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Zusammenfassung

Grundwasser dient als wichtige Trinkwasserquelle, ist allerdings sehr anfallig far
anthropogene Verunreinigung. Eine Einleitung von organischen Schadstoffen, wie
aromatische Kohlenwasserstoffe, in porése Grundwasserleiter fuhrt zur Entstehung von
Schadstofffahnen. Ziel vorliegender Arbeit war die Untersuchung der zeitlichen und
raumlichen Dynamik von physikalisch-chemischen Gradienten und mirkobiellen
Abbauprozessen an einem ehemaligen Gaswerk-Standort in Disseldorf-Flingern, der
hauptsachlich mit BTEX (Benzol, Toluol, Ethylbenzol, Xylole) und Naphthalin verunreinigt
ist. Desweiteren wurden Zonen mit aktivem Schadstoffaubbau lokalisiert, potenzielle
abbaulimitierende Faktoren und die Auswirkungen der hydraulischen Schwankungen im
Grundwasser auf den natirlichen Schadstoffabbau ermittelt. Ein weiterer Punkt war der
Vergleich von Daten, die aus dem Grundwasser gewonnen wurden mit Daten aus dem
Sediment. Im letzten Abschnitt der Arbeit wurde eine Methode fir eine relativ schnelle
direkte Quantifizierung der Zellzahl von Sedimentprokaryoten erfolgreich entwickelt.

Sowohl von Grundwasser- als auch von Sedimentproben wurden mehrere Parameter
in einer vertikalen hohen Auflésung analysiert, um die vorherrschenden Redoxprozesse
zu lokalisieren und zu charakterisieren. Ein Vergleich der wichtigsten geochemischen
Daten des Grundwassers und des Sediments von 2006 zeigte eine ziemlich gute
Ubereinstimmung zwischen beiden Probearten. Dennoch wurde nur in den Wasserproben
eine BTEX-Fahne direkt unterhalb des Grundwasserspiegels vorgefunden, wahrend ein
Grol3teil der polyzyklische aromatische Kohlenwasserstoffe (PAK) im Sediment in tiefer
liegenden Zonen zu finden sind. Hinweise fur Sulfatreduktion, worliber BTEX abgebaut
wird, war in den Wasserproben sichtbar, wohingegen Redoxprozesse mit unldslichen
Elektronenakzeptoren, wie Eisenreduktion, hauptsachlich im Sediment gefunden wurden.
Die Bodenproben haben eine gréfRere Bedeutung als ,Langzeit-Gedachtnis* wahrend aus
dem Grundwasser eher ,Momentaufnahmen“ gewonnen werden kdnnen.

Ein Ziel der durchgefiihrten Probennahmen war, die zeitlichen und raumlichen
Dynamiken von physikalisch-chemischen Gradienten und mikrobiellen Abbauprozessen in
Grundwassersystemen, die allgemein als relativ stabil gelten, aufzudecken. Es ist wichtig,
die Auswirkungen der schwankenden hydraulischen Verhéltnisse auf Diverstitat,
Haufigkeit und Aktivitat der mikrobiellen Gemeinschaft, zu kennen. Ein weiteres Ziel der
vorliegenden Arbeit war das Wissen der aufeinander einwirkenden abiotischen und
biotischen Faktoren zu erweitern, die Einfluss auf die Kapazitat des biologischen Abbaus

haben. Wir méchten wissen wer was, wo und unter welchen Bedingungen abbaut.



Beim Vergleich der Datensétze aller Probenahmen zwischen 2005 und 2009 konnten
eindeutige Dynamiken der vertikalen Ausdehnung der Schadstofffahne beobachtet
werden, auch wenn nur geringe Schwankungen des Grundwasserspiegels stattfanden.
Einerseits wird das Potenzial der Selbstreinigungsprozesse (auch als natirliche
Attenuation bezeichnet, NA) durch eine erhthte Mischung gesteigert, andererseits kann
die NA auch vermindert werden, wenn unginstige Bedingungen zu den etablierten
sessilen Abbauern gebracht werden.

2008 erreichte die Toluolkonzentration maximale Werte seit der Installation der
hochauflésenden Multi-Level-Grundwassermessstelle (HR-MLW), wohingegen 2009 die
Konzentrationen unerwartet gering ausfielen. Die hohe Toluolkonzentration kann
einerseits durch eine mdgliche zusatzliche Quelle erklart werden, die aufgrund eines
geringen Anstiegs des Wasserspiegels ausgewaschen wurde, oder durch einen
Zusammenbruch des Toluol-Abbaus. Die stoffabhangige Analyse stabiler Isotope (CSIA)
und auch Analysen der mikrobiellen Gemeinschaft deuten auf einen Kollaps des
Toluolabbaus in 2008 mit Regeneration in 2009 hin. Au3erdem konnten zum ersten Mal
Schwankungen in der vertikalen BTEX-Verteilung mit dazu gehérendem Auftreten von
Sulfid, einem Abbau-Produkt, nach nur zwei Wochen gemessen werden. Dies zeigt, dass
es den Mikroorganismen madglich ist ihre Abbauaktivitat relativ schnell zu adaptieren.

Mit der vorliegenden Arbeit konnte unser Wissen uber die Komplexitéat der Prozesse
erweitert werden, die den biologischen Abbau organischer Schadstoffe beeinflussen.
Insbesondere hydraulische Eigenschaften poréser Grundwasserleiter fihren zu deutlichen
und unerwarteten Dynamiken des NA-Potentials im als Allgemein als stabil betrachteten
Grundwassersystem. Es ist wichtig mehr Uber den zeitlichen Ablauf wesentlicher
Storungen der NA zu wissen. Dies ermdglicht eine effizientere Umsetzung von
Sanierungskonzepten, prézisere Vorhersagen uber die Schadstoffverteilung und die Zeit,
die ein Grundwasser-Okosystem eines kontaminierten Standortes bendétigt, um sich
wieder zu erholen.

Das letzte Kapitel der vorliegenden Arbeit beschéftigt sich mit den Schwierigkeiten der
direkten Quantifizierung von sediment-assozierten Zellen. Dies ist wichtig, da der Grol3teil
der Bakterien sich an der Oberflache der Sedimentpartikel befindet. Um diese zu
guantifizieren, wurde ein relativ schnelles und zuverlassiges Verfahren entwickelt, das am
Sediment vom Standort Dusseldorf erfolgreich angewendet wurde. Des Weiteren wurde
der Einfluss untersucht, den die Lagerung der Proben auf die Zellzahl, ATP-Menge und
Anzahl der 16S rDNA-Gene hat. Hierbei konnte gezeigt werden, dass Einfrieren zu einer

signifikanten Reduktion aller drei Parameter fuhrt.



Abstract

Groundwater is a relevant source for drinking water, but is very vulnerable to
anthropogenic pollution. Introduction of organic contaminants such as aromatic
hydrocarbons into a porous aquifer leads to the formation of a contaminant plume. Aim of
present work was the investigation of temporal and spatial dynamics of physical-chemical
gradients and biodegradation processes at a former gasworks site in Disseldorf-Flingern,
contaminated mainly with BTEX (benzene, toluene, ethylbenzene, xylenes) and
naphthalene. Furthermore, zones with active contaminant degradation were localized,
potential limiting factors and the influence of hydraulic dynamics in groundwater on natural
attenuation (NA) was identified. One further aspect was the comparison of data gained
from groundwater samples with sediment samples. In the last part a reliable and relatively
fast method for quantification of sediment prokaryotes was evaluated.

Groundwater as well as sediment samples multiple parameters were conducted in
closely spaced vertical resolution to localize and characterize prevailing redox processes.
Comparison of basic geochemical data of groundwater and sediment taken in 2006
showed a fairly good agreement between both sample types. Nevertheless, a BTEX
plume could only be detected in groundwater samples directly beneath the groundwater
table, whereas the bulk of polycyclic aromatic hydrocarbons (PAHs) was found at the
sediment in deeper zones. Sulfate reduction involved in BTEX degradation was evident
from groundwater samples, while redox processes including insoluble electron acceptors,
such as iron reduction, were mainly detected in sediment. Sediment samples play a more
important role as “long-term memory” whereas sampling of groundwater grants rather
“snapshot” insights.

One aspect of the sampling campaigns was revealing the temporal and spatial
dynamics of physical-chemical gradients and microbial processes in groundwater systems
which are assumed to be relatively stable. It is important to know which effects transient
hydraulic conditions have on the diversity, abundance and activity of the microbial
community. A further aim of this study was the gain of additional knowledge concerning
the interacting abiotic and biotic parameters which influence biodegradation capacity. We
want to know who degrades what, where and under which conditions.

By comparing all data sets between 2005 and 2009, pronounced dynamics in the
vertical plume expansion could be observed, even though only low fluctuations of the
groundwater table took place. On the one hand, transient hydraulic conditions enhance

the NA potential by increased mixing. On the other hand, NA can be decreased by



groundwater fluctuations bringing unfavourable conditions to the established sessile
degrader community.

In 2008, toluene concentrations reached a maximum since the installation of the high-
resolution multi-level well (HR-MLW), whereas in 2009 the contaminant was unexpected
low. The high toluene concentration can be explained by an additional source that was
washed out by a slight elevation of the groundwater table, or by a collapse in toluene
degradation. Compound specific isotope analysis (CSIA) as well as bacterial community
analysis denote a collapse of toluene degradation in 2008 with regeneration in 2009. For
the first time, short-term dynamics in the vertical BTEX distribution with inherent sulfide as
degradation parameter were detectable after only two weeks of sampling interval. This
shows that microorganisms have the possibility to adapt their degradation activity
relatively fast.

With the present study our knowledge of the complexity of processes which are
involved in biodegradation of organic contaminants could be increased. Particularly,
hydraulic conditions within porous aquifers induce pronounced and unexpected dynamics
to the NA potential in the regarded as stable groundwater system. It is important to
enhance our knowledge of the timescale of intrinsic disturbances on NA. This enables a
more efficient realization of remediation strategies, more precise predictions on
contaminant distribution and on the time scale of aquifer ecosystem recovery at
contaminated sites.

The last chapter of this work deals with the difficulties of enumeration of sediment
associated cells. This is important, because the bulk of bacteria is associated to sediment
particles. Hence, for quantification of these bacterial cells a relative fast and reliable
method was developed and successfully applied to sediment samples of the Dusseldorf-
Flingern aquifer. Moreover, the influence of sample storage on cell number, amount of
ATP and number of 16S rDNA genes was investigated and showed significant reduction

of all three parameters upon freezing.
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1. Introduction

1.1. Groundwater —a vulnerable resource

The majority of global water resources
lakes (0,26%)

wetland (0,03%) consists of salt water, only 2.5% are fresh

i 0,006% . o
rivers ( °) water. Out of that almost 70% is stored in ice,

and rivers and lakes are less than 1%.
groundwater .
(30,10%)  Groundwater accounts for about 30% (Bannik
et al. 2008) (Fig. 1.1) and, thus, it is an

essential component of the hydrological cycle

5/ permafrost

(0.869%) (Danielopol et al. 2003). Because of its

ice, snow

natural abundance, while groundwater is the
(68,70%)

“key resource” for drinking water, only a small
Figure 1.1: Global freshwater resources (Bannik part is produced from surface and spring
et al. 2009) water. Other sources, such as desalinated
sea water, are of negligible relevance. In Germany, for instance, more than 70% of the
drinking water originates from groundwater (Bannik et al. 2008). Groundwater is generally
of higher quality compared to surface water due to its purification via filtration through soll
and sediments. In many countries clean and always available drinking water is a luxury,
thus the demand for access to clean water was included to the human rights by the United
Nations in July 2010 (UN 2010). In the future, water consumption will increase
dramatically along with the growing world population, in particular because more and
more water will be used for agriculture and industry. The intensive use and subsequent
dramatic reduction of groundwater reservoirs will have a strong impact on the ecosystem.
When groundwater is consumed faster than it is being replenished, groundwater tables
are steadily falling. As the refill of groundwater reservoirs can take a very long time and
fossil water resources are not renewable in the time span of human life, the renewal
capacity of aquifers is a basic factor. Moreover, contamination as well as overdraft of
water resources causes major problems to human and environmental health.

A serious problem for ecosystem groundwater is posed by anthropological pollution.
Important sources of contaminations are oil and gasoline spills, as well as fertilizers and
pesticides, landfills, urban and industrial wastewater, road salt or hazardous waste sites.
More than 322,000 sites are suspected to be contaminated in Germany alone, 25,000 of
which are remediated, 4,000 are still in remediation and 3,500 are continuously monitored
(LABO 2010).



1. Introduction

The EU-Water Framework Directive (EU 2000) contains essential prerequisites for the
protection of Europe’s water, namely the Groundwater Daughter Directive which came
into action in 2006 (EU 2006). Qualitatively good and “bad” groundwater is distinguished
with the help of threshold values. An aquifer is in a good status when no salt or other
intrusions exists, ecological or chemical quality of connected surface water is not at risk,
dependent land ecosystems are not marred significantly and quality standards as well as
threshold values were not exceeded at any of the monitoring wells at the aquifer (EU
2006). Aquifers of bad status must be improved with the aim to reach a good quality until
2015.

This thesis will focus on the fate of contamination of a sandy aquifer at a former
gasworks site. Major pollutants are mono-aromatic hydrocarbons such as benzene,
toluene, ethylbenzene and the three isomers of xylene (summarized as BTEX) as well as
polyaromatic hydrocarbons (PAH) represented by naphthalene, acenaphthene and
fluorene. Aromatic hydrocarbons are some of the most common organic contaminants in
soil and groundwater and pose an eminent threat to our environment, due to their water
solubility and toxicity (Kong & Johnstone 1994, Nahar et al. 2000, Réling & van Verseveld
2002, Kao et al. 2006).

1.2. Toxicity

Toxicity of hydrocarbons to living organisms is generated by accumulation in as well
as disruption of cell membranes (Isken & de Bont 1998, Engraff et al. 2011) and can have
various effects. BTEX compounds, for instance, exhibit acute toxicity after long-term
exposure to animals and humans (Salantiro et al. 1997, ATSDR 2004, GESTIS 2010),
which may result in damage of the central nervous system, also to the offspring (ATSDR
2004), and genotoxicity to lymphocytes (Chen et al. 2007). Furthermore, BTEX
compounds in soil are toxic to plants (Salantiro et al. 1997, Henner et al. 1999, An 2004)
as well as to bacteria (Salantiro et al. 1997, Dawson et al. 2008). Bacterial cells degrading
these contaminants are more resistant, but nevertheless at higher concentrations these
substances are also toxic for them. For instance, ethylbenzene concentrations >1 mM
showed an inhibiting effect on biodegradation (Bauer 2007) and, more precise, a ICsqy (half
maximal inhibiting concentration) for Pseudomonas sp. for ethylbenzene, toluene and
benzene of 0.8 mM, 2.9 mM and 4.4 mM, respectively, could be determined (Mattison et
al. 2005).

The big group of PAH compounds can vary from nontoxic to extremely toxic and, thus,
the United States Environmental Protection Agency (US EPA) listed 16 “priority PAHS”

10



1. Introduction

that are analyzed routinely for evaluation of contaminations worldwide (EPA 1998, Bojes
& Pope 2007, UBA 2011). These contaminants can be carcinogenic, mutagenic and
teratogenic (birth defect) to humans and animals (Cerniglia 1993, Engraff et al. 2011). At
the site investigated in this study only naphthalene, acenaphthene and fluorene belonging
to the 16 EPA-PAHS could be detected.

In addition, intermediates formed during contaminant degradation can be toxic, too, or
even more toxic than their parent compounds. For instance, vinyl chloride from
degradation of trichloroethylene (Wiedemeier et al. 1999), as well as sulfide, which is
produced during sulfate reduction, are likely to inhibit biodegradation (van Leerdam et al.
2006). In addition to PAHs and metals, these intermediates furthermore increase toxicity
in sediments (Tabak et al. 2003).

1.3. Transport and distribution

After release to the environment, petroleum hydrocarbons, such as BTEX and PAHs,
generally seep through soil and unsaturated sediments into the underground. The heavier
fraction of tar oils generally migrates downwards due to higher density forming so-called
dense non-aqueous phase liquids (DNAPLS). Lighter compounds (Tab. 1.1), however,
such as the mono-aromatic hydrocarbons and some low molecular weight PAHSs, float as
light non-aqueous phase liquids (LNAPLs) on the groundwater surface. Based on its
higher water solubility this light fraction is successively dissolved and transported with the

groundwater generating contaminant plumes.

11
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Table 1.1: Physical-chemical properties of the most abundant contaminants detected at the
Dusseldorf-Flingern site (modified from GESTIS 2010).

Molecular Density at Solubility in

Compound Structure mass 20 °C water at 20 °C

Benzene 78.11 0.88gcm™ 1.77¢gL*

Toluene @CHs 92.14 0.87gcm? 047¢gL™

Ethylbenzene QOHQ—% 106.17 0.87gcm? 0.14gL™?
CHs

o-Xylene @: 106.17 0.88gcm™ 0.18gL™
CHs

HsC CHs
m-Xylene U 106.17 0.86 g cm’® 02gL"
p-Xylene H3CGCH3 106.17 0.86 gcm™ 02gL*

Naphthalene 128.17 1.14gcm® 0.032g L™

Acenaphthene /j 154.21 1.22gcm? 0.004gL™"

A contaminant plume spreading with the groundwater flow establishes a more or less
constant dimension or, ideally, slowly shrinks in size (Wiedemeier et al 1999), so the risk
for human and environmental health is minimized. The size and shape of the plume is
controlled by complex interactions between biogeochemical and hydrogeological
processes including biodegradation, diffusion, dispersion, dilution, sorption, ion exchange,
precipitation, and change in recharge conditions (Christensen et al. 2001, Kneeshaw et al.
2007) (Fig. 1.2). Contaminants in groundwater moving through soil and sediment patrticles
can be partly sorbed onto grain surfaces. Thus, the transport of contaminants can be
decelerated or stopped. Additionally, many petroleum hydrocarbons evaporate readily into

the atmosphere and thereby contaminant concentration in groundwater is reduced.
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Figure 1.2: Transport and distribution of hydrocarbon contamination into the soil and groundwater.

The transport of substances across physical-chemical boundaries by mixing
processes is regarded as the rate-controlling mechanism for many biogeochemical
reactions (Thornton et al. 2001b, Klenk & Grathwohl 2002, Prommer et al. 2006, Maier et
al. 2007). Transverse mixing regulates the transport of contaminants as well as of electron
acceptors in the saturated zone. Diffusion and dispersion are the components of
transverse mixing processes, where molecular diffusion is dominant only at very slow
groundwater flow velocities (Grathwohl & Klenk 2000). As shown in experimental setups
and reactive transport models small transverse dispersion coefficients in the range of
millimeters to centimeters substantially restrict the lateral and vertical spreading of an
organic contaminant plume (Ham et al. 2004, Cirpka et al. 2006, Maier et al. 2007, Bauer
et al. 2008). Even though small-scale sediment heterogeneities or transient hydraulic
conditions have been shown to be of minor relevance regarding the transverse dispersion
coefficient, they potentially cause significant vertical plume meandering (Rahman et al.
2005). Hence, increasing convection is expected to be accompanied by an extension of
the mixing area and, consequently, an increase in the scale of gradients.

The fringe of a contaminant plume constitutes its most important part, biodegradation
is significantly increased in this area (Christensen et al. 2001, Mayer et al. 2001, Spence
et al. 2001, Thornton et al. 2001a, Thornton et al. 2001b, Williams et al. 2001, Kneeshaw

et al. 2007, Vencelides et al. 2007). Generally, metabolic activities in these zones are
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reflected by steep physical-chemical and microbial gradients confirming the “plume fringe
concept”: electron donors (the organic contaminants) and electron acceptors from the
adjacent groundwater (e.g. sulfate) merge via dispersion (Fig. 1.2). An important
additional reason for high activities in this area can be the dilution of contaminants to
levels below the toxic concentration. Because redox conditions are dependent on
solubility, mobility and bioavailability of mainly electron acceptors and contaminants
(Christensen et al. 2001), they are not static in space and time (Skubal et al. 1999, Atteia
& Guillot 2007, Vencelides et al. 2007).

1.4. Natural attenuation

Since pollution has become a worldwide problem, the remediation of contaminated
groundwater is essential to ensure the quality of water resources, reduce human health
risk and protect our environment. Natural attenuation (NA) combines physical, chemical
and biological processes (Thornton et al. 2001a) to reduce mass, toxicity, mobility, volume
and concentration of contaminants in soil and groundwater without human intervention
(Christensen et al. 2001). NA is a cost-efficient, non-invasive treatment, but a time-
intensive strategy to manage contaminated sites (Maier & Grathwohl 2006). Therefore,
the investigation of parameters that affect the potential of NA is required. Biodegradation
is the only process which leads to a mass reduction and thus the most important process
(Cozzarelli et al. 1994) leading to an — ideally complete — removal of organic compounds
in groundwater. Most of petroleum hydrocarbon contaminants are metabolized by
microorganisms and biodegrading microbes can be found almost everywhere.

The OSWER (Office of Solid Waste and Emergency Remediation) directive of the
US EPA suggests three lines of evidence that can be used to prove natural processes are
active in reduction of contaminant concentrations. (1) Historical and monitoring data
indicate a decrease of contaminant concentrations in association with a stable or
retreating plume. (2) Geochemical indicators indirectly prove NA processes. During
biodegradation background concentrations of electron acceptors (e.g. oxygen, nitrate,
Fe(lll) and sulfate) decrease and products such as dissolved iron(ll) or sulfide are
produced. (3) It need to be demonstrated that inherent bacteria degrade contaminants of
concern either in situ with analysis of stable isotope data or in microcosms studies
inoculated with material from the site (EPA 1999, 2010).

The NA approach is affected by some uncertainities such as possible resuspension of
the contaminants as well as transport and distribution over wide areas (Tabak et al. 2003).

Furthermore, NA alone can be insufficient to clean up a contaminated site in a reasonable
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time span. A combination of NA and active remediation may be applied to reduce the
contaminant load more rapidly in such cases. The most common active remediation
strategies are source reduction (EPA 2010) and pump-and-treat technologies. Due to their
high financial costs they are not applied everywhere. It needs to be mentioned that NA
processes may be sensitive to natural or anthropogenic changes of environmental
conditions such as groundwater flow as well as to potential new and additional spills and

release of contaminants into the subsurface.

1.5. Contaminant reduction — microbes as key players

Due to the low water solubility of oxygen as well as slow subsequent supply and
replenishment into the groundwater along with simultaneous fast consumption by biotic
and abiotic oxidation processes at organically contaminated sites, aerobic biodegradation
is mainly limited to the area of the capillary fringe, the groundwater table and down-
gradient of the source. Consequently, anaerobic reactions prevail in the major part of a
contaminated aquifer. Towards the contamination source and the center of the plume, a
sequence of different electron accepting conditions may be found. In general, the
conditions are highly reduced close to the source and inside the plume (Christensen et al.
2001, Atteia & Guillot 2007). Degradation of petroleum hydrocarbons via oxygen reduction
provides the highest energy yield to microbes (Tab. 1.2). Once oxygen is depleted, nitrate
is reduced (Vencelides et al. 2007). Subsequently, in theory, manganese reduction follows
combined with iron reduction, often overlapping with sulfate reduction as the further redox
reaction and methanogenesis which is energetically less favorable (Skubal et al. 2001,
Thornton et al. 2001b, Baez-Cazull et al. 2007, Vencelides et al. 2007). However, this
classical redox zonation is not found at every contaminated aquifer as well as our test site
(e.g. Lerner et al. 2000, Anneser et al 2008). Sulfate reduction seems to be the dominant
anaerobic process in many organically polluted aquifers (Skubal et al. 1999, Wiedemeier
et al. 1999, Thornton et al. 2001b, Kleikemper et al. 2002, Van Stempvoort et al. 2007).
This is also the case at our test site (Anneser et al. 2008). Hence, sulfate reducing
bacteria play a key role in anaerobic degradation (Van Hamme et al. 2003), mainly
because of high sulfate solubility in combination with its natural occurrence in Germany’s

groundwater (Bannik et al. 2008).
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Table 1.2: Terminal electron accepting processes (TEAPs) as exemplified for toluene oxidation
(modified from Heider et al. 1999, Spence et al. 2005) with the overall free energy gained at pH 7 (AG°®).

