séren Jensen, when he wagis¢guBDT in environmental samples
(Fagervoldet al, 2007). PCBs can bioaccumulate in organisms bykeptie@om various

exposure routes as well as biomagnify when PCBs adetenin higher concentrations at



higher levels in the food chain (Safe, 1994; BESX12 Ashman and Puri, 2002; Boga
al., 2005; Ohtsubat al, 2004; Puet al, 2006; Vasilyeva and Strijakova, 2007). This
occurs when PCB is transferred from the tissue ofpties to the tissue of the predator
repeatedly. PCBs have been demonstrated to be tokioth laboratory and field studies.
Humans can be exposed to PCBs for example at worke(fmstorically than today), in
accidents or through their living environment. lengral PCBs can cause skin irritation,
behavioral changes and liver damage in humans endhaonically toxic for fish, birds
and mammals. PCBs have in addition been reportedue an effect on the primary food
source of sea organisms, phytoplankton. Theresis @lidence of PCB being a probable
carcinogen and therefore it is imperative to clapnPCB pollution in the environment
(Safe, 1994; BEST, 2001; Ashman and Puri, 2002; Bargd, 2005; Ohtsubet al, 2004;
Puet al, 2006; Vasilyeva and Strijakova, 2007).

Critical values for PCB in soils vary between diffdrenuntries and they might also be
differently categorized in different sources, whate illustrated in Table 2.1. In 1996, a
draft for limits for various pollutants in Icelamdsoils was written, including PCBs, but it
has not become legally binding as of now (UST, 1996 Finland the threshold value
(Sum of PCB 28, 52, 101, 118, 138, 153, 180) is Od. kg' of the dry weight.
Furthermore the lower critical value, for residehtireas, is 0.5 mg Kgof the dry weight
and the higher critical value, industrial areas; img kg' of the dry weight (Reinikainen,
2007). In Sweden the Natural Protection Agencydiaslied the values into four different
categories: less serious (< 0.02 md kg dry weight), rather serious (0.02-0.06 mg'kaj
dry weight), serious (0.06-0.2 mg kegf dry weight) and very serious (> 0.2 mg kof
dry weight) (Naturvarsdsverket, 1999). The Nethettahas a target value (Sum of PCB
28, 52, 101, 138, 153, 180) of 0.02 mg'kand an intervention limit (Sum of PCB 28, 52,
101, 118, 138, 153, 180) of 1 mgk@ronk, 2000). In the EU’s Soil Thematic Strategy
the precautionary soil threshold values were sefolews: for soils with soil organic
matter (SOM) content more than 8 % 0.1 m@ kd dry weight should not be exceeded
and for soils with less than 8 % of SOM 0.05 mg kpould not be exceeded (Van-Camp
et al, 2004) USA has the highest target values, 1 myfagresidential areas and as high
as 10-25 mg Kg for industrial areas (Erickson, 1997). A legalinding critical value for



Icelandic soils does not exist but may be evaluatedi developed alongside criteria given

for European soils taking into account Icelandit types, soil use and land management.

Table 2.1 Demonstration of critical values for PC@hcentrations in soils in mg Rgdry
weight. SOM stands for soil organic matter. SourtéST, 1996, Erickson, 1997;
Naturvardsverket, 1999; Pronk, 2000; Van-Camp et24lQ4; Reinikainen, 2007.

PCB values
mg kg'dry  mg kg* dry mg kg* dry  mg kg* dry
weight weight weight
Iceland Lower limit Upper limit
(Draft from 12
1996)
Finland Threshold quer Hl_gher
critical critical
0.5° 5
Sweden Less serious Rather serious  Serious Very serious
0.02 0.02-0.08 0.06-0.2 >0.2
The Intervention
Netherlands
12
EU <8 % SOM > 8 % SOM
(Draft from 1
2006) 0.1
USA Residential Industrial
10-25

1Sum of PCB 28, 52, 101, 138, 153 and 180
2Sum of PCB 28, 52, 101, 118, 138, 153 and 180

3Total PCBs



2.2 PCBs in the soil environment

PCBs have been identified in major parts of the dla@tasystems including air, water,
soil, animals and even human tissues (Safe, 19%&Ddnaldet al, 2000). The biggest
part of PCBs in the environment is located in soilsl avater sediments close to the
previous localization of their production and us@agilyeva and Strijakova, 2007; Figure
2.2). Solls act both as a sink and a source for H@HBse natural ecosystems. PCBs can
enter the soil through wet and dry deposition fithie atmosphere, through accumulation
in vegetation as well as xenobiotic additions tigtoleakage and accidents (MacDonetd
al., 2000). After various processes in soils (as bdllexplained in this section) PCBs may
enter the aquatic environment, river and lakes,satidequently to the oceans. Oceans can
again act as a source through sea spray that tdagjhe pollutants back to land and
terrestrial waters (Wagmaeat al, 2001; Oberg, 2002). In the soil environment PCas f
and behaviour are governed by various factors, sashchemical properties, soil
characteristics and environmental factors. Voladtion of less chlorinated PCBs may
occur while the pollutant is new, but when the swoihsolidates the rate becomes almost
insignificant. Ageing of PCBs plays a major role heit cycle since only the more
recalcitrant part of the compound might be lefeaftime and the metabolites become
natural compounds when animals produce them inr thedies. In many cases the
environmental samples do not resemble the comnhensigtures of PCBs but are
somewhat different due to e.g. natural attenuafidafe, 1994; Semplet al, 2001,

Vasilyeva and Strijakova, 2007).
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Figure 2.2 PCB cycle in the environment. lllustralgdGudny Petursdottir, as per
transcript by author.

2.2.1 Binding of PCBs into the soil environment

The two major factors binding PCBs into the soil 8@M and the amount of soil clay.
The time scale of the sorption to SOM varies atgdeal between different congeners and
chlorination levels, not to mention differencescommercial mixtures (Erickson, 1997,
Reidet al, 2000; Semplet al, 2001; Mulligan & Yong, 2004; Ohtsulst al, 2004; Borja

et al, 2005; Vasilyeva and Strijakova, 2007). The cdag SOM concentrations also vary
between different soil types. Volcanic ash soilgsisas Icelandic Brown Andosol (BA),
contain amorphous clay minerals, such as allophanesferrihydrites. Those result in
positively charged soil colloids and strong bondafiggsoil organic matter (Joergensen and
Castillo, 2001). This enables high amounts of pafitd to bind to soil particles, thereby
decreasing their bioavailability. Positive chargesvide sites for microbial growth on
mineral surfaces. They can also stabilize orgaesidues, limiting the amount of carbon
substrates used by microorganisms for their meisol This can result in a limited
microbial growth and hence slowing down the degiiadaf organic pollutants like PCBs
(Saggaret al, 1994; Joergensen and Castillo, 2001; Kleberml, 2005). Even non-
allophanic Andosols have shown the ability to resigainst disaggregation of organo-

11



metallic complexes (Araret al, 2001). Erickson (1997), however, states that PEB i
mainly bound to expandable, montmorillonite typaysl and especially to their inter-
crystalline water layers of the clay. Bual (2006) showed the least mobilization of PCBs
from soils with the high SOM concentrations compat@ organic poor soils. Moreover,
sorption of PCBs into soil colloids has been showrinwease significantly when the

chlorine content of the PCB mixture increased €Pal., 2006).

2.2.2 Bioavailability of PCBs

One of the most predominant factors affecting B@B interactions and remediation
processes is considered to be bioavailability (\Wliemd Wu, 2000; Sempkt al, 2001).
Bioavailability is used to describe the available oamt of a chemical to the
microorganisms in a specific area under given tpeeiod. In the case of PCBs, this
amount may not be equal to the total amount of P@BRe soil, but describes the amount
that is accessible to the microorganisms and isiplesto be used in the soil environment
(Sempleet al, 2007). Bioavailability is governed mainly by spiloperties, such as clay
content, organic matter content, and soil sorpaod desorption processes. In addition,
ageing, may make the compounds less bioavailablgeheral terms, the more organic
material or clay in the soil, the more contaminamii stay in the soil (Reict al, 2000;
Wagmanet al, 2001; Puet al, 2006). Moreover, pollution concentration playsoke. If
the concentration is very high, the soil can’t hottto all of it through sorption and other

biogeochemical processes and therefore bioavaflalitreases (Reidt al, 2000).

Both biological and chemical methods are used te givindication of bioavailability. The
amount of pollutant taken up by an organism, emgearthworm, can be measured as a
biological tool. The chemical extraction methodscls as soil washing, have often been
criticised for presenting an overestimate or unstareate of the real situation, since they
don’t take into account the biological processes tie organisms. Furthermore
bioavailability can be both species and organispeddent, which makes it difficult to get
an overall estimate for bioavailability for a siagihemical (Reiet al, 2000; Patoret al,
2005; Puet al, 2006). Earthworms, e.gisenia foetidaare one example of a biological
indicator used for assessment of bioavailabilitgl{gtenet al, 2006). They act as a link in

the transport of pollutants from the soil to consusnin the terrestrial food web, for
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example as a major food source for birds. Contanténanter the earthworms via passive
diffusion from the soil solution through their outemembrane and via resorption of the
compounds from soil material passing through tlgrit. This way they can give an
estimate for the worst-case scenario of bioavditghiVille et al, 1995; Krausst al,
2000; Wagmaret al, 2001; Hallgreret al, 2006).

2.2.3 Bioaccumulation of PCBs

Bioaccumulation illustrates the process of how PCBsimge a single living organism,
whereas biomagnification describes the processGB Boncentrating on higher trophic
levels of the food chain (Botkin and Keller, 200Byimary consumers and detrivores,
organisms such as millipedes and terrestrial wormplsy a significant role in
bioaccumulation since they feed on dead organicteman the soil (Figure 2.3).
Bioaccumulation can be seen both as a passive aadtiae uptake process, which Streit
(1992) described for example through the food clagiproach. The main emphasis is put
on the food chain, and a realistic picture of thedf chain is used to stress the importance
of bioaccumulation. Bioaccumulation may enhance #mwironmental threat of the
compound by 1) storing the compound in the lipiishe organisms, 2) decreasing the
degradation rates when the compound is not eagdifable for biological, chemical nor
physical degradation, and 3) the compound affectsiggle individual's health.
Furthermore, if a species is harmfully affectedtiy compound, it may have effects on the
predator patterns and therefore on the whole etarsyStreit, 1992).
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Figure 2.3Demonstration cthe soil food webThe frst trophic level demonstrates t|
photosynthesizers whereas the second trophic leeehodstrates the decompost
mutualists, pathogens, parasites and root feed€&he third level includes shredder
predators and grazers where¢ thefourth level includes high-level predators followed «
even highetevel predators on the fifth lev Adopted from USRCS (2010) an
illustrated byHildur Gunnlaugsdattir.

2.2.4 Ageing of PCBs

After a considerable time ilhe environmenPCBs undergo ageing, which n reduce the
biodegradability of the compound sificantly (Reid et al, 2000; Semplet al., 2001).
The most recalciant parts of the compounds n only be left or the pollutant is moved
soil compartmentshat are more difficult to reach | the microorganisms (Sempet al,
2001). Reidet al. (2000) and Semplet al (2001) presented three possible pools toge
for contaminants as a result of ageing: firstlyracfion that can easily be loosen
secondy a fraction that desorbs more slo, and thirdly a fraction that is seen
recalcitrant. In other words, the last fraction Wabhe more or less impossible to react

be desorbed. Main factors affecting ageing prosesse the properties of the poant
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itself as well as soil characteristics that havenbéiscussed above (Sempteal, 2001; Qi
et al, 2006).

2.3 Bioremediation of PCBs

High-temperature incineration or burial have beba tmost widely used methods of
remediating PCB polluted soils, even though it isyvexpensive and can generate toxic
dioxins (Gobatet al, 2004; Borjaet al, 2005; Leighet al, 2006; Vasilyeva and
Strijakova, 2007). Chemical and physical methodshsas dispersion, sorption, soil
washing, solvent extraction and abiotic transforomast are also used. These chemical and
physical methods are not in the scope of this shasd will therefore not be discussed in
more detail.

Bioremediation includes the biological processestti@soil has to degrade the pollutants,
with the help of fungi, bacteria and plants (Goledtal, 2004; Welander, 2005).
Bioremediation can save both economic and energguress as well as being less
disturbing for the natural environment at the $itat is being cleaned (Luet al, 2008).
The properties of PCBs in the soil environment exidiin section 2.2 — including high
hydrophobicity and ability to sorb tightly to satganic matter — make bioremediation a
challenge. Bioremediation can occur through mineaéibn and co-metabolism; and may
be conducted as natural attenuation, biostimulatorbioaugmentation (lwamoto and
Nasu, 2001; Gobaget al, 2004; Crawford and Crawford, 2005). In this chagieth
anaerobic and aerobic biodegradation of PCBs wilblidined followed by a section on
bioremediation of PCB polluted soils in cold regiavisere reaction rates are slower than

in warmer climates.

2.3.1 Anaerobic bioremediation

Anaerobic bioremediation is carried out with thdphef microorganisms that get energy
from PCBs, which act as electron acceptors. In natum@erobic conditions occur in
flooded soils, river and pond sediments wheredherlaboratory anaerobic conditions are
created in soil slurries and bioreactors (Vasilyand Strijakova, 2007). In unpolluted soils
these bacteria are capable of anaerobic respiratithnelectron acceptors such as sulfates

and nitrates and in the presence of PCBs they aectalsiwitch to dehalorespiration. The
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abundancef these bactea is relativelylow (about 17 cells/g) in natural environment
which explains the low rates of dehalorespiratiotheut stimulation. This process
targeted for the highly chlorinated PCBs and the dsactusually attack the chlorines
para and mete-positions (see Figure 2.8nd replac them with hydrogen. Microbie
dechlorination decreases the toxicity and the piatiensk of the PCBs by transforming t
higher chlorinated congeners to less chlorinatedgeners. Therefore it makes th
suitable forfurther aerobic biodegradation (Wiegel and Wu, 20B6rja et al., 2005;
Vasilyeva and Strijakova, 2007; Field and Si-Alvarez, 2008). An example of tt

dechlorination ppcess can be seenFigure 24.
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Figure 2.4An example of anaerobic dedorination. Source: Borja et ¢ (200%)

Biostimulation
Biostimulation targets the indigenous microorganigmihe soil and aims to give them i

optimal living conditions. In order to avate thi anaerobianicroorganisms to biodegra
PCBs the soil studied has to be made anaerobicbye fjooding the soilln addition the
process often has to be primed by indivicPCE-congeners or other casbstrates (Tied;]
et al, 1993).It has beershown that keepinthe soil pH close to neutral and tempure
close to 25°C results successfubiodegradatio (Vasilyeva and Strijakova, 200 Tiedje
et al. (1993) described a study in whiAroclor 1254 degradatic was compared betwes
soil that wasmade anaerobiby flooding and soil that was both made anaerobic

inoculated with anaerobiriver sediment. The results were significantly higherhy
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inoculation, indicating that the indigenous ana&rolmicroorganism from the river
sediment enhanced the process considerably (Teedje 1993). Reductive dechlorination
of Aroclor 1260 may be a more time demanding tds&nt bioremediation of less
chlorinated commercial mixtures. Quensendilal (1990) showed only 19% and 15%
decrease imeta andpara-chlorines from Aroclor 1260 after 50 weeks wheaculated
with two different anaerobic river sediments. Imyarison the percentages for Arclor
1242, using the same methodology, were 46 % and/o8after 16 and 12 weeks,
respectively. It should, however, be noted that omethe sediments inoculated was
previously polluted with Aroclor 1242 and therefor@ suitable community of
microorganisms may have been present (Quensenall, 1990). Alexander (1999) stated
that anaerobic bioremediation without &vailable may be the only way to degrade highly
chlorinated PCBs.

Bioaugmentation

Bioaugmentation, i.e. adding microorganisms thatadle to dechlorinate PCBs, has been
the most successful approach of the anaerobic mhdthioonly under laboratory conditions
(Vasilyeva and Strijakova, 2007). Therefore it wasclear whether it would work as
successfully under field conditions. Table 2.2 pras the variety of microorganisms that
are involved in reductive dechlorination of PCBs. Tdmmmunities are very diverse,
which explains why bioremediation methods may v@mysiderably from site to site due to
the local PCB degrading community (Abrahagh al, 2002). The first complete
dechlorination of 23456-CB to biphenyl was demonstiaby Natarajaret al (1996),
under laboratory conditions, where microbial grasuand co-substrates were added in

order to carry out the dechlorination.
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Table 2.2 Summary of the genus of the microorganishat have been used in
experimental anaerobic dechlorination of PCBs.