Microbial Degradation reactions for toluene (C;Hg) AG* [kJ] per
process mol toluene
Aerobig C;Hg +9 0, =>7 CO, + 4 H,0 -3913
degradation
S
'q§ Denitrification C,Hg + 7.2 NO3 + 0.2 H =>7 HCO3 + 0.6 H,0 + 3.6 N, -3554
S
Q + - +
S Mn(l\_/) C/Hg +18 MNO, + 29 H =>7 HCO; + 18 Mn?* + 15 H,O -3502
reduction
g
2 Fe(lll) C;Hg + 94 Fe(OH); => 7 FeCO; + 29 Fe;0, + 145 H,0 -3398
o reduction e 3 3 34 2
2 Sulfate
Q uttat C.Hg + 4.5 SO,7 + 3 H,O => 7 HCO3 + 2.5 H,S + 2 HS' -205
reduction
v
Methano- CHg + 7.5 H,0 => 2.5 HCO; + 2.5 H' + 4.5 CH, 131
genesis

Bacteria in aquifers have been shown to be the key players of groundwater quality, as
they are mainly responsible for the degradation of organic pollutants (Chapelle 2001,
Christensen et al. 2001). They provide the skills to transfer a wide range of contaminants
(e.g. tar oil compounds and pesticides) under a great variety of environmental conditions
(Heider et al. 1999, Widdel & Rabus 2001, Chakraborty & Coates 2004). In aerobic
environments, virtually almost all organic compounds can be degraded by diverse
metabolic pathways (Atlas 1981, Chapelle 2001). However, under anaerobic conditions
numerous compounds, mainly the higher molecular compounds, are recalcitrant and often
show a high persistence in nature (Philp et al. 2005). In case of the BTEX, all compounds
can be degraded anaerobically with sulfate (Lovley et al. 1995, Lovley 1997, Kniemeyer et
al. 2003, Morasch et al. 2004, Winderl et al. 2007). The absence or depletion of electron
acceptors in groundwater plays an important role in BTEX-concentrations and the
abundance of other organic compounds. Mass transfer of e.g. electron-acceptors or
nutrients can limit the biodegradation capacity of microorganisms (Thornton et al. 2001b).
Hydrocarbons which are dissolved in water, volatilized in the unsaturated zone or sorbed
on soil particles are the most available to biodegradation by microorganisms.
Bioavailability of all involved components (contaminant, electron-acceptor, nutrients) is
crucial (Bosma et al. 1997, Tabak et al. 2003). Only molecules in their direct adjacencies
can be utilized by microorganisms.

Microbial communities involved in contaminant degradation in the field and factors
which control and limit their activities are still poorly understood. This is further hampered

by the poor accessibility of the subsurface and the fact that merely ~1% of the inherent
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microbial community can be cultured in the laboratory (Amann et al. 1995, Watanabe
2001, O'Donnell et al. 2007). Fortunately, molecular techniques can circumvent this
limitation, making the characterization of involved microorganisms without cultivation
possible (Watanabe 2001). With these predominantly DNA-based assays it is possible to
gain information on the abundance, diversity and activity of microbes in environmental
samples (Amann et al. 1997, Lovley 2003). Combined with highly sensitive analytical
techniques, a detailed description of the distribution of contaminants and redox-species is
possible, as well as an assessment of complex interactions of biotic and abiotic processes
taking place in contaminated groundwater and sediments. Furthermore, the localization of
specific degraders within different redox zones of a contaminant plume allows the
identification of degradation processes. It is important to consider that the bulk of bacteria
is attached to the sediment and only a small amount is occurring suspended in the
groundwater. However, subsurface sediment is difficult to be sampled. This is also true for

the further analyses of sediment samples.

1.6. Evidence of biodegradation

Measurement of in situ-biodegradation is not a simple task. One frequently used tool is
compound specific isotope analysis (CSIA) tackling contaminants (**C), electron
acceptors (e.g. N in nitrate, **S and *®0 in sulfate) and reaction products (e.g. *S in
sulfide) (Bolliger et al. 2001, Kleikemper et al. 2002, Richnow et al. 2003, Atekwana et al.
2005, Spence et al. 2005). Changes in stable isotope ratios in the residual fraction of the
investigated compounds are almost exclusively a result of biological decomposition.
Abiotic reactions are rarely responsible for these pronounced isotope effects (Ahad et al.
2000). However, isotope fractionation can be masked by the compound bioavailability and
the bulk substrate concentration (Thullner et al. 2008). Furthermore, in case of some
isotopes (e.g. “*C/*?C) biodegradation must exceed to a high degree for detection of a
distinct and pronounced stable isotope shift in the residual fraction of contaminant (Ahad
et al. 2000, Meckenstock et al. 2004). The principle behind the observed isotope effects
can be explained as follows: Elements can exist in more than one stable isotope, where
the lighter one is naturally the more abundant. Enzymes discriminate between the heavy
and light isotopes in bonds that are cleaved by processing molecules containing the
lighter isotope at the specific cleavage site faster. This is because the required activation
energy for the reaction is slightly lower. Therefore the lighter isotope becomes
concentrated in the reaction products, while the heavier isotope accumulates in the

remaining reactants. For example, strong sulfur isotope fractionation with enrichment of
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*S in sulfate is observed along with bacterial sulfate reduction (Bolliger et al. 2001,
Kleikemper et al. 2004, Brunner et al. 2005, Van Stempvoort et al. 2007). Besides the
sulfur isotopes, oxygen isotopes in sulfate may also provide a useful marker for different
sources of sulfate (Spence et al. 2001). Likewise, enrichment of **C in toluene indicates
biotic degradation of toluene.

The key enzyme for toluene as well as for xylene degradation is the benzylsuccinate
synthase (bss), which catalyzes the fumarate addition reaction. The detection of the bss
gene on DNA basis represents a qualitative hint for toluene degradation. However, it is not
a tool for the quantification of biodegradation (Winderl et al. 2007). Here, the CSIA
approach can help (e.g. Meckenstock et al. 2004).

Besides measuring specific activity, determining bacterial carbon production (BCP) or
ATP content can give evidence about general microbial activity. BCP can be measured by
means of incorporation of a labeled amino acid, e.g. tritium [*H]-labeled leucine. The more
active cells are, the more radioactive molecules are incorporated into their biomass, which
can be quantified to assess the amount of BCP. ATP, which is a universal cell component
— it is the energy currency — and is contained in living cells at a fairly constant amount, is
depleted rapidly upon cell death. Therefore, ATP can be used as a basis for the
estimation of viable microbial biomass from concentrations determined in water and
sediment (Eydal & Pedersen 2007, Hammes et al. 2010).

1.7. High resolution sampling at a gasworks site

Field investigations during the thesis have been conducted at a former gasworks site
located in the valley of the River Rhine in Disseldorf-Flingern, Germany. The
contamination from tar oil deposits were distributed in the shallow quaternary aquifer. This
homogenous sandy and gravely zone was characterized by a mean Ks-value of 10°m s*
and a velocity of 0.5 - 2 m day™® (Anneser et al. 2008, Werner et al. 2008). The
groundwater in this area is characterized by high sulfate concentrations, which are mainly
caused by construction waste (Schmitt et al. 1998).

Until 1986 gas, tar oil, benzene, coke and fuels were produced at an area of about
170.000 m? (Wisotzky & Eckert 1997), polluting the soil over a period of more than
30 years. Consequently, a contaminant plume formed in the direction of the groundwater
flow reaching a maximum dimension of 600 m in length and 100 m in width. Since 1995
the flowing off groundwater was remediated by “pump-and-treat”. Additionally, the
contaminant source could be reduced by excavation of contaminated soil in the area of

the benzene plant in 1996. Thus, extension of the plume was reduced to a length of
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100 m and a width of 50 m (Werner et al. 2008). Upgradient infiltration of high
concentrations of nitrate in May 2003 as an enhanced natural attenuation (ENA) method
increased the biological degradation potential. However, this treatment was aborted in
December 2004 due to the insufficient reduction of the contaminant concentration
(Richters 2008). The hydraulic remediation, however, reduced the length of the plume
significantly, without impairing the time span of the remediation process (Werner et al.
2008). Therefore seven remediation wells were positioned in two plunger blocks where
the contaminants never reached the second one. The contaminated groundwater after
pumping is purified in a bioreactor, followed by filtration through gravel and activated
charcoal filters. Afterwards, the treated water is introduced upstream of the contamination
source via an infiltration ditch. Two of these pumping wells were deactivated in May 2003,
but the remaining five wells are still working (Richters 2008). At the site a total of 70
groundwater monitoring wells (Werner et al. 2008) are installed and enable a horizontally
and vertically resolved monitoring of the groundwater quality. The main contaminants
present in the sandy aquifer are toluene, naphthalene and acenaphthene (KORA-
Standortkompendium 2005, Anneser et al. 2008, Richters 2008). Naphthalene and
acenaphthene are usually the most dominant contaminants in PAH-plumes, especially
because of their relatively high solubility (Tab. 1.1) and low sorption capacity (Teutsch et
al. 1997, Stupp & Paus 1999).

In order to investigate small scale substrate gradients, the presence of different redox
zones and microbial patterns, a high-resolution multi-level well (HR-MLW) was developed
and installed at the test site during the course of a former BMBF project in June 2005 in a
distance of about 15 m to the contamination source (Anneser et al. 2008) (Fig. 1.3).
Groundwater samples were collected simultaneously from various depths with a vertical
resolution of up to 3 cm at a very low pumping rate of 1.5 mL min™, thus preventing the
mixing of water from different depths. The HR-MLW is unique in its resolution and there
are only a few other installations with similar high resolution of 10 - 30 cm (Schreiber et al.
2004) and 15 - 50 cm intervals (Griffioen 2001, van Breukelen et al. 2004, Vencelides et
al. 2007).
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Figure 1.3: Schematic view of the site in Dlsseldorf-Flingern with an assumption of the extension
of the BTEX-plume and the location of the high-resolution well (®).

The study of Anneser et al. (2008) showed that the contaminant plume at point of
investigation is considerably thin, reaching a vertical expansion of 1 to 1.5 m only. Very
steep and small-scale gradients define the plume fringes. Physical-chemical and stable
isotope analysis point that sulfate reduction to be the most dominant redox process. Hot
spots for biodegradation activity of toluene and xylene could be additionally confirmed with
metabolites occurring mainly at the plume fringes (Jobelius et al. 2011).

1.8. Dynamics in the environment influencing bacterial communities and
biodegradation

Shallow groundwater systems do not show the stability which was often assumed and
proposed. Interestingly, during the observations, conducted by Bettina Anneser (2008) the
measurement of small scale gradients revealed unexpected dynamics in the vertical
dimension of the BTEX-plume showing pronounced changes within months, something
uncoupled from pronounced changes in the groundwater table. For example, a substantial
drop of the water table occurring in autumn 2006 was accompanied by a concomitant shift
of the vertical localization of the BTEX-plume and redox gradients. The changed redox
conditions show the adaption potential of the inherent microbial degrader community. As
the sampling area is comprehensively sealed, the oscillations of the water table could not
be directly correlated to precipitation data. Thus, it is speculative if the migration of the

gradients is correlated to seasonal fluctuations. Rising water tables not only may cause a
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dilution and, consequently, toxicity reduction of the contaminants, may at worst float part
of the contaminant source or new sources which have been in the unsaturated zone
before.

Dynamic environmental conditions are known to influence microbial communities,
whether predictable changes like in seasonally influenced tidal ecosystems or unexpected
events like heavy rainfall on dry soil or disposal of contaminants. Dependent on seasonal
parameters, e.g. temperature and wind induced mixing, of stratified lakes and, hence, the
community composition and bacterial activity can shift within very short periods (Kisand &
Noges 2004, Pearce 2005). Temperature, as a seasonally fluctuating parameter, causes
also bacterial dynamics in the sea (Janelidze et al. 2011). Moreover, in highly dynamic
environments, like estuarine systems, the microbial community is stronger influenced by
spatial gradients (of e.g. salinity) than by seasonal variation (Lozupone & Knight 2007).
Stable environments are associated with a greater diversity than disturbed conditions, like
recharged-influenced environments in a contaminated aquifer (Haak et al. 2004).

Soil bacterial communities are also affected by seasonal variations as the supposable
main factor influencing community pattern, biomass and activity (Blume et al. 2002, Hamel
et al. 2006, Prevost-Boure et al. 2011). In a certain range, bacterial communities are very
dynamic and microorganisms are adapted to different conditions as well as to fluctuating
redox conditions (Hamel et al. 2006, De Angelis et al. 2010). Sudden dramatic events,
however, can have a greater effect to active soil biomass than seasonal variations (Hamel
et al. 2006). Consequences of occurring dynamics in an ecosystem are dependent on the
resilience of this system. Holling described “ecosystem resilience” as the capacity of a
natural system to cope with disturbances and restore its functional state (Holling 1973).
Hence, biodiversity plays a crucial role by providing functional redundancy (Folke et al.
2004) and making it possible for ecosystems to reorganize after disturbances.
Ecosystems with high resilience can tolerate disturbances without a collapse of the
system. Groundwater is less affected by seasonal variations than surface water (Hancock
et al. 2005), however, conditions can change dramatically when the unsaturated zone
gets saturated or an uncontaminated area gets heavily contaminated. To date we do not
know in which time frame these fluctuations do occur and how fast bacteria can cope with

changed conditions.
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1.9. Motivation and outline of the thesis

The present PhD thesis focuses on the spatial and temporal dynamics of selected
redox processes and microbial parameters in a tar oil contaminated aquifer, aiming to gain
deeper insights into limitations of NA. The prediction of time scales in which these
dynamics occur and how microorganisms cope with changing conditions are tackled.
Furthermore, | want to know to what extent it is possible to do general statements about
NA events on basis of only water and sediment samples, and if only one type of sample
can be enough.

Biodegradation of organic pollutants in porous groundwater systems may be limited by
a number of factors such as the depletion of essential nutrients, the availability of electron
acceptors, kinetic limitations, toxicity or simply the low humber of microbial degraders (e.g.
Lerner et al. 2000, Mayer et al. 2001, Bauer et al. 2008). Recent research suggested that
the main limiting factor in sediment systems seems to be an insufficient mixing of electron
donors (the contaminants) and electron acceptors. In the following, | wanted to know, if
transient conditions enhance the NA capacity. Or do transient conditions impair the NA
capacity? On the one hand, NA capacity could be enhanced by improved distribution and
mixing of electron donors and -acceptors due to transient conditions. On the other hand,
these dynamics could impair NA because established degrader communities cannot
relocalize or readily react to changes. Dynamics of redox zones result in different electron
accepting processes (Vencelides et al. 2007) as well as bacterial community changes and
requires an adjustment of single species and groups to the altered conditions. Thus, one
important investigative aspect is how fast microorganisms can respond to short-term and
long-term changes of redox conditions and contaminant concentrations. Lag-phases in
biodegradation due to environmental changes have been observed in many studies
(Skubal et al. 2001, Thornton et al. 2001b, Kneeshaw et al. 2007). Long lag-phases in
microbial activity may also occur because of toxicity of highly concentrated contaminants
(Skubal et al. 1999), a crucial factor at a polluted site.

Sediment heterogeneity and transient conditions were shown to influence the extent of
biodegradation (Bauer et al. 2008, Bauer et al. 2009), but which other factors affect NA
capacity is not known. Additionally, the impacts of spatial and temporal variability are still
far from fully understood (Fredrickson & Fletcher 2001). No general concept of the impact
of fluctuations on the allocation of redox conditions and on biodegradation capacity exists.

Above all, the investigated gradients demonstrate the complexity of biodegradation
processes, which were only accessible using a spatially and temporally adjusted sampling

method. Thereby, it was possible to demonstrate the unexpected dynamics inherent in
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groundwater ecosystems, so far considered to be comparably stable environments.
Availability of empirical data on small-scale spatial and temporal transient conditions was
rare, even though they are found crucial for reliable assessment of NA and prediction
calculations of site-specific reactive transport contamination. An improvement in predicting
the plume movement is important to gain better acceptance of NA as a cost-efficient
alternative to technical remediation strategies.

Moreover, a method for direct cell enumeration of bacteria attached to sediment
particles was improved. The majority of bacteria live at and around sediment particles, not
free-living in the groundwater. Thus, the cells have to be released from the sediment

without destruction, followed by the separation of bacteria from interfering particles.
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2. High resolution analysis of contaminated aquifer
sediments and groundwater — what can be learned in

terms of natural attenuation?

High-resolution depth-resolved monitoring was applied to groundwater and sediments
samples in a tar oil contaminated aquifer. Today, it is not fully clear, whether groundwater-
based lines of evidence are always sufficient to adequately assess natural attenuation
(NA) potentials and processes going on in situ. Our data unveiled small-scale
heterogeneities, steep physical-chemical and microbial gradients, as well as hot spots of
contaminants and biodegradation in the supposedly homogeneous sandy aquifer. The
comparison of basic geochemical data revealed a fairly good agreement between
sediment and groundwater samples. Nevertheless, a comprehensive understanding of
both BTEX and PAH distribution, as well as redox processes involving insoluble electron
acceptors, i.e. iron reduction, clearly asks for consideration of both, sediment and
groundwater analysis. A thin BTEX plume right below the groundwater table was visible
only in groundwater, while significant amounts of PAHs were present in sediments from
deeper zones of the aquifer. Indications for sulfate reduction as a dominant process
involved in BTEX degradation were largely obtained from groundwater, while the role of
iron reduction in degradation and possible sulfide oxidation at the capillary fringe and the
upper BTEX plume fringe, as well as in deeper PAH-contaminated zones was evident
from sediments. Moreover, sediment analysis were essential to meaningfully recover
cellular abundances and distribution, activity and composition of the bacterial community.

Sediments harbored >97.7% of microbial cells and displayed enzyme activities 5 to 6
orders of magnitude higher than groundwater samples. Bacterial community T-RFLP
fingerprints revealed important distinctions, but also similarities in depth-resolved
microbial community distribution in sediments and water. An apparently highly specialized
degrader population was found to dominate the lower BTEX plume fringe. However, even
though sediment data seemed to comprise most community information found also in
groundwater, this relation did not apply vice versa. In summary, our results show that
groundwater sampled at an appropriate scale may contain sufficient information to identify
and localize dominant redox reactions, but clearly fails to unravel natural attenuation

potentials. This clearly emphasizes the importance of both groundwater and sediment
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samples for truly assessing natural attenuation potentials and activities at organically

contaminated aquifers.

2.1. Introduction

Contaminations with complex mixtures of petroleum hydrocarbons are known to
exhibit a long-term persistence in soils and aquifers, and may be detectable even after
thousands of years (Eberhardt & Grathwohl 2002). In many cases, a complete
remediation of contaminations fails, despite application of vigorous physical-technical
remediation (e.g. air sparging, thermal treatment or pump-and-treat techniques) or
biostimulation approaches. The monitoring of natural attenuation (NA) is therefore often
chosen as a cost- and labour-efficient strategy to follow the transport and fate of pollutants
in subsurface environments (Bamforth & Singleton 2005). Consequently, there is a
growing interest to predict the spread and development of contaminant plumes and to
understand intrinsic degradation behavior. NA is controlled by a complex interplay of
physical, chemical and biological reactions, which are in turn affected by sediment-
porewater interactions (McGuire et al. 2000). The distribution and transport of
contaminants in groundwater, the distribution and structure of microbial degrader
populations, as well as actual biodegradation activities are at least partially determined by
sediment and groundwater characteristics.

The monitoring of NA at a given site usually involves the investigation of a limited set
of groundwater parameters (i.e. contaminants, redox species), but rarely also considers
geochemical and microbiological analyses of sediments, or both groundwater and
sediments (Bekins et al. 2001, Lehman et al. 2001b). For aquifer microbial populations,
however, it is known that the major part occurs associated to sediments (e.g. Hazen et al.
1991, Albrechtsen & Winding 1992, Alfreider et al. 1997, Griebler et al. 2002), and
activities are often found higher for attached cells (e.g. Holm et al. 1992, Madsen &
Ghiorse 1993, Albrechtsen & Christensen 1994). Previous studies have also revealed that
considerable discrepancy in microbial community composition and biodegradation
potential can prevail between sediment and groundwater samples of the same location
(Lehman et al. 2001b, Roling et al. 2001, Lehman & O'Connell 2002, Brad et al. 2008). It
is therefore not fully clear, whether monitoring of groundwater is sufficient to adequately
assess in situ NA processes and potentials at a specific site. It is frequently hypothesized
that most degradation processes in aquifers are catalyzed by attached microbial
populations (Kélbel-Boelke et al. 1989, Rdling et al. 2001, Lehman & O'Connell 2002).

However, respective data sets comparing NA process information obtainable in sediment

34



2. High resolution analysis of contaminated aquifer sediments and groundwater — what can be learned in
terms of natural attenuation?

vs. water samples taken at a given site are extremely rare. Due to the considerable efforts
associated with borehole drilling and installation of multi-level monitoring wells, only a
limited number of studies is available where both groundwater and sediment analysis
have been conducted in parallel today. Furthermore, the spatial resolution of sampling
may often not be sufficient to adequately recover small-scale sediment heterogeneities
and the reactive biogeochemical gradient zones at the fringes of contaminant plumes
(Cozzarelli et al. 1999, Kao et al. 2001, Anneser et al. 2008b, Brad et al. 2008, Winderl et
al. 2008). In this study, we present a comprehensive data set comparing the
biogeochemistry and microbiology of groundwater and sediment samples from a tar oil-
contaminated sandy aquifer.

Temporally and spatially closely connected sampling allowed a direct comparison of
both sediment and groundwater characteristics and enabled us to localize and scrutinize
NA potentials. In particular, the distribution of contaminants and redox reaction products in
groundwater and sediments was assessed in relation to the abundance, activity, diversity
and distribution of bacteria present in different zones of the contaminated aquifer.
Important distinctions in the two different data sets were more than evident. While distinct
abiotic features may be sufficiently recovered by groundwater monitoring, this study
especially points out the importance of sediment matrix-based information for assessing
major microbial NA potentials.

2.2. Materials and methods

2.2.1. Site description

The investigated area is a Quaternary sandy aquifer at a former gasworks site in
Dusseldorf-Flingern, Germany. Release of tar oil compounds during operation and break-
down of the plant resulted in the development of a contaminant plume with concentrations
of up to 100 mg L™ of monoaromatic and 10 mg L™ of polycyclic aromatic hydrocarbons
(PAHSs) dissolved in groundwater. In the course of several remediation actions launched
since 1995 the major part of the tar oil phases was removed. Nevertheless, residual
amounts still can be detected in sediments and groundwater, forming a hydrocarbon
plume of about 200 x 40 m in horizontal dimension. For detailed information on site

characteristics see (Eckert 2001, Anneser et al. 2008a, Anneser et al. 2008b).
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2.2.2. Groundwater sampling

In February 2006, groundwater was collected from a specially designed high-
resolution multi-level well (HR-MLW), which extends from 3 m to 12 m below land surface
(bls) and exhibits sampling filter spacings of 2.5 cm, 10 cm and 30 cm. For geochemical
analyses, groundwater was sampled at vertical intervals of 2.5 - 10 cm from 6.38 m
(groundwater table) down to 8.1 m bls in 100 mL pre-washed narrow neck glass bottles
and immediately processed for the analysis of a number of biotic and abiotic parameters,
as described below. Water samples for microbial community analyses were sampled from
only 5 selected depths down to 9 m bls. Here, water was collected in autoclaved 1 L glass
bottles, sealed on site to minimize oxygen exposure, and transported to the lab within 24 h
under cooling (<10°C). In the lab, ~750 mL per depth were filtered over 0.22 ym cellulose
acetate filters (Corning Inc., NY, USA), which were immediately frozen untii DNA
extraction. A detailed description of the HR-MLW as well as information on the sampling
procedure and the materials and instruments used is given in (Anneser et al. 2008a,
Anneser et al. 2008b).

2.2.3. Sediment sampling

One week after sampling groundwater, two boreholes were drilled in a distance of
approximately 0.5 m downgradient and, respectively, 1.5 m adjacent to the HR-MLW by
means of hollow-stem auger drilling. Sediment liners were obtained in one meter
segments down to a depth of 14 m (Liner 1) and 11 m (Liner 2), respectively. Right after
retrieving the sediment liners they were transferred into an aluminum box and subsampled
immediately under argon atmosphere for a selected set of parameters. Sediment sub
cores from selected depths were immediately fixed for individual parameter
measurements (see below), or frozen on dry ice for subsequent DNA extraction and

molecular community analyses (Winderl et al. 2008).

2.2.4. Sample preparation and geochemical analysis

Groundwater collected in 100 mL glass bottles was immediately processed for
measuring specific conductivity, pH and redox potential as well as for the analysis of
dissolved iron and sulfide species, which is described in detail in (Anneser et al. 2008a).
Total reduced inorganic sulfur was extracted from sediment samples fixed in 20% (w/v)
zinc acetate using HCI-Cr(ll) solution (1 M Cr(ll)-HCI in 12 M anoxic HCI), according to the
protocol of (Ulrich et al. 1997). Under maintenance of anoxic conditions, reduced

inorganic sulfur species were converted to hydrogen sulfide during 30 h of intensive
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shaking at room temperature. The liberated H,S was trapped in a 10% zinc acetate
solution and subsequently analyzed analogous to groundwater sulfide measurements
(Anneser et al. 2008a).

Groundwater samples dedicated to the analysis of dissolved mono- and polycyclic
aromatic hydrocarbons were amended with NaOH (0.1 M final concentration) to stop
biological activity. BTEX concentrations were measured via GC-MS by headspace
analysis; the less soluble polycyclic aromatic hydrocarbons (PAH) were determined by
liquid injection analysis. Major anions (SO,*, HPO,*) and cations were analyzed via ion
chromatography (Dionex DC-100, ldstein, Germany). Further details on analytical
procedures are given in (Anneser et al. 2008a).

Sediment total organic matter (TOM) was calculated from the loss in weight of dried
sediment after combustion of the organic content at 450°C for 4 h. Amorphous, ready
available sedimentary iron was extracted in duplicates with 30 mL of 0.5 M HCI from 2 mL
of sediment during 24 h of intensive shaking at room temperature (Heron et al. 1994).
Likewise, crystalline iron phases were obtained by 5 M HCI extraction over a period of
21 days. The extracted Fe(ll) was measured analogous to groundwater samples (Anneser
et al. 2008a). Concentrations of ferric iron species were determined after reduction of total
iron to Fe(ll) using hydroxylamine hydrochloride (HACI; 10% w/w in 1 M HCI) as
reductant. The amount of HACI-reducible Fe(lll) was calculated as the difference of Fe(ll)
determined in the HCI and HACI extracts (Lovley & Phillips 1987, 1988).

PAHs adsorbed to the sediment were extracted with acetone and amended with an
internal standard mixture containing deuterated acenaphthene, chrysene, perylene and
phenanthrene species (Internal Standards Mix 25, Ehrenstorfer, Augsburg, Germany) at a
final concentration of 25 mg L. Aromatic hydrocarbons were determined in a GC-MS
applying the settings as described in (Winderl et al. 2008).

In situ microbial activity was assessed by determining the enzymatic hydrolysis rates
of two fluorogenic substrates, i.e. MUF-P (4-methylumbelliferyl phosphate) and MUF-GIc
(4-methylumbelliferyl B-D-glucoside) (Freeman et al. 1995, Hendel & Marxsen 1997).
Enzyme assays of both groundwater and sediment samples were performed in 4 mL
Supelco glass vials. For each sample, three replicates and one control were prepared.
Groundwater was filled immediately after sampling into the vials avoiding headspace.
Sediment samples were transferred in aliquots of 1 mL into vials, which have been
prefilled with anoxic, low-ionic strength (1:500 dilution) freshwater medium (Widdel & Bak
1992). The substrates MUF-P or MUF-Glc (both Sigma, Taufkirchen, Germany) were
added to a final concentration of 225 UM to groundwater samples and 1 mM to sediment

samples, respectively. After incubation at in situ temperature (16°C = 1°C) for 18 h,
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groundwater samples were stopped by addition of ammonium glycine buffer (pH 10.5) at a
ratio of 1:10. Enzyme activity within sediment samples was terminated after 22 h of
incubation (16°C = 1°C) by adding 100 pL of an alkaline solution (2 M NaOH / 0.4 M
EDTA) to each sample. Controls for background fluorescence were treated analogously,
but inactivated prior to incubation. Fluorescence was determined in a luminescence
spectrometer (Aminco Bowman Series 2, Thermo Scientific) at 455 nm emission and
365 nm excitation.

2.2.5. Stable isotope analysis of sulfate

Stable sulfur (**S/*’S) and oxygen (**0/*®0) isotope ratios of sulfate dissolved in
groundwater were determined from samples collected in 100 mL vessels containing
10 mL of a 20% (w/v) Zn-acetate solution for precipitation of sulfide. Procedures for the
recovery of sulfate and details on isotope measurements are described elsewhere in
detail (Anneser et al. 2008b).

2.2.6. Determination of bacterial cell numbers

From sediment liners stored at -20°C, 0.5 mL sample aliquots were fixed with 2.5%
glutardialdehyde and kept at 4°C until further preparations. After replacement of the
glutardialdehyde by 1.5 mL PBS, cells were released from sediment using a swing mill
(Retsch, MM 200; 3 min, 20 Hz) and separated from abiotic particles via density gradient
centrifugation according to the protocol of (Lindahl & Bakken 1995). The layer containing
the bulk (about 80%) of bacterial cells was collected and cells were stained with SYBR
Green | (Molecular Probes, Invitrogen, Karlsruhe, Germany) at a ratio of 1:10,000. Total
cell counts were guantified in a flow cytometer (LSR Il, Becton Dickinson, Heidelberg,
Germany) equipped with a 488 nm and 633 nm laser, using Trucount beads (Trucount
tubes, Becton Dickinson) as internal standard. Instrument settings were as follows:
forward scatter (FSC) 350 mV, side scatter (SSC) 300 - 370 mV, B530 (bandpass filter
350 nm) 500 - 580 mV. All parameters were collected as logarithmic signals. For
minimization of background noise, the threshold was adjusted to 200 mV each for FSC
and SSC. Calculations of total bacterial cell numbers were performed as described in
(Nebe-von-Caron et al. 2000). Loss of cells due to sediment freezing was accounted for
applying a correction factor determined from fresh and frozen sediments from a later

sampling at the same site.
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2.2.7. Bacterial community fingerprinting

DNA was extracted from 9 different sediment depths of Liner 1 (6, 6.4, 6.65, 6.9, 7.1,
7.6, 7.8, 8.1 and 9.2 m) and available corresponding groundwater filtrates (6.38, 6.46,
6.83, 7.1, 8.1 and 9.0 m). The extraction protocols used for sediments (~1 g wwt) and
filters were as previously described (Winderl et al. 2008, Brielmann et al. 2009), using a
CTAB extraction buffer (Zhou et al. 1996) modified as follows: 100 mM Tris, 100 mM Na-
EDTA, 95 mM Na,HPO, 750 mM NaCl, 1% CTAB, pH 7.80. Extracted DNA was stored
frozen (-20°C) until further analyses. Terminal restriction fragment length polymorphism
(T-RFLP) analysis of bacterial 16S rRNA gene amplicons was done with primers Ba27f-
FAM / 907r and Mspl digestion as previously described (Winderl et al. 2008). Data
evaluation and principal component analyses (PCA) was performed as reported
elsewhere (Lueders & Friedrich 2002, Winderl et al. 2008).

2.3. Results

2.3.1. Distribution of contaminants

The spread of major contaminants (e.g. benzene, toluene, ethylbenzene and xylenes;
BTEX) in groundwater of the investigated aquifer section was restricted to a narrow zone
stretching from right below the groundwater table (ca. 6.4 m bls at time of sampling) to a
depth of approximately 8.1 m bls, describing a vertically thin plume with a maximum BTEX
concentration of 58 mg L™ at 6.7 m depth (Fig. 2.1A).

Toluene constituted the main fraction of monoaromatic hydrocarbons, accounting for
about 75% of total BTEX concentrations. For naphthalene, the major dissolved PAH
component, a similar depth profile was found with a maximum concentration of 16 mg L™
at 6.75 m bls (Fig. 2.1A). Out of the 16 EPA-PAHSs, only acenaphthene and fluorene were
further detected in groundwater, with lowest concentrations in the area of the BTEX plume
and slightly increased values (<1 mg L™) further down (>7 m bls) (data not shown).
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Figure 2.1: Small-scale distribution of (A) contaminants, (B) sulfate and sulfide, and (C) ferrous iron in
groundwater sampled from the HR-MLW; values represent means of duplicate measurements + SD.

Sediment samples contained no detectable amounts of BTEX, but exhibited distinct
peaks for individual PAHs such as naphthalene, acenaphthene and fluorene. In detail,
concentration maxima within Liner 1 were found at 6.65 m and 8.8 m bls (Fig. 2.2A). Both
maxima were mainly contributed by naphthalene, with the upper peak located directly
within the center of the plume, and the lower in an area where no BTEX and only minor
concentrations of PAHs, i.e. acenaphthene and fluorene, could be detected in
groundwater. Interestingly, no other of the 16 EPA-PAHs were found or, if yet, they were
below the detection limits of the respective extraction and analysis protocols (i.e. 20 pg L™
for groundwater and 6.8 ug kg™ wwt for sediments). The distribution patterns of total PAHs
within Liner 2 were found to be quite similar to Liner 1 for the upper layers of the saturated
zone, yet concentrations of individual components partly differed. Additionally, a PAH-
impacted layer that was not present in Liner 1 was detected at 10.2 m bls (Fig. 2.2B), thus
pointing at lateral sediment heterogeneities.
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Figure 2.2: Vertical distribution of (A, B) contaminants, (C) sulfide, and (D) ferrous iron in sediments in
relation to BTEX (grey area) and PAH (shaded area) contamination zones, respectively; values
represent means of duplicate measurements + SD.

2.3.2. Physical-chemical conditions and redox-specific parameters

The redox potential (Ep) in groundwater rapidly declined with depth from -20 mV at the
uppermost sampling point to a value of -235 mV in the plume center (6.81 m; Tab. 2.1). A
trend opposite to E, was observed for pH, starting at a value of 7.07 right below
groundwater table and a maximum of 7.46 at 6.81 m bls (Tab. 2.1). Likewise, specific
conductivity ranging from 1030 to 1215 uS cm™ showed an increasing trend with depth
(Tab. 2.1). Dissolved inorganic phosphate was available all across the investigated aquifer
section, with lowest concentrations of 70 pug L™ at the water table and peak values of up to
2.1 mg L in the plume center (Tab. 2.1). No nitrate (detection limit of 0.1 mg L™) could be
detected in groundwater at time of sampling. Sulfate, the most important dissolved
electron acceptor, was almost absent in the BTEX plume center, yet its availability
increased rapidly with declining contaminant concentrations at the upper and lower plume
fringe (Fig. 2.1B). At a depth of 7.4 m bls, sulfate leveled off to a concentration of about
120 mg L™,
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Table 2.1: Hydrogeochemistry and stable isotope ratios of groundwater sampled from the HR-MLW.

Specific

Depth Redox e HPO,* 3*'s 5'%0

[nﬁ)] pH (mV] cciﬂguccr::_\{]lty (mg L4'1] SD o] SD o] SD
6.39 7.07 -20 1096

6.41 -100 1030 0.07

6.46 7.13 -100 1053 0.54 0.02

6.56 7.27 -150 1052 2.05 0.18

6.67 7.40 -190 1081 1.19 0.17

6.75 7.43 -195 1094 1.07 0.38

6.81 7.46 -235 1038 1.18 424 0.17 152 0.04
7.11 7.42 -230 0.44 0.05 25.0 0.20 126 0.13
7.41 7.39 -197 1215 0.95 0.12

8.08 7.43 -229 1166 0.57 0.06 159 0.02 111 0.11
9.05 125 0.02 10.7 0.05

Stable isotope values of sulfate, i.e. **S/**S and '*0/*°0, determined for selected
depths indicated the occurrence of bacterial sulfate reduction in the contaminated aquifer
(Tab. 2.1). Concomitant with declining concentrations of organics and increasing sulfate
concentrations at the lower plume fringe, distinct peaks of dissolved sulfide were
observed, reaching a maximum of almost 10 mg L™ at 7.11 m bls (Fig. 2.1B). Lower
amounts of sulfide were detected in the plume core and scarcely any dissolved sulfide
was found within the first centimeters beneath the capillary fringe. There, however,
elevated concentrations of dissolved Fe(ll) were measured, followed by a steep decline
until approximately constant concentrations of about 0.3 mg L™ were attained at 6.9 m bls
(Fig. 2.1C).

In contrast, ferrous iron extracted from the sediments (0.5 M HCI) exhibited lowest
concentrations within the BTEX contamination area but exhibited a pronounced increase
with depth, reaching concentrations of up to 3.2 g kg™ wwt beneath 8 m bls (Fig. 2.2D).
With the exception of local peaks at 10.2 m (Liner 1) and 9.2 m (Liner 2) bls, the recovery
of ready extractable Fe(lll) from saturated sediments was considerably lower compared to
that of Fe(ll), i.e. always <1 g kg™ in Liner 1 and, respectively, <2 g kg™ wwt in Liner 2
(data not shown). Only low amounts of crystalline Fe(ll) averaging 1 mg kg™ were
obtained by extraction with 5 M HCI; in contrast, concentrations of Fe(lll) released by this
harsh extraction exhibited clearly higher values of up to 5.5 g kg™ wwt (data not shown).
Total reduced inorganic sulfur extracted from sediment samples of Liner 1 revealed

concentrations in the range of 0.02 - 0.5 g sulfide per kg (wwt), with pronounced peaks at
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7.1 and 12 m depth (Fig. 2.2C). Unfortunately, no sulfide values are available from Liner 2
sediments. Total organic matter (TOM) content in dried sediments of both liners ranged
between 0.2 and 0.6% (dwt), with a mean value of 0.34% in Liner 1 and 0.39% in Liner 2.

2.3.3. Direct cell counts and enzyme activities

In sediments of Liner 1, bacterial cell counts exhibited two distinct peaks of 4.1 x 10’
and 6.8 x 10’ cells g™* wwt at the upper and lower fringe of the BTEX plume, separated by
a local minimum of 8.8 x 10° cells g wwt in the plume center (Fig. 2.3). Background
numbers in the less contaminated zone below 8 m bls averaged at 6.8 x 10° cells g™ wwt.
In contrast, direct cell counts in sediments of Liner 2 exhibited one dominant peak of
4.8 x 10" cells g™ wwt at the upper plume fringe (Fig. 2.3) and only a less distinct increase
of cell number at the lower plume fringe. With depth, cell numbers decreased significantly
down to background concentrations of 6.9 x 10° cells g™ wwt below 8 m bls. Unfortunately,

no bacterial cell numbers are available from groundwater from this sampling event.

Total cell number [x 107 g-' wwi]
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Figure 2.3: Total number of bacteria in sediments from Liner 1 and 2 in relation to BTEX- and PAH-
contaminated zones; values represent means of triplicate measurements + SD.
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Both sediment and groundwater samples exhibited maximum rates of substrate
conversion at the uppermost sampling depths. Up to 1.9 mmol MUF-P were hydrolyzed by
phosphatases per kilogram sediment (wwt) and hour in Liner 2 (Fig. 2.4C). Turnover rates
in Liner 1 reached maximum values of 1.2 mmol kg™ wwt h™ (Fig. 2.4B). At 6.9 m bls, the
activity started to level off at 180 umol kg™ wwt h™* (Liner 2) and 60 umol kg™ wwt h™
(Liner 1) on average. The gradient of MUF-P in groundwater samples was less
pronounced and the activities were significantly lower, showing values of max.
32nmol L* h* directly below the water table (Fig. 2.4A), which corresponds to
10.9 nmol kg™ h™* wwt assuming a sediment porosity of 34%. Consequently, phosphatase
activities in sediments were found up to six orders of magnitude higher than in
groundwater. Sediment 3-glucosidase activities were comparable for both liners according
to the individual depth zones (Fig. 2.4B+C). Hydrolysis rates of MUF-Glc in groundwater
exhibited slightly elevated values at the upper and lower fringe of the BTEX plume
(Fig. 2.4A). Similar to MUF-P turnover, sediment activities outreached groundwater

activities by five orders of magnitude.

MUF-Glc turnover MUF-P/MUF-GIc turnover [umol kg™ wwt h']
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Figure 2.4: Microbial enzyme activities in (A) groundwater and sediments of (B) Liner 1 and (C) Liner 2
in relation to BTEX (grey) and PAH (shaded) contaminated zones; values represent means of triplicate
measurements + SD.
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2.3.4. Depth-resolved analysis bacterial communities

T-RFLP analysis of bacterial communities indicated pronounced shifts in structure and
diversity of total bacterial communities with depth (fingerprints are not shown). For
groundwater, the Shannon-Wiener diversity H' as inferred from relative T-RF abundances
was highest at the level of the capillary fringe/groundwater table and dropped to local
minima within the lower plume fringe (7.1 m) (Fig. 2.5A). For sediments, H was very
similar with depth, except at the lower part of the plume core, where a slightly increased
local maximum of bacterial diversity was observed. A total of 77 distinct T-RFs was
retrieved from both sediment and water samples, of which 21 peaks were unique for the
sediment and 17 for the water samples. However, with the exception of the uppermost
samples from near the capillary fringe, H was always lower in water samples than in

corresponding sediments.

Shannon diversity (H) T-RF ratio T-RF ratio T-RF ratio
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Figure 2.5: Depth-distribution of (A) bacterial T-RFLP fingerprinting Shannon-Wiener diversity H' and
relative T-RF abundance of characteristic T-RFs; i.e. related to (B) Geobacter spp. (130 bp), (C)
Desulfocapsa spp. (159 bp), and (D) clostridial sulfate reducers and fermenters (228 bp) in sediments
and corresponding groundwater samples of the Flingern site. The putative affiliation of the T-RFs is in
accordance to previously published clone libraries from the same site (Winderl et al. 2008).

To further elucidate these distinctions, we compared the depth-distribution of the
relative abundance of selected T-RFs previously identified to represent important
components of the degrader community. Respective results for sediment samples taken in
2005 revealed that especially the 130, 159, and 228 bp T-RFs represented dominating

members of the contaminant-degrading bacterial community established in the lower
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plume fringe. As shown in a previous study by 16S rRNA gene cloning, these T-RFs were
affiliated to microbes related to Geobacter spp., Desulfocapsa spp., and also clostridial
sulfate reducers and fermenters (Winderl et al. 2008). Albeit semi-quantitative, this
assessment revealed pronounced distinctions in distribution patterns (Fig. 2.5). T-RF
abundances of over 15% were observed for 130 bp peaks (Geobacter-related microbes)
in sediments of the plume core and over the lower plume fringe. In groundwater samples,
however, this T-RF was only detected in one depth (6.83 m) and was thus almost not
detectable over the entire depth transect (Fig. 2.5B). In contrast, the 159 bp T-RF
(Desulfocapsa-related) showed a very similar distribution with depth in both sample sets,
with clear abundance maxima in the lower plume fringe at 7.1 m (Fig. 2.5C). The
159 bp T-RF was always of a higher relative abundance in groundwater than in sediments
(~62 vs. ~35%, respectively). Finally, the 228 bp T-RF (putatively representing clostridial
sulphate reducers and fermenters) was present at a maximum frequency of ~14% and
~6% in both sediments and water of the lower plume core, respectively (Fig. 2.5D).

To comparatively assess total bacterial community variance over depth in both sample
sets, PCA statistics of the T-RFLP data set was conducted. The percentage of total
community variability explained by the two primary PC factors inferred was no less than
59% (Fig. 2.6). Surprisingly, data reduction indicated congruent community dynamics with
depth over the different zones of the Flingern plume. As observed previously (Winderl et
al. 2008), especially the populations of the lower fringe zone were resolved in ordination,
indicating similar community patterns for both sediments and groundwater samples in
these depths. As observed before for the loading of PCA factors on specific T-RFs
(Winderl et al. 2008), the distinction of the lower plume fringe degrader community was
largely attributed to a high abundance of the 159 bp T-RF (factor loadings not shown). In
summary, PCA illustrated similar community dynamics (clockwise shifts in virtual
ordination) with depth for both sample sets, but dynamics (i.e. distinctions) with depth

were more pronounced for groundwater samples (Fig. 2.6).
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Figure 2.6: Ordination of PCA factor scores for T-RFLP fingerprinting of sediment and water
samples comprising the overall variance in depth-resolved bacterial community composition. The
depths at which specific fingerprints were retrieved are indicated next to the ordination points.

2.4. Discussion

Efficient biodegradation of organic contaminants in the subsurface requires two
elements: (1) microbial populations with degradative capabilities, and (2) favourable
geochemical and hydrological conditions (McGuire et al. 2000). Then, vice versa,
biodegradation processes are suggested to cause significant changes in groundwater and
sediment properties, which include: (i) a rapid depletion of the energetically most
favorable electron acceptors (i.e. oxygen and nitrate) (Anderson & Lovley 1997,
Christensen et al. 2000), (ii) the appearance of metabolites and reaction products (e.g.
reduced sulfur and iron species as shown in Fig. 2.2C+D), (iii) increase in pH and
alkalinity owing to proton consumption during anaerobic oxidation of organic compounds,
and (iv) a decrease in redox potential as well as a change in specific conductivity due to
the conversion of individual ions such as sulfate (Cozzarelli et al. 1999, Christensen et al.
2001). Some of these indicators may easily be followed in groundwater samples,
however, some may clearly call for sediment data. For example, with respect to important
redox processes (distribution of major electron acceptors and reaction products)
information from groundwater samples is limited to dissolved chemical species. The role
of solid electron acceptors such as ferric iron and the turnover of contaminants adsorbed
to the sediment matrix can only be assessed directly in sediments, or indirectly via soluble
metabolites and end products in groundwater. In contrast, major dissolved electron donors

cannot be adequately monitored via sediment samples, and only partial information on
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intrinsic microbial communities and respective activities is obtainable from groundwater.
As we discuss in the following, both, groundwater and sediments needs to be addressed
when assessing NA potential in an organically polluted aquifer.