Genus Reference
Clostridium Okeke et al., 2001
Dehalococcoides Maymo-Gatellet al, 1999; Smidt and de Vos, 2004;

Borjaet al, 2005; Bedard, 2008; Field and Sierra-
Alvarez, 2008; Adriaret al, 2009

Desulfitobacterium Sanfordet al, 1996; Wiegekt al.,1999; Smidt and
de Vos, 2004; Borjat al, 2005

Desulfomonile De Weerd and Suflita, 1990; Smidt and de Vos,
2004; Borjaet al, 2005

Desulfuromonas Krumholz, 1997; Borjat al.,2005

Dehalospirillium Borjaet al, 2005

Sulfospririllum Boyleet al.,1999; Smidt and de Vos, 2004

o-17 Cutteret al.,2001; Bedard, 2008

DF-1 Wuet al, 2002

Chloroflexi phylum) Fagervoldet al, 2007; Bedard, 2008; Field and

Sierra-Alvarez, 2008

2.3.2 Aerobic bioremediation

Aerobic conditions occur in surface soil and swfaediments in nature. They also exist in
sewage sludge and can be created in bioreactatseitaboratory. Aerobic degradation
relies on the oxidative destruction of PCBs, in wincimerous genes are involved (Wiegel
and Wu, 2000). In the most commonly described digran pathway, namely the
biphenyl pathway, PCBs are first transformed to @blenzoic acid (CBA) by bacteria that
uses BP as a carbon and energy source. Furthefomaasion occurs by CBA degrading
bacteria. The end products of the process are nbarhyn general they are less toxic to the
environment than the original PCBs. Aerobic degradats, however, only capable of
attacking lightly chlorinated congeners (Wiegel ad, 2000; Borjeet al, 2005; Pieper,
2005; Vasilyeva and Strijakova, 2007). The gengslued in the degradation process are
bph gene clusters, as described in Figure 2.5 (Furuka®@0; Field and Sierra-Alvarez,
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2008). FirstbphAgene activates BphA enzyme that converts biphenditigdrodiol by
dihydroxylation reaction, and thereafter BphB (delbgdnase) is activated to convert
dihyrodiol to 2,3-dihydroxybiphenyls. Next BphC (riotpavage dioxygenase), BphD
(hydrolase), BphE (hydratase), BphF (aldolase) and3B(atetaldehyde dehydrogenase)
catalyse the degradation (Ohtsudtoal, 2004). This reaction chain is, however, only an
example and the exact route of it is dependent.gntiee chlorination level of the PCB

congener or mixture in question.

H

O, NADH,H™ NAD® =,0H NADY  NADH, HY, on 0, Ol
COMH
=Y OH OH 0
BphAlA2A3A4 BphB BphC
H,0 \
COOH BphD
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NADH, HT  NAD', CoASH  pyruvate H.0
tl-H‘ : i i:I'H1 E CH, COH f CH, COOH
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Figure 2.5 Demonstration of an example of aerol@grddation of PCBs through the
upper BP-pathway. Source: Ohtsubo et al. (2004)

Biostimulation
Co-surfactants, oxygen and nutrients are commordig@do the polluted soils in order to

stimulate the PCB degrading bacteria by enhancing tiveng conditions. PCBs may

serve as a substrate for PCB degrading bacterid tsuwteéry common that the degradation
occurs through co-metabolisms, in other words tieeeneed for an additional substrate in
order to keep the degradation process going (RiQ®85). Chemical surfactants may be

toxic for biological systems, and therefore morpexnsive biosurfactants, such as carvone
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or glucose, could be recommended (Abraham al, 2002). Landfarming is a

bioremediation technique in which the soil is exad and moved on top of an
impermeable membrane. Thereafter the soil micraosgas can be stimulated by addition
of nutrients, maintaining the optimal soil pH, ntare and aeration. In case of lack of
space, windrows or biopiles can be created; theséigh soil piles to which nutrients are
commonly added and oxygen can be added by turhi@gites occasionally (Adamsson,
1998).

Bioremediation with the help of fungi and plants

Flavonoids, terpenes and other plant-derived comg®umay work as growth substrates
for PCB degrading bacteria and therefore activatdPtiB degrading process (Hernandez
et al, 1997; Pieper, 2005). Microorganisms have botbnghal and physical means to

interact with pollutants, which makes them quitevpdul degradation activators in the

soil environment (Semplet al, 2001).

White rot fungi can be helpful in degrading PCBs sirthe low specificity of their
enzymes, which are able to cleave for example digifiadavet al, 1995). Usually the
products are polymerized or bound to the soil ogamatter (Vasilyeva and Strijakova,
2007). However, the degradation potential is retstd to lower chlorinated compounds.
Yadavet al (1995) for example reported PCB degradation by,680% and 17.6 % of
Aroclor 1242, 1254 and 1260, respectively. TabR displays the variety of the genus of
white rot fungi that are able to degrade PCBs.
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Table 2.3 Listing of the genus of white rot fungattthave been demonstrated to be
involved in aerobic degradation of PCBs.

Genus Reference

Phanerochaete Yadavet al.,1995; Deet al, 2006; Vasilyeva and Strijakova,

2007
Bjerkandera Vasilyeva and Strijakova, 2007
Pleurotus Kubatovaet al.,2001; Vasilyeva and Strijakova, 2007
Trametes Vasilyeva and Strijakova, 2007
Rhizobium Vasilyeva and Strijakova, 2007

Composting employs microorganisms to degrade orgamlicitants through four stages:
mesophilic, thermophilic, cooling and maturatiorif$leet al, 2001). The compost, that
Is the result of composting, contains both inorgamd organic compounds. The power of
composting lies on the diversity of microorganisapplations. The downside may be that
composting sometimes only binds the pollutants itlte organic matter instead of
degrading them. The pollutant can be stabilizedshart time, but how stable it is, remains
uncertain (Semplet al, 2001). Michel Jret al (2001) reported a successful treatment of
PCBs when contaminated soil was composted with yarsinings and up to 40 % decline
in PCB concentrations was found. It was also estithtiat less than 1 % of the PCBs in
the soil were volatilized and therefore bioremeadratwould be the main cause for the
reduction of PCBs (Micheét al, 2001). Rhizoremediation has shown one of the best
potentials for organic pollutants since the majartpf soil microorganisms, and PCB
degrading bacteria, are present in the plant rplzexe. Plants such as alfalfa, black
nightshade and tobacco have shown good potentidP@B degradation (Vasilyeva and
Strijakova, 2007).

Bioaugmentation

Bioaugmentation has been used extensively in aerobiemediation, but it has been
shown that bioaugmentation with a single speciesddots of challenges. The indigenous
microorganisms are a complex community of speamekthe cometabolism of PCBs may

generate toxic compounds for the single specieedatiithe soil (Pieper, 2005). Table 2.4
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demonstrates the variety of microorganisms that ehadween used in aerobic

bioaugmentation.

Table 2.4 Genus of microorganisms that have beevlvad in experimental aerobic

degradation of PCBs.

Genus Reference

Alcaligenes Clarket al.,1979; Williamset al.,1997; Furukawa, 2006

Archromobacter Furukawa, 2006

Pseudomonas Baxteret al.,1975; Master and Mohn, 1998; Abraham
al., 2002; Furukawa, 2006; Pieper and Seeger, 2008

Burkholderia Master and Mohn, 1998; Nogalesal, 2001; Abraham
et al, 2002; Furukawa, 2006; Pieper and Seeger, 2008;
Field and Sierra-Alvarez, 2008

Comamonas Furukawa, 2006; Pieper and Seeger, 2008

Cupriavidus Pieper and Seeger, 2008

Cytophagales Lloyd-Jones and Lau, 1998

Sphingomonas

Acidivorax

Rhodococcus

Bacillus
Variovorax
Nocardia
Ralstonia

Acinetobacter

Nogaleset al, 2001; Abrahanet al, 2002; Furukawa,
2006; Pieper and Seeger, 2008

Pieper and Seeger, 2008

Williams et al, 1997; Furukawa, 2006; Pieper and
Seeger, 2008

Furukawa, 2006; Pieper and Seeger, 2008
Nogaleset al, 2001

Baxteret al, 1975

Furukawa, 2006

Furukawa, 2006
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2.3.3 Sequential Anaerobic-Aerobic bioremediation

A combination of anaerobic and aerobic conditiohgotetically enables complete
degradation of PCBs. Ideally anaerobic treatmentfissit break down the PCBs to mono-,
di- and triCBs and the aerobic treatment breaks dtwen remainder (BEST, 2001;
Vasilyeva and Strijakova, 2007). Figure 2.6 showaeples of PCB degradation pathways
and what reactions are most likely to occur undaeresobic, microaerophilic (biofilm in
the figure) and aerobic conditions. Wiegel and \2000Q) also stated that it is necessary to
carry out both anaerobic and aerobic treatmentsetable to degrade all the PCBs in the
soil. This is due to the complex microbial commigsitthat are involved in the process.
Complete degradation of PCBs requires cooperatioranbws bacteria, and all of them
may have somewhat different preferences on theindi environment (Abraharet al,
2002; Borjaet al, 2005).
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The USEPA has attempted sequential anael-aerobic bioremediation of PC by first
adding anaerobic sludge and then aerobic PCB degraddrich resulted in hig
degradation in highly polluted soils and less ddgtian in moderate polluted soils
(Tharakaret al, 2006). Several studies have been carried odtroalor 1260. Zeelet al.
(2006) succeeded in -18 % degradation of aged Aroclor 1260 ppm) by treating th

soil three times with 3.5 months cultivation of staplants ollowed by onemonth aerobic
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period. Masteet al (2001) carried out a laboratory study on soit theed 59 ppm of aged
Aroclor 1260. After 5 months of anaerobic treatmésitowed by bioaugmentation in
aerobic conditions for 28 days, the PCB concentratias degraded to 20 ppm. However,
Favaet al (2003) only succeeded in 2 and 6 % degradatiofsro€lor 1260 in solid and
slurry bioreactors after 6 months of incubationisThight be due to the high initial

concentrations, 890 and 8500 ppm, respectively.

2.3.4 Bioremediation of PCBs in Cold Environments

Up to 85 % of the global biosphere is permanentiyosed to temperatures below 5°C
(Margesin, 2007). Degradation of pollutants, even natural atteiomatoccurs in cold
environments with the help of psychrotolerant baatbut often with lower degradation
rates than in warmer environments (Welander, 200®hny still use the most common
remediation methods (e.g. Kalinoviet al, 2008), including incineration and burial, in
cold environments instead of bioremediation. Inualg by Lambo and Patel (2007) cold-
adapted bacterium were isolated from a Canadian(BS@Wfoundland) and exposed to
Aroclor 1232. Degradation was similar at 5 and 3@f@ the extent of removal were
between 34 and 100% and between 18 and 100%, teghe¢Lambo and Patel, 2007).
The Russian town of Serpukhov encountered high PCBitjmol levels due to industrial
use of various PCB mixtures (Zhariketv al, 2007). Thirty percent of the soils had up to
10 times more PCB than the regulatory 0.06 mg 189 % up to 10-50 times more, 5 % up
to 100 times more, 14% up to 1000 times more andr&¥e than 1000 times more PCBs
than 0.06 mg kg. Two months of bioremediation indicated that opiiremperature (20-
30°C) and water content (60-70 %) were vital forsbecessful degradation, which was up
to 90% (Zharikovet al, 2007). Aislabieet al (2006) listed temperature, available
nutrients, and soil moisture and soil pH as thenmvariables for biodegradation in cold
environments. Some studies have addressed the r@om@eproblem by heating up the soil
in order to increase degradation rates. Kuiggral (2003) treated aerobic Aroclor 1260
polluted soils from arctic Canada (Resolution Island Saglek, Labrador) with anaerobic
pond sediments in order to add anaerobic microgsganand nutrients to the carbon poor
soils. They compared weathered and nonweatheredlgkr@260 pollution in soil and
incubated at 21 and 30°C. At 30°C the average numberhlorine substituents per
biphenyl molecule was decreased from 6.6 to 5.1feomd 6.2 to 4.5 for weathered and

nonweathered Aroclor 1260, respectively. At 21°C dteerease for weathered Aroclor
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1260 was from 6.7 to 5.1 and from 6.5 to 4.6 foo sites studied, respectively (Kuipets
al., 2003). Master and Mohn (1998) compared ArocB¥2ldegradation at 7, 37 and 50°C
by arctic soil bacteria from arctic Canada (Sagléambridge Bay and Igaluit) and by
Burkholderia Arctic soil bacteria were proven cold adaptedhicsithe degradation of
Aroclor 1242 was about the same at 37°C than at Th€.degradation at 50°C was up to
90 % lower than at 37°C. The study highlights thepomance of using arctic,
psychrotolerant microorganisms in bioremediationsteaad of mesophiles like
Burkholderig since the initial rates of degradation would bghr and the soil would not
need to be heated up (Master and Mohn, 1998). AslamgL998) conducted an aerobic
bioremediation study in Labrador (Canada), yieldng0 % reduction of the initial 200
ppm of Aroclor 1260. This was accomplished by awmus oxygen addition and
maintaining moisture at 40-60% of the water holdsapacity (Adamsson, 1998). The
degradation rates may be slower than at higher e¢estyres, but not as significant as
would be expected based on the law of a doublingrafymatic rates for each 10°C
increase in temperature (Mohet al, 1997). Mohnet al (1997) compared PCB
degradation with added biphenyl at 7°C and 30°C ils $@m arctic Canada (Saglek and
Resolution Island). The study reported maximum Aopdl221 degradation of 14 to 40%
removal at 7°C after 8 weeks and 71 to 76% remava0eC after 6 weeks. However, the
degradation mainly occurred with the less chloedaPCBs and therefore significant
degradation might not occur with Aroclor mixturessv/ing higher chlorine content, such as
Aroclor 1260 (Mohret al, 1997).

2.4 Factors affecting bioremediation in polluted
soils

Bioremediation relies on the microbial communitiestihe soil environment and their
abilities to survive in a polluted soil (Wiegel amdu, 2000; Vasileya and Strijakova,
2007). The theoretical, ideal PCB degrader wouldréatée PCBs in the environment,
produce surfactants that solubilise PCBs, does nainaglate toxic intermediates, has
various genes that are involved in the biodegradagprocess and would survive
throughout the whole process until end of the cl@arfOhtsubcet al, 2004). The natural

environment is, however, very complex and to finccieeate a single microorganism that
would exclusively be able to carry out bioremediatis rather unsustainable since it

doesn’t take into account the diversity or comglexif organisms living in polluted soill
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environment. As Figure 2.7illustrates, understandi contaminant egradation in soil
requires knowledge of not only the contaminantdisio thedynamicsoil environment an
the contaminant degrade The composition of the microbial community and ratgions
among them seems to the predominant factors in bioremetion (Wiegel and Wu, 200(
Borja et al, 2005) and therefore different factors affectihg microbial communities a

described in this chapt

Contaminant
degradation

in soil

Soil ecotoxicology

Figure 2.7lllustration of factors affecting contaminantgradation in soilslllustrated by
Anu Mikkone, University of Helsinki, Finlan

2.4.1 Effect of temperature on biodegradation

The gtimal temperature for bioremediation PCBs according to numerous source
close to room temperature (25°C) (Tieet al., 1993; Wuet al, 1997; Alexander, 199!
Wiegel and Wu, 2000; Borjet al, 2005). Many aerobic PCB degraders are mesof
that have the optimal growth conditions betweer22Ad 35°C (Alexander, 1999). Tiec
et al (1993) studied anaerobic biodegraon at 12°C, 25°C, 37°C, 45°C and 60
finding out that optimal temperature was 25°C. Dechhtion occurred slower at 12°
and without success at the higher temperatureslj@let al, 1993). The temperature rar
in a study about anaerobic dechlorion of Aroclor1260 was 84°C and 5-60°C (Wuet

al., 1997) anc the optimal chlorine removal rate wfound to bebetween 20°C and 27°
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However, the highest variability in replicates wasnd at 18°C. This indicates that room
temperature may not allow the full variety of dexhiation potentials to succeed, but

favours certain degradation processes @val, 1997).

Wiegel and Wu (2000) highlighted the importance coinducting studies at varying
temperatures since temperature has an effect dnidhgailability of PCBs, growth of the
microorganisms and the catalytic activity of enzgmén nature, temperature changes
seasonally, during weather events, and betweeraddynight. This may activate different
microorganism populations than those that have Istedied in the laboratory under
constant room temperature, as well as giving dffempicture of the degradation process
(Wiegel and Wu, 2000).

2.4.2 Effect of soil pH on degradation

Soil pH has an important effect on the adsorptiédnP@€Bs into organic matter and
therefore bioavailability and biodegradation aslwébta and Hassett, 1991; Bogaal,
2005). Wiegel and Wu (2000) reviewed studies oreastac dehalogenation of PCBs with
affecting factors in mind, and found that dechlation occurred between pH 5.0 and 8.0.
The optimal pH for overall removal of chlorines wiasnd to be 7.0-7.5 (Wiegel and Wu,
2000). Faveet al (2003) also found close to neutral pH (6.0-706he& optimal for the PCB

degrading microbial community.

2.4.3 Carbon sources

One of the necessities for dechlorinating microorgias is a sufficient amount of carbon
substrates (Wiegel and Wu, 2000; Ohts@bal, 2004; Borjaet al, 2005). The added
carbon can affect the dechlorinating microorganistingctly or indirectly by improving
the living conditions for other bacteria. Improvertse in other microbial communities
might supply the dechlorinators with more suitadliectron donors or nutrients. In organic
poor soils, carbon sources such as acetate, papidoutyrate and hexanoic acid might be
used whereas in organic rich soils the carbon adwedd be on the form of glucose,
methanol, acetate or acetone (Tiedfeal, 1993; Wiegel and Wu, 2000). Also terpenes
have been shown to work as a successful carboces@uasilyeva and Strijakova, 2007).

Commercial surfactants, both chemical and bioswafdst are used to increase the
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availability of PCBs to the microorganisms. PCBs thmaght be entrapped within the
micelle are released when the surfactant is condumyethe microorganims. However,
surfactants remain a very costly carbon source @rehmical surfactants may not be

biodegradable in the environment themselves (Obtstibl, 2004).

2.4.4 Electron donors

Under anaerobic conditions PCBs can act as electoeptors in the environment, which
means they receive an electron during cellular irespn from an electron donor.
Microorganisms such as bacteria gain energy frois phocess and PCBs are reduced.
Other common electron acceptors are oxygen, nifN@") and sulfate (S¢) (Wiegel and
Wu, 2000). The adequate amount of electron dorsocsucial to the rate, extent and route
of any anaerobic reductive dehalogenation procéeslje et al, 1993; Wiegel and Wu,
2000; Abrahanet al, 2002; Borjeet al, 2005). Addition of H as electron donor is one of
the most common approaches; others include addimgdethane sulfonic acid (BESA),
ferric oxyhydroxide EeO(OH), sodium sulfate (N&Os) or individual PCB congeners as
electron acceptor. When electron acceptors aredadtds expected that sulfate will
stimulate the growth of dechlorinating bacteria graly will then attack PCBs (Zwierndt

al., 1998; Wiegel and Wu, 2000). This is especialtyportant in deep anaerobic sediment
layers, where limited addition of electron donocswr naturally (Tiedjet al, 1993).

2.4.5 PCB concentration

A sufficient amount of PCB in the soil seems to lsseatial for biodegradation of the
pollutant and to take off the activity of the miorganisms involved in the degradation
process (Tiedjet al, 1993; Bedaret al, 1997; Kim and Rhee, 1997; Sempteal., 2001;
Borja et al, 2005; Vasilyeva and Strijakova, 2007). Tiedjeal. (1993) even suggested
that several hundreds to 1000 ppm of PCB are optimratentrations for dechlorination to
occur. If the concentrations were lower PCBs wouldabsorbed to SOM and mineral
compartments of the soil (Tiedgt al, 1993). With very low concentrations of PCBs the
biodegradation process only occurs close to immahfirates. Borjat al (2005) stated
that low concentrations of PCBs might not be suffitienough to initiate the microbial
activity or to sustain their activity in the degatidn process. Another inhibitor could be a
co-pollutant such as oil. A more easily availabéebon source will be used first by the

microorganisms, and as a result the PCB degradedies decrease (Tiedg al, 1993).
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Individual congeners have been used in severaliestugs primers for dechlorination.
Bedardet al (1997) showed that bioaugmentation alone wassnotessful, but needed
addition of an individual PCB congener to prime thecpss. This was also stated in
Wiegel and Wu (2000), in the context of highly piodid soils. However, concentrations
that are too high may be toxic for the microorgarssand thereby prevent the
biodegradation (Semplet al (2001); Vasilyeva and Strijakova, 2007). The wyati PCB

pollution range for successful aerobic and anaerbinidegradation is 10-60 ppm and 500-

1000 ppm, respectively, as suggested by VasilyadaSrijakova (2007).

2.5 The aims and research questions of the
study

This research was undertaken to propose a frameefgokotocols that can be adapted to
bioremediate Icelandic soils that inhibit PCB contaetibn in a sustainable manner. To
the best knowledge of the author no data has bemorted, neither on PCB degradation
rates nor PCB degrading genes in Icelandic soils, ey limited research exists on
contamination issues in general for soils of Icdlarherefore the study was carried out as
a two-phase remediation bench study where diffeb@dtimulation methods at different
temperatures where conducted, the aim being totfiadnost suitable method that leads to
decrease in PCB concentrations. The soil microbiolagy degradation capacity of the

soils in question, and bioavailability of PCBs welsoastudied.

The research questions of this bioremediation Wwelke:

1. Which PCB degradation methods are most suitable @lutpd soils of the
Keflavik area?

2. Do different PCB concentrations effect soil biologipeoperties, and hence soil
fertility?

3. Does the microbial community and degradation capalifer between unpolluted
soils and polluted soils, as well as between atesnd aerobic soils?

4. Are the PCBs bioavailable?

5. Can the laboratory methods be transferred to fieddesapplication?
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The first section of the thesis results focusesl@scribing soil biogeochemical properties,
and the capacity of the soils to degrade the egd8CBs in the surrounding environment.
In the second section of the thesis results, titalslity of different treatments to degrade
PCBs and bioavailability are studied. Finally, thep@punities for future research and
future bioremediation approaches and solutions lvglicovered. This thesis only focused
on bioremediation and therefore the physical aretribal degradation methods of PCBs
are not discussed. So far there are only a fewestuah soil pollution in Iceland — there are
even fewer studies on bioremediation — and theeetfbrs study is of importance for

fundamental research on soil pollution in Iceland.

2.6 Study Area

The former NATO facility and United States Naval Atation Keflavik (NASKEF) was
situated at Keflavik International Airport on theyRgnes Peninsula from the WWII until
the autumn of 2006 (Figure 2.8, Almenna Verkfreedistp2008 and 2010). A number of
various pollutants were documented in the surrauménvironment and especially in soils
when Icelandic authorities took over the airporespite the numerous pollutants in the
study area, the focus of this research is onlyhenbioremediation of PCBs. PCBs were
used at NASKEF in transformer oils in great quagitbut were mainly phased out of use
during early 1990s (Almenna Verkfraedistofan, 2010).
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Figure 2.8 Aerial photograph of the study area.d&notes the former site of Sala
Varnarlidseigna (army sales), @&notes the current location of the soil that heB0lppm
of PCBs and 3denotes the current location of the soil that kag ppm of PCBs. Map
composed by Sigmundur Helgi Brink, Agricultural \rsity of Iceland.

The soil in the area is classified as Brown Andd8#) (Arnalds, 2004; Arnaldst al,
2009). Almenna Verkfreedistofan has estimated thergxdnd scale of PCB contaminated
soils on the former site of Sala Varnarlidseignanfasales) (see Appendix A and Figure
2.8) on behalf of Kadeco - brounarfélag Keflavikagtallar (Almenna Verkfraedistofan,
2008). Based on these estimates soils have beeatediinito three categories: more than 50
ppm PCB, 1-50 ppm PCB and less than 1 ppm PCB. The gratedaround the study
site has also been investigated, but no higheregathan the blank were found in the
investigation (ISOR, 2008).

The most contaminated soils were excavated intch Hignsity Polyethylene (HDPE)

barrels and sent for incineration to an approvedtsvalisposal facility in Germany
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(Almenna Verkfraedistofan, 2010). Soils with 1-50 pf820 n7), which are used in this
study, have been excavated and disposed in amaaedhe site of interest (see Figure 2.8,
point 2; and Figure 3.1). Soils with < 1ppm of PCBwéd been placed in an old landfill
site near the original site and the landfill wi# blosed so that minimum disturbance to the
surrounding ecosystems will occur (see Figure o)t 3; and Figure 3.1). The Icelandic
Environment Agency classifies the NASKEF site as ohthe 6 largest polluted sites in
Iceland and stresses the importance of future esuth the area as well as finding

methodologies to treat the pollution (Meyles antr8iclt, 2005).

The climate is relatively mild, cold temperate atiean the study area. According to the
Icelandic Meteorological Office database (2010)etween 1961 and 1990 — the mean
annual precipitation in the area was 1100 mm andnmanual temperature was 4.4°C.
The average minimum temperature, -0.1°C, was inalgnand highest, 10.2°C, in July.

The average wind velocity was 12.5 it she predominant wind directions were from

southeast and northeast.
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3 Materials and Methods

3.1 Soil samples

Eight surface soils samples for the experimenteweilected from eight points of the 1-
50 ppm polluted soil pile (Figure 3.1) in May 208&ording to the sampling guidelines in
NORDTEST Technical Report No. 329 (Karstensen etLl8B7), with the exception that a
2 mm steel sieve was used instead of an 8 mm slénes. were stored in glass jars at 4°C
in the dark until ready for the experiment commenert. Before the secondary laboratory
experiment, in October 2009, more soil was samfileoh the < “1 ppm” field area in
order to mix a less polluted soil to work with @nconcentration 27 ppm). A control soil

sample for laboratory analysis was sampled fromvicity of the polluted soil, and

confirmed not to contain any detectable PCBs.

Figure 3.1 The field site where the 8 samples wetertan May 2009 and < 1 ppm soil in
October 2009. On the left, the 1-50 ppm polluteti@te with 8 sampling bags (closest is
sample nr 8). On the right, the 1-50 ppm pollutedi gile in front, then blue High Density
Polyethylene (HDPE) barrels with > 50 ppm pollutsail and in the back the area < 1
ppm polluted soil. Photographed by Taru Lehtinen
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A clarification of PCBs discussed in this thesigigen in Table 3.1. The PCB congeners,
their structure, chemical name and molecular foenauk presented. After this, when sum
of six PCBs is mentioned, if reflects PCB 28, 52, 113§, 153 and 180. Sum of seven
PCBs reflects PCB 28, 52, 101, 118, 138, 153 andd®&0sum of nine PCBs reflects PCB
28, 52,101, 118, 138, 153, 170, 180 and 187.

Table 3.1 Summary of PCB congeners discussed hailea alarification of the structure,
name and molecular formula of each PCB congenarrcgo Fiedler (2010)

PCB congener Structure Chemical name Molecular formla
28 2,44 Trichlorobiphenyls  GH.Cl3
52 2,2°,5,6 Tetrachlorobiphenyl 14HsCl,4
101 2,2°,455 pentachlorobiphenyl 1,85Cls
118 2,3,4,4°5 Pentachlorobiphenyl€;,HsCls
138 2,2°,3,44° 5 Hexachlorobiphenyls 1,84Clg
153 22,44 55 Hexachlorobiphenyl 1,84Clg
170 2,2°,3,3,44° 5 Heptachlorobiphenyl 1,d5Cl;
180 2,234,455 Heptachlorobiphenyl 1,d5Cl;
187 2,2°,3,4,55,6 Heptachlorobiphenyl 1,d5Cl;

A complete description of the PCB amounts in the samhples from eight samples taken
in May 2009 is presented in Table 3.2, as well ls&s 27 ppm soil mixture used in

experiment 2.

36



Table 3.2 Summary of mean PCB concentration regults 2) from 8 soil samples taken
in May 2009 £ one standard error)Sample nr 8 denotes samples closest on thenleft i
Figure 3.1, nr 7 the next soil sample in the pietand so forth. Columns Nr4 and Nr 5
indicate the soils used for experiment 1 and collixture indicates the soil used for
experiment 2.

PCB Nr 1 Nr 2 Nr 3 Nr 4 Nr 5 Nr 6 Nr 7 Nr 8 Mixtur e

mg kg' mg kg mg kg mg kg® mg kg mg kg- mg kg® mg kg® mg kg"
dry Y dry dry dry dry dry dry dry dry
weight  weight weight weight weight weight weight weight weight

28 0.41 018 010 011 005 027 260 019 045
(:0.04)  (£0.02) (#0.00) (+0.00) (x0.00) (+0.00) (+0.08) (#0.02) (+0.00)

52 3.59 089 055 020 009 040 308 097 0.23
(£0.46)  (£0.06) (£0.03) (+0.01) (#0.01) (#0.00) (¢0.13) (#0.11) (+0.01)

101 49.7 105 6.85 172 066 246 124 122  1.32
(#4.35)  (£0.84) (#0.42) (+0.19) (x0.07) (#0.00) (+0.40) (+1.42) (0.10)

118  6.64 161 104 028 012 041 218 183 057
(#0.57)  (£0.09) (£0.05) (+0.02) (#0.01) (+0.00) (+0.06) (#0.20) (+0.02)

138 112 260 166 411 053 601 3091 2814 221
(+13.2) (#1.55) (£1.25) (£0.50) (+0.19) (+0.01) (+1.90) (¢3.20) (0.19)

153 189 409 259 7.00 254 116 582 449 324
(£17.5)  (#4.35) (+1.70) (#0.73) (20.32) (#0.06) (+3.05) (+5.95) (0.28)

170 90.4 201 771 353 140 592 318 220  1.87
(#6.25)  (+1.70) (+4.01) (£0.33) (x0.18) (x0.09) (21.60) (+2.60) (+0.17)

180 205 463 178 811 336 155 858  50.1  3.48
(+18.0) (£3.40) (¢8.83) (+0.85) (#0.33) (#0.25) (#5.55) (#6.05) (+0.29)

187  98.6 225 172 406 174 815 492 238 205
(+10.4)  (#1.60) (£0.45) (£0.33) (x0.18) (+0.01) (¢3.20) (£2.65) (+0.21)

Y6 560 125 677 213 723 362 193 136 10.9
(#53.5) (+10.2) (+12.2) (£2.28) (+0.91) (+0.18) (+11.1) (+16.7) (+0.89)

77 567 126 687 215 735 366 195 138 11.5
(#54.1)  (+10.3) (+12.3) (£2.30) (+0.92) (#0.18) (+11.2) (+16.9) (0.87)

Y& 756 169 937 291 105 50.7 276 184 154
(£70.8) (¥13.6) (£16.7) (£2.95) (+1.27) (+0.25) (216.0) (+22.2) (+1.27)

Total 1310 218 148 544 245 671 383 211 27.0
(£126)  (¥26.7) (+2.09) (+4.46) (+2.38) (+1.05) (+30.9) (#37.2) (+3.54)

'PCB 28, 52, 101, 138, 153 and 180
’PCB 28, 52, 101, 118, 138, 153 and 180
%PCB 28, 52, 101, 118, 138, 153, 170, 180 and 187
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A comparison between a random sample taken in M@ 2and standard Aroclor 12
100 ppmis provided inFigure 3.1 The GC peaks are relatively similar and theretbe

PCB pollution at the field site was identified as éloy 1260
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Figure 3.1Comparison betweenroclor 1260 100 ppm standa(A) and a random samp
(B) selectedrbm eight surface samples taken in May 2009, showin@tbgeaks of bot
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The majority of the research was conducted in tbeg Isboratory facilities at the
Agricultural University of Iceland in Keldnaholth€& PCB analyses were carried out at the
Department of Pharmacology and Toxicology at thévéhsity of Iceland, soil respiration
(CO,) measurements at Reykjavik Energy and the detadéanicrobiology investigations
at the Department of Food and Environmental Scieratethe University of Helsinki,

Finland.

3.2 Soil characteristics
3.2.1 Soil physics and chemistry

Soil moisture Content
Soil moisture content was measured in order tdfseeorrelates with PCB concentration.

Field moist soil was dried at 185 for 24 hours. Both wet and dry samples were weighed
and recorded. Thereafter moisture content (MC %) walsulated with the following
formula (Pagest al, 1982).

MC % = (water weight)/(wet soil weight)*100.