2.4.1. Small scale physical-chemical heterogeneities in groundwater and sediments

Steep concentration gradients in groundwater clearly delineated a fine-scale vertical
zonation of the BTEX plume. As obvious from Fig. 2.1A, only the extraordinarily high-
resolution of groundwater sampling allowed depicting the small-scale and steep
geochemical gradients, which could not have been resolved by a conventional multi-level
well with a vertical resolution of 0.5 to 1 m. However, groundwater samples did not
provide comprehensive information regarding the PAH contamination. This is not
surprising, as PAHs exhibit a high tendency to adsorb to the sediment matrix. A recent
study (Paissé et al. 2008) found up to 90% of PAHs adsorbed and only a small fraction
dissolved in groundwater. Naphthalene, due to its comparably low molecular weight and
high solubility (Eberhardt & Grathwohl 2002), showed a similar distribution in groundwater
as the monoaromatic hydrocarbons. Compared to the maximally 16 mg L™ of naphthalene
dissolved in groundwater (= 5.4 mg per kg soil; Tab. 2.2), maximally ~6 to 7-fold increased
amounts were found sorbed to the sediments (Fig. 2.2A+B). Sorption of PAHs to the
sediment matrix is substantially influenced by the presence of organic matter, which is
commonly regarded to be negligible in sandy aquifers, where mean organic carbon
contents are in the range of only about 0.1% (Lovley & Chapelle 1995, Appelo & Postma
2005). Nevertheless, due to their hydrophobicity, the higher molecular weight PAHs
acenaphthene and fluorene are strongly retained. In the Flingern aquifer, despite the
relatively low soil organic carbon content of ~0.3% (dwt), concentrations of acenaphthene
were 10 to 20-fold, fluorene concentrations even 100-fold higher in sediments than in
groundwater.

The relation between adsorbed (Cs) and dissolved concentrations (C,) can be

expressed by the solid water distribution coefficient Ky of a given compound, according to:

Cs[mg kg’l}
Cw[mg kg’l}

D=

(1)
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In soil-water systems, Kp is also defined by the product of the organic carbon-water
distribution coefficient K,. and the fraction f,. of organic compounds in solution (Appelo &
Postma 2005):

Kb = Koe X foc (2)

Using literature K, values (Tab. 2.3) and measured f,. (= 0.3%) and C, in eq. 1 and 2,
the theoretically adsorbed contaminant concentration Cg can be calculated (Tab. 2.2).
Measured concentrations of fluorene and naphthalene adsorbed to the sediment matrix

exceeded calculated results by a factor of 5 and 2.5, respectively.

Table 2.2: Sorption properties and aqueous solubilities S; of selected aromatic hydrocarbons.
(Eberhardt & Grathwohl 2002), °(Appelo & Postma 2005), ((USACE 2002) and °(Szabo et al. 1990).

Compound Log Kow LOg Koy S[.H?BZLSE]C
Toluene 2.69° 2.18¢ 534.8
Naphthalene 3.36° 2.94° 31.7
Acenaphthene 3.98° 3.66° 3.93
Fluorene 4.18° 3.86° 1.98

Si = aqueous solubility of organic compound i, Kow = octanol-water
coefficient, Kow = organic carbon-water coefficient

Amounts of acenaphthene determined in the sediment agreed fairly well to theoretical
values, overestimating the actual mean concentration by 10% (Tab. 2.2). Calculated
maximum toluene concentrations adsorbed to the sediment matrix amounted to
~6.8 mg kg, but neither toluene nor other BTEX compounds were detected in sediment
samples of the Flingern site. Apparently, the sorption capacity of the sediment matrix for
these substances was lower than expected. In conclusion, sediment samples alone would

lead to inconclusive information on the BTEX contamination.
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Table 2.3: Measured and calculated maximum concentrations of aromatic hydrocarbons in sediment
and groundwater of the Flingern aquifer.

Liner 1° Linder 2° Calculated®

Compound Grc[)rl:]gdl\_l\_lﬁlter Sediment [mg kg™]
Toluene 45 (15.3) - - 6.80
Naphthalene 16 (5.4) 33.5 37 13.94
Acenaphthene 0.9 (0.31) 6 1.6 411
Fluorene 0.7 (0.24) 26 32 5.07

% parentheses indicate the corresponding sedimentary concentrations in mg kg'l
maximum concentrations measured in the respective sediment liners

¢ theorethically sorbed contaminant concentration calculated from max. contaminant

concentrations measured in groundwater

Considering the inaccuracies associated with the collection of sediments by liner
coring, the differences in the distribution patterns of contaminants may also partly be
ascribed to on site heterogeneities. “Hot spots” of pollutants and preferential flow paths in
heterogeneous sediments may foster a diffuse spreading of contaminants. In the source
zone, which is located ~15 m upstream of the sampling area (Anneser et al. 2008b), the
dense non-aqueous phase liquids (DNAPLS) are likely to seep down due to their higher
density and molecular weight, which may explain the accumulation of PAHs in deeper
zones in contrast to the lighter BTEX compounds.

2.4.2. Biodegradation via sulfate reduction

A significant enrichment of both **0 and *S isotopes in groundwater sulfate proved
microbial sulfate reduction to occur throughout the BTEX-contaminated zone, with
pronounced activities across the lower plume fringe (Tab 2.1; see also Anneser et al.
2008a). Inverse gradients of dissolved sulfate and sulfide (Fig. 2.1B), which are regarded
as indicators of ongoing sulfate reduction, support this hypothesis. Further geochemical
evidence for bacterial sulfate reduction derived from a distinct peak of reduced inorganic
sulfur extracted from sediment samples, which again hints at high sulfate reduction activity
at 7.1 m bls, marking the transition between heavily and less contaminated groundwater in
the lower plume fringe (Fig. 2.2C). The lack of sulfide at the upper plume fringe is most
likely attributed to scavenging of sulfide by both complexation and reoxidation reactions
with Fe(ll) (Stumm & Morgan 1996, Cozzarelli et al. 1999, Kostka et al. 2002).
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2.4.3. Iron reduction and iron cycling processes

Iron reduction has previously been shown to occur at the Flingern site (Eckert 2001).
Groundwater analysis revealed iron reducing activity being most pronounced at the upper
and lower plume fringe (Eckert 2001, Anneser et al. 2008a). Elevated concentrations of
dissolved Fe(ll) measured in groundwater samples hint at significant iron reduction in the
upper 20 cm of the saturated zone (Fig. 2.1C). However, only sediment analysis could
show that considerable amounts of readily extractable ferric iron are actually present in
this zone (data not shown). At the interface between the unsaturated and saturated zone,
cycling of iron species is likely to proceed at high rates. Transient hydraulic conditions
causing a fluctuating groundwater table govern regular periods of re-oxidation and
reduction, providing a regeneration of sedimentary electron acceptors (Ulrich et al. 1998,
Ulrich et al. 2003). A minor secondary peak of ferrous iron in groundwater was observed
at the lower plume fringe. This pattern has already been observed in previous
investigations at that site (Anneser et al. 2008a, Anneser et al. 2008b).

From a thermodynamic point of view, iron reduction is considered to be energetically
more favorable than sulfate reduction (Lovley & Chapelle 1995). Nevertheless, bacterial
iron reduction in organically contaminated porous aquifers is frequently limited by the
availability of Fe(lll) species (Albrechtsen & Christensen 1994, Tuccillo et al. 1999). In the
sediments of Liner 1 and 2, extractable ferric iron did only exceptionally account for more
than 1 g kg™ wwt. Crystalline Fe(lll) species, on the other hand, were available at two to
fourfold higher concentrations all across the anoxic aquifer section, with maxima above
and below the BTEX plume (data not shown). Although bacteria are theoretically capable
of using crystalline Fe(lll) as electron acceptor (Roden & Zachara 1996), these are only
slowly converted and less attractive to microorganisms owing to their stability and
inaccessibility (Lovley 2001).

It has to be considered, furthermore, that only a small ratio of the ferrous iron is found
dissolved in groundwater, while the major part remains associated with to sediment
surfaces. This can further decrease the availability of sedimentary Fe(lll) to attached
bacteria. Interestingly, readily extractable ferrous iron in sediments exhibited highest
values (3 - 4 g kg™ wwt) below the BTEX plume (Fig. 2.2D). Sediment data thus points at
an undepleted reservoir of ferric iron in deeper zones of the aquifer. Independent from
depth the amount of Fe(ll) associated with the sediment in the saturated zone accounted
for >99%, while less than 1% was found dissolved in groundwater. A similar distribution of
Fe(ll) between groundwater and sediment matrix was also reported for other aquifers
(Lovley & Phillips 1988, Heron et al. 1994). Elevated concentrations of Fe(ll) and
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concurrent low sulfide concentrations, as found near the capillary fringe, point also at

sulfide oxidation with ferric iron, a topic which needs further investigations.

2.4.4. Microbial patterns in groundwater and sediments

It has repeatedly been shown that cells attached to surfaces can account for 90 to
99.99% of the microbial biomass in porous aquifers (Griebler & Lueders 2009). The
sediment cell counts, therefore, matched well general findings. However, the two biomass
peaks in Liner 1 and 2 (here the lower one was less pronounced) impressively mirrored
zones of highest biodegradation activities as indicated by redox gradients. Unfortunately,
no data on the number of suspended cells were available for the February 2006 sampling
campaign due to accidental loss of sample vials.

Thus, no direct sediment-groundwater comparisons could be performed for this
particular parameter. However, the sediment data obtained may be well compared with
groundwater data from a sampling campaign six months later (Anneser et al. 2008b). The
general distribution of bacteria in groundwater was highly similar to the sediment pattern
reported here. In detail, the total number of cells was highest in the uppermost sampling
point in the upper plume fringe zone, exhibiting 1.2 x 10° cells mL™. In the plume core, cell
numbers were ten times less with an average value of 2.1 x 10° mL™, but increased again
to 5 x 10°> mL™ at the lower plume fringe. Further down, a slight decrease of cell numbers
to 3.2 x 10° mL™ was observed, interrupted by another distinct peak (6.8 x 10° mL™) right
in the area of highest PAH concentrations in the sediment (Anneser et al. 2008b).
Comparing total cell counts in groundwater and sediments on a volume basis (assuming a
sediment active porosity of 34%) revealed between 97.7 and 99.8% of the cells attached
to the sediments. Similar values are reported from an aquifer at a landfill site, where
98.3% of the cells were found attached (Réling et al. 2001). Also (Brad et al. 2008)
emphasized the ecological role of sediments, which harbored cell numbers approximately
one magnitude higher compared to groundwater.

Assuming a sediment surface area of 22 (coarse sand) to 450 cm? g* (fine sand)
(Leichtfried 1985, Albrechtsen & Christensen 1994) and a mean area of 0.5 pm? covered
by a typical bacterial cell in groundwater (Griebler et al. 2002), 4.4 x 10° to 9 x 10
attached cells g™ would be required to form a closed unicellular biofilm. In fact, the highest
bacterial abundance determined from our sediment samples, i.e. at the lower plume fringe
in Liner 1 (Fig. 2.3), accounts for a surface coverage of only 0.08 to 1.6%. This
colonization density is comparable with other studies in aquifers (Griebler et al. 2001,

Griebler et al. 2002) and marine sands (Weise & Rheinheimer 1977, Yamamoto & Lopez
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1985). In such a case it is questionable, however, whether the term ‘biofilm’ is appropriate
or whether we should rather refer to single cells and microcolonies. On the other hand, the
maximal total direct cell counts of 4.1 to 4.8 x 10’ cells g™ wwt reported here for the upper
sediment layers account for only ~20% of the maximally 2.4 x 10° bacterial 16S rRNA
genes gt wwt detected via qPCR in similar depths upon sediment sampling in 2005
(Winderl et al. 2008). This number, consequently, would result in a surface coverage of
0.3 to 5.5%. It is likely that both quantification methods carry intrinsic biases, thus
although they may be well suited to compare microbial distributions over depth, any
absolute interpretations in terms of sediment carrying capacities should be treated with
caution.

Indeed, the total cellular distribution did not reveal much about microbial activities and
ongoing biodegradation processes. Hydrolysis rates of extracellular phosphatases
(MUF-P substrate) and glucosidases (MUF-Glc substrate) (Freeman et al. 1995) revealed
microbial activities 5 - 6 orders of magnitude higher in sediments compared to ground-
water (Fig. 2.4). Again, highest values were obtained from the interface between the
unsaturated and saturated zone, i.e. the capillary zone and upper plume fringe. As
alkaline phosphatases are subject to catabolite repression by their product phosphate
(Coolen & Overmann 2000), the high phosphatase activity in this zone corresponds well
with the local decrease in phosphate concentration. Recycling of electron acceptors and
mixing with electron donors from the contaminated area make the capillary fringe a
favorable place for biodegradation (Sinke et al. 1998, Ronen et al. 2000). Higher activities
of attached vs. suspended communities have been shown in a number of studies (Holm et
al. 1992, Madsen & Ghiorse 1993, Albrechtsen & Christensen 1994, Lehman & O'Connell
2002). However, with B-glucosidase activity (Lehman & O'Connell 2002) also found the
opposite pattern. Concluding, when comparing the gradients in figure 2.3 and 2.4 it can be
seen that zones of enhanced microbial activity matched well zones with highest biomass
concentration. High biomass zones in contaminated aquifers may thus be a good proxy

for zones of pronounced NA activities.

2.4.5. Bacterial community shifts in sediment and water

Shifts in bacterial community composition over a depth transect of the Flingern BTEX-
plume have been observed before for sediment samples taken in June 2005 (Winderl et
al. 2008). Hence, an apparently highly specialized degrader population dominated by
deltaproteobacterial and clostridal iron reducers, sulfate reducers and fermenters was

found to dominate the lower plume fringe. In the present study, we repeated these
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analyses for selected sediment depths sampled in February 2006, but, more importantly,
aimed to compare sedimentary community fingerprints to those obtained from
corresponding groundwater samples. Depth-resolved fingerprinting of bacterial
communities in water and sediments revealed that only ~50% of all detected T-RFs were
shared between water and sediment samples. This is evidence that even if very close
corresponding depths are sampled, the two compartments are partially separated on the
microscale, and that not all aquifer microbes are equally detectable in both.

This comparison may provide valuable insights on the ecology of the different
microbes, as exemplified e.g. by the comparative distribution pattern of the
Geobacter-related T-RF (130 bp). This T-RF was practically not detected in groundwater,
which may be attributed to the preference of these microbes to insoluble electron
acceptors such as ferric iron and elemental sulfur, and hence to a lifestyle attached to
mineral surfaces (Weber et al. 2006). In contrast, other microbes putatively more
dependent on dissolved electron acceptors, such as the Desulfocapsa-relatives
represented by the 159 bp T-RF, were consistently distributed with depth in both sediment
and water samples, but always detected in higher ratios in groundwater. Moreover, the
maximal abundance of this T-RF was surprisingly congruent to the peak of sulfide
(Fig. 2.1B). This may be an indication that the distribution of these specific microbes is
clearly correlated to the localization of sulfate reducing processes within the Flingern
aquifer. We are fully aware that the inference of peak abundances in T-RFLP
fingerprinting allow only for a semi-quantitative assessment of community composition
and provide no absolute abundances of specific populations (Lueders & Friedrich 2003,
Thies 2007, Hartmann & Widmer 2008). Nevertheless, we are confident to demonstrate
important distinctions, but also similarities in depth-resolved microbial community
distribution in sediments and water at the site using this approach. A significant correlation
between community structure and degree of contamination was also observed in
sediments of a leachate-impacted aquifer (Brad et al. 2008).

Over depth, the non-shared T-RFs appeared mainly in the deeper PAH zone (56% of
all singletons). Thus, the upper zones dominated by the BTEX plume seem to impose
much stronger selective pressures on the microorganisms, leading to a more uniform
appearance of bacteria in both compartments. This was also reflected in the congruent
depth-related bacterial community shifts identified in PCA, which supports both strategies
to provide relevant information on depth-resolved microbial distribution patterns. Up to
now, researchers have been well aware that only a minor fraction of total aquifer
microbiota are found in groundwater itself (Alfreider et al. 1997, Lehman et al. 2001a,

Griebler et al. 2002). Although we do not provide a direct quantitative comparison of
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microbial abundance in groundwater and sediments for the same sampling date, this is to
our knowledge the first systematic evaluation of the congruence of physical-chemical and
microbial community patterns found in both compartments.

We show that major microbial community indicators such as total diversity or the
relative abundance of selected community members are distributed in similar, however
not identical patterns. Sediment samples always seem to comprise most genetic
information found also in the water, but this relation is not correct vice versa.
Nevertheless, as ~50% of all T-RF peaks were shared between both compartments, both
strategies can be considered appropriate to detect spatial and temporal distinctions in the
microbial community composition at contaminated sites.

In summary, the data presented in this study emphasize the importance of considering
both groundwater and sediment parameters for assessing natural attenuation potential
and activities at organically contaminated aquifers. Unlike groundwater samples, which
provide only a momentary shapshot of dissolved reactants and dependant microbes
in situ, sediment analyses allowed more profound insights into the history of the aquifer
and into long-term processes occurring at a site, not only in the aquatic, but also the

sedimentary compartments.
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3. Collapse and recovery of intrinsic toluene
degradation — transient hydraulic conditions control
natural attenuation in a tar oil contaminated sandy

aquifer

Groundwater systems are considered stable in their environmental conditions.
However, frequently they are subject to pronounced hydrological dynamics. Little is know
to what extent hydrodynamics influence aquifers microbiology. Natural attenuation (NA) of
an organic contaminant plume in the porous sandy aquifer of a former gasification plant
was assessed for the period of four years. Vertical gradients of selected physical-chemical
and microbial variables, including the concentrations of major contaminants (BTEX,
naphthalene) and electron acceptors, reaction products, and total bacterial numbers have
been recorded at an unprecedented spatial resolution in the centimetre scale. Significant
changes of the small-scale biogeochemical gradients were observed closely linked to
fluctuations of the groundwater surface. Biodegradation hot spots, always located in the
plume fringe zones, followed the vertical dynamics of the plume, hinting at a broad
distribution of bacterial degrader populations tolerant to changing redox conditions and
actively contributing to contaminant transformation the moment conditions turn favourable.
However, stable isotope analysis revealed conclusive evidence for an interim breakdown
of in situ biodegradation. These observations of a frequent disturbance or even disruption
of efficient natural contaminant removal by highly specialized anaerobic degrader
populations clearly asks for an improved understanding of degrader ecology in the light of

NA becoming the most popular remediation concept.
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3.1. Introduction

During industrialization big cities have generally built coal gasification plants to support
municipal gas supply. By different production lines these plants have produced diverse
compound spectra consisting of e.g. BTEX (benzene, toluene, ethylbenzene, xylene),
PAHSs (polycyclic aromatic hydrocarbons), heterocyclic compounds, and tar oil which is a
mixture of all (Meckenstock et al. 2010). For a long time it was a common practice to
dump such waste directly into ponds or soil. In the 1950s, many plants were closed after
having been operated for more than 100 years. Spilled aromatic hydrocarbons lead to
heavy contamination of soil and groundwater at these sites. Owing for their low density,
BTEX compounds and low molecular PAHs are lighter than water and, hence, floating as
light non-aqueous phase liquids (LNAPLS) on top of the groundwater table. In response to
fluctuations of the groundwater table and groundwater flow, such LNAPLs transversely
spread within the aquifer. In sandy aquifers, the contaminations usually form vertically thin
plumes of no more than 1 - 2 m thickness close to the groundwater table. In case,
compounds are heavier than water, e.g. high molecular PAHs and tar oil (dense non-
agueous phase liquids DNAPLS), these penetrate the aquifer down to deeper zones,
producing very thick contamination plumes.

The load of organic material leads generally to a depletion of dissolved oxygen; these
anoxic conditions prevail in aquifers at former coal gasification sites. Aerobic degradation
processes in contaminated areas may contribute only in the aerated unsaturated zone
and at the capillary fringe. In the subjacent areas sulfate and ferric iron are the most
important electron acceptors (Lewandowski & Mortimer 2004, Anneser et al. 2010).
Natural aquifer microbial communities have been shown to carry a great potential for
anaerobic degradation of aromatic hydrocarbons (Meckenstock et al. 2004, Hendrickx et
al. 2005). However, the environmental factors controlling efficient NA processes in situ are
far from being well understood.

In lab experiments and reactive transport modeling, transverse dispersion was proven
to be a major factor controlling biodegradation in porous sediments (Prommer et al. 2002,
Bauer et al. 2008). Consequently, main biodegradation activities are located at the plume
fringes, where mixing of electron acceptors and electron donors provides essential
conditions for degraders (Mayer et al. 2001, Vencelides et al. 2007). Similar to lake and
marine sediments, steep geochemical and microbial gradients have been demonstrated
for the fringe zones of hydrocarbon plumes (van Breukelen et al. 2004, Bauer et al. 2009,
Anneser et al. 2010). Another factor posing significant influence on contaminant

biodegradation was shown to be sediment heterogeneity (Cozzarelli et al. 1999, Bauer et
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al. 2009). Zones of increased hydraulic conductivity generate, via flow focusing, increased
flow velocity and improved mixing, areas of effective biodegradation.

Hardly considered so far was the possible influence of transient hydraulic conditions to
biodegradation. Porous aquifers are from an ecological perspective generally considered
environmentally static systems. However, there is a number of reports emphasizing
hydrodynamics in aquifers caused by (i) pronounced recharge events and changes in the
groundwater table (McGuire et al. 2005, Wilhartitz et al. 2009, Yagi et al. 2010), (ii) tides
(Robinson et al. 2009), (iii) changes in the direction of the groundwater flow (Rein et al.
2009) or (iv) density-dependent changes in the saturated zone. It may be hypothesized
that hydraulic dynamics have a positive effect on biodegradation by improving the
distribution of the contaminants to less contaminant zones. At the same time, the frequent
shift or destruction of physical-chemical gradients established may pose a serious
disturbance to the mainly attached and highly specialized degrader populations. Owing to
fluctuations, they may repeatedly be exposed to either groundwater carrying electron
acceptors but depleted in contaminants or, vice versa, contain a high and possibly toxic
load of organics but no dissolved electron acceptors.

In this study, we addressed the positive vs. negative effects of transient hydraulic
conditions on the overall biodegradation of toluene in a porous aquifer at a former
gasification plant. Vertical gradients of dominating contaminants, electron acceptors,
metabolic products, and bacterial counts have been followed over a period of four years at
an extraordinary high resolution (3 - 10 cm). Compound-specific isotope analysis allowed
identifying and specially resolving toluene degradation as well as sulfate reduction. The
collapse and recovery of toluene degradation occasionally captured by our series of
sampling events at weekly to monthly intervals allows discussion on the resistance and

resilience of degrader communities with respect to hydrodynamics.
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3.2. Materials and methods

3.2.1. Study site and groundwater sampling

The study site is a quaternary, homogenous sandy aquifer at a former gasification
plant in Dusseldorf-Flingern, Germany. On a local scale, groundwater is heavily polluted
with aromatic hydrocarbons from a tar oil source dominated by BTEX and naphthalene
among others (e.g. acenaphthene, fluorene, dibenzofurane). More details on the study
site are provided by (Anneser et al. 2008a, Anneser et al. 2008b). Sampling of
groundwater was conducted over a period of four years to compare long- and short-term
spatial and temporal dynamics of NA. Groundwater was collected from a high-resolution
multi-level well (HR-MLW) with a vertical resolution of 3 to 30 cm via simultaneously
pumping of up to 32 sampling ports at low rates (1.5 mL min™), thus minimizing the risk of
mixing water from different depths. For further details on sampling procedures see
(Anneser et al. 2008a, Anneser et al. 2008b).