Water Holding Capacity (WHC)

WHC was measured so that the soils could be adjusté0 % of it for the treatments and
that correlation between PCB concentration and WHdddoe studied. It was determined
by the “filter paper method” (Whatman Nr 42) acaogdto Smith and Mullins (2001). At
the initial stage of the WHC analysis the filter pegpweights were recorded filled up to %
with moist soil. Soils were thereafter wetted thaybly with deionised water. (DI) After
two hours drainage the funnels with wet filter pap@ad wet soil were weighed and
weights recorded. The samples were dried af@QG%ernight and reweighed. The water

holding capacity was calculated by the followingnfiolla (Smith and Mullins, 2001).
WHC = (water weight)/(dry soil weight)*100

Soil pH
Soil pH was measured in contemplation of testingetation with PCB concentration. Soil
pH was determined according to Blakemeteal. (1987). Five g of oven-dried soil (< 2

mm) in 25 ml of deionised water were shaken foroRirk; thereafter the soil pH was
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measured with a glass calomel electrode (Oaktormp#/C Meter pH 1000 Series,
lllinois, USA).

Soil total organic carbon and nitrogen content (Ciot and Neot)
Ciwot and Nt were determined according to Blakemeteal (1987), in order to characterise

and classify the soils used in the experimentstarake if these characteristics correlated
with the PCB concentration of the soils. Homogeniée® mm, dried at 105°C for 24
hours) samples were measured by thermal combugkitementar macro Elemental

Analyzer vario MAX CN, Analysensysteme GmbH, Germany

Cation Exchange Capacity (CEC)
CEC was measured so that correlation between CEC @Bl dencentration could be

studied. The determination was carried out accgrdo Blakemoreet al. (1987) using
Sampletek Vacuum Extractor (Marco Industries, INOpe g of macerated filter pads,
approximately 1.5 g of silica sand, one g of honmized sample (< 2 mm) and a second
1.5 g of silica sand were inserted into the leaghimes. Tubes were placed in the vacuum
extractor and receiving syringes fitted. Fifteen aghllL M ammonium acetate, NBAc,
was added into leaching tubes and let to stand3e20 minutes. Reservoirs were fitted to
leaching tubes and samples were extracted rapidlylucm of NHIOAc remained above
the sample. Then 25 ml of 1 M NBIAc was added to reservoirs and the extractor was r
to full extraction for 12 hours. Leachate was tfarred to 50 ml plastic centrifuge bottles
(Sarstedt, Germany) and made up to 50 ml with detohwater for exchangeable bases
(Na', Mg®*, K*, C&") determination by gas diffusion with FIALAB 3500B i¢fab
Instruments, USA) at the Innovation Center Icelabelaching tubes were then cleaned
with ethanol by first rinsing with 10 ml of washhanol, and then extracted with 50 ml
wash ethanol for 3 hours. 10 ml of 1 M sodium dlley NaCl, was then added to the
leaching tubes and extracted until the liquid wasrildeep. 25 ml of NaCl was added to
the fitted reservoirs and the extraction run to plate extraction for 12 hours. Leachates
were handled as previously described and analyseNHi;-H in a flow injection FlIAstar
5010 analyzer (Tecator, Hoganas, Sweden) for CECrrdigtgtion (Schollenberg and
Simon, 1945; Rhoades, 1982; Blakemetal, 1987).
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Allophane and Ferrihydrite content

Allophane and ferrihydrite have large surface atbas can attract pollutants in the soil,
and therefore allophane and ferrihydrite conten&sewestimated by oxalate extraction
according to the modified method of Blakemeteal (1987). 0.15 g of homogenized oven
dried (105°C for 24 hours) soil was weighed intonfiQplastic centrifuge bottles (Sarstedt,
Germany) together with 30 ml of 0.2 M ammonium axalsolution that was adjusted to
pH 3 with oxalic acid. Samples were shaken for 4rban the dark to inhibit chemical
reactions within samples. After centrifuging sampfer 20 minutes at 3500 rpm the
solution was transferred with plastic pipette tb2zaml plastic tube. The samples were kept
refrigerated until the chemical analysis at theolration Center Iceland. The content (%)
of Al, Si, Fe and Mn were analyzed by inductivelyupled plasma optical emission
spectrometry (ICP-OES) (Spectro, Germany). Allophammmtent was estimated by
multiplying Si % with 6 (Parfitt, 1990) and ferritigite content by multiplying Fe % with
1.7 (Parfitt and Childs, 1988).

3.2.2 Soil biological analyses

Soil total microbial biomass carbon (mic.)

Soil mic; represents the size of the complete microbial camity in the soil and is used as
an in indicator of soil health (Caravaca and Rol@&93). The determination was carried
out by a chloroform fumigation-extraction methogéad on Vancet al (1987). Five g of
field moist soil (< 2mm) was weighed and added lasg Universal bottles. Fumigated
samples were placed in a dessicaf®5(C) for 24 hours with moist paper towels and a
100 ml glass beaker containing 80 ml chloroform (CGii@hd anti-bumping granules. The
desiccator was evacuated using a vacuum pump QHi@l; was boiling, then the valve
was closed and pump stopped. Non-fumigated samyes extracted (Whatman No 42)
during the fumigation with 25 ml of 0.5 MJBO, for 30 minutes. Fumigated samples were
extracted as described above and all samples waemedsat 4°C until the analyses. The
extracts were diluted with deionised water (1:109mto the total organic carbon (TOC)
analysis in an aqueous carbon analyzer (LABTOC Rogudnd Process Monitoring) with
UV digestion and infrared detector. The total seitrobial biomass C was calculated with
kec-factor 0.35 for mineral soils (Sparling and Weli88). Soil total microbial biomass

carbon was measured before the treatments, and lkadte preliminary and secondary
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bioremediation experiments. After the laboratorperments three soil sample replicates

were bulked together to represent a mean for eaalmntent.

Soil dehydrogenase activity

It was of importance to measure dehydrogenaseigctince it is an enzyme connected to
aerobic PCB degradation, and is involved in the qadale in soils. Soil dehydrogenase
activity was determined according to the modifieetimod of Trevors (1984). One g of soil
was weighed and added to sterilized and foil cavgsastic 50 ml centrifuge bottles
(Sarstedt, Germany). 10 ml of sterile substrateitgol (0.1 % p-iodonitrotetrazolium
chloride (INT) and 0.5 M TES buffer, adjusted to g8 with 0.5 M NaOH) was added
and samples were placed on an end-over shake8fooudrs [(25°C). After shaking, 10 ml
of ethanol was added to inhibit all microbial aittivSamples were centrifuged (Universal
320R, Hettich, Germany) for 20 minutes at 4°C and0870lhereafter samples were
transferred into luminometer cuvettes and absodaras measured at 490 nm on a linear
spectrophotometer (Ultrospec 2100 pro, AmershamdBioses, Sweden). Standard curves
were determined using 1, 2, 3 and 5 ppm iodonietnam formazan (INTF) and the
enzyme activity was expressed as [fdvg of dry soil (Trevors, 1984). Soil dehydrogenase
activity was measured before the treatments, atet abth preliminary and secondary
bioremediation experiments. After the laboratorperiments three soil sample replicates

were bulked together to represent a mean for eéaalmtent.

Soil DNA extraction and quantification

Soil DNA analyses were necessary in order to see the microbial community in the
polluted soils differs from the control soils anthether indigenous PCB degrading genes
are present in the polluted soils. Soil DNA wagsaotied from control soil, 25 ppm and 50
ppm polluted soils by direct soil DNA extractioning the commercial kit PowerSSil
DNA Isolation Kit (MO BIO Laboratories, Inc. CarlsthaUSA). Polluted soils where
extracted before and after anaerobic treatmentdardo be analysed for anaerobic genes.
Extraction was performed according to the kit pcotavith 0.25 g sample size, except for
step 5 where FastPfépnstrument (Qbiogene, USA) instead of vortex wa®c for
mechanical cell lysis (30 seconds, speed 5.5 m)s@te DNA extracts were stored at -
20°C.
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The yield and quality of DNA extracts were check®dgel electrophoresis on a 1.5 %
agarose gel at 0.5 * Sodium Borate buffer. Bands wistgalized with ethidium bromide
using Bio-Rad gel documentation system with Quarf@itye 4.6.7 program. PicoGreen
dsDNA Quantitation Reagent kit (Molecular Probes,AYSvith Qubit® Fluorometer
(invitrogen ™, Finland) and NanoDr§pND1000 UV-Vis spectrophotometer (NanoDrop
Technologies, USA) were used for an accurate diization of soil DNA, according to

manufacturer’'s instructions.

Bacterial community analysis with Length Heterogeneity Polymerase
Chain Reaction (LH-PCR)

The primers used for the general analysis of batteommunity structure were adopted
from Tiirola et al. (2003), as described in Mikkonen (2008), and wépd (5'-
AGAGTTTGATCCTGGCTCAG-3’) and PRUN518r (5'-ATTACCGCGGCTGCTE.
Primers were ordered from Oligomer (Helsinki, Finda The composition of the PCR
reaction (final volume 50 ul) was according to Mikien (2008) and original references
therein. The seven first reagents (see Table &8¢ wixed together first, and the template
was added after the master mix had been aliquotedMultiply-uStrip 0.2 ml (Sarstedt,

Germany) 8-tube strips.
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Table 3.3 PCR reagents and their concentrationsfina volume of 50 pl.

Reagent Product details Final Amount/reaction
conc
Water Autoclaved Milli-Q water N/A 36.5 ul
10x Buffer 10x Biotools reaction buffer 2 mM 5 ul
MgC'Z
BSA BSA Acetylated 10 mg/ml,  0.05% 2.5 ul
Promega
dNTP dNTP Mix, 10 mM each, 0.2 mM 1pl
Finnzymes each
fD1 10 mM dilution in water 0.3 uM 1.5 ul
(1/2 FAM) 10 mM dilution in /10 TE- 0.3 uM 1.5 ul
PRUNS518r buffer
Biotools Biotools DNA polymerase 1U 1U 1l
polymerase Jul
Template (diluted) soil DNA extract variable 1l

The programme used for the PCR reaction was modifa Tiirola et al. (2003) and

described in detail in Mikkonen (2008). The progreomprised initial denaturation for 5

min at 95°C, followed by 30 cycles of denaturation45 s at 94°C, primer annealing for 1

min at 55°C, and finally elongation for 2 min at Z2°Amplification was done in a Peltier
Thermal Cycler DNA Engine (PTC-200, MJ Researchk PICR products were separated

by agarose gel electrophoresispysof product mixed with Blue/Orange Loading Dye 6x

(Promega), loaded on a 1.5 % agarose gel at Odgltu8 Borate buffer, ran for 15 min at

250V) and visualized with ethidium bromide. pPGEM BWiarkers (Promega) functioned

as a molecular size standards.
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PCR products were prepared for capillary electrogisraccording to Mikkonen (2008).
13.5 pl of Hi-Di Formamide and 0.5 pl of HEX-lab&leH-PCR size standard were first
aliquoted into MultiplyuStrip 0.2 ml (Sarstedt, Germany) 8-tube strips, thiedeafter 1 pl
of PCR product was added to each tube. The finalvelin each tube was 15 pl. Peltier
Thermal Cycler DNA Engine at 98°C for 3-5 minutesswesed for sample denaturation
and thereafter samples were transferred onto iceenimtely. The size separation by
capillary electrophoresis was performed with an ABRISM® 310 Genetic Analyzer,
which was equipped with a 47 cm long capillary (ssping capillary) and POP%
Polymer (Applied Biosystems, UK), as described inkkénen (2008). Bacterial
community profiles on PCR product size range 460-3f0 were analyzed with
BioNumeriscs v. 6.1 according to Mikkonen (2008).tmetic average profiles were
constructed from analytical replicates, normalisgith molecular size standards. Total
profile signal intensities were normalised and fingerprint profiles visualised in Excel
2007. Profile similarities were calculated with P correlation (optimization 0.44 %,
approximately 1 bp) and dendrograms drawn with Vgagllistering algorithm.

PCR amplification of PCB degrading genes
The primers used for PCR amplification of PCB degradjages are described in Table

3.4. All primers were ordered from Oligomer (HelgjrFinland). The genbphAhas been
associated with aerobic PCB degradation (Witti@l, 2006). GenefcbA fcbB andohb

have been associated willegradation of PCB dechlorination products (Rodrigeteal,

2001 and 2006) ancbrA to dechlorination bypehalococcoidegWattset al, 2005). The
last primer set targets 16S rDNA of known dechlatimy members of th€hloroflexi

genugWagneret al, 2009).
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Table 3.4 Summary of primers used in this studyfoR amplification of PCB degrading

genes.
Gene Primer Sequence Reference
bphA bphAf668-3 5GT TCC GTG TAA CTG GAARTW YGC 3" Witziget al
(2006)
bphAr1153-2 5CCAGTT CTC GCC RTC RTC YTG HTC 3’
fcbA forward 5" AACTGATCCGCCGAGACAACATCC 3 Rodrigueset
al. (2001)
reverse 5" AGGCATTTTTCGAGACGCTTCA 3
fcbB forward 5 GGTCCAGCGCGAAATCCAGTC 3
reverse 5"CCCCCGCACACCGCATCAAG ¥
ohb F58mhb 5"GCGGACAAGCGTTTCGATACAGGA 3 Rodrigues et
al. (2006)
R5800hb 5'GCTTGCAGTTGCGCTTGATGAT 3’
cbrA cbdbA84_f 5"CTTATATCCTCAAAGCCTGA 3 Wagnegt al.
(2009)
cbdbA84 _r 5TGTTGTTGGCAACTGCTTC 3
chrA cluster 2a_f 5"GTYTTCMAKGAYHTKGACGA 3’
cluster 2a-1 r 5" TCRATTTMTYAGGYAKCAC 3’
Chloroflexi  fD1 5"AGAGTTTGATCCTGGCTCAG 3 Tiirola et al
(phylum) (2003)
Dehall1265R 5"GCTATTCCTACCTGCTGTACC 3 Wattet al
(2005)

The compositions of the PCR reaction were modifieanfrthe original references and

Mikkonen (2008). The reactions were carried outairiinal volume of 50 ul, and the

reagents are listed in Table 3.5. The Master mis weepared by mixing all reagents

except the template first. Thereafter the template added individually into each reaction
tube (Multiply4uStrip 0.2 ml 8-tube strips, Sarstedt, Germany). fEbA andfcbB a PCR

reaction with 10 pl of both primers was also atteadp
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Table 3.5 PCR reagents and their concentrationfenfinal 504 reaction.

Reagent Product details Final conc  Amount/reaction
Water Autoclaved Milli-Q water N/A 34.5 pl
10x Buffer 10x Biotools reaction buffer 2 mM 5 ul
MgC|2
BSA BSA Acetylated 10 mg/ml, 0.05% 2.5 pul
Promega
dNTP dNTP Mix, 10 mM each, 0.2 mM 1pl
Finnzymes each
Forward 10 mM dilution in water 0.5 uM 2.5 pl
primer
Reverse 10 mM dilution in 1/10 TE- 0.5 uM 2.5 ul
primer buffer
Biotools Biotools DNA polymerase 1U 1 U 1l
polymerase Jul
Template (diluted) soil DNA extract Variable 1l

The programmes used for the PCR reactions were raddifom Mikkonen (2008). It
comprised initial denaturation for 5 min at 95°Cldaled by N cycles of denaturation for

45 s at 94°C, primer annealing for 1 min at varitmmperatures, and finally elongation for

2 min at 72°C. The exact number (N) of cycles amieahng temperatures used for each

individual gene can be seen below in Table 3.6.
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Table 3.6Listing of primer annealing temperatures and num@¢y of cycles used in the
PCR amplification reactions for PCB degrading genes.

Gene Primer annealing °C N cycles
bphA 58°C 35
fcbA 60°C and 58°C 30 and 35
fcbB 55°C 30 and 35
ohb 58°C 35
cbrAshort 55°C 40
cbrAlong 48°C 40
Chloroflexi (phylum) 62°C and 57°C 30 and 35

Amplification and checking of the PCR products weaagied out as described above in the
section Bacterial community analysis with Length dfegeneity Polymerase Chain
Reaction (LH-PCR).

3.2.3 Soil PCB analyses

Analysis of PCB in soil samples was undertaken adegrtb the Nordic Guidelines for
chemical analysis of contaminated soil samples gteaseret al., 1997). One g of soll
(exact weights were recorded) was placed into ell2orosilicate glass tube together with
100 pl of 0.5 ngpl™ PCB 53 recovery standard, and for the control sarhlel of 500
ppm Aroclor 1260 in transformer oil was also add@de ml of pyrophosphate solution,
NasP,O;, and 6 ml of acetone, OC(GH, were added to the samples, after which they
were sonicated for 5 minutes, rotated for an howr @entrifuged (10 minutes 3000 rpm).
The organic phase was transferred with a Pastqettpito a 30 ml glass bottle that
contained 10 ml of 0.2 M NaCl/0.1M3HAO,. Thereafter 2 ml of acetone and 6 ml of n-
hexane, GHi4, was added to the samples and the same procedgecavried out as
previously in order to transfer the organic phade the 30 ml glass bottles with a Pasteur
pipette. The 30 ml bottles were shaken carefully pinases were allowed to separate. The
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organic phase was transferred to a 12 ml glassebaith a Pasteur pipette. The water
phase was further washed and shaken with 5 ml garteediethylether (§H14:CHs-
CH,).0; 9:1) and the organic phase transferred into 12jlass bottles with a Pasteur
pipette. The samples were then evaporated witbgetr and dissolved in 0.7 g of 1,2,3,4-
tetrachloronapthalene (TCN), the internal standirde ml of concentrated sulfuric acid,
H,SO,, was used to clean the samples and then samples ogatrifuged (10 minutes,
3000 rpm). The organic phase was transferred iatochromatograph (GC) bottles with a
Pasteur pipette (Karstensehal, 1997).

The determination of total PCBs and PCB congeners wvareed out with Agilent 6890N
GC with DB1701 column (60 m, 0.25 mm i.d., 0.25 pim¥ equipped with an Electron
capture detector (ECD) according to NORDTEST TediniReport No. 329 (Karstensen
et al, 1997). PCBs were analyzed first from the eight@amtaken in May 2009, before
the treatment, as well as from three replicatesfeach treatment after both primary and

secondary treatments.

3.3 Experiment 1 - Biostimulation and PCB
concentration effect on PCB degradation and
soil biological properties

Experiment 1 was initiated in June 2009 at roompterature (~25°C) for 4 months on 25

ppm and 50 ppm polluted soil from the field ares. #een in Table 3.7 there were six

anaerobic and six aerobic treatments. Soil treatsnemrre: sterile control, active control,

100, 200 and 300 kg N/ha and 60 % (field moist WBiglant detritus and roots. After

treating the polluted soil, ten g of field moisilsoixture was transferred to 20 ml amber

vials (Agilent technologies, Germany) that servexd maicrocosms. Microcosms were
covered with ultraclean screw cap with septa (Aditechnologies, Germany); the aerobic
samples were only closed loosely in order to letimicontinuously to the samples.

Anaerobic conditions were yielded by addition of bl deionized water into the

microcosms. The aerobic soil microcosms were aefjusb 60% WCH for optimal

microbial activity (Alexander, 1999) and the weiglifithe aerobic samples were corrected
with addition of deonized (DI) water on a weeklysisa Total treatments were twelve and

each was replicated five times. Therefore 60 armernd 60 aerobic 20 ml vials were set

up.
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Table 3.7 Experimental set up for the preliminaldratory PCB degrading experiment.
All treatments were carried out at room temperat{#25°C).

Treatment Anaerobic Aerobic

1 Sterile control Sterile control

2 Active control Active control

3 Fertilizer (100 kg N Hj Fertilizer (100 kg N ha)

4 Fertilizer (200 kg N hg Fertilizer (200 kg N hd)

5 Fertilizer (300 kg N hg Fertilizer (300 kg N hd)

6 Plant detritus and roots (60% bflant detritus and roots

field moist weight) (60% by field moist

weight)

3.3.1 Soil respiration (CO>)

Analysis of soil respiration (C£ in the microcosms to monitor metabolic activitpsw
measured by gas chromatography (Agilent 7890A ®ifiC Combipal Autosampler). Ten
ul were injected through a 125°C inlet with 10:1 sphto a J&W HP-PLOT 19095P-Q04
column (30 m, 3pm wall thickness and 0.53 mm inner diameter) with30 carrier gas at
10 psi and detected by a TCD sensor.

3.3.2 Bioavailability of PCBs in soil to earthworms

The uptake of PCBs by earthwormkigenia foetida was determined according to
Hallgren et al (2006) with minor modifications. Earthworms weabtained from
Gudmundur Oskar Sigurdsson from Vogar, Iceland, Wwreeds and sells earthworms to
owners of household compost-containers. They wetiweded in a humus-rich compost
soil derived from degraded organic waste mateniamf households. Earthworms and
compost soil were analysed and confirmed to contaiRPCBs. The earthworms were 3.0-
9.5 cm long and weighed 0.11-0.67 g.

Microcosms were prepared by carefully mixing 20ejdf moist polluted soil and 20 g of

fresh compost-soil in a glass jar. Deionised wéieg) was added to achieve a suitably
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moist environment. Nine identical microcosms wereppred, three with unpolluted
control soil, three with soil mixture containing .22ppm of PCBs and three with soil
mixture containing 25 ppm of PCBs (see Table 3.8 dmact concentrations). Ten
earthworms were weighed and added to each jarjareevere covered with parafilm and
placed in desiccators where the drying-stones le&th beplaced by water to create stable
humidity and no evaporation. The desiccators weneed in darkness at room temperature
(CR5°C) for a period of 10 days. After incubation, geathworms were removed, rinsed
and placed into the freezer (-20°C) until analysialigrenet al, 2006).

Table 3.8 Summary of mean PCB concentrations (nir #)e soil mixtures used in the
bioavailability experiment.

PCB congener 12.5 ppm PCB soil mixture 25 ppm PCB soil mixture
PCB 28 0.03 0.06
PCB 52 0.05 0.10
PCB 101 0.33 0.86
PCB 118 0.06 0.14
PCB 138 0.27 2.06
PCB 153 1.27 3.51
PCB 170 0.7 1.77
PCB 180 1.68 4.06
PCB 187 0.87 2.03
2. 6 PCB 3.62 10.6
2. 7PCB 3.68 10.8
2. 9PCB 5.25 14.6

Total PCBs 12.3 27.2

Extraction of PCBs in the samples was carried ouhbylensen extraction method (Jensen
et al, 1983), as described in Olafsdodtral (1995), Jenseet al (2003) and Olafsdottiet
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al. (2005). The melted earthworms were homogenisetinezgrained material with a
mortal and pestle. The glass apparatus used cedisétwo cylindrical 100 ml separating
funnels, one placed above the other. The upperefunas equipped with a glass filter at
the bottom. A 1-2 g sample was transferred to tgeu funnel and 10Ql of recovery
standard (PCB-53) was added. The sample was thewmdamsed by vigorous shaking
with 25 ml of acetone and 10 ml of n-hexane andsiefor 30 min. Then 25 ml of n-
hexane:diethylether ¢€;4CHs-CH,),0; 9:1) was added to the sample, the solution was
mixed well and let sit again for 30 minutes andnthansferred to the lower funnel as
described above. Finally, the sample was shakeh @& ml of n-hexane:diethylether
(CeH14:CH3-CH,)20; 9:1) and transferred to the lower funnel. Alhrtdissolved particles
remained on the glass filter of the upper funnéke Tower funnel contained 25 ml of 0.2 M
NaCl 0.9 % in 0.1 M BPQO,. To avoid the formation of an emulsion, the lovternel was
not shaken but just sealed and turned upside dé@wies. After phase separation, the
lower aqueous phase was transferred to a 100 nkehe@o avoid water in the organic
extracts, it was necessary to effectively rotateltiwer funnel and transfer any additional
water into the beaker. The organic phase was detdnto a pre-weighed 30 ml glass
bottle and evaporated with nitrogen until dry. Huogleous phase was returned to the upper
funnel and reextracted with 10 ml of n-hexane awdperated again. The sample was
dissolved in 0.7 g of TCN. Five ml of sulfuric acld;SO4, was used to clean the samples
and then samples were centrifuged (10 minutes, 3p@@). The organic phase was
transferred into GC bottles with a Pasteur pipeltee total PCBs and individual PCB
congeners were determined by gas chromatograpliessibed above in section 3.2.3
Soil PCB analyses.

3.4 Experiment 2 - Biostimulation and
temperature effect on PCB degradation and
soil biological properties

Experiment 2 was carried out in a similar mannethes preliminary experiment, with
slight changes. Instead of two pollution leveldydi ppm soil was used and the samples
were incubated at 10°C and 30°C in refrigerated iatars. The duration of the
experiment was two months. All aerobic treatmerngsancarried out at 60 % WHC. Table
3.9 shows the treatments that the soil was sulojeote200 kg N ha fertilizer treatment
was omitted and pulverized white clover£3.74 %, Ny 3.11, C:N 42.80) and pine
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needles were (& 51.87 %, N 0.75 %, C:N 70.13) added as plant treatments due to
practicality issues in the laboratory measurem@dtrnandezt al, 1997). The aerobic
treatments were carried out in 40 ml amber vialth ihermo seal liners and screw caps
(all from SUPELCO, USA), in order to guarantee amnbus airflow to the samples and to

make the handling of the samples more convenient.

Table 3.9 Experimental set up for the secondaryodatory PCB biodegradation
experiment. All treatments were carried out at 10~d 80°C.

Treatment | Anaerobic Aerobic

1 Sterile control Sterile control

2 Active control Active control

3 Fertilizer (50 kg N/ha) Fertilizer (50 kg N/ha)

4 Fertilizer (100 kg N/ha) Fertilizer (100 kg N/ha)
Pulverized White cloverT{ifolium Pulverized White clover

5 repen$ (0.5g dry mass in 10g field  (Trifolium repen$ (0.5g dry
moist soil) mass in 10g field moist soil)

: . Pulverized Lodgepole pine

Pu]venzed Lodgepole pine neeglles needlesRinus contort (0.5g

6 (Pinus contorta (0.5g dry mass in 10g : . :
. : . dry mass in 10g field moist
field moist soil) soil)

3.5 Statistical and data analysis

Statistical analyses of the results were performvégd SAS 9.1 for Windows and Excel

Analysis ToolPak for Mac. Pearson’s product momemrtrelations were carried out to
inspect if there were significant linear correlagobetween two different variables. One-
way analysis of variance (ANOVA) was undertakentest for significant differences

between measured values in microcosms with diffebéostimulation treatments. Anu

Mikkonen at the University of Helsinki, Finland pemmed statistical analyses for LH-PCR
data, as described under section “Bacterial commamalysis with Length Heterogeneity
PCR (LH-PCR)".
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4 Results

4.1 Soil Characteristics

Soil characteristics (soil moisture content, WHA| pbl, Ci;, Niot, C:N, CEC, allophane,
ferrinydrite) for the control soil, and soils froexperiment 1 (25 ppm and 50 ppm) and
experiment 2 (27 ppm) are described in the secbefswv.

4.1.1 Soil Physics and Chemistry

Soil moisture content

The soils used in experiment 1 had the lowest mistontents, followed by the soils in
experiment 2 and finally the control soils. Soil istore contents were 24.6 %, 11.6 %,
11.8 % and 19.9 % for control, 25 ppm, 50 ppm angy@m soil; respectively (Table 4.1).
PCB concentration was significantly negatively catedl with moisture content € 0.62,

p < 0.001).

Water Holding Capacity (WHC)

Measured WHC values are presented in Table 4.1 amd greatest for control soils and
lowest for soils used in experiment 1. Soil WHC W&s6 g 100 g, 32.7 g 1009, 33.1 g
100 g' and 56.8 g 100 Y for controls, 25 ppm soil, 50 ppm soil and 27 ppail,
respectively. Soil PCB concentration and WCH had aifsignt negative correlatiorr &
0.67, p < 0.001).

Soil pH

Mean values for soil pH ranged from 6.0 to 6.9. @drsoils had the lowest pH, 6.0, and
soils from experiment 2 the highest values (soil§®). The soil pH for 25 ppm soils was
6.3 and 6.6 for 50 ppm soils (Table 4.1). Soil @4l la significant positive correlation with
PCB concentrations € 0.48, p < 0.05).

Soil total organic carbon and nitrogen content (Ciot and Neot)

Soil Got ranged from 1.0 % in the most polluted soils tb %. in the control soils. Soil
ranged from 0.02 % in the most polluted soils (p@npto 0.16 % in the control soil. The
ratio between (g and Ny ranged from 13 in the control soil to 58 in the @&n soils
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(Table 4.1). PCB concentration had a negative siamfi correlation with & (r = 0.79, p
< 0.001) and N (r = 0.56, p < 0.001).

Cation Exchange Capacity

Measured soil CEC is presented in Table 4.1. Contitd ad the highest CEC and 25
ppm soil the lowest, 13 meq 103 gnd 4.8 meq 1007y respectively. PCB concentrations
had significant negative relationships with CEG-(0.61, p < 0.001).

Allophane and Ferrihydrite content

The allophane and ferrihydrite contents for thetinsoils were 8.8 % and 5.0 %,

respectively. In experiment 1 soils, the allophaoertent was 8.2 % and 9.2 % for 25 ppm
and 50 ppm soils, respectively, and the ferrihgdgontent was 4.1 % and 4.5 %,
respectively (Table 4.1).

Table 4.1 Soil physiochemical characteristics pnéseé as mean values of three replicates
(= 1 standard error, if not given results is based one replicate). MC indicates soll
moisture content, WHC water holding capacity, CEC catexchange capacity, A
allophane, F ferrihydrite.

Soil MC WHC pH Crot Niot C:N CEC A F A+F
% g 100 H)0O % % meq % % %

gt 100 g*
Control 246 956 6.0 2.1 0.16 13 13 8.8 5.0 13.8

(+6.93) (+0.01) (+0.0) (x0.00) (£0.31) (+0.57) (+0.07) (+0.06) (+0.12)

25ppm 116 327 63 17 003 58 4.8 8.2 4.1 12.4
(#0.02) (#0.1) (+0.00) (+6.33) (x0.18) (+0.42) (+0.20) (+0.61)

50ppm 118 331 66 10 0.02 45 5.4 9.2 45 13.7
(£0.01) (+0.0) (+0.00) (+2.28) (+0.20) (+0.16) (+0.05) (+0.21)

27 ppm 199 56.8 6.9 2.0 0.14 15 7.9 125 6.7 19.2
(x0.62) (x0.01) (+0.1) (£0.00) (£0.35) (x0.70) (x0.39) (x0.20) (x0.59)
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4.1.2 Soil biological analyses

Soil total microbial biomass carbon (mic.)

Soil mic; was highest for the soils used in experiment 2 lamgest in the control soil
(under detection limits). The mean values for 881 mg kg, 7.41 mg kg and 57.23
mg kg* for 25 ppm soils, 50 ppm soils and 27 ppm soéspectively (Table 4.2).

Soil dehydrogenase activity

Soil dehydrogenase activity was highest in consmls and lowest in the soils used for
experiment 1. The activity for the control soil wa$5pug g* h* compared to 1.7fg ¢*

h?, 1.87ug g* h* and 2.71ug g* h™* for 25 ppm, 50 ppm and 27 ppm soils, respectively
(Table 4.2). PCB concentration had a significant hegacorrelation dehydrogenase
activity (r = 0.67, p < 0.001).

Table 4.2 Summary of soil total microbial biomassbon (mi¢) and dehydrogenase
activity before the laboratory experiments, presdrds mean values of three replicates (+
one standard error, SE ).

Saoll mice Dehydrogenase activity
mg kg* g g h*

Control u.d.l 5.65 (+0.54)

25 ppm 9.31 (+5.82) 1.76 (+0.20)

50 ppm 7.41 (£0.10) 1.87 (+0.15)

27 ppm 57.2 (+12.5) 2.71 (£0.08)

*under detection limits
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Soil DNA extraction and quantification
Soil DNA extractiols checked by gel electrophore¢ are presented in Figure 4.1 and «

and the DNA yields are presented with tvifferent techniques Figure 4.3.