The groundwater table was daily measured via data logger in close vicinity of the

sampling well (Fig. 3.1).

3.2.2. Physical-chemical characteristics of groundwater

Groundwater was collected in 100 mL pre-washed narrow neck-glass bottles allowing
overflow and immediately processed or preserved on site for a number of biotic and
abiotic parameters. Conductivity, pH, redox potential, iron, sulfide, major ions, and
aromatic hydrocarbons were determined as described elsewhere (Anneser et al. 2008a,
Anneser et al. 2008b, Anneser et al. 2010).

3.2.3. Quantification of cell numbers and bacterial carbon production (BCP)

Subsamples of groundwater dedicated to total bacterial cell counts were fixed with
glutardialdehyde (2.5% final concentration) and stored at +4°C prior to quantification using
flow cytometry (Berney et al. 2008, Hammes et al. 2008).

BCP was estimated via incorporation of [*H]-leucine by adapting the protocols of
Kirchman (1993), Kisand & Noges (2004) and Brielmann et al. (2009). Actual
incorporation of label into proteins was estimated to account for 10% of the total bacterial
[®H]-leucine uptake. According to this assumption, BCP was calculated as described in
Kirchman & Ducklow (1993).
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3.2.4. Stable isotope analysis

In order to determine the isotopic composition of sulfate in groundwater, subsamples
were fixed in a 20% (w/v) Zn-acetate solution for precipitation of sulfide. Stable sulfur
(3*s/*2S) and oxygen (**0/*°0) isotopes in the remaining sulfate were determined after
filtration according to Anneser et al. (2008a).

Toluene ™C/*C isotope ratios were analyzed on NaOH-preserved groundwater
samples with gas chromatography-combustion-isotope ratio mass spectrometry
(GC-C-IRMS, Thermo Fisher, Germany) via purge & trap (Kuhn et al. 2009), with the gas
chromatographic separation adapted to BTEX. A DB624-column (Supelco, USA) and an
optimized temperature program (3.07 min at 60°C, 8.1°C min™* to 129°C, 1°C min™ to
134°C, 20°C min™ to 180°C, 50°C min™ to 230°C, hold 5 min) were used.

The deviations for duplicate toluene as well as sulfate stable isotope measurements
were much lower than the total instrumental uncertainty, and therefore the analytical
standard deviation for both methods was set to 0.5%. (Sherwood Lollar et al. 2007).

3.2.5. Dynamic expansion of the BTEX plume

Information about the BTEX concentrations gained from conventional multi-level wells
(C-MLWSs) at the site was used for illustrating the dynamic expansion of the BTEX plume
for three different sampling occasions in the year 2007, 2008 and 2009. BTEX
concentrations at sampling points were spatially interpolated creating a contour plot using

the software Surfer 9 with the Kriging approach (Schéfer et al. 2004).

3.3. Results and discussion

Porous aquifers are generally considered systems of constant environmental
conditions, which make them the preferred sources for continuous extraction of high
quality water, e.g. for drinking water production. The picture of the stable environment
mainly derives, in comparison with surface aquatic systems, from the moderate
temperature fluctuations and low organic carbon as well as microbial biomass
concentrations observed. Without doubt, these systems may face considerable dynamics
in hydrological patterns, such as groundwater table changes, which, however, have rarely
been evaluated for its potential control of biological features (Vroblesky & Chapelle 1994,
Cozzarelli et al. 1999, McGuire et al. 2000, McGuire et al. 2002, McGuire et al. 2005).

Especially where considering NA as sole remediation strategy, the influence of
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hydrodynamics on contaminant biodegradation is of great importance. We therefore
selected a sandy aquifer at a former coal gasification plant with a long history of
hydrocarbon waste disposal. For capturing long-term and short-term temporal and spatial
dynamics in various physical-chemical and microbial parameters in total ten sampling
campaigns were conducted between September 2005 and June 2009. The data depicted
are exclusively derived from sampling groundwater out of a specially designed high-
resolution multi-level monitoring well (Anneser et al. 2008a, Anneser et al. 2008b).
Additional information obtained from infrequent sediment sampling campaigns are
presented in detail elsewhere (Anneser et al. 2010, Meckenstock et al. 2010) and

considered for discussion of groundwater patterns.
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Figure 3.1: Dynamics of the groundwater table from continuous recording at a fully screened well in
the direct vicinity of the high-resolution multi-level well. Important variations are highlighted. Grey
bars indicate dates of groundwater sampling together with the maximum BTEX concentration
determined along the vertical profiles.

3.3.1. Chemical and microbiological indicators of biodegradation

Presence and allocation of zones of high bioactivity could be elucidated and followed
monitoring steep and small scale vertical gradients of contaminants (electron donors) and
electron acceptors, reaction products and further redox-sensitive parameters.
Concentration profiles of individual aromatic hydrocarbons are delineating a distinct
contaminant plume, which contains toluene as main constituent, as well as xylenes,
ethylbenzene, naphthalene and benzene, exhibiting a restricted vertically down-gradient
expansion of less than 1 m starting at the groundwater table (Fig. 3.2).

The high concentrations of dissolved sulfide located in the zones of opponent steep
sulfate and BTEX gradients corroborate our assumption that biodegradation of BTEX
compounds and the physical-chemical gradients detected in the groundwater are mainly

attributed to microbial sulfate reduction as the most prominent redox process. This indirect
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indication is substantiated by compound-specific isotope analysis (CSIA) of sulfate and

toluene.
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Figure 3.2: Vertical distribution of BTEX, sulfate and sulfide from all sampling campaigns over the
observation period of four years. Values are means of duplicate measurements. Data from February
and August 2006 have already been published elsewhere (Anneser et al. 2010) and (Anneser et al.
2008a), respectively. Short-term sampling was performed in 2009 at a time range of one and two
weeks, respectively.

Stable sulfur and oxygen isotopes of sulfate reinforce microbial sulfate reduction
activity taking place mainly in the plume fringe zones, visible from the steep gradients of
isotopic enrichment towards the plume center (Fig. 3.3A). Plotting 5*S versus 5'®0 values
indicates a common isotopically similar sulfate source, with the exception of individual
samples collected at the capillary fringe (Fig. 3.3B). Here, the distinct sulfur and oxygen
isotope patterns point at repeated recycling of the electron acceptor sulfate via sulfide
oxidation (Fig. 3.3B) (Anneser et al. 2010). The biological transformation of contaminants
could be clearly demonstrated by CSIA of toluene, which proved biodegradation to be
most pronounced at the plume fringes, as is depicted from the years 2006, 2007 and 2009
(Fig. 3.3C). Now, the gradients show the typical isotopic enrichment from the plume center
towards the non contaminated surrounding. Stable isotope gradients of toluene missing in

year 2008 are related to a collapse of toluene degradation (for more details see below).
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Besides sulfate reduction, indication was collected for microbial iron reduction to take
place all across the investigated aquifer section, with particular evidence for the upper and
lower plume fringes, presented by gradients of dissolved Fe(ll) (Anneser et al. 2008a,
Anneser et al. 2008b, Anneser et al. 2010, Meckenstock et al. 2010). In terms of
biodegradation, iron reduction seems to play an inferior role. However, this point awaits
further evaluation in the future (Anneser et al. 2008a, Anneser et al. 2010). Over the entire
period of investigations, reducing conditions prevailed in the saturated aquifer right below
the capillary fringe. Nitrate occurred only occasionally at concentrations less than 2 mg L™
(Anneser et al. 2008a, Anneser et al. 2008b). Moreover, we did not obtain indication for

manganese reduction and methanogenesis (Anneser et al. 2008a).
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Figure 3.3: Vertical distribution of the 5*‘S-values of sulfate (A), the relationship between 5*'S and
50 in sulfate (B), the 5"3C-values of toluene (C), and total bacterial cell counts (D) in groundwater.
Values are means of duplicate (sulfate) and triplicate (toluene, bacterial numbers) measurements. The
asterisk denotes 5**S-values indicating a different source of sulfate including its origin from sulfide
oxidation. BTEX, sulfate and sulfide data from February and August 2006 have already been published
elsewhere (Anneser et al. 2010) and (Anneser et al. 2008a), respectively.
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Directly at the capillary fringe which constitutes the upper BTEX plume fringe, the
highest bacterial abundance could be found (Fig. 3.3D). With an increasing degree of
contamination towards the plume centre, a decrease in biomass was repeatedly observed
at all sampling occasions, while the transition to less contaminated groundwater at the
lower plume fringe returns more favorable conditions, as indicated by a moderate but
distinct increase in total cell counts. In deeper zones of the aquifer (~7.5 m below land
surface (bls)) the bacterial abundance showed again a peak. Here, a second plume of
mainly naphthalene, acenaphthene and fluorene was recognized predominantly with
sediment analysis (Anneser et al. 2010) and occasionally also from groundwater analysis.
In this deeper zone of the aquifer, maximum contaminant concentrations in groundwater
ranged between 1.1 mg L™ in 2006 and 2.5 mg L™ in 2008 (data not shown).

3.3.2. Long-term dynamics of biochemical gradients

We propose that hydrological dynamics at the Dusseldorf-Flingern aquifer are, in
interplay with the microbial communities, the major driving force for the distribution of
contaminants, electron acceptors, reaction products, and, consequently, the dynamics
found with microbial biodegradation focusing mainly on toluene transformation.

The hydrodynamics present are assumed to be driven by local and regional
precipitation events, the connectivity to the river Rhine system, and sediment
heterogeneities between the contaminant source and the site of observation, i.e. the high
resolution multi-level well (estimated distance of 15 - 25 m; Anneser et al. 2008a). Periods
of strong hydrodynamics were delineated from pronounced groundwater table changes.
However, as most of the local surface area is sealed and the unsaturated zones extents
more than 6 m in depth, an immediate impact of local recharge is unlikely, and may take
effect with a time lag. Hence, the oscillations of the groundwater table is a clear sign for
pronounced hydrodynamics but could not directly be correlated to local precipitation
events and water levels of the associated river Rhine system. Similarly, the fact that
changes of the groundwater surface have influenced dissolution processes at the source,
may have impacted measurements at our sampling site with a delay of 7 - 50 days,
accounting for a groundwater flow velocity of 0.1 - 2 m day™ (Anneser et al. 2008a).

During the initial phase of our study, March 2005 and September 2006, the moderate
fluctuations of the groundwater table, i.e. £9 cm (Fig. 3.1), already went along with
substantial changes in the vertical distribution of the BTEX compounds (Fig. 3.2). Major
peaks of sulfide were exclusively found associated with the lower plume fringe. From

August 2006 on, the hydraulic head started to drop continuously until the end of the year
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by 35 cm from 6.14 to 6.49 m bls (Fig. 3.1). The plume followed vertically down-gradient
staying constant in its expansion (Fig. 3.2). During this time highest sulfide concentrations
were suddenly found at the upper plume fringe matching the former position of the lower
fringe. Now, the original prominent lower fringe sulfide peak was missing. In the following
months, only moderate groundwater table changes occurred, i.e. £8 cm. In May 2007
sulfide peaks were present in the upper and lower plume fringe zone (Fig. 3.2), and in
2008 the maximum sulfide concentration again was found with the lower part of the BTEX
plume. From January 2008 on, the groundwater table constantly rose until March 2009,
leading to a concomitant upward movement of the plume, as indicated by the September
2008 data (Fig. 3.2), exhibiting shortly a hydraulic head 40 cm above that recorded during
the sampling event in February 2007. As a general trend, the maximum BTEX
concentrations detected in the plume center increased with a rising groundwater table
and, vice versa showed a decreasing trend when the groundwater table declined. The
zone of high dissolved sulfide concentrations seemed to be able to follow the moving
lower plume fringe to a certain extent, but sulfide concentrations dropped with changing
environmental conditions. The spatially distinct distribution of sulfate reducing bacterial
contaminant degrader populations attached to the sediments may explain these dynamic
patterns best. Moderate fluctuations of the groundwater table keep the lower plume fringe
in a defined zone densely colonized by highly specialized degrader populations. Indeed,
sediment bacterial community analysis revealed the quantitative importance of
Desulfocapsa spp. and clostridial sulfate reducers in the lower plume fringe zone in
February 2006 (Anneser et al. 2010). Moreover, in the lower plume fringe area, almost
every second cell was found carrying the benzylsuccinate synthase (bssA) gene
responsible for anaerobic toluene and xylene degradation (Winderl et al. 2008). Although
the dominant degraders of the lower fringe were also present at the upper plume fringe,
their relative abundance was comparably low, being accompanied by other quantitatively
more important groups of iron and sulfide oxidizers (Winderl et al. 2008, Pilloni et al.
2011). The very high BTEX concentrations observed in September 2008 followed by the
extraordinary low concentration only a few months later in 2009 (Fig. 3.2) attracted

specific attention.
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3.3.3. Collapse of toluene degradation

Evaluating the patterns of the individual BTEX compounds, it became obvious that
only toluene and xylene dramatically increased in concentration in 2008, while other
compounds remained unchanged. This became obvious looking at the ratios of toluene to

other compounds of interest (Fig. 3.4).
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Figure 3.4: Vertical distribution of ratios of toluene to ethylbenzene, to xylenes, and to naphthalene,
respectively. Note, contaminant concentrations at greater depths (below dotted line) fell close to
detection limit. Consequently small differences in concentrations lead to huge differences in ratios
and these data need to be interpreted with caution.

The maximum toluene concentration differed remarkably with 97 mg L™ in 2008 and
only 18.3 mg L™ in June 2009. The least changes were found with benzene, ethylbenzene
and naphthalene. In detail, the maximum concentrations of benzene and naphthalene,
with 0.08 - 0.14 mg L™ and 5.3 - 7.5 mg L™, respectively, did not follow the huge shift in
toluene concentration. Changes in ratios of toluene to these compounds found at the
lower plume fringe are mainly a result of very low concentrations. Here, minor changes in
concentrations lead to pronounced changes in ratios. As could be supported by data from
several conventional multi-level wells (C-MLWSs), changes in BTEX concentrations along

the vertical profile could be related to changes in plume length (Fig. 3.5).
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Figure 3.5: Two dimensional distribution of BTEX compounds. Vertically resolved data from three
conventional multi-level wells, sampled in February 2007, August 2008 and August 2009, are spatially
extrapolated by a Surfer plot (kriging approach). Selected vertical profiles depicted to the right,
directly compare contaminant concentration data of individual depths from the conventional multi-
level well (well C-MLW 19201) and the high-resolution multi-level well (HR-MLW), respectively. C-MLW
data were provided by the Stadtwerke Diisseldorf.

With increasing contaminant concentrations in the plume, the sulfate availability
declined, sometimes to nearly full sulfate depletion in the plume center and at the upper
plume fringe as observed in 2006 and 2008 (Fig. 3.2). The high amounts of sulfide and
concomitant low sulfate concentrations measured in September 2008 pointed at an
unaltered high sulfate reducing activity. However, this time the toluene concentration was
the highest ever measured since 2005. Sulfate isotope analysis also underlined sulfate
reduction to occur (Fig. 3.3A), but the sulfate from plume core samples was found less
isotopically enriched, when compared to the years before. In 2009 the data differ from the
previous years and, hence, denote a lower sulfate reduction peaking at the top most
sample in the upper plume fringe (Fig. 3.3A). The most striking evidence for an
intermediate collapse of toluene degradation was obtained from stable carbon isotope
profiles of toluene. The distinct **C/**C isotope pattern of toluene at the plume fringes as
observed in 2006 and 2007 could not be found in 2008. At that time stable isotope values,
although overall enriched by about 2%., did not indicate spatially distinct toluene
degradation. In May 2009, a gradient in toluene isotope signatures established again at
the upper plume fringe (Fig. 3.3C).
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Independent evidence for the collapse of toluene, and possibly also xylenes
degradation in 2008, originates from the analyses of sediment bacterial communities, as
well as the quantitative evaluation of the bssA genes. Pyrosequencing of 16S rRNA genes
revealed that along with the high toluene concentrations in 2008, an initial
deltaproteobacterial degrader population belonging to the Desulfobulbaceae dramatically
decreased in relative abundance and was quantitatively replaced by distinct clostridial
degraders (Desulfosporosinus spp. of the Peptococcaceae) (Pilloni 2011). Analysis of
bssA genes revealed a tremendous reduction in gene copies in 2008, which recovered to
some degree in 2009 (Pilloni 2011). Interestingly, a decline in the total bacterial biomass
in 2008, indicated by 16S rRNA gene copy numbers (Pilloni et al. 2011), could not be
supported by total numbers of bacterial cells as assessed via flow cytometry (Fig. 3.3D).
Dynamics inside bacterial communities without changes of the overall bacterial biomass,
most probably determined by the system’s carrying capacity, are not uncommon (Elliot et
al. 2010, Yagi et al. 2010).

3.3.4. Short-term plume dynamics

Within a time span of less than three weeks in May and June 2009 the contaminant
plume was evaluated three times for its short-term dynamics in physical-chemical and
microbial patterns. Maximum BTEX concentrations during this period varied only slightly
from 21.3 mg L™* in May to 20.3 mg L™ in June 2009 (Fig. 3.2). Only moderate changes
occurred in plume thickness, as well as the vertical distribution of sulfate and sulfide. The
latter showed increasing concentrations at the uppermost sampling point close to the
groundwater table, indicating sulfate reduction going on in the upper plume fringe
(Fig. 3.2). This picture is supported by the sulfate isotope data (Fig. 3.3A), which revealed
a continuous enrichment towards the groundwater surface. At that time, no evidence from
isotope data for a pronounced import of sulfate from the unsaturated zone or the sulfide
oxidation in the capillary fringe was found. Sulfate, at that period in 2009, was available in
sufficient amounts all over the plume cross section (Fig. 3.2). The vertical distribution of
dissolved Fe(ll), originating from Fe(lll)-reduction, showed no pronounced dynamics
within the three weeks (data not shown). Isotopic evidence for biodegradation was
obtained with respect to toluene (Fig. 3.3C) and m/p-xylene (data not shown), with most
pronounced enrichment gradients at the upper plume fringe. A clear change was
observed at the lower plume fringe. Here, the gradients indicate no degradation in May,

but re-established activities in June (Fig. 3.3C).
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No differences were found with the total cell counts in groundwater during this period
(Fig. 3.3D).

3.3.5. Transient hydraulic conditions and its potential influence on NA

Mixing via transverse and longitudinal dispersion is known to be one of the driving
factors for biodegradation in porous aquifers (Thullner et al. 2002, Van Breukelen &
Griffion 2004, Tuxen et al. 2006, Rees et al. 2007, Bauer et al. 2008). As already
mentioned in the introduction section, transient hydraulic conditions in terms of
groundwater table fluctuations may be suggested to be both, stimulating and inhibiting for
the overall biodegradation. On one hand stimulating, because it may lead to the
distribution of contaminants over a larger volume in the aquifer. This clearly improves the
ratio of available electron acceptors and the contaminants. Moreover, it may contribute to
lower contaminant concentrations, less toxic to individual members of the microbial
community. In detail, along with groundwater table fluctuations, contaminants may be
spread into zones with oxidative potential or are partly consigned into the capillary fringe
and as such remain sorbed in the unsaturated zone after return of the groundwater table
to a lower level and/or partition into soil atmosphere. On the other hand, we may consider
that highly specialized assemblages of degrader populations required for the
transformation of many organic contaminants, are sensitive to pronounced changes of
environmental conditions such as redox states. The major microbial biomass (= 95%), as
known, is found attached to sediment grains (Alfreider et al. 1997, Griebler 2001, Anneser
et al. 2010) and does, consequently, not constitute a mobile and flexible unit. Considering
additionally the relatively slow doubling times of groundwater bacteria, that range from
months to years (Mailloux & Fuller 2003, Griebler & Lueders 2008), they can not react as
fast as the hydraulics change. A pronounced transversal or longitudinal shift of the plume
due to transient hydraulic conditions may put the degraders under the periodic pressure of
changing electron donor and acceptor concentrations, changing redox conditions, and
possibly temporal gradients of toxicity. Taking into account, the comparably slow
establishment or re-establishment of anaerobic bacterial degrader populations in aquifers,
short-term hydrodynamic disturbances may have a long lasting effect to biodegradation.
The biology is always lacking behind and constitutes beside the dispersion (mixing) of
electron donor(s) and acceptor(s) another important limiting factors for biodegradation
processes in porous aquifer.

A general conclusion if hydrodynamics in porous aquifers enhance or rather impair NA

is not possible. At the Dusseldorf-Flingern site, characterized by its sulfate reducing
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degrader populations, evidence for a stimulating effect on biodegradation comes from
isotope data which hint at frequent recycling of the electron acceptors sulfate and ferric
iron (Fig. 3.3B; Anneser et al. 2008a, Anneser et al. 2010). However, the experience
gained over the period of almost five years also points at pronounced inhibiting effects,
culminating in the collapse of biodegradation of the major contaminant toluene.

Although the entire picture of NA at the Dusseldorf-Flingern aquifer is far from
complete, there are a few facts we propose. (i) Highly specialized, sulfate reducing
degrader populations are distributed all over the permanently and infrequently
contaminated areas, with their highest relative abundance in the transition zones, i.e. the
plume fringes. (ii) These populations are able to withstand interim variations in
environmental conditions. In times of stability, they increase in relative abundance in
zones of favorable living conditions building up a constant biomass confined by the
carrying capacity of the system. (iii) At times of unfavorable conditions, e.g. interim shift of
the plume fringes zones to other positions, they are suggested to persist in a low active or
inactive stage for the time span of several months and more. With the return of favorable
conditions, they continue their contribution to NA of the contaminants. (iv) However, our
case study, for the first time, provides striking evidence that a hydrodynamic disturbance,
such as a groundwater table rise of several decimeters with its physical-chemical
consequences has the potential to directly or indirectly lead to the collapse of
biodegradation of individual compounds (September 2008) and with a delay of several
months to the replacement of the dominant degrader population (Desulfobulbaceae) by a
new one (Peptococcacaea) (Pilloni 2011).

At the moment, it cannot be answered if first the abundant degrader population of the
Desulfobulbaceae (Pilloni 2011) collapsed which lead to the extraordinary high toluene
concentrations accompanied by the indistinct toluene carbon isotope signatures or, the
other way round, the extraordinary high toluene concentrations and changes in redox
conditions caused by transient hydraulic conditions poisoned the sulfate reducing
Desulfobulbaceae population clearing the way for the establishment of a new, functionally
redundant, degrader population within the Peptococcaceae. Factors such as
(i) contaminant toxicity, (i) sensitivity to redox changes, (iii) increased sediment
heterogeneity in the infrequently saturated vadose zone, (iv) temporal lateral influences
from another source, as well as (v) the collapse of a bacterial population caused by

bacterial competition, viral infection or protozoan grazing may be considered.
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Figure 3.6: Schematic illustration of the field site highlighting the assumed plume dynamics during the
years 2007 to 2009.

Without doubt, our data set demonstrates the spatiotemporal dynamic of a
contaminant plume mainly composed of BTEX and naphthalene. Maximum contaminant
concentrations varied by almost a factor of six within the observation period of four years
at the spot of our HR-MLW. The dynamics in contaminant concentrations along the
vertical cross section at site of our HR-MLW, gave rise to a strong dynamic in plume
lengths (Fig. 3.6). This assumption could be confirmed by an independent data set from
repeated sampling of several adjacent conventional multi-level wells. Note, the much
lower BTEX concentrations with these measurements are a result of the much lower
vertical resolution of groundwater sampling, 50 - 100 cm instead of 3 - 10 cm at the HR-
MLW (Fig. 3.5B). Sampling the C-MLW using a multi-channel suction pump delivered
groundwater which integrated the chemical information of several cubic decimeters,
leading to the underestimation of true contaminant concentration by a factor 5 and more
(Fig. 3.5B; Anneser et al. 2008a, Anneser et al. 2008b).

The observed dynamics including the part time collapse of toluene degradation opens
a new discussion on the reliability of NA processes, assessment of NA and enhanced NA
as conservative long-term sanitation concepts. Enhancement of our knowledge will help to
improve the predictability of plume development and to assess the reach of NA and
further remediation strategies. These findings ask for a future collaboration for the further
development of reactive transport models, now considering microbial growth, death and

interactions in terms of functional redundancy and biodegradation.
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4. Quantification and preservation of aquifer sediment

bacteria — a multiple assay comparison

Quantification of the total bacterial number in aquatic sediment samples is challenging.
We have developed and systematically evaluated a standard protocol for estimation of
total bacterial abundance optimized for sandy sediments. Sample preparation including
density gradient centrifugation and quantification via flow cytometry were combined.
Moreover, the effects of sediment freezing (-20°C, liquid nitrogen, dry ice) on total cell
numbers, the number of active cells derived from ATP concentration measurements, and
16S rDNA gene copies have been investigated. Initial freezing of sediments leads to a
significant loss of cells counts in the range of 20 - 90%. Shock freezing using liquid
nitrogen proved to be least destructive. Repeated freezing did not further decrease cell
numbers significantly, pointing at a certain proportion of the bacterial community to be
persistent to freezing and thawing stress. Apparently mostly the part of a community
active at time of sampling is mainly lost, as indicated from the ATP measurements. Most
interestingly, freezing unexpectedly lead to a strong decline in 16S rDNA gene copies. If it
turns out true that the most active fraction of a bacterial community is lost after freezing,
functionally and phylogenetically dominant species or groups within bacterial communities
may be underrepresented after molecular analysis of sediment samples stored at frozen

conditions. This point clearly needs further investigation.

4.1. Introduction

With groundwater filled aquifers, the terrestrial subsurface harbors the world’s largest
freshwater ecosystem (Danielopol et al. 2003). The biomass of prokaryotes in the
subsurface domain accounts for about 6 - 40% of the earth’s total microbial biomass,
which is a minimum estimate, based on unconsolidated sediments representing only 20%
of the terrestrial subsurface (Whitman et al. 1998). Most of these prokaryotes (Eubacteria
and Archaea) are associated with sediment surfaces, forming micro colonies and biofilms,
while only a small fraction (0.01 - 10%) are found suspended in the pore water (Alfreider
et al. 1997, Griebler et al. 2002, Duhamel & Jacquet 2006, Chang et al. 2009).
Consequently, the analysis of prokaryotes, in the following simply termed bacteria,

requires reliable techniques for their preservation and quantification.
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The first step in the quantification of sediment bacteria is the adequate preservation.
Most commonly, water and sediment samples dedicated to direct counts are fixed with
paraformaldehyde, formaldehyde, glutardialdehyde or a combination of metal ions and
sodium azide (Gunther et al. 2008). With other quantification approaches, such as DNA
extraction and subsequent gPCR of 16S rDNA genes, sediments are routinely (shock)
frozen and kept at < -20°C till further processing (Madsen 2000). Especially freezing and
thawing is known to cause destruction of a fraction of bacteria (Skogland et al. 1988,
Ellison et al. 1991, Dodd et al. 1997, Dodd et al. 2007). To date, there is hardly any little
information if this loss is significant and systematic and, if frozen sediment samples may
serve as backup for total bacterial counts.

Quantification of bacteria is mainly based on direct counting, either via epifluorescence
microscopy (Dayley & Hobbie 1975, Porter & Feig 1980, Schallenberg et al. 1989, Epstein
& Rossel 1995, Kuwae & Hosokawa 1999) or flow cytometry (Vives-Rego et al. 2000,
Ziglio et al. 2002, Gruden et al. 2004, Amalfitano & Fazi 2008). For statistical reasons a
high number of cells per sample needs to be counted (Kirchman et al. 1982) which makes
the microscopic approach very time-intensive and limits the number of samples processed
in a study. In contrast, flow cytometry enables the researcher high throughput
measurements. Both techniques are applied routinely with liquid samples, but it is still
challenging to quantify bacteria attached to sediments.

With respect to sediment bacteria, additional difficulties occur. In detail, the successful
detachment of cells from particles minimizing cell destruction and getting rid of organic
and inorganic particles others than bacteria. Removal of cells is mainly accomplished by
homogenization and sonication, while removal of unspecific particles is mainly achieved
via sample dilution (Gough & Stahl 2003) and density gradient centrifugation (DGC)
(Bakken & Lindahl 1995, Mayr et al. 1999, Courtois et al. 2001, Amalfitano & Fazi 2008). It
has been shown that the success of a detachment procedure strongly depends on specific
sediment properties and thus the optimal protocol has to be determined individually for
each sediment sample type (Buesing & Gessner 2002). Based on total DNA extraction,
and thus independent from a careful and quantitative detachment of cells from sediment
grains, is gPCR (Witzingerode et al. 1997, Bach et al. 2002) and ATP analysis (Hammes
et al. 2008). These approaches are accompanied to other individual potential
uncertainties, including the incomplete lysis of cells and inhibitory effects of humics as well
as other compounds during PCR and ATP analysis (Witzingerode et al. 1997). Last but
not least, indirect methods often suffer from inadequate standardization and conversion
factors. Moreover, cell numbers gained from ATP measurements represent the active

microbial biomass which may considerably deviate from the total bacterial biomass.
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Here we report on an optimized protocol for a fast and direct quantification of
prokaryotic cells from sandy aquifer sediments in a flow cytometer and named it in the
following “standard protocol”. In comparison with alternative indirect approaches for
microbial quantification, i.e. g°PCR and ATP, the quantitative effects of sample storage,
taking into account repeated freezing and thawing cycles, are examined.

4.2. Materials and methods

4.2.1. Sediment samples

Most experiments, during development of a standard protocol for the quantification of
aquifer sediment bacteria, were conducted with quaternary sandy sediment (grain
diameter 0.063 - 4 mm) which was percolated with groundwater from a quaternary aquifer
in a barrel for several months. At some occasions also sterile quartz sand (grain diameter:
200 - 300 um) was used as model sediment (see below). Later in the study, fresh
sediment samples from a sandy porous aquifer at a former gas works site in Dusseldorf-
Flingern (Germany) were collected by means of drilling. Along a vertical cross section
through a contaminant plume of aromatic hydrocarbons, sediment subsamples originated
from 6.0 to 10.4 m below land surface (bls) were analyzed. A detailed description of the
sampling site is given elsewhere (Anneser et al. 2008, Anneser et al. 2010).

4.2.2. Culture bacteria

For the purpose of standardization and evaluation of recovery, cultures of
Pseudomonas putida F1 and Aromatoleum aromaticum EbN1 were grown in an oxic or
anoxic carbonate-buffered freshwater mineral medium, respectively. Cells were harvested
at the end of their exponential growth phase by centrifugation. In case of P. putida, the
pellet was resolved in PBS buffer (Dulbecco, 1x, Ca*, Mg®*, Biochrom AG), fixed in 2 mL
2.5% glutardialdehyde and stored at +4°C for further use. Use of A. aromaticum as
standard in gPCR is described in more detail below.

4.2.3. Densitiy gradient centrifugation (DGC)

Since high background of unspecifically stained cells constituted the most serious
problem with the quantification of sediment bacteria, the reduction of these small inorganic
bacterialike particles via DGC was the first step evaluated. 0.5 mL of fresh sediment was
placed into a 2 mL Eppendorf tube and fixed with 0.5 mL formaldehyde (37%) for 10 min
(Griebler et al. 2001). Thereafter, 1.5 mL of particle free PBS buffer was added,
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subsequently the sample was briefly mixed by hand and spun down at 15,000 g for 10 min
in an Eppendorf centrifuge. Again 1.5 mL of PBS buffer was added and the tube was
placed into a swing mill (12 Hz, 3 min; H. Eisenmann pers. commun.) to dislodge the
attached prokaryotic cells. The supernatant (1.5 mL) having room temperature was placed
onto 5 mL of a cold Nycodenz solution (Progen Biotechnik GmbH) at a final concentration
of 1.3 g mL" at pH 8 (Lindahl & Bakken 1995) in a 10-mL-centrifuge tube. DGC was done
in a Centricon ultra centrifuge (T-2190, TST 41.14 swing rotor) and particles were spun
down at 15,500 g for 1 h at 4°C. After centrifugation subsamples were collected in 1 mL
portions by pipetting starting at the top (tubes containing 6.5 mL in total).

To qualitatively and quantitatively verify the centrifugation step, total bacterial numbers
of triplicate samples were determined microscopically (see below) in all sample fractions.
As a first test, cells of a Pseudomonas culture were diluted in 1.5 mL PBS aliquots to a
final concentration of ca. 10" cells mL™. The aliquots were applied on 5 mL of cold
Nycodenz solution and centrifuged as described above. The total recovery from the
different sample fractions after DGC was determined in comparison to the total
microscopic counts of non-centrifuged control samples. A similar test was run with quartz
sand samples spiked with Pseudomonas cells. To estimate the amount of bacterial cells
spun down together with particles, the pellet in the centrifugation tubes were exemplarily
resolved in 1.5 mL PBS buffer, treated in the swing mill and applied once again on cold
Nycodenz for repeated centrifugation. Finally, real sediment samples (quaternary sandy
aquifer sediment) were treated in the swing mill and the supernatant was placed onto the

Nycodenz solution.

4.2.4. Flow cytometry

Sample aliquots (mostly 100 pL) were stained with SYBR Green | (5 uL mL™ working
solution, see below) and incubated for 10 min at 4°C in the dark. As an internal standard,
Trucount beads (Becton Dickinson) dissolved in fresh 0.2 pum-filtrated PBS buffer were
used. For practical reasons and economic consideration, one Trucount tube was
amended with 4 mL of PBS buffer and split into four aliquots. Sample analysis was
performed with a LSR Il flow cytometer (488 nm and 633 nm laser, Becton Dickinson).
The instrument settings were as follows: forward scatter (FSC) 350 mV, side scatter
(SSC) 300 - 370 mV, bandpass filter 530 nm (B530) 500 - 580 mV, and bandpass filter
610 nm (B610) 650 mV depending on optimal separation of Pseudomonas cells and
standard beads. All parameters were collected as logarithmic signals. The bacterial

counting gate was initially set and repeatedly checked with a P. putida culture comparing
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green (B530) and red (B610) fluorescence and further adjusted to separate the bacterial
populations from background particles. To minimize background noise, the signal
threshold was adjusted to 200 mV. All analyses were performed at a minimum flow rate
(about 10 puL min™). Samples were always measured in triplicates and the BD FACSDiva
software package (Becton Dickinson) was used for data analysis. In order to compare the
results obtained by flow cytometry with results from microscopy, aliquots of the same
samples were counted in parallel.

Calculation of the total number of bacteria per mL sediment (Nps), was derived

through the experiments, according to:

N bac = ba‘Ccounted x beadstotal ><VFra(:tions x1.43%1.28x1.1 (3)
beads xV

counted sample ><Vsediment (2)

Where bac..unes = NUMber of events in the gate for the bacterial cells, beadscounted =
number of events in the gate for the beads, beads,,, = the total number of beads in the
Trucount tube, Veaciions = Volume of the measured fractions [mL], Vsampie = Volume of the
sample taken for the flow cytometer [ML], Vsegiment = VOlume of used sediment [mL], 1.43 =
factor for the release efficiency (see results), 1.25 = factor for the loss of cells during the
DGC not found in the selected fractions 2 & 3 (see results), and 1.1 = corrects for the

sediment pore water not transferred after dislodgment.

4.2.5. Microscopic counts

Subsamples after DGC (0.5 to 2 mL) were diluted in particle free PBS buffer to a final
volume of 5 mL, stained with 25 pL working solution of SYBR Green | and incubated for
10 min at 4°C in the dark. The samples were briefly mixed and filtered onto 0.2 um black
polycarbonate filters (Millipore). Subsequently filters were washed once with 5 mL PBS
buffer, removed from the filtration tunnel and embedded in fluorescent oil on a microscope
slide. Cells were counted with a Zeiss Axiolab microscope at 1000x magnification (filter
set: Zeiss, Ex 450 - 490 nm, FT 505 nm, LP 520 nm) using a counting grid for
guantifications. For statistical reasons, a minimum of 200 - 400 cells and not less then
10 observation fields were examined (Kirchman et al. 1982). The total number of bacterial

cells (Npac) Was calculated as follows:

6
SXlO XN (4)

I\Ibac =
sxV )
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Where S = filter area [mm?], n = mean of bacterial numbers per working field, s = area

of working field [um?, V = volume of water filtered [mL].

4.2.6. Sediment preservation tests

Different fixation protocols were tested for sediment samples in relation to the quantity
and quality of staining applying different fluorescent dyes and ways of preservation.
Aliquots of 0.5 mL of fresh sediment were fixed in (1) 0.5 mL of 37% formaldehyde, (2)
1.5 mL of 4% formaldehyde, or (3) 1.5 mL of 2.5% glutardialdehyde, and stored at 4°C in
the dark (Griebler et al. 1997, Bast 2001, Bockelmann et al. 2003). Additionally, different
sediment aliquots were fixed in 1.5 mL of 4% paraformaldehyde, incubated for three days
at 4°C in the dark, then washed twice with 1 mL of PBS and spun down at 4000 g for
30 min. Subsequently these sediment samples were resolved and stored in a mixture of
0.75 mL PBS buffer and 0.75 mL ethanol absolute (Merck) at 4°C in the dark (Bachoon et
al. 2001).

Preservation was conducted by placing fresh sediment aliquots at -20°C, on dry-ice, or
into liquid nitrogen. All frozen sediments were stored at -20°C until further processing.
Thawing of frozen samples generally took place at room temperature, occasionally putting
the frozen sediment directly in PBS buffer. For reasons of comparison, numerous aliquots
underwent repeated (two to three times) freezing and thawing cycles. All sediment
aliquots which have been frozen prior to fixation were treated with 1.5 mL 2.5%

glutardialdehyde after thawing.

4.2.7. Detachment, loss and damage of cells

Dislodgement of bacterial cells from sediment particles was tested comparatively (1) in
an ultrasonic bath (Branson digital sonifier 450) at 20% amplitude from 20 to 360 s with
pulsed and continuous sonication, (2) in a swing mill (MM 200, Retsch) at 10, 20 and
30 Hz and (3) using a test tube shaker (Thermomixer comfort, Eppendorf) at 1400 rpm.
These treatments were tested with culture bacteria amended to sterile aquifer sediments
or quartz sand to evaluate cell damage and recovery. Some sample aliquots received the
addition of the surface active detergent sodium pyrophosphate (PPI, 100 mM), prior to the
mechanical treatment (Griebler et al. 2001). Different settings of ultrasonication were
further tested to properly disaggregate cell pellets of culture bacteria after centrifugation
steps without pronounced cell damage or loss. Cell aggregation and possible damage
was checked microscopically. To test the efficiency of cell release from sediment samples

treated in the swing mill, the supernatant was collected and replaced by new PBS buffer.
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The sediment sample was homogenized again. This procedure was repeated three times
and the subsequently collected supernatants were further processed for DGC as
described above.

4.2.8. Staining of prokaryotes

For staining, a number of fluorescent dyes were tested with epifluorescence
microscopy at various concentrations; 4’,6-diaminido-2-phenylindole (DAPI, Diagnostica
Merck) at 0.01 to 0.5 mg mL™*, CYTO 59 (5 mM, Molecular Probes) at 0.1 uL mL™ and
0.2 uL mL™, acridine orange (Sigma) at 4 ug mL™*, and SYBR Green | (stock 10 000x
concentrated, Invitrogen; working solution 1:10 with PBS buffer) from 0.5 to 20 puL mL™
final concentration. Based on the results from microscopic test, only SYBR Green |
(3uL mL™* and 6 uL mL™) and CYTO 59 (0.6 pL mL™) were further evaluated via flow
cytometry.

In addition, 0.5 mL aliquots of sterile sediment diluted in 1.5 mL PBS buffer were
stained with SYBR Green | (3 uL mL™) after treatment in the swing mill (20 Hz, 3 min).
Some of these sample aliquots were centrifuged at 10,000 g for 10 min, then washed with
PBS after staining, and compared to sterile sediment aliquots treated the same way but
without staining. These samples were examined by flow cytometry to check for unspecific

staining and de novo generation of small particles due to the detachment procedure.

4.2.9. Adenosine-triphosphate (ATP)

Total ATP was determined as described in Velten et al. (2007) using BacTiter-Glo™
reagent (Promega) and a CellScan luminometer (Taurus Instruments). In detail, 0.2 mL
sediment with 60 uL ATP-free Milli-Q water (MQ) was heated to 37°C in a Thermomixer
(Thermomixer comfort, Eppendorf). 100 pL of the 37°C-warm BacTiter-Glo™ reagent was
added and mixed briefly in the Thermomixer at 1400 rpm for 2.5 min. After addition of
900 pL preheated ATP-free MQ with subsequent short centrifugation of 20 s by maximal
speed to spin down the particles, the supernatant was transferred into a cuvette.
Luminescence was measured integrating over 10 s. Values were then converted to ATP
concentration using a calibration curve by using known ATP concentrations (Roche)
diluted in ATP-free MQ and performed at 37°C. Assuming a mean concentration of
1.75 x 10™ nmol ATP per cell (Hammes et al. 2010) the number of active cells was

calculated.
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4.2.10.Nucleic acid extraction and quantitative PCR

DNA from sediment samples were extracted in triplicates as described in Lueders et
al. (2004). The investigated sediment samples were ~0.7 g fresh, frozen in liquid nitrogen,
frozen at -20°C, refrozen at -20°C after thawing or thawed in 1x PBS buffer, always
without any fixative. The DNA was stored at -20°C and the amount of extracted DNA was
measured with PICO Green (Invitrogen) followed by quantitative PCR (QPCR). With some
modifications gPCR was performed as previously described in Winderl et al. (2008). Only
40 cycles were needed with denaturation and annealing time of 30 s each. The primer set
519f/907r (Muyzer et al. 1995, Biddle et al. 2008) was used to quantify the extracted
amount of bacterial 16S rDNA.

To correct for potentially distinct amplification/detection efficiencies of the qPCR assay
and also for putative extraction/detection efficiencies of our general workflow, defined
biomass amendments were evaluated for the Dusseldorf-Flingern aquifer sediments. For
this, sediments were sterilized over night at 180°C to eliminate intrinsic nucleic acids.
Then, sediments were re-wetted with sterile water and amended with defined cell
numbers of a freshly grown, SYBR Green-counted liquid culture of “A. aromaticum” EbN1
between 8 x 10° and 8 x 10° cells g* wwt of sediment. Care was taken to adjust the
sediments to original water content. Strain EbN1 carries four rrn-operons per genome
(Rabus & Widdel 1995). Nucleic acids were re-extracted and quantified as described
above. From the detected vs. expected gene quantities, a correction factor for 16S gene
counts directly obtained from Flingern sediments was inferred. Negative controls showed

that heat sterilization destroyed over 99.99% of initial 16S rDNA gene counts.

4.2.11.Statistics

For statistical evaluation of the data, the statistic package in SIGMA Plot 11 and the
software R (version 2.9.1) were used. In SIGMA Plot, the student’s t-test or the Mann-
Whitney Rank test was applied for comparison of two groups of values. To compare
multiple groups, the one-way ANOVA was used. In R, the two-sample t-test with unequal
variances to test statistical significance was applied. Differences were considered to be

significant at a confidence level of p < 0.05 in all tests.
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4.3. Results and discussion

Total number of bacteria and prokaryotic biomass in sediment is a crucial parameter to
understand an ecosystem. A close link has been shown between total number of bacteria
and sediment grain size, oxygen concentration, organic matter content, perturbation and
grazing (Jones 1974, Meyer-Reil 1993, Lucchesi & Santangelo 1997, Griebler et al. 2002).
Similar relationships may be assumed for groundwater and aquifer sediments (Griebler &
Lueders 2009). To date, only a minute fraction of the subsurface has been sampled and
investigated and data on the prokaryotic abundance and biomass is extremely scarce,
especially when compared to data available from surface ecosystems. Without doubt, this
is partly caused by the inaccessibility of the subsurface and the enormous costs
associated with drilling activities. However, generation of data is also hampered by time-
consuming methods applied for the assessment of total bacterial counts in sediment. Fast
and reliable methods are thus urgently needed for the assessment of total bacterial
numbers in aquifer sediments. Moreover, the effects of sample preservation by fixatives or
freezing with respect to loss of cells as well as rDNA copies need careful consideration.

4.3.1. Density gradient separation of bacteria and inorganic particles

DGC of cells recovered from quartz sand spiked with P. putida or detached from river
bed sediment and sediment from Dusseldorf-Flingern freshly fixed with glutardialdehyde
resulted in the bulk of bacterial cells in fraction 2 and 3 (Fig. 4.1), with the major portion of
cells contained in fraction 2. A more detailed picture on the distribution of cells along the
Nycodenz density gradient is given in table 4.1.

89



4. Quantification and preservation of aquifer sediment bacteria — a multiple assay comparison
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Figure 4.1: Distribution of bacterial cells in different fractions after density gradient centrifugation
exemplarily shown for different types of sediment samples.

Because a series of natural samples, including spiked quartz sand, aquifer and river
bed sediments, examined revealed 75% to 85% of all cells distributed in the fractions 2
and 3 (data not shown), we set a correction factor of 1.25 for bacteria in natural sediment
samples to correct the loss of cells in the not used fractions. Similarly, Lindahl and Bakken
(1995) found more than 95% of a pure culture of bacteria and about 89% of soil bacteria
in the cushion (comparable to fraction 2 in our approach) of the Nycodenz after DGC and
87% recovery of cells are reported by Priemé et al. (1996). Up to 30% of the cells may be
found in the pellet (Kallmeyer et al. 2008), which results from cells remaining sorbed to
sediment particles or due to co-sedimentation. In our experiments, only 4 - 9.5% of the
cells were found in the final fraction which also contained the pellet. Additional to counting
the cells via flow cytometry after our standard protocol procedure, the pellets have been
checked microscopically (data not shown) revealing similar results.
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Table 4.1: Distribution of the cells in the Nycodenz-gradient determined by flow cytometry.