Figure 4.1DNA extractions on a 1.5 % agarose from the soisamples. Four first banc
from the left illustrat control soils, four next ones 50 ppm soil and flast ones 25 ppt
soil

Soil DNA was obtained fro all samples, however the yields were quite low thie
polluted soils Figure 4.3).The detection of soil DNA was strongest for contsoils
(Figure 4.1)and lowest for the anaerobic polluted soil san, based on the g

electrophoresis pictur (Figure 4.2).
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An 25 ppm An 50 ppm

Figure 4.2DNA extractions on a 1.5 % agarose from the anaerobisoil samples. Four
first bands from the left illustrate anaerobic 25 soils and the four next ones anaerc
50 ppm soils. pEM denotes size standard for DNA ba

In general, the soil DNA vyields were significanthigher (p < 0.05) with the NanoDr[
method than the PicoGrell (Figure 4.3. When analysed separately there was
significant differenc between the methods foontrol sois and 50 ppm soils. In contr,
the difference between the two chosen methods igagisant for 25 ppm soils (p < 0.0t
anaerobic 25 ppm soils (p < 0.001) and anaerobip® soils (p < 0.001 In all cases
except the control soils, PicoernJ method gave a lower DNA vyield than NanoC[O

method.DNA yieldsdid not correlate with PCB concentration of the st
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2,5 A i PicoGreen & NanoDrop

Soil DNA (ug/g fresh weight)

Control 25 ppm 50 ppm An 25 ppm An 50 ppm

Soil

Figure 4.3 Soil DNA vyields presented with two different methdeispGreel// and
NanoDrop7. An indicates anaerobic soilColumns represent mei+ SE (n = 4.

Bacterial community analysis with length heterogeneity PCR (LH-PCR)
Good PCR products were obtained with primers useth®igeneral analysis bacterial
community structureas shown in Figure 4and 4.!).

Figure 4.4 Presentaion olPCR productsobtained with primers used for the gene
analysis of bacterial community struct on a 1.5 % agarose ge— denotes negativ
control.
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Figure 4.5 Presentation of PCR products obtained with primersdufor the genere

analysis of beacterial community structure on a %5agarose gel- denotes negativ
control.

Figure 4.6present the average LHRCR profiles obtained from the soil samples.
aerobic samples form a rather similar picture (@n®5 ppm and 50 ppm soils), wher
the anaerobic samples fced a less divergaicture of the bacterial community. Especi¢
one peak (gproximately 520 b« became much more common in the anaerobic sa

and the peaks with shorter fragment leis become nearly abse.
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Figure 4.6 Averaged LH-PCR profiles of bacterial coumities on the different soils
(control, 25 ppm, 50 ppm, anaerobic 25 ppm and estde 50 ppm). Figure from Anu
Mikkonen, University of Helsinki, Finland.

Table 4.3 shows the similarities of the bacter@hmunities in the average profiles. The
control soil samples were closest to the aerobip@s and 50 ppm soils (similarity 91.0
and 82.2, respectively), whereas the anaerobicd @and 50 ppm soils differed much
more from the control (similarity 56.9 and 58.%pectively). The aerobic 25 ppm and 50
ppm were fairly similar (96.2), as well as the lesiel communities from anaerobic 25
ppm and 50 ppm soils (similarity 95.8).
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Table 4.3 Similarities (% of Pearson correlatiori)oacterial communities in the average

profiles.
50 ppm 25 ppm Control ?g?)%rr?]bic ?gieprr?]bic
50 ppm 100
25 ppm 96.2 100
Control 82.2 91.0 100
Anaerobic 25 ppm 68.6 63.0 56.9 100
Aerobic 50 ppm 70.6 66.7 58.9 95.8 100

Figure 4.7 further shows the clustering of the ager LH-PCR profiles. Ward

dendrograms on the left hand side of the figurenshiinat control soils grouped on their

own, aerobic 25 ppm and 50 ppm soils as one grodpaaaerobic 25 ppm and 50 ppm

soils represent another group of soil microorgasism
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Figure 4.7 Similarity and clustering of average IBCR profiles.The fingerprint area
included in the analysis was 460-565 bases and esingt was based on Pearson
correlation, similarities illustrated in Ward denalgram.
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PCR amplification of PCB degrading genes
The PCR amplification of aerobbphAwas successful whereas the other genes wer

successfull amplifiec. However,bphAwas nly detected inthe aerobically stored sc
and not from the anaerobsoils. Figure 4.: below presents that lesser quantities of
bphAgene wer detected in the contr@boils than in the polluted soils. The amplificati
was the strongest with the highest pollution leivel,50 ppmNo other genes testin this

study were detected by gel electrophor.

pGEM " pGEM  pGEM
~ 1 ! .

- -
- e

A
N e
=5

Control 50 ppm 25 ppm

Figure 4.8 Amplification oilPCR products frol the bphA genspecific primers on 1.5 ¢
agarose gel. pPGEM denotes IDNA Markers that functioned as molecular size stirds.

4.2 Experiment 1 - Biostimulation effect on PCB
degradation and soil biological properties

In general, o detected degration of total PCBs was obsen with biostimulatior in
experiment 1which consisted of different fertiliser treatmem@ind a treatent with plant
detritus and roo. A change in cogener distributiorwas however detected at the enc

the biostimulation experimerFigures 4.9 and 4.).

Figure 4.9presents the 25 pm soils and the relative abundahaene different PCE
congenersPCB 28, 52, 101, 118, 138, 153, 170, 180 and 187.rdlaéive abundance 1
the less chlorinated congeners is higher in theerafiéc samples than in the aero
samples. One treatment, i.e. treatment with plafitds and roots, changed the conge
distribution the most. It resulted in a decrease ia kigher chlorinated PCB 180 a
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increase in the less chlorinated congeners. Changere, however, statistically
insignificant.

W PCB28 wPCB52 «wPCB101 wPCB118 wPCB138 wPCB153 wPCB170 = PCB180 - PCB187

A60% PR
A300kg/ha
A 200 kg/ha

A 100kg N/ha

A control
Asterile
B25 ppm
Aroclor 1260
An60% PR
An300kg/ha
An200kg/ha
An100kg...
An control
Ansterile
B25 ppm

Aroclor 1260

0% 20% 40% 60% 80% 100%

Figure 4.9 PCB congener distribution of the 25 ppilssafter experiment 1. A denotes
aerobic treatment, An anaerobic treatment and Besent values before the treatments.

Figure 4.10 revealed a similar pattern for the Bpdnpsoils after experiment 1, but no
significant difference were observed either. Agdimge plant detritus and roots treatment

yielded higher relative abundance of less chloedacongeners and less relative
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abundance of especially PCB 180. Aerobic treatmeiit @00 kg N ha showed an

increase in abundance of PCB 153 and decrease in RCB 17

W PCB28 WPCB52 = PCB101 & PCB118 “PCB138 = PCB153 4 PCB170 = PCB180 PCB187

| | | |
A60% PR

A300kg/ha
A200kg/ha
A 100 kg N/ha
A control
Asterile

B50 ppm
Aroclor 1260
An60% PR
An 300 kg/ha
An200kg/ha
An100kg N/ha
An control
Ansterile
B50 ppm

Aroclor 1260

0% 20% 40% 60% 80% 100%

Figure 4.10 PCB congener distribution for the 50 pgoils after experiment 1. A indicates
aerobic treatment, An indicates anaerobic treatnsamd B values before treatments.

In general there were no correlations between,ndehydrogenase activity and PCB
concentration in the studied soils during experitmenWhen all 25 ppm soils and mic
were analysed separately there was a significasitiyp® correlation{ = 0.85, p < 0.001)
between PCB concentration and gni€igure 4.11 represents the giior all the treatments

and both 25 ppm and 50 ppm soils, before and tfeepreliminary laboratory experiment.
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The highest values for migvere generally measured for plant detritus andsrobreatments
(10900 mg kg, 1180 mg kg and 97.3 mg Kg for anaerobic 25 ppm, aerobic 25 ppm and
aerobic 50 ppm soils, respectively). In generalidst values were measured for anaerobic

treatments in 50 ppm soils.

100000,00 An = Anaerobic

A = Aerobic
1=Sterile control u Before = After

10000,00 - 2 =Active control
3=100 kg N ha*
4=200 kg N hat

1000,00 - 5=300 kg N ha*

6 = Plant detritus and roots

100,00 -

10,00 -

mic (mg/kg)

1,00 4

0,10 -

25ppmAnl
25 ppmAn2
25ppmAn3
25ppmAn4
25 ppmAn5
25 ppmAn6
25 ppmA1l
25 ppmA2
25 ppmA3
25 ppmA4
25 ppmA5
25ppm A6
50 ppmAn1l
50 ppmAn2
50 ppmAn3
50 ppmAn4
50 ppmAnN5
50 ppmAn6
50 ppmAl
50 ppmA2
50 ppmA3
50 ppmA4
50 ppmA5
50 ppmA6

Treatment

Figure 4.11 Presentation of mibefore and after experiment 1. Columns present mean
values of three replicates for before and one memasat from a sample bulked from three
samples after the treatments.

Figure 4.12 illustrates the changes in the soilydedgenase activity during experiment 1.
The soil dehydrogenase activity increased in thpmtg of the treatments for the 25 ppm
soils, but not for the 50 ppm soils. Clearly the mosrease was observed in the treatments
with plant detritus and roots in all soils. Treatrhaith 100 kg N ha also resulted in an
increase in the soil dehydrogenase activity irsalls. A clear decrease in dehydrogenase
activity was observed in 25 ppm soils with aeroB@® kg N hd treatment, and in the
same aerobic treatment for 50 ppm soils. In additibe anaerobic treatment with 200 kg

N ha' decreased the dehydrogenase activity.
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A = Aerobic
7,00 - 1= Sterile control i Before W After
2 =Active control
6,00 - 3=100kgNha?
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25 ppmAnS
25 ppmAn6
50 ppmAnl
50 ppmAn2
50 ppmAN3
50 ppmAn4
50 ppmANS
50 ppmAn6

Treatment

Figure 4.12 Presentation of dehydrogenase actilagfore and after experiment 1.
Columns represent mean values of three replicatelsdfore and one measurement from a
sample bulked from three samples after the treatsnen

4.2.1 Soil respiration (CO>)

Soil respiration was measured after two and fountim® of the four-month experiment, as
shown in Table 4.4. Generally, soil respiration dat differ significantly between the two
measurements, however being greatest after thelirtivo months but decreasing
thereafter. The difference for 25 ppm soils was éx®v significant between measurements
after two months and four months (p < 0.05). Higle®, concentrations were measured

in the plant detritus and root microcosm treatmeiotsall soils in general.
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Table 4.4 Summary of mean soil respiration (zstaddarror) after two and four months
of experiment 1 (n = 5). 25 represents soil withppsn of PCB and 50 represent soil with
50 ppm of PCB. An represents anaerobic treatmentfaadrobic treatment.

Treatment

2 months

Hg CO g™ day’

4 months

Hg CO g day’

25An Sterile control 0.19 (x0.01) 0.01 (x0.02)
25An Active control 2.19 (x0.06) 0.06 (x0.05)
25An Fertilizer (100 kg N H§  3.64 (+0.10) 0.53 (+0.39)
25An Fertilizer (200 kg N H§  3.96 (+0.10) 0.18 (+0.21)
25An Fertilizer (300 kg N H§  4.76 (+0.07) 0.08 (+0.08)
25An Plant detritus and roots 11.8 (£1.02) 3.50q92
25A Sterile control 7.01 (x1.21) 0.04 (x0.05)
25A Active control 4.55 (£1.32) 0.11 (x0.09)
25A Fertilizer (100 kg N H3 14.7 (£7.02) 0.81 (0.16)
25A Fertilizer (200 kg N g 1.28 (+0.80) 1.08 (+0.54)
25A Fertilizer (300 kg N H3) 0.05 (+0.05) 1.00 (x0.29)
25A Plant detritus and roots 9.08 (+3.14) 10.6%27.
50An Sterile control 0.16 (0.03) 0.00 (£0.02)
50An Active control 2.61 (x0.10) 0.98 (x0.41)
50An Fertilizer (100 kg N H§  3.06 (+0.06) 0.76 (x0.25)
50An Fertilizer (200 kg N9  3.70 (+0.04) 1.18 (x0.11)
50An Fertilizer (300 kg Ny  3.82 (x0.09) 1.18 (+0.19)
50An Plant detritus and roots 20.7 (35.22) 476343
50A Sterile control 4.09 (£1.58) 0.14 (x0.06)
50A Active control 2.60 (£0.43) 0.17 (+0.06)
50A Fertilizer (100 kg N Hj 5.23 (+4.52) 0.27 (+0.13)
50A Fertilizer (200 kg N Hj 0.89 (+0.60) 1.65 (+1.45)
50A Fertilizer (300 kg N HY  3.77 (+1.50) 0.86 (+0.62)
50A Plant detritus and roots 103 (£13.2) 5.56 (2.7
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4.2.2 Bioavailability of PCBs in soil to earthworms

The earthworms in the control soil appeared tonbgaod condition throughout the study
whereas the earthworms in the polluted soils fanede mortality. Of the 30 earthworms
added in the beginning of the experiment only Saied alive in the less polluted soil
mixture (12.5 ppm) and 9 in the more polluted soikture (25 ppm). In addition, 10

earthworms in the more polluted soil mixture weoeirfd in very poor condition and

almost entirely incorporated into the soil mixtuidle PCB accumulation in earthworms,
in 12.5 ppm PCB soil mixture and 25 ppm PCB soil mitus presented in Table 4.7 and
Figures 4.12, 4.13 and 4.14.

Bioaccumulation factor (BAF, PCB concentration in eadtms (mg ¢ fresh weight)
divided by PCB concentration in the soil mixture (gigdry weight)) for earthworms was
0.89 and 0.82 for earthworms in 12.5 ppm PCB soiltméx and in 25 ppm PCB soil

mixture, respectively.
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& Earthworms in 12.5 ppm soil & Earthworms in 25 ppm soil

3,5 1

2,5 1

PCB concentration (mg/kg fresh weight)
-
(6]

PCB28 PCB52 PCB101 PCB118 PCB138 PCB153 PCB170 PCB180 PCB187

-0,5 -
PCBcongener

Figure 4.13 PCB concentrations in earthworms (Eiseoitida) in mg kg fresh weight
determined by Jensen method. Colums represent ni@atiree and four replicates for
12.5 ppm PCB soil mixture and 25 ppm PCB soil mixttgspectively.

Figures 4.14 and 4.15 represent PCB concentrationnfbividual congeners and total
PCBs, in earthworms from 12.5 ppm soil mixture and @bn soil mixture. The
earthworms accumulated both higher chlorinated lassl chlorinated PCBs and the total
PCBs were significantly higher than even sum of 9viddal congeners. Earthworms
accumulated PCB 153 in greatest quantity in both moikures. The highly chlorinated
PCB 180 and 187 were accumulated in great quanstyvedl as PCB 138 and 101. This
pattern of accumulation represents the distribubltbRPCB congeners in the Aroclor 1260
mixture (Figure 4.16).
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i Earthworms in 12.5 ppm soil W Earthworms in 25 ppm soil
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Figure 4.14 Total PCBs in earthworms (Eisenia foetidaolums represent means for
three and four replicates for earthworms in 12.5 pgoil and earthworms in 25 ppm soil,
respectively.

Furthermore Figure 4.16 shows the relative aburelahindividual PCB congeners in the

earthworm samples, compared to the relative aburedah individual congeners in the

soils mixture and Aroclor 1260. All the nine PCB cengrs studied were accumulated in
the samples, of which PCB 153 in greatest quantity.
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Figure 4.15 Distribution of accumulated PCB congenerearthworms in 10 days.

4.3 Experiment 2 - Biostimulation and
temperature effect on PCB degradation and
soil biological properties

Contrary to experiment 1, experiment 2 was carrigidab two temperatures, i.e 10°C and
30°C, but at one pollution level, i.e. 27 ppm. Foe tmost part of the treatments, no
detectable decrease in total PCBs were observedaBatipn of total PCBs was obtained
in the aerobic pine needles treatment at 10°C, buanh30°C. The pine needles treatment
yielded a 37.7 % reduction in the total PCBs aftew tmonths, final concentration being

16.9 ppm compared to 27.0 ppm at the beginningetkperiment.

Figure 4.17 presents the congener distribution ha tifferent treatments from the
secondary experiment carried out at 10°C. No stist significant changes were

observed after experiment 2.
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W PCB28 WPCB52 « PCB101 & PCB118 “PCB138 ““ PCB153 “ PCB170 = PCB180 = PCB187

A Pine needles
A White clover
A 100 kg/ha
A50kg N/ha

A control
Asterile

B27 ppm
Aroclor 1260
AnPine needles
An White clover
An 100 kg/ha
An50kg N/ha
An control
Ansterile

B27 ppm

Aroclor 1260

0% 20% 40% 60% 80% 100%

Figure 4.16 PCB congener distribution after expemi2 which was carried out at 10°C.
A indicates aerobic treatment, An indicates anagrdbeatment and B values before
treatments.

Congener distribution in the treatments at 30°Cres@nted in Figure 4.18. The relative
abundance of different congeners remained ratinafasiin all treatments throughout the

experiment, and no changes were statistically Bogmit.
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A Pine needles
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A control
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An control
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Figure 4.17 PCB congener distribution after expemtn2 which was carried out at 30°C.
A indicates aerobic treatment, An indicates ana&rdbeatment and B values before
treatments.

Large variation was obtained in micalues between the treatments, and.mias above
detection limits only in one treatment, i.e. and&opine needles treatment, at 10°C
(Figure 4.19). At 30°C, the aerobic and anaerobitemiover treatments had the greatest
mic.. Mic. was also above detection limits in anaerobic 19Wkha' treatment and pine
needles treatment, but not in the any other treattmmécrocosm.
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Figure 4.18 Presentation of midn the soil before and after experiment 2. Columns
represent mean values of three replicates for lgetord one measurment from a sample
bulked from three samples after the treatments. d&ites treatments at 10°C and 30C
denotes treatments at 30°C. If no red column isertesl for a treatment, migvas under
detection limits.

The highest values for dehydrogenase activity weeasured for white clover treatments
and second highest for the pine needles treatmEigure 4.20). In general, the
dehydrogenase activity was lower after the treatsjeaxcept for white clover and pine
needles treatments. The white clover treatmentédede the highest dehydrogenase
activities. All treatments with nitrogen additiob0(and 100 kg N K3 resulted in decrease

of dehydrogenase activity.

77



25,00 - An = Anaerobic
i Before i After A= Aerobic
1 =Sterile control
2 = Active control
20,00 A "
= 3=50kgN ha
% 4=100 kg N hat
2 5=White clover
= 15,00 6 =Pine needles
E
Q
©
Q
3
e 10,00 -
[
Qo
o
2
kel
58
K
3 5,00 -
0,00 -
T2 o2 ofeoe oo oT?oeoYoYTTroieoeooYoRoToeog
< < <€ < < < v UV YV YV VU < < < < < L VULV YU YU YUY
O U YU YU YU U © & © © © & YU VU YU VU u u © © © © o o
o o o o o o — — — — - — o o o o o o o o o o o o
— — - - - - o o ™M m m om
Treatments

Figure 4.19 Demonstration of dehydrogenase actibigfore and after experiment 2.
Columns represent mean values of three replicatebdfore and one measurment from a
sample bulked from three samples after the trealsnd®C denotes treatments at 10°C
and 30C denotes treatments at 30°C
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5 Discussion and Conclusions

5.1 Effect of soil PCB concentration on soil
biogeochemical properties

The positive relationship between soil PCB conceoimaand soil pH may be a reflection
on the lower G in the polluted soils compared to the unpollutedss(Brady and Well,
2004). The existence of soil organic matter, aqeeislly humus, has been linked to lower
soil pH (Killham, 1994), and this study agrees witese findings. The variation in soil pH
in all soils was well within the reported range foelandic Andosols (e.g. Guicharnaud,
2009), and for Brown Andosols in particular (e.g.n@lds, 2004; Sigurgeirsscet al,
2005). The moisture content was lower when PCB cdrastm was higher, which could
indicate differences in the sampling points and dkierall wetness of the sampling area.
The lower Gy and Ny values in the polluted soils compared to unpotigeils could also
explain the low moisture content, (Brady and Wel04£2). The negative relationship
between PCB concentration and WHC could be explaiiyepobution forming oily and
sticky (Erickson, 1997) coating on the surface oil particles and therefore the soil
becomes more hydrophobic and WHC decreases (Aistdbae, 2006). The low ¢, in
which carbon for the most part comes from the PCBsy, be another reason for low WHC
(Rey et al, 2005). Gy, Niot and dehydrogenase activity decreased with higb#utn
level, signalling less healthy soils, i.e. the saivould not be able to sustain plant
productivity with higher degree of pollution (Doramd Zeiss, 2000). Kizilkayat al
(2004) showed positive relationship betweefn &d dehydrogenase activity, which is in
accordance to the current study. Furthermore thgatne relationships between PCB
concentration and other biogeochemical propertreduding WHC, indicate less fertile
soils when pollution increases, of which Andosais known of (Dahlgreret al, 2004).
CEC was relatively low compared to Icelandic soilg@meral (Sigurgeirssagt al., 2005)
and lower for polluted soils than the control sollkis could be explained by the loweg:C
values in polluted soils, since organic matter e @f the most important controlling
factors of CEC (Brady and Weil, 2004; Dahlgesnal, 2004). Another controlling factor
is the total amount of colloidal material in soil®. allophane, ferrihydrite and organic
matter content in Icelandic soils (Dahlgreh al, 2004; Sigurgeirssomt al, 2005).
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Allophane and ferrihydrite contents representedictlpvalues for Icelandic Brown
Andosols (Sigurgeirssoet al, 2005) although lower than reported for Icelandliicosols
(Guicharnaud and Paton, 2006), which further ingi€dhe low G values as a primary

determinant for low CEC.

The snapshot of the soil microbial community thaswcreated by LH-PCR gave an
interesting insight into the differences in the ralal community in aerobic versus
anaerobic soils as well as unpolluted versus padlwoils. This is in accordance with
Killham (1994), in which the differences in soil erobial communities in extreme
conditions in highlighted. It may also reflect tH#ferent microbial communities being
active in anaerobic biodegradation of PCBs (e.g. iemd Wu, 2000; Vasileya and
Strijakova, 2007) than in aerobic biodegradationey®l and Wu, 2000; Pieper, 2005). In
the current study the microbial community in th@enobic soils was less diverse (Figure
4.5) than in the aerobic soils, and therefore tihesig not be as many potential degradation
candidates as in aerobic soils. It could also mwdicthe response of the microbial
community to the great shift in oxygen levels, whba soils were flooded (Mikkonen,
2008). It has been previously shown that floodirayrmoause the aerobic bacteria to decline
in numbers (Killham, 1994), which was anticipatedew flooding was carried out in the
current study in order to activate the anaerobictdsaa in the soils. Other factors
indicating the great difference between anaerobisws aerobic soils was the absence of
the aerobic PCB degrading germhA after the flooding which had been anticipated
(Wiegel and Wu, 2000). The greater abundance ofaoiganisms in aerobic topsoil
compared to subsoil was also shown by &ral. (2007), however the microbial
communities in these different conditions may hadiferent characteristics and
preferences. Therefore it is not just the numbemaéroorganisms that matter for a
community to be active but also that the correeicgs are present, since the microbial
metabolisms under anaerobic conditions compar@ertobic is of a different type (Wiegel
and Wu, 2000; Oet al, 2007). The differences between different padiatlevels in the
profiles generated by LH-PCR were not as great agdagt the oxygen conditions, but the
communities were still grouped in polluted and hyted soils as illustrated in a Ward
dendrogram (Figure 4.7). Similar results have mesiy been presented concurrently with

different land management practices (e.g. &Wval, 2008).
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5.2 PCB degradation and lack thereof

Limited PCB degradation was achieved in the experimmpresented in this study, and
only biostimulation with pine needles resulted éduction of total PCBs. Reduction with
the successful aerobic treatment at 10°C was 37r7t%0o months, in contrast to previous
findings that Aroclor 1260 would not be susceptitdleaerobic biodegradation (Crawford
and Crawford, 2005). The degradation success with peedles could be explained by the
terpenes in the pine needles acting like a natwlastrate for biphenyl-degrading bacteria,
as described in Hernandetal. (1997) and Parlet al (1999). It should be noted that the
current successful biostimulation was carried out08C compared to room temperature in
the original reference. In the study by Hernandeal. (1997) the same kind of pine
needles stimulation was carried out as in the atrseudy, except on Aroclor 1242, that
resulted in total degradation of the 100 ppm okegiAroclor 1242 after six months. In the
current study the same experimental setup was wgbdulverized white clover as well,
but without any degradation. This may be due to ttudack of terpenes and instead
existence of flavonoids, which are phenolic commsunommonly produced by vascular
plants (Donnellyet al, 1994), in their structure. However, in otherds#s flavonoids have
been identified as potential growth substratedPl6B degrading bacteria (Donne#y al,
1994; Pieper, 2005).

The treatments with plant detritus and roots (eixpent 1) did not result in degradation of
the total PCBs in the samples, but changed the PCBeoenglistribution (Figure 4.9 and
4.10). The experiment was carried out accordinguggestions given by Michael &r al.
(2001), except that it was carried out at the ntoson scale as opposed to the field scale
approach. Michael Jet al. (2001) showed no degradation of highly chlorinaBdB
congeners, but 40 % decrease of less chlorinategecers with the same 60 % addition of
plant detritus and roots as in the current studytef2nces in degradation results may
come from differences in PCB mixtures; the soil migtin Michael Jet al (2001) had 4
chlorines per biphenyl compared to 6 chlorineskpehenyl in this study. The initial PCB
concentration of the soil mixtures also differe@ing 8.9 ppm in the original reference
(Michael Jret al, 2001) as opposed to 25 ppm and 50 ppm in thidysihe time frame
was longer in Michael Jetal. (2001) compared to this study, 370 days and feonths,
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respectively. The biogeochemical characteristichefsoils should also be borne in mind.
In this study the C:N ratio was 58.0 (25 ppm sailsyl 45.1 (50 ppm soils), compared to
39.8 in the study of Michael Bt al (2001). The lack of degradation could therefore
indicate lack of easily available nitrogen for thecroorganisms and a need for more plant
detritus and roots in this study (Michaelelral, 2001; Brady and Weil, 2004). Other
studies have also shown low degradation rates foclér 1260 (Quensen I8t al, 1990),
explained by higher degree of chlorination compai@diroclor 1242, 1248 and 1254
mixtures. Fertilizer treatments did not decreadal tBCBs neither in experiment 1 nor
experiment 2, even though it has been describe@dnas of the most cost-effective
approaches to bioremediation of PCBs (Crawford and fordw2005). The general lack
of degradation opposes studies that have resuitbijh degradation percentages such as
90 % in only two months (Zharikov et al., 2007). dasols are, however, known for
retaining pollutants by colloidal material (Siguirgsonet al, 2005) and high phosphorous
retention due to soil colloids (Shagt al, 1993). This may be a likely reason for lack of
degradation in this study, and fertilizer may hawsen sorbed to the allophane and
ferrinydrite surfaces, which would make the nutiserunavailable for active soll
microorganisms (Shogt al, 1993). One of the differences in experimentalizen this
study compared to many successful laboratory appesa(e.g. Fagervoldt al, 2007,
Pieper and Seeger, 2008) was that the indigenocr®onganisms were biostimulated, but
no bioaugmentation was induced. The addition ofci§igemicroorganisms has been
described as the most successful method to stiendé&gradation (Vasileya and Strijakova,
2007), however, it has mainly worked under labasatoonditions. The complexity of
microbial communitiesn situ has been found surprisingly diverse (Abrahetnal, 2002),
and therefore addition of a single microbial straiay not result in high degradation rates
in the natural environment. The time frame of therent study should also be noted;
experiment 1 was carried out for four months anpeexnent 2 for two months. Longer
time frame, e.g. 50 weeks (Quenseretibl, 1990) or an augmentation of a factor of three

in lenght, could have yielded different resultstivathe current study.

The change in relative abundance of the individz@igeners towards increase in less
chlorinated congeners may indicate dechlorinatibR©@Bs (Borjaet al, 2005). This was

observed in experiment 1 in the anaerobic planitdstand root treatments at both PCB
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concentrations (Figures 4.9 and 4.10), and tosefegegree in experiment 2 in the aerobic
pine needles treatment at 10°C. Degradation of B@Bs was only observed in the pine

needles treatment.

The PCB degradation was not temperature dependegeneral or affected by PCB
concentration in the microcosms. This was demotestran experiment 1, in which two
different PCB concentrations at room temperature Wwerstimulated and in experiment 2
where two temperatures were studied for one PCB otrat®mn. However, the most
successful biostimulation was an aerobic pine re=egleatment at 10°C. PCB degradation
by cold-adapted bacteria has been reported wigedy (Welander, 2005; Lambo and Patel,
2007), and biodegradation in cold environmentsluohag frozen soils (Aislabiet al,
2006), is far from impossible. Factors enhancingdbgradation at 10°C pine needles
treatment were 60 % WHC (Aislab& al, 206), close to neutral soil pH (Wiegel and Wu,
2000; Faveet al, 2003), and possibly also the temperature @val, 1997; Guicharnaud
et al, 2010). This result gives an indication that broediation at average Icelandic
summer field temperatures, with appropriate biogkation, could be feasible. This is
supported by reported findings of the study by Garoaudet al (2010), which showed
that the biological properties of the Icelandic Isoare adopted to work at low
temperatures, and governed by substrate availalitit microorganisms rather than
temperature. However, the main part of the liteeatgives an indication that
bioremediation occurs slower at lower temperatfeeg. Mohnet al, 1997; Master and
Mohn, 1998), and an optimal temperature would lbseclto room temperature (Tiedje
al., 1993;Vasileya ans Strijakova), which is not in agreemitth the results of this study.
Wu et al (1997), however, suggested that room temperatight enhance only certain
PCB degradation processes, which doesn’t mean liteionly favorable temperature for
biodegradation to take place. Furthermore it haanbeported that higher temperature
enhances pollutant degradation at higher extehight pollution levels, but not necessary
at lower pollution levels where nutrients play aresignificant role (Walwortlet al,
2001). Icelandic soils are experiencing numeroesze and thaw cycles throughout the
year (Arnalds, 2004), and therefore the microorgiasi may be more likely to adjust to

low temperatures (Guicharnaatlal, 2010).

83



The difference between degrading freshly spiked P&m$ aged PCBs should also be
noted. In the soils of this study, the PCBs havenbedhe soils possibly from as long as
since the late 1940s, and after late 1990s these'thldeen as much addition since the use
of PCBs was phased out at the NATO base. Kuipeat (2003) studied the difference of
Aroclor 1260 degradation with the help of inocuthmaerobic bacterial culture in freshly
spiked and aged soils, finding that the degradatias far more effective in soils that had
freshly added Aroclor 1260. According to Kuipetsal (2003), the addition of anaerobic
sediment to the soils was essential for dechlaonato be initiated. In this study it was
shown study that flooding the soils made the miaotlommunity less diverse than it was
in the aerobic soils, which could indicate diffearemicroorganisms being active in
anaerobic conditions (Wiegel and Wu, 2000). Palitdamay become nearly recalcitrant
after a considerable time in the soil environmegnfdy example binding and stabilizing to
the positive surfaces of the minerals (JoergensdnCastillo, 2001; Semplet al, 2001),
such as allophane and ferrihydrite in the soilglistll in this experiment. Moreover, the
highly chlorinated Aroclor 1260 present in thesigsss more likely to bind to soil colloids
than less chlorinated PCB mixtures (Pu et al., 2086, therefore inhibit the degradation.
Binding to SOM may also inhibit PCB degradation (Retiél., 2000; Semplet al, 2001),
but is most likely not the inhibiting factor in thcase since there is very little organic

carbon and nitrogen in the soils (Table 4.1).