Fraction mL steTillsizgferent P.putida ;L.J;rlztjilcsj:n+d Grsoeliiri]r?lvgﬁter
1 0-1 0.5+ 1% 1+1% 3.5+6.5% 1+0.5%
2 1-2 74 £ 4% 81.5+9.5% 68 + 15.5% 66 + 10%
3 2-3 9+5% 9+7.5% 12+ 7.2% 12 £ 6.5%
4 3-4 3.5+2% 15+1% 85+4% 55+4%
5 4-5 6 2% 15+1% 3.5+0.2% 6 2%
6 5-6.5 7+ 0.5% 55+ 8% 4+2.2% 9.5+ 8%

The qualitative improvement of sample preparation, i.e. the reliable separation of non-
bacterial particles from cells, is highlighted in Fig. 4.2. In charts A and B the tremendous
reduction of the huge particle load is obvious. Moreover, spiking of sterile sediment with
P. putida cells confirmed the reliable separation of bacterial cells from other particles
(Fig. 4.2C). Fig. 4.3D underlines the unspecific staining effect, when adding the
fluorescence dye to sterile, organic carbon free (muffled) sediment (Fig. 4.2D and 4.2E).

Unspecific staining is an effect which makes it very difficult to separate bacterial cells
from unspecifically stained particles in the microscope. The addition of PPI significantly
increased the degree of non-specific background staining. Non-specific staining of
sediment is well-known from many studies for nearly all kinds of DNA-specific dyes
(Epstein & Rossel 1995, Nunan et al. 2003). In a more recent study by Klauth et al. (2004)
different green fluorescent nucleic acid dyes have been compared focusing on non-
specific staining of sediments. SYTOX Green exhibited a significantly lower background
staining effect to sediments, but the results varied broadly, depending on the different
types of soils (Klauth et al. 2004).

Plotting the green (B530) versus the red fluorescence (B610) allowed a reliable
separation of bacterial cells and particles in sediment (Fig. 4.2). This was also shown for

water samples (Hammes & Egli 2005).
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Figure 4.2: Flow cytometry data for (A) aquifer sediment processed without DGC, (B) aquifer sediment
treated following our evaluated standard protocol, (C) sterile aquifer sediment spiked with P. putida
and subsequent DGC, (D) sterile aquifer sediment stained with SYBR Green |, and (E) unstained sterile
aquifer sediment. All samples received the same amount of beads as internal standard.

92



4. Quantification and preservation of aquifer sediment bacteria — a multiple assay comparison

4.3.2. Evaluation of different fixatives

The comparison of different fixatives and dyes at varying concentrations showed
highest cell numbers, the best fluorescence yield and minimum background staining of
particles when fixed with 2.5% glutardialdehyde and stained with SYBR Green |. This was
evident for water and sediment samples. Fig. 4.3 shows the difference in total counts of
SYBR Green | stained cells subsequent to various forms of fixation. Glutardialdehyde
fixed samples revealed significantly higher cell numbers for microscopic (One Way
ANOVA, P =<0.001 to 0.002) and flow cytometric counts (One Way ANOVA, P = 0.001 to
0.005).
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Figure 4.3: Total number of bacteria determined by flow cytometry and epifluorescence microscopy
following different fixation treatments. Values are triplicates + SD.

It was shown, e.g. for marine water samples, that fluorescence was higher with
unfixed living cells when compared to fixation with formaldehyde (Lebaron et al. 1998).
This approach, however, has some limitations. First, samples without any fixation need to
be cooled and processes within a few hours of collection (Ziglio et al. 2002). Fixation
allows storage of samples for several weeks to months (Davey & Kell 1996). Even storage
at 4°C may lead to significant cell loss, as it was shown for sediment samples (Duhamel &
Jacquet 2006). Furthermore, fixation with aldehydes leads to denaturation of proteins and
gives the cells robustness which is of great advantage during the process of dislodgement

from sediment particles (Griebler et al. 2001).
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When analyzing water, sample preservation with formaldehyde or paraformaldehyde is
the most common method (Lebaron et al. 1998, Joachimsthal et al. 2003). However, a
better performance of glutardialdehyde fixation when compared with formaldehyde and
paraformaldehyde has been reported also by Lunau et al. (2005) and Martens-Habbena &
Sass (2006), respectively. These and our results are in contradiction to the findings of
Duhamel and Jacquet who obtained higher bacterial counts with sediment samples when
fixed with formaldehyde than with glutardialdehyde (Duhamel & Jacquet 2006).

4.3.3. Efficiency of cell dislodgement and recovery

Homogenization (Dale 1974, Meyer-Reil et al. 1978, Dye 1983), ultrasonication
(DeFlaun & Mayer 1983, Ellery & Schleyer 1984, Schallenberg et al. 1989, Epstein &
Rossel 1995, Ward & Johnson 1996, Fischer et al. 1996), and the combination of both
(Velji & Albright 1993, Weinbauer et al. 1998) have been found most efficient in the past.
Homogenization separates bacteria from sediment particles by mechanical forces.
Ultrasonication causes separation of bacteria and sediment particles as well as
aggregation of bacteria by vibration of individual particles. Both techniques may also be
applied to destroy or digest cells (Ellery & Schleyer 1984, Lindahl 1996). Consequently,
the intensity and duration of these treatments are crucial. Here, homogenization was used
to dislodge cells from sediment particles and brief ultrasonication was applied to
disaggregate cells after DGC (see below). Treatment of the sediment samples in an
ultrasonic bath was not further considered for cell detachment as it was found to produce
a huge amount of small inorganic particles in preliminary experiments (data not shown).

To test the destructive force and the cell recovery efficiency related to homogenization
by means of a mini shaker and a swing mill at different settings, sterile quartz sediment
was spiked with a known number of cells from a P. putida culture. Processing sediment
aliquots in the swing mill at 20 Hz for 3 min resulted in best recovery, while mixing on a
shaker at 1400 Hz and 10 Hz for 3 min each resulted in significantly lower cell numbers (t-
test, p < 0.01). Similarly, the swing mill treatment at higher intensity (30 Hz) exhibited
significantly different, lower cell counts (t-test, p < 0.05), indicating cell disruption (Fig.
4.4).
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Figure 4.4: Recovery of culture bacteria (P. putida) spiked to sterile quartz sand subsequent to
different homogenisation treatments, i.e. in a swing mill at different intensities or in a mini shaker. The
number of cells spiked served as the control. Values are triplicates + SD.

Much research has compared procedures for detachment of bacterial cells from
sediment particles. Buesing and Gessner (2002), for example, systematically compared
ultrasonic bath, ultrasonic probe, homogenizer and blender for varying times of treatment
of sediment and found the mechanical removal to be more efficient than ultrasonication,
supporting our findings. However, a few other studies experienced the opposite (Ellery &
Schleyer 1984). Mermillod-Blondin and coworkers (2001) compared ultrasonic bath
against ultrasonic narrow tip generator and the latter was found to be more effective and
less damaging to cells, which has been confirmed by Ellery and Schleyer (1984) and
Epstein & Rossel (1995). Even apparently minor differences (e.g. instrument settings,
power) in detachment procedures with the same basic approach and equipment can lead
to significantly different results (Epstein & Rossel 1995, Buesing & Gessher 2002).
Additionally to the time of sonification, size of the sample can also play an important role
(Epstein & Rossel 1995). The addition of surface active detergents like PPI, Tween80 or
methanol was shown to potentially increase the removal efficiency (Bakken & Lindahl
1995, Epstein & Rossel 1995), a treatment which was not tested during this study.
Surface active reagents may interfere with cell counting (Velji & Albright 1993, Griebler
2001). Supplementary application of enzymatic treatment for the degradation of
extracellular polymeric substances was used by Béckelmann and coworkers (2003) and

Kallmeyer and coworkers (2008).
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Testing the efficiency of cell removal applying the evaluated standard protocol
repeated times to aquifer sediment samples, showed that only 70 + 5% of the bacteria
were released in the first treatment, while the following repetitions disclosed significantly
lower numbers of bacteria; i.e. 17 + 2% in the second, 8 + 1% in the third and 5 £ 2% in
the fourth run to calculate the total bacterial number. A higher release efficiency of 90%
have been reported for sandy sediments applying a comparable detachment protocol
(Griebler et al. 2001). However, much lower cell recovery of 25% and less have been
reported (Lindahl 1996, Mayr et al. 1999). The success in detachment may vary with
species and strains (Lindahl & Bakken 1995). One explanation can be the age of the
bacterial cells, the “older” bacteria are the more adhesion to the particles they can have
(Priemé et al. 1996). Without doubt, to obtain an optimized detachment protocol a
compromise has to be found between detachment efficiency and cell damage. Based on
the different removal efficiencies, various correction factors have been established (Ellery
& Schleyer 1984, Griebler 2001). We set a correction factor of 1.43 in accordance to the
70% removal efficiency during a one step treatment with aquifer sediments. Approaches
alternative to cell dislodgment is to simply correct for potential masking effects
(Schallenberg et al. 1989) or to work with highly diluted samples to reduce the load of
inorganic particles (Gough & Stahl 2003). Boenigk (2004) tried to reduce the number of
interfering particles in sediments containing clay and fine silt by partial dissolution with
hydrofluoric acid, but increased background fluorescence.

4.3.4. Comparison of different staining solutions

With microscopic counts, the best results for SYBR Green | stained samples were
obtained at a final dye concentration of 0.8 - 1 pL mL™. At lower concentrations, part of
the bacteria was not stained sufficiently, while higher concentrations resulted in an
increase of background fluorescence. For flow cytometric analyses, there was no
significant difference between the various SYBR Green | concentrations tested;
consequently a final concentration of 0.3 pl mL™* was applied. Comparing a number of
fluorescence dyes, such as DAPI, CYTO 59 and Acridine Orange, SYBR Green | stained
samples revealed the best results with epifluorescence microscopy. For flow cytometric
analysis, only SYBR Green | and CYTO 59 have been tested, with SYBR Green | being
most appropriate. Several independent studies support the finding that cells stained by
green fluorescent dyes are easier to distinguish from non-specifically stained particles
compared to other dyes such as DAPI (Lebaron et al. 1998, Weinbauer et al. 1998,
Griebler et al. 2001, Gruden et al. 2003).
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4.3.5. Microscopy vs. flow cytometry

When staining samples subsequent to DGC with SYBR Green |, microscopic
observations showed bright greenish cells besides many of greenish and yellowish
particles with just a moderate fluorescence. Only the green and bright fluorescing objects
with the shape and size of bacteria were considered bacterial cells, leading to cell
numbers slightly lower, but not statistically different as obtained by flow cytometry. A
similar result was obtained when comparing flow cytometric and microscopic counts of
samples from a bacterial batch culture of P. putida (Tab. 4.2). This correspondences with
an earlier study comparing also both methods (Gruden et al. 2003).

Table 4.2: Total numbers of culture bacteria (P. putida) and sediment bacteria, as determined by flow
cytometry and direct microscopic counting.

Counting method P. putida [mL™] Sediment bacteria [mL™]
Microscopy 126 x10°£2.25x 107 1.20 x 10° + 2.25 x 10°
Flow cytometry 1.92x10°£3.45x 107  1.98 x 10°+ 2.74 x 10°

An advantage of microscopic counts is that the samples can be observed directly, so
particles can be assessed by taking into account their size and shape. However, the
assessment of fluorescing objects based on their fluorescence intensity relies on the
counter's subjective perception that has to decide to which extent the fluorescing particles
are assessed as bacterial cells. Sediment samples are generally characterized by a high
content of small inorganic particles, which maybe confused for bacterial cells, giving a
range of error in cell count. Furthermore, human perception varies considerably among
different individuals (Joachimsthal et al. 2003).

One advantage of flow cytometry is that fluorescing particles are only one time lighted
when they pass the laser beam so fading is not a problem. The flow cytometer is able to
exactly measure fluorescence intensities. Therefore, it can be clearly defined which
particles are considered as bacteria based on their fluorescence and/or scattering
properties. On the other hand, there is a certain range of error in data analysis. Setting the
frames in the plots (see Fig. 4.2) contains uncertainties. The decision what to include in
the frame relies at least partly on human judgment. Flow cytometry allows a far more rapid
analysis of the samples, reduces the time needed for sample preparation as well as it
constitutes an efficient tool for quantification of microorganisms in sediment samples.

For water flow cytometry is a routine methods to analyze cell counts as well as further
parameters like cell size, cell structure, nucleic acid content and viability (Berney et al.

2008, Hammes et al. 2008, Hammes et al. 2010). Especially the separation of high and
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low nucleic acid bacteria is of ecological relevance (Gasol et al. 1999, Wang et al. 2009).
This step still needs to be done for sediment samples in the future.

4.3.6. Evaluated ,standard protocol“

Based on the improvements of the various steps in the quantification of sediment
bacteria the following standard protocol was deduced: 0.5 cm? of fresh sediment is fixed
with 1 mL of 2.5% glutardialdehyde and stored at 4°C in the dark until further
preparations. After removal of the glutardialdehyde by centrifugation and discarding the
supernatant, the sample is amended with 1.5 mL PBS and treated in a swing mill for 3 min
at 20 Hz. The supernatant is collected and layered on 5 mL cold Nycodenz solution in a
10-mL-centrifuge tube and centrifuged as described earlier. Millilitre 2 and 3, the fraction
with the main part of bacteria, are collected, of which an aliquot is subsampled and diluted
in 0.2 pm-filtrated PBS (1:10 - 1:100) depending on the expected cell number of the
sample. The samples are prepared for flow cytometric counts and counted as described
above. This standard protocol was applied for investigating the influence of storage by

freezing.

4.3.7. Influence of sample storage

The handling of fresh sediment samples directly after sampling has a pronounced
influence on later quantification of bacteria. There is, for example, a significant difference
between freshly processed samples and samples processed after freezing. A systematic
comparison was conducted to qualitatively and quantitatively evaluate loss of bacterial
cells, change of bacterial 16S rDNA copies, and ATP concentration subsequent to sample
preservation by different ways of freezing. In all cases a significant reduction in cell counts
have been observed when comparing to freshly processed aquifer sediment (Fig. 4.5A).
Similarly, freezing led to a pronounced loss of 16S rDNA gene copies. This result is of
high relevance, as freezing is the standard treatment for conserving environmental
samples for later DNA extraction and molecular analysis. However, due to the high
standard deviation of the replicates the differences were not significant (Fig. 4.5A).
Comparing the loss of total cells, active cells and gene copies after freezing at -20°C and
thawing at room temperature, with and without PBS buffer, the most pronounced
differences to the freshly analysed samples was shown for ATP concentrations (active

cells), followed by the gene copies and the number of total cells (Fig. 4.5B).
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Figure 4.5: (A) Effect of different ways of freezing on the total number of bacterial cells and 16S rDNA
gene copies. (B) Effect of freezing and thawing on the total number of bacterial cells, the number of
living cells (derived from ATP measurements) and 16S rDNA gene copies. Freshly processed samples
served as controls. Values are triplicates + SD.

There are studies reporting on sediment fixation after freezing at -20°C (Martens-
Habbena & Sass 2006, Kallmeyer et al. 2008), although a loss in cell numbers due to
freezing have been repeatedly observed (Helton et al. 2006). The increased effect of
freezing to copy numbers of the 16S rDNA genes is most probably related to the loss of
DNA during extraction, even when considering bacterial cells can contain more than one
copy (Fogel et al. 1999, Klappenbach et al. 2000). A decrease in DNA content due to
freezing is reported for soil samples, where mainly the archaeal communities are affected
(Pesaro et al. 2003). Freezing and thawing had most impact on ATP concentrations which
were used to estimate the number of active cells. We speculate that inactive or dormant
cells, which may constitute a considerable portion of natural groundwater microbial
communities (Alfreider et al. 1997, Kieft & Phelps 1997), are less sensitive to freezing.
Likely the number of inactive cells is comparable in high activity and low activity samples
of a given site, which may explain the non-proportional loss of cells by freezing. The
robust, less active cells seem to persist best and are not sensitive to repeated freezing
and thawing treatments. If mainly active cells are lost, biomass and especially community
analysis are biased after freezing, as these members of the communities are of most
interest. Furthermore, low nucleic acid bacteria, which have been shown to be more
resistant to oxidative disinfection (Ramseier et al. 2011) may also be more resistant to
freezing. Unfortunately, fixation is possible only for direct cell counting but not for indirect
methods such as ATP and 16S rDNA copies where freezing is still the only possible
method to preserve the status in a sample after sampling.

Finally, the effects of freezing have been tested with sediment samples collected along
a vertical gradient in an aquifer contaminated with aromatic hydrocarbons. Here, the total

numbers of bacterial cells have been determined with fresh glutardialdehyde fixed
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sediments as well as with aliquots after freezing at -20°C and thawing at room
temperature. The higher the absolute cell number was in the freshly fixed samples the
higher was the relative loss of cells due to freezing, with exception of the uppermost
sampling location (Fig. 4.6). Cell loss averaged 32%, but ranged from 20 to 90%. Again,
there was no significant difference between cell counts in samples frozen once or

repeatedly frozen and thawed for two or three times (data not shown, p < 0.05).
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Figure 4.6: Vertical distribution of total bacteria as determined in a sediment core from a tar oil
contaminated sandy aquifer from freshly processed samples and parallel samples which have been
frozen on dry ice and stored at -20°C. Values are triplicates + SD.
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4.4. Conclusion

The paper introduces a time-saving, robust and reliable quantification of sediment
bacteria by means of flow cytometry. Moreover, various technical aspects ranging from
the dislodgement of attached cells, using an appropriate fluorescent dye as well as
sample purification with DGC are discussed, which will allow a systematic adaptation of
our approach to other types of sediment. Furthermore, we could demonstrated that
freezing and thawing of sediment samples results in substantial loss of total and active
cells, as well as the number of 16S rDNA copies. There is evidence that the cells lost
come from the formerly active fraction of the samples. Repeated freezing does not lead to
a further significant decrease in cell numbers, hinting at cells resistant to freezing and
thawing. Taking into account that freezing is the standard preservation treatment prior to
molecular analysis, the loss of DNA is crucial, especially if it represents the originally most

active members of the consortium.
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5. General discussion and conclusion

Biodegradation of organic dissolved contaminants in porous aquifers may be limited
by a number of factors such as the availability of appropriate electron acceptors and
nutrients, kinetic limitations, or simply by the low number of degraders (e.g. Lerner et al.
2000). Transverse dispersion is known to be the main factor controlling the mixing of
electron donors (contaminants) and electron acceptors (e.g. oxygen, sulfate) which is
essential for microbial biodegradation. In consequence, highest biodegradation activity is
located at transition zones between contaminated and non-contaminated areas such as
the fringes of contaminant plumes (e.g. Thornton et al. 2001, Bauer et al. 2008). Hence,
biodegradation may be restricted to a small area in the centimeter to decimeter scale and
pronounced bioactivities are indicated by steep physical-chemical and microbiological
gradients (Anneser et al. 2008, Bauer et al. 2008). The detection of these gradients is only
possible with sampling at a very high vertical resolution. Conventional multi-level wells
(C-MLW) have a spatial resolution (e.g. 0.5 to 1 m at the site in Disseldorf) which is far to
low detecting the small-scale changes observed for contaminants and redox-sensitive
parameters. Thus, small spatial variations are often overseen. Furthermore, sampling
C-MLWs is affected by disturbing the gradients by mixing water of different depths during
pumping. The special high-resolution multi-level well (HR-MLW) installed at the
investigated site in Dusseldorf-Flingern in June 2005, overcomes these difficulties.

Additional to sampling of groundwater sediments were collected and also analyzed in
a high vertical resolution to compare the data gained from the water samples. One aim
was to know, if sampling and analyzing of groundwater only is sufficient to uncover the
most important NA processes in the subsurface. In chapter 2 the individual importance as
well as the differences of information gained from groundwater and sediment samples are
discussed. It is demonstrated that the situation in the groundwater reflects the conditions
in the aquifer only to a certain degree. With sampling groundwater it was possible to
identify and localize redox conditions, but merely the current conditions are reflected. Data
gained from the groundwater can be rather seen as a “snapshot”, whereas the sediment
stores information from the past in its “long-term memory”. Hence, the history of the
underground is better depicted by sampling sediment. Without doubt, sediment samples
need to be considered when dealing with high molecular compounds such as PAHS,
which tend to sorb to particle surfaces to a high degree. Moreover, analysis of sediments

is essential from a microbiological perspective, i.e. for the quantification of bacterial cells,
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analysis of community composition and microbial activity. To get quantitatively reliable
data on the distribution of contaminants and microorganisms, sampling and comparing
groundwater as well as sediment samples remain indispensable.

So far, porous groundwater systems have been considered to be relatively stable in
their environmental conditions. Indeed, it is known that karst systems are hydraulically
dynamic and it has been shown that precipitation as well as flooding events directly
influence porous aquifers. With respect to biological patterns it is rather unclear in which
timescales these abiotic dynamics may affect NA processes in aquifers. In detail, it is not
known how fast the associated degrader communities can adapt to quickly changing
conditions. Assuming pronounced hydrological dynamics, two contrary aspects are
possible. (1) On the one hand transient conditions may enhance the NA capacity by
improved distribution of the contaminant as well as electron acceptors over a larger
reactive volume. Whereas (2) on the other hand transient conditions may impair the NA
capacity, posing temporally unfavorable conditions to the highly specialized sessile
degrader communities. The consecutive lack of the electron acceptor or the electron
donor (contaminant) slows down the biodegradation activity.

Long-term changes (time range of months) of physical-chemical and biological
gradients in the groundwater have already been shown in a preceding study (Anneser
2008). Now, the focus were dynamics of physical-chemical and microbial gradients
vertically across a BTEX plume with inherent sulfide allocation coupled to sulfate
reduction as the major redox process linked to NA. Indeed, changes were detectable after
only two weeks at the test site (chapter 3). A groundwater table drop of only 3 cm in this
short time span implicated a downward shift of the lower plume fringe of 10 cm and
consequently a concomitant vertical expansion of the BTEX-plume. The major sulfide
peaks were always located at the lower plume fringe and followed the plume. This
temporally highly resolved data indicate either a fast adaption of degradation and
establishment of NA activity or hint at a broad distribution of degrader populations which
switch on and off their activity along with environmental changes. Considering the
relatively slow doubling times of groundwater bacteria, which generally range from months
to years (Mailloux & Fuller 2003, Griebler & Lueders 2009), it is improbable that degraders
establish new populations in only two weeks. Moreover, as the bulk of bacteria are
attached to sediment particles it is unlikely that they readily move from one location to
another. Therefore, it is suggested that these observations can not be assigned to a
frequent indigenous augmentation of microbial biomass, rather than to a change in

microbial degradation activity.
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During the present work stronger variations of the maximum BTEX concentrations
than ever detected could be observed and are highlighted in chapter 3. In 2008 the BTEX
concentration at our HR-MLW reached the highest value measured since the installation
of the well. Surprisingly, concentration changes were found only with toluene and xylene,
but not with e.g. benzene and naphthalene. Based on this observation two different
theories were established. The first guess comprises a collapse of the toluene
biodegradation caused by a collapse of the specific degrader populations, probably but
not necessary because of higher toluene concentrations that reached toxic values.
Alternatively, the contaminant composition of the plume changed to higher toluene and
xylene concentrations, without significant changes in the total biodegradation activity.
Such a dynamic could have been attributed to the groundwater table elevation and
immersion of parts of the source, which have been in the unsaturated zone before. There
is also the possibility of an individual second source in the formerly unsaturated zone. The
contribution of contaminants from a new source is supported by the change in **C/**C
toluene isotope signatures. Different contaminant sources may have different isotopic
signatures and also sources of the same age and production line may have a different
signature being in the unsaturated zone than in the saturated zone for certain periods of
time (Hunkeler et al. 2004). The collapse of toluene and xylene degradation was indicated
by received support from bacterial community analysis. Giovanni Pilloni, a PhD student
working on water and sediment samples from selected sampling occasions, could show a
break down of the major toluene degrading population, i.e. representatives of the
Desulfobulbaceae, along with a strong reduction of the abundance of the bssA-gene
copies compared to total 16S rDNA-gene copies (Pilloni 2011). The bssA-gene is
encoding a subunit of the key enzyme for anaerobic toluene degradation (Winderl et al.
2008). In detail, a sulfate reducing community degrading toluene was dominated by
Desulfobulbaceae (belonging to the Deltaproteobacteria) and established at the lower
plume fringe, but experienced a dramatic collapse of the Desulfobulbaceae population in
2008. Subsequently, a distinct but functionally redundant population of degraders within
the Clostridia, i.e. Peptococcaceae established in 2009 (Pilloni 2011).