Even though this study did not show PCB concentradigpendence, there may not have
been enough PCBs for dechlorination to take pladactwcould explain the lack of
degradation. Anan’evet al (2005) and Vasilyeva and Strijakova (2007) havggested
140-700 ppm and 500-1000 ppm, respectively, foroptimal PCB concentration for
successful dechlorination to take place. Optimal R@Bcentration range for aerobic
biodegradation is lower, 10-60 ppm, according tasidga and Strijakova (2007). The
optimal ranges for anaerobic biodegradation aresidenably higher than the pollution
levels in the soils used in the current study, Wiaould explain the lack of degradation.
Tiedjeet al (1993) suggested that with lower pollution levitls PCB might bind into the
SOM and mineral particles. In the case of the curstudy, it is likely that the pollutant

have been adsorbed to the allophane and ferrileyidrithe soils.
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The existence of PCBs in soils has been accompéyigdduction in microbial biomass
(Anan’evaet al, 2005), which was not entirely the case in theent study. The control
soil had less micthan the polluted soils, however, the amounthengolluted soils were
also low compared to Icelandic Andosols (Guichady@009). The low miccould be
explained by the low { and No;, as well as very high carbon to nitrogen ratio (G $ihce
low C:N ration has been shown to favour microbiavgh (Pollet al, 2003). When C:N

is higher than 20, microbes are not able to gdicsemt amount of nitrogen to synthesize
proteins, enzyme activity is also inhibited (Giadaet al, 2005) and organic matter will
be immobilized within the soil microbial biomassc(® and Brinkley, 1997). Soil mihas
been recognized as a parameter that reacts radpidigvironmental changes and enables
reliable results (Insam, 2001). In this study, soit; generally increased in experiment 1
but decreased in experiment 2. In the most suadedsfradation part of this study, the
aerobic pine needles treatment at 10°C,.iwias however under detection limits and that
does not agree with the results of Ananetal (2005). The poor response of giic the
biostimulation could be explained by the overalbdlgm biostimulate only PCB degrading
organisms in the soil. Insam (2001) suggestedflire¢s from the soil or closer look into
composition of microbial communities in soils shebble studied in addition, if activation
of specific functions of the soils were only una&dn. Biostimulation should also enhance
the soil respiration (Walwortlet al, 2001). In this study (experiment 1) the highest
respiration was measured after two months wherreiafiecreased to almost none in many
of the soil microcosms. The reduction in respimatdter four months (experiment 1) may
indicate the need for biostimulation more reguladgd not only at the beginning of the
experiment (Walwortlet al, 2001).

Soil enzymes are considered as a relatively easly tto analyze changes in the soil
environment, since they respond quickly to any egichl disturbance (Gianfredat al,
2005). For PCB polluted soils dehydrogenase is qooitant enzyme to monitor since it is
involved in the aerobic degradation of PCBs (Ohtseibal, 2004), through the biphenyl
pathway, and in general it is involved in the carlmycle in the soils (Gianfredat al,
2005). The increase in dehydrogenase activity wWeas obtained in the experiments is in
agreement with Wilke and Brautingam (1992). High l@pgion of nitrogen (fertilizer

treatments) alone was not favourable for dehydrageractivity. The highest activities
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were obtained from soils that were treated witmptetritus and roots in experiment 1. In
experiment 2 dehydrogenase activity increased tbet im the white clover and pine
needles treatments. The dehydrogenase activityalidncrease in as many treatments as
in experiment 1, which may relate to the experirakel@ngth or unfavorable temperatures
(10°C and 30°C instead of room temperature). If miomee would have been given,
different results could have been obtained. Theomamce of analyzing and monitoring
changes in enzymatic activity instead of just qmg pointed out in this case, since an
increase in micdid not necessarily mean an increase in any enzagtieities (Insam,
2001). In this study a monitoring of only one eneyactivity was chosen, but in the future
it would be advisable to focus on at least two neweymes (e.g. urease and phosphatase)
to find those to monitor that react fastest tod¢hanges in the environment. Insam (2001)
argues that enzymes alone cannot give a relialokairpi of the functionality of the soil
biota, but should be taken together with analyzmfignicrobial pools or fluxes, as was

undertaken in this study.

5.3 Bioavailability of PCBs

Even though a great deal of degradation did notiott other treatments than with pine
needles, the pollutant in the studied soils waa\madable to earthwormg({senia foetida
and therefore there is a risk of the pollutanthie surrounding environmeri. foetidais
widely used earthworm in bioavailability studieslaesults obtained may be considered as
worst case scenarios (Hallgren et al., 2006). amtims process a large quantity of soil on
a daily basis and in addition they may absorb patits through their thin external barrier,
which may increase the bioaccumulation of PCBs irfabe web when higher organisms,
such as birds, consume earthworms (Ville et al95)19 An explanation of the high
bioavailability in this experiment could be the longanic matter content of the soils, since
the pollutant is not bound to SOM (e.g. Wagmanl.e22801). According to Hickman and
Reid (2008) the high bioavailability could be expkd by the normal biological, chemical
and physical actions of the earthworms. Ideallyth@@orms will be able to release some of
the most recalcitrant parts of the pollutants anthie@same time enhance the soil properties
including porosity and aeration of the soil. Itsse that in this study, the earthworms were
able to consume the pollutant and they accumulada highly and less chlorinated PCB
congeners (Figure 4.12). This is in accordance utitier studies done on Aroclor mixtures

(e.g. Tharakan et al., 2006). It should be bornenind that the bioavailability test was
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undertaken at room temperature, which may haveeased the bioaccumulation. The
speciesE. foetida,used in the study originates from southern Meditezan (Walker et

al., 2006), and may not be as active in Icelandid ftonditions.

5.4 Indigenous PCB degrading capacity

Extensive literature exists on aerobic PCB degradatod genes involved in the
degradation process (e.g. Ohts@b@l, 2004; Pieper, 2005; Pieper and Seeger, 2008), bu
the coverage of anaerobic degradation pathwaysgands are not as extensive. In this
study, strong amplification of aerobiophA gene was obtained (Figure 4.6), which
indicates the capability of the soils to aerobicakgrade PCBs. In aerobic oxidative PCB
degradationpphA encodes the first fundamental step of the biphepyer pathway, in
which biphenyl is converted to dihydrodiol and het to chlorobenzoic acid (CBA). In
order to state wheter aerobic PCB degrading bacteigh asPseudomonaand

Bulkholderia,are present in the polluted soils, further rese& cteeded.

Degradation of products from anaerobic dechloromatof PCBs has been reported with
genesfcbA and fcbB (Rodrigueset al, 2001 and 2006), as well akb (Rodrigueset al,
2006). These genes, searched for with same priasers the literature mentioned, were
not present in the soils in the current study, meither werecbrA andChloroflexiphylum.
Chloroflexiphylum andcbrA have been associated with PCB dechlorination, anddibe
important players in the first steps of degradiighly chlorinated PCB mixtures in soils,
such as Aroclor 1260. It is likely that the biorefi@aion approach with bioaugmentation
would be beneficial for these soils, since thegedious degraders needed for the highest
chlorinated PCB congeners are not present. It islésly that the degraders might be in
such a low quantities that they were not detecbedilternatively that more aggressive
biostimulation, e.g. priming with individual congas (Tiedjeet al, 1993), would activate
the PCB degrading microorganisms. It should alsodbednthat significantly less literature
and successful studies are available on anaerdbi® degradation and degraders than
aerobic, and many of the dynamic processes ataiskihown in the scientific community

worldwide.
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5.5 Concluding remarks

This study demonstrated a nearly 40 % aerobic biadiation of PCBs with pine needles
biostimulation at 10°C in two months. In the sorgm experiment 1 (both 25 and 50 ppm
of PCBs soils) indigenous aerobic PCB degrading depied was successfully amplified.
When soils were flooded, the gene could not be diegblas was undertaken successfully
before the flooding. The average profile generdtegd H-PCR also proved the anaerobic
soils to have less diverse microbial community ththe aerobic soils. Earthworms
accumulated both less and higher chlorinated PCExtefély, which indicates potential
for biomagnification of PCBs in the food chain. Ovktlae soils, Brown Andosols, of this
study retained PCB effectively in the soil and onlgraall degree of PCB degradation
occurred. However, since the PCBs were bioavailablearthworms, a possible risk for
the surrounding ecosystems exists (e.g. birds)eaéslty taking into account the high

mortality of the earthworms in the polluted soils.

The success with pine needles treatment is of guigaificance since Aroclor 1260 has
been considered as recalcitrant for aerobic detjoadand for any microbial degradation
previously. Moreover, the treatment working bestl@fC, gives good indications for
remediation being successful at Icelandic field s amtemperatures. Terpenes, which are
present in pine needles, may be seen as beneditnmllation method since they are
natural compounds, easily available in Iceland #rel/ can promote bioavailability of

PCBs. This is also of importance for cold environnrentediation research in general.

Regarding remediation opportunities for Icelandicd@sols, and primarily for the field
area of this study, a summer field scale pine resedtimulation trial is recommended to
optimize the method under field conditions. If pies results are obtained at summer
temperatures, a further field scale applicatiorrmmended.
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5.6 Future Prospects

The results of this study suggest several intergsgsearch opportunities. An almost 40 %
decrease in total PCBs in two months at 10°C aftelicgiion of pine needles gives a
strong indication that a field scale applicatiomildobe carried out successfully. Laboratory
analysis with larger soil mass, in mesocosms, efepably a small-scale field experiment
would give fundamental knowledge on how pine neetieatment would work under less
controlled conditions than microcosms. Terpenesifather plants, including orange peel,
ivy leaves or eucalyptus leaves may work in a simitay for natural biostimulation for
PCB degradation as pine needles (Hernamde#, 1997). Pine needles are, however, the
easiest to find in Iceland. It would be interestitgy study thebphA gene in future
bioremediation projects with pine needles, in orderinvestigate whether stronger
amplification could be obtained from biostimulatisoils than from controls. In the current
study bphAwas amplified from soils without any treatmentsd amplification of genes
was not studied throughout the experimental lengtpositive sign from this research is
that the best results were obtained under aeramditons at 10°C, which indicates that a
field scale approach in Icelandic temperatures ccooké successful. Bioremediation
research in cold environments has mainly been fogusn oil pollution, and more

research on PCB bioremediation is recommended.

Further research on anaerobic bioremediation of PiSBseeded, since the scientific
community has not yet found all the processes agdnisms involved in this process. It
would be interesting to undertake an experimertt wails that have higher pollution levels
than the ones tried in this experiment, to see kdrethe pollution level is a critical
parameter for dechlorination. Sequential anaerabiobic bioremediation trial would also
be interesting, since it has been described assilpe way to fully degrade PCBs (Wiegel
and Wu, 2000; Borjat al, 2005). Promising results were obtained in Thamadt al
(2006), with and without earthworms involved in treenediation process. Research on
sequential degradation of Aroclor 1260 has beenethout (e.g. Mastegt al, 2001), that

could be used as a reference material for futupemxental setups.
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Based on the laboratory results, bioaugmentatiadhese soils may be necessary, in order
to degrade the pollutant to accepted levels. Tlaeeeseveral microorganisms that are
associated with PCB degradation, and one or a canbmof them could be used. It is,
however, important to bear in mind that such anr@ggh has mainly functioned under
laboratory conditions, and hasn’t been much deweslamder field scale conditions. It has
also been reported that bioaugmentation may nok wog same way in the field when
competed out by the indigenous microorganisms, refeiuthe most optimal laboratory
conditions (Hickman and Reid, 2008). More aggressithaulation with biosurfactants,
mixtures of microorganisms, glucose or biphenyldqlet al, 2008; Sobieckat al, 2009)
may also be worth trying, but it should be takeio imccount that the cost of this kind of an
approach would be way higher than the ones triddirothis experiment and the poor

degradability of especially chemical surfactantsusth not be neglected.

Since the PCBs were bioavailable to earthworms, aetediation approach with
earthworm assistance could also be considerechWi@mnins can accumulate the pollutants
that are most recalcitrant, and therefore oftenkvasr a “finishing tool” after remediation.
In some studies earthworms have significantly enbdrihe bioremediation (e.g. Singer et
al., 2001; Hickman and Reid, 2008), however, mordiciehtly together with
bioaugmentation than alone. More in depth studies earthworm assisted PCB
biodegradation and further validation of the biakklity method chosen for this study
are encouraged. High mortality in the current bakability study could partly be
explained by some practical difficulties, and tliere the method should be validated. It
would also be of interest to study whether tempeeathas an effect on the
bioaccumulation of PCBs, which would then give adyedistimate of the bioaccumulation
in the field conditions. It is also of interest toonitor the changes in microbial
communities in the soils, during future bioremediattrials. More in depth identification
of single degraders could also be interestingcbatmunity fingerprinting would be more
cost effective and could give a picture of the veha@ommunity instead of single

organisms.
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More in depth studies on the biological paramedédsioremediation would give a clearer
picture of the PCB degrading microbial communitied aow they react to changes in the
environment. It would also be interesting to manttee changes not only before and after
the treatments, but also throughout the whole exygat with regular intervals. In further
bioremediation trials, it would be interesting t@mitor the microbial community in more
detail and take samples during the whole experin@ietect how the community reacts
on biostimulation, or any approach that has be@sem If more detailed information on
the PCB degraders is sought after, the amplified EXt#hacts could be cloned, sequenced
and compared to databases that include informatmRCB degrading organisms (Insam,
2001).

It would be interesting to study how the differparameters react to pollution in different
Icelandic soil types. This could be studied by slamgpsoil from different soil type

environments but with similar pollution historygerom all the previous military areas in
Iceland. Laboratory studies with freshly spikedlytaints could also give an important
insight into this issue, but more realistic pictwe the real field situation would be

obtained with samples from aged polluted locations.

In general, establishment of guidelines for potius®ils and the management thereof in
Iceland is crucial. As previously stated, it woblel beneficial to develop the guidelines in
accordance to European legislation, taken intowatcthe Icelandic climatic, geologic and
geographical conditions. An inclusive report wa#ten in 1996 by UST, where different
critical values for soil and sediment pollution weatiscussed. Without proper guidelines,
any kind of remediation project has problems wiglgiding on degradation end point goals
or simply knowing what should be done. Furthermayeidelines and management of
polluted areas gives a working frame for peoplerajrey in the field and makes it more
convenient and effective to carry out remediatioocpsses. An important detail to think
about in the legislation is what PCB congeners tutte. If the more chlorinated
congeners are not taken into account (as is treeinabe draft from 1996), a large part of
the Icelandic PCB pollution is not considered. Arodd@60 was the main PCB mixture

used by the US Army, and therefore the Icelandgulegion should reflect that. This
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applies especially to areas that are going to bd as residential areas in the fut

Figure 5.1below illustrates asimplified suggestion for a schematic plan ffuture
remediationplanning ir Iceland.In many case (e.g. UST 1996; Stenu#t al., 2008),
remediatiom actions have been preser as a hierechical processvhereas Figure 5.
illustrates the process as a continuous circles &piproacthighlightsthe importance ¢
monitoring and cntinuous remediation pees: The remediation processost commonly
starts with idenfication of a polluted site followed bsamping. In order to minimiz
cross contamination and any other sampling eragpropriate sampling guidelines (e
Karstenseret al., 1997) should be used. In the next step the curat®n and toxicity o
the pollutant is measured, and compared to critiedles. Chemical analysis cgive
answergo the pollution levels, hereas biosensors, including for exar earthworm, can
be used to measure the toxicof the pollutant. In th study, an earthworm test accord
to Hallgrenet al. (2006) was usedub many others are availa (e.g. U.S. Bvironmental
Protection Ayency, 1996; Schaefer, 2003).

I,

r

Figure 5.1A simplified illustration oa suggestion for futurremediation site ple.
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Before any decision is made about remediation agtianstep with investigation of the
catabolic activity (Stenuiet al, 2008) of the soils in question is encouraged assult of
this study. In this phase either specific geneslired in the pollutant degradation process
or microorganisms can be investigated from thessdihereafter a remediation option can
be chosen, based on the catabolic potential ofstiils to degrade the pollutant. A
bioremediation hierarchy consists of three optioragural attenuation, biostimulation and
bioaugmentation (e.g. Nogalet al, 1999; Crawford and Crawford, 2005). The first
option is the most cost-efficient and easy to cauy, but also the most time consuming.
Several different biostimulation and bioaugmentatiptions have been described in detail
in this study under section 2 State of the Artshiould be borne in mind, that this
suggestion does not include other remediation optisuch as chemical and physical
approaches. Those options should be considered Wwioeemediation is not a realistic
option, i.e. when the catabolic potential of thédssis non-existing, or if the timeframe is
out of the scope of bioremediation. One of the mirgiortant steps in the remediation
process is monitoring, i.e. to follow up on thegass and also to confirm that the land is
safe for the use it has been chosen for. Monitonmay be carried out at different scales
and through different approaches. Microbial commystructure and dynamics of the
soils can be studied through fingerprinting techiei} microbial community functions by
studying e.g. the functional genes involved indkegradation and finally chemical analysis
can report changes in the pollutant concentrat{&benuitet al, 2008). If critical values
have been exceeded, the process may begin fromlisgnggain. It is crucial that
monitoring is not carried out as a one-time chegkhut on a regular basis. However, a
detailed risk assessment is not taken into acdoutis simplified illustration, and should
be a part of remediation planning. An extensivdesta the art study on remediation
planning and critical values for pollutants in soih the EU is recommended before an

Icelandic regulation is finalised and published.
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Appendix A

The areal photographs below represents the prelimyistudies conducted on the P
pollution levels at the old NATO base in Keflavklfnenna, 2008
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