Overall evidence of biodegradation of toluene and sulfate reduction was repeatedly
proven by compound specific isotope analysis (CSIA) of **C/**C in toluene as well as of
80/*0 and *'s/*’S in sulfate. The compound specific stable isotope fractionation can be
clearly assigned to biological processes. Thus, the CSIA approach was used for an
approximate estimation of the amount of biodegradation (Rayleigh 1896, Richnow et al.
2003). With this approach, also the theoretical concentration of toluene neglecting

biodegradation was calculated. These calculated initial toluene concentrations revealed
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smaller than the initial calculated toluene concentration when assuming the difference of
background sulfate and residual sulfate was used entirely for just toluene degradation
(Anneser et al. 2008). This finding is not surprising, as there are a number of other
contaminants which are likely linked to sulfate reduction. Only in September 2008, both
calculation approaches revealed the same initial toluene concentrations (Appendix Fig.
A.2). What means that the sulfate was either only used for degradation of toluene, or,
what is more likely, mainly used for the degradation of other contaminants. It is worth to
mention that CSIA of sulfate shows an ongoing sulfate reduction.

Besides the high toluene and xylene concentrations in September 2008 and the
changes in the ratio between toluene and xylene and the other contaminants, i.e.
ethylbenzene and naphthalene, we collected independent evidence of a collapse in
microbial toluene degradation by CSIA of toluene. In February 2006 and 2007 a steep and
small scale gradient of the toluene 3'°C values was found clearly pointing pronounced
toluene biodegradation activities in these zones, from -24.5%o in the plume core to -23%o
to -20.5%0 at the upper and lower plume fringes. This destructive pattern was lost in
September 2008. Although the overall toluene isotope signature showed enriched values
of about -23%o to -22.5%0 no more pronounced gradients could be found. At the moment,
the most likely explanation of the enriched isotope values is a changed source signature
related to the contribution of a new individual source or part of the one source formerly
located in the unsaturated zone. Impressively, the isotopic gradients partly reestablished
in 2009, mainly at the upper plume fringe, supporting the data from community analysis,
namely the establishment of a new degrader population and toluene degrading activity.
The pattern of high BTEX concentrations in 2008 and the very low concentrations in 2009
could be further confirmed by data from a neighboring C-MLW sampled and analyzed by
the Stadtwerke Diisseldorf.

Holling called the capacity of a natural system to cope with disturbances and restoring
its functional state the “ecosystem resilience” (Holling 1973). When observing the
investigated site over a very long period (years), it seems that functional redundancy
within the microbial community can insure the NA capacity in this aquifer section against
the disturbances. The degrader community dominated by Desulfobulbaceae was replaced
by a new population dominated by Peptococcaceae after about two years, and
biodegradation of toluene went on again. Whereas when this site is regarded over a
shorter period (months), the disturbances mainly related to hydrological dynamics have a
strong impact on biodegradation capacity. This outcome of the study points at the above
mentioned aspect two, that "the transient hydraulic conditions temporally impair the

efficient contaminant degradation by specialized degrader populations” and lead to an
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overall decrease in biodegradation rather than an increase. Moreover, active degraders
have to proliferate and the slow doubling times of microorganisms in these kind of
environment has to be taken into consideration. On the other hand resilience of NA
processes to small hydrodynamics is obvious looking at the short-term dynamics in 2009.
The vertical expansion of the BTEX plume changed measurably within only two weeks,
but the sulfide peaks, as indications of biodegradation, moved always together with the
lower plume fringe. A broad distribution of degraders adapted or resistant to redox
changes switch on and off biodegradation, supposable neglecting moving or proliferating
in this short period of time.

The final part of this discussion is dedicated to the quantification of bacteria in
sediment samples, which constitutes an important aspect of my investigations. Analyzing
sediment samples is always a great challenge, because of the poor accessibility of the
subsurface. Sampling groundwater repeatedly from an established well is rather easy,
whereas repeatedly collecting sediment samples is related to serious financial and
technical efforts. For example, it is impossible to sample at exact the same position twice.
Due to the drilling the soil is partly removed and the drilling hole is either filled by new
additional material or spontaneously filled by surrounding material collapsing. A further
difficulty is the analysis of sediment samples. In detail, to enumerate bacteria quantitative
detaching and separating the bacterial cells from the inorganic particles is crucial. During
my studies a relatively fast and reliable method was developed for reliable enumeration of
bacteria which is described in chapter 4. As a first step, the cells are removed from
sediments without causing disruption. Subsequently, cells are separated from inorganic
particles via density gradient centrifugation followed by quantification by means of flow
cytometry. This quantification approach was successfully applied to sediment samples of
the Dusseldorf-Flingern aquifer, but can easily be adapted to different other kinds of
sediment. Flow cytometry is a regularly used tool assessing the total cell number, cell size
and viability in aquatic samples. Our approach will allow the determination of these
parameters also with sediment samples in the future.

Moreover, the influence of the storage of samples on the total cell number, ATP
concentration as well as the total number of 16S rDNA gene copies was investigated. It
could be shown for the first time that freezing reduces not just cell numbers but also gene
copies. Until now, freezing is the commonly used “fixation” method prior to DNA and RNA
extraction followed by further molecular analysis. We thus should have in mind that
freezing can not only decrease the cell humber but may also change the bacterial
community composition. Further research need to be addressed which part of microbial

communities is mainly affected.
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The investigated field site in Dusseldorf-Flingern is unique with its data set collected
over almost five years taking into account the extraordinary high spatial and temporal
resolution. An important part of work remaining is to translate the generic findings into
application to enhance NA at sites contaminated with hydrocarbons. Dusseldorf-Flingern
can be seen as a model field site. Partly the data have been already implemented and
tested by modelers (Prommer et al. 2009). Improvement of current numerical models and
model runs with the data may help to hint at further processes important for NA in situ.
There are still some interesting and important questions which remain. First of all, the data
indicate further factors limiting biodegradation besides transverse and longitudinal
dispersion (mixing). We need to understand better growth patterns and dynamics of
degraders. It also needs to be tested if the gained observations and results can be
transferred to similar polluted sites and if the dynamics observed at this test site are also
detectable at other polluted sites. It could be demonstrated that hydraulic dynamics of the
groundwater table can have a strong influence on the distribution of redox gradients as
well as on biodegradation, have an inhibiting effect on microbial contaminant degradation
and, hence, influence the overall concentration and distribution of contaminants. Individual
populations of highly specialized degraders are found to be very vulnerable to changing
environmental conditions, but carrying a certain adaption possibility. When regarding
events over a very long period of time, also because the long doubling times of inherent
soil microorganisms, the ecosystem with its communities can ensure its natural

attenuation potential.
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Table A.1: Concentrations of BTEX, toluene, stable isotope values of toluene (IBC/IZC), PAHSs, redox, sulfide, sulfate, stable isotope values of sulfate
(**s**s and 0/*°0) and bacterial biomass in groundwater sampled with the high-resolution multi-level well in September 2008. av. = average, s.d. =
standard deviation, b.d. = below detection limit.

Depth | BTEX[mg LY | loluene 5°C |PAHs [mg L] |Redox | H,S[mgL? |[sSo.>[mgL?] |&%s |&“ 0 cells |
[m bls] [mg L] %] [mV] Ch | [ho] | X107 ML

av. s.d. av. s.d. av. s.d. av. s.d. av. s.d. av. s.d.
6.385 32.77 | 1.48|21.982| 0.776 | -23.07 | 258 ]| 2.13 81 b.d. 065| 0.05| b.d. 741 912
6.410 | 40.30| 2.85|28.358 | 2.639 | -22.38 | 4.54 | 0.18 71| 0032] 0032| 050| 0.00| b.d. 8.32 | 6.36
6.435 54.26 | 5.48 |41.974 | 3.936 | -22.68 | 2.90 | 0.40 79| 0.064 o| 220/ 010]| bd. 5.53 | 3.04
6.460 | 72.03 | 13.95 |56.017 | 9.857 | -22.35 | 4.45 0 .90 | 0.191 o| 355|015| bud. 3.30 | 2.12
6.510 | 121.72 | 14.79 |97.267 |12.656 | -22.62 016 | -120| 0.127 o| 485]| 405| bd. 3.31| 2.33
6.535 | 116.61 | 35.69 |91.760 |25.098 | -22.16 o| -145| 1.462 o| 735]| 015| bd. 1.26 | 4.80
6.585 72.23 | 12.30 |59.571 | 9.956 | -22.65 | 4.19| 0.13| -189| 5.053 | 0.095| 1555 | 0.35 | 35.21 3.09 | 5.34
6.610 | 70.75| 5.76 |59.218 | 4.138 | -22.69 | 3.22 | 0.06| -176| 4.703| 0.381| 2490 | 0.10| 27.76 | 11.96 | 2.13| 1.28
6.635 75.42 | 20.42 |62.251 |16.680 | -22.39 | 4.12| 0.20| -167 | 4.068 0| 32.10| 0.20| 29.68 1.56 | 6.51
6.665 7577 | 7.12163.160 | 4540 | -22.14 | 5.03| 022| -176| 6.165| 0.127 | 38.65| 0.15| 28.87 | 11.83| 2.26 | 1.80
6.695 37.61 | 6.78 29.990 | 4.228 | -22.44 | 458 o| -187| 5.117| 0.095| 42.45| 045| 3698 | 1519 | 3.57 | 2.92
6.745 32.65| 2.58 |27.652 | 1.746 | -22.85| 255| 2.88| -199| 6.515| 0.350| 66.80 | 0.30 | 33.66 | 13.85 | 1.79 | 1.40
6.805 11.61 | 4.66| 9.981 | 3.700 | -23.03 | 264 | 2.72| -172| 8199 | 0.127 | 103.25 | 0.05 6.18 | 4.47
6.855 6.99| 025| 5308 | 0.094 |-23.15| 1.71| 152| -216| 8.453| 0.064 | 128.80 | 0.00 | 32.18 4.26 | 3.76
6.905 215| 013 | 1.559 | 0.123 |-22.24 | 094 | 0.19| -229| 10.169 | 0.064 | 145.25 | 0.85 | 28.95 | 13.24 | 5.70 | 5.78
6.955 047 | 023| 0225| 0225 |-2371| 1.86| 1.08| -215| 7.214| 0.159 | 157.60 | 0.60 | 26.43 6.76 | 7.14
7.005 021| 006 0176 | 0.040| b.d.| 1.69 o| -209| 2288| 0.191 | 166.70 | 1.80 | 24.86 | 12.21| 9.96 | 9.40
7.055 022| 001 0186 0.001| bd. | 1.87| 013| -136| 1.049| 0.032 | 173.40 | 2.00 | 24.18 1.24 | 9.69
7.105 0.13| 004 | 0.103| 0.033| bd. | 1.90| 0.18 85| 0.350 | 0.032 | 182.30 | 2.10 | 23.20 | 1251 | 1.40| 7.48
7.155 0.15| 0.05| 0.127 | 0.044| bd.| 1.98| 0.09 61| 0318 0| 189.50 | 1.60 | 22.34 2.09 | 1.89
7.205 0.12| 006 | 0.105| 0.058| bd.| 244| 032 75| 0.381 0|194.75| 1.35| 2141 | 11.00| 1.61]| 7.72
7.255 018 | 002 0170| 0.015| bd.| 2.37| 0.12 80| 0.191 0| 200.70 | 0.60 | 20.79 2.16 | 9.82
7.305 019 | 004 | 0152 | 0.042| bd.| 225 0 81| 0254 0|199.35| 055 | 20.76 | 12.36| 1.60| 6.82
7.405 020| 002 0172| 0017 | bd.| 248| 014 87| 0222] 0159 |190.70 | 2.20 | 22.12 | 12.36 | 1.44| 1.33
7.505 027 | 011| 0225| 0.090| bd.| 231| 014 67| 0.095| 0.032| 183.85| 0.75 | 22.78 1.58 | 1.62
7.605 029 | 009 | 0248| 0083 | bd.| 221/ 0.10 80| 0.095| 0.032 | 186.90 | 0.20 | 21.52 | 12.27 | 258 8.34
8.045 026 | 010| 0206 | 0.074| bd.| 080| 030| -106| 3.337| 0.095| 176.00 | 0.40 | 23.02 1.03 | 5.55
9.045 024 | 014| 0227| 0136| bd.| 078| 0.36 .60 | 0.032| 0032 |296.45| 035| 6.83| 9.04| 289 1.52
10.195 033| 011 0328| 0.100| bd. | 1.12| 006 .40 | 0.032| 0032 | 23530 | 0.00| 11.21 | 10.03| 4.91| 155
11.185 025| 0.10| 0.241| 0.097| bd.| 056 0.10 -35 b.d. 281.05 | 4.65| 6.52 4.05| 1.07




Table A.2: Concentrations of BTEX, toluene, stable isotope values of toluene (BC/HC), PAHSs, sulfide, sulfate, stable isotope values of sulfate
(*s*’s and '0/*°0) and bacterial biomass in groundwater sampled with the high-resolution multi-level well in May 2009 (2" week). av. =
average, s.d. = standard deviation, b.d. = below detection limit.

Depth | BTEX [mg LY {rz';ir_‘lﬁ’ 5°C [PAHs[mgL?Y | H,S[mgL?Y] |so.2[mgLY | 8*s | 8%0 x 1%?':3[1]
0

[m bls] av. s.d. av. s.d. [%ec] av. s.d. av. s.d. av. s.d. [ec] [%ec] av. |s.d.
6.385 514 3.13 2.13 1.35 |-21.21 6.33 2.002 | 0.095 | 138.69 (11.16 | 33.99 | 13.49 3.29 | 0.36
6.410 5.06 0.69 2.74 0.52 |-22.06 7.30 | 2.01 0.667 | 0.032 | 145.29 33.83 | 13.61 2.39 | 0.08
6.435 3.70 0.76 2.07 0.37 |-22.19 8.68 | 3.44 1.525 | 0.064 | 131.90 | 9.13 | 34.62 1.58 | 0.05
6.460 9.98 5.45 574 3.03 |-22.51 8.20 | 0.60 1.875 | 0.159 | 137.70 |10.61 | 32.36 | 13.15 1.47 | 0.07
6.510 13.22 1.14 8.10 1.16 |-22.57 3.76 0.890 | 0.127 | 149.62 {10.18 | 28.47 | 13.45 259 | 0.26
6.535 10.95 3.57 7.53 2.59 |-22.66 9.09 | 0.97 5.180 | 0.159 | 142.45 | 9.31 | 28.86 0.58 | 0.01
6.560 21.27 14.84 -22.65 8.11| 0.33 5975 | 0.445 | 153.63 {11.04 | 26.97 | 12.64 0.90 | 0.04
6.585 9.58 4.89 6.69 3.41 |-22.48 7.77 1.13 3.305| 0.381 | 161.37 {11.30 | 26.15 1.17 | 0.07
6.610 11.59 4.62 8.27 3.59 |-22.52 5.11 | 4.96 4672 | 0.095 | 163.50 | 9.84 | 25.85| 12.65 0.75 | 0.05
6.635 14.15 | 10.15 | 10.16 7.21 |-22.35 6.60 | 0.51 2.606 | 0.318 | 167.36 {10.94 | 25.46 0.90 | 0.03
6.665 14.74 0.64 | 10.56 0.72 |-22.84 6.63 | 0.48 3.750 | 0.699 | 167.63 {10.78 | 25.26 1.55 | 0.06
6.695 6.73 3.77 4,92 2.95 |-22.82 7.42 1.56 5.307 | 0.350 | 159.23 | 9.28 | 25.43 | 12.82 1.20 | 0.12
6.745 0.77 1.10 1.05 -23.35 5.82 | 0.07 5434 | 0.286 | 176.62 | 9.48 | 24.86 | 12.75 0.85 | 0.03
6.805 0.83 1.18 1.17 -23.83 5.07 1.13 6.960 | 0.095 | 180.20 | 6.94 | 24.69 1.05 | 0.06
6.855 0.53 0.75 0.77 -23.38 1.42 | 0.09 3.686 | 0.064 | 194.38 | 9.69 | 23.29 | 11.75 1.34 | 0.10
6.905 0.13 0.18 0.19 -23.14 0.88 | 0.17 4,608 | 0.286 | 203.82 |13.96 | 21.35 1.41 | 0.04
6.955 0.06 0.09 0.09 -23.55 1.06 | 0.05 0.604 | 0.032 | 217.42 {14.77 | 19.64 | 11.35 0.27 | 0.01
7.005 1.43 | 0.06 0.667 | 0.095 | 212.41 18.42 0.28 | 0.01
7.055 1.42 | 0.13 0.826 | 0.636 | 222.26 16.85 | 10.71 0.96 | 0.07
7.105 1.09 1.112 | 0.413 | 220.12 14.30 0.81 | 0.05
7.205 058 | 0.11 1.081 | 0.000 | 240.54 11.18 9.63 3.47 | 0.12
7.255 1.16 | 0.04 0.985 | 0.095 | 257.49 9.77 3.01| 0.24
7.305 1.57 | 0.02 1.478 | 0.079 | 266.19 8.90 9.06 2.06 | 0.13
7.405 1.39 | 0.05 1.208 | 0.064 | 265.80 8.44 2.77 | 0.22
7.505 0.60 | 0.03 3.400 | 0.032 8.79 499 | 0.32
7.605 0.24 | 0.04 1.780 | 0.191 | 271.04 | 2.87 8.29 9.16 463 | 0.14
8.045 0.18 | 0.00 2511 | 0.032 | 272.99 | 2.03 7.64 8.51 1.15 | 0.03
8.345 0.17 | 0.07 0.636 | 0.127 | 254.06 | 5.64 9.58 1.38 | 0.11
9.045 0.15 0.21 0.27 0.20 | 0.06 0 0| 279.67 | 4.32 4.35 8.30 1.18 | 0.06

10.195 0.00 0.00 0.40 | 0.01 0 0| 239.98 | 6.26 9.49 9.15 1.08 | 0.07

11.185 0.08 0.02 0.07 0.02 0.14 | 0.03 0.794 | 0.794 | 280.19 | 1.87 452 0.61 | 0.03




Table A.3: Concentrations of BTEX, toluene, PAHSs, redox, sulfide, sulfate and bacterial biomass in groundwater sampled with
the high-resolution multi-level well in 3" week of May 2009. av. = average, s.d. = standard deviation, b.d. = below detection limit.

Depth | BTEX [mg L] {r?]';fr.‘f]a PAHs [mg L”] |Redox | HS[mgL™ |SO7[mgL] | 1%2':2[1]
[m bls] [mV]
av. s.d. av. s.d. av. s.d. av. s.d. av. s.d. av. s.d.

6.385 492 | 0.82 1.92 0.41 3.03| 0.32 -115| 1.907 | 1.017 | 105.97 | 1.97 1.98 | 0.25
6.410 773 | 2.14 4.18 1.37 5.22 | 0.00 -118 | 1.621 | 0.095 | 111.38 | 0.50 229 | 0.14
6.435 8.74 | 1.42 4.91 0.80 5.09| 1.01 -112 1.811 | 0.159 | 111.18 | 0.81 0.95| 0.24
6.460 7.60 | 1.40 4.07 0.76 3.76 | 0.09 -87 123.89 | 0.15 0.82 | 0.09
6.510 11.13 | 1.87 6.34 0.76 3.05| 0.34 -121 | 0.413 | 0.159 | 136.68 | 0.44 1.54 | 0.13
6.535 1480 | 2.23 9.56 1.62 5.29 | 0.57 -137 1.049 | 0.159 | 129.36 | 1.32 0.80 | 0.08
6.560 16.77 | 2.58 | 11.86 1.77 232 | 0.72 -141 | 6.674 | 0.699 | 142.80 | 1.97 1.30 | 0.22
6.585 15.75| 1.15| 11.09 0.73 5.30 | 0.18 -121 | 3.877 | 0.254 | 147.90 | 2.38 1.10 | 0.32
6.610 1946 | 3.34 | 14.26 2.30 3.80 | 0.87 -121 | 2.956 | 0.032 | 146.33 | 1.41 0.49 | 0.04
6.635 20.82 | 4.65| 1512 3.15 226 | 2.72 -111 | 3.845 | 0.222 | 152.48 | 5.72 0.72 | 0.06
6.665 19.60 | 0.69 | 15.42 0.47 5.25| 0.10 -125 | 2.256 | 0.095 | 147.59 | 0.63 0.78 | 0.03
6.695 1719 | 1.75| 1341 1.28 495 | 0.00 -126 | 3.559 | 0.127 | 137.00 | 0.79 277 | 0.23
6.745 1572 | 0.37 | 12.74 0.19 463 | 0.33 -135| 3.051 | 0.127 | 157.93 | 0.13 0.47 | 0.03
6.805 6.71 | 0.06 5.38 0.00 2.04 | 0.08 -154 | 3.718 | 0.095 | 164.25 | 2.27 0.47 | 0.02
6.855 247 | 0.27 1.98 0.19 1.78 | 0.31 -164 | 5.434 | 0477 | 171.78 | 2.07 0.82 | 0.04
6.905 0.73 | 0.09 0.58 0.07 0.73 | 0.07 -155| 4.703 | 0.191 | 181.43 (10.24 0.53 | 0.05
6.955 0.34 | 0.02 0.27 0.02 0.61| 0.10 -126 | 5.561 | 0.032 | 221.70 | 5.91 1.12 | 0.04
7.005 0.17 | 0.08 0.14 0.02 0.76 | 0.07 -110 | 0.222 | 0.032 | 239.06 | 0.07 0.39 | 0.04

7.055 0.09 | 0.02 0.06 0.01 0.38 | 0.05 -63 243.98 | 0.18 1.36 | 0.10
7.105 0.12 | 0.02 0.09 0.01 045 | 0.15 -51| 0.032 | 0.032 | 231.13 | 8.31 0.53 | 0.04
7.205 0.112 | o0.07 0.09 0.06 0.24 | 0.05 -66 242.23 | 3.95 3.66 | 0.44
7.255 0.06 | 0.00 0.04 0.00 0.37 | 0.06 0.286 | 0.032 | 254.40 | 5.66 2.89 | 0.17
7.305 0.07 | 0.01 0.05 0.00 0.79 | 0.13 0.064 | 0.064 | 262.23 | 5.35 241 | 0.02
7.405 0.09 | 0.00 0.06 0.00 0.72 | 0.11 -57 | 0445 0.191 | 274.29 | 1.07 1.74 | 0.17
7.505 0.09 | 0.04 0.05 0.02 0.30 | 0.09 -105| 0.191 | 0.191 | 265.97 | 1.68 3.41| 0.18
7.605 0.09 | 0.02 0.03 0.01 0.08 | 0.09 -88 | 2.638 | 0.095 | 275.29 | 2.68 3.99| 0.24
8.045 0.11 | 0.02 0.02 0.00 0.14| 0.01 -81 | 0.572 | 0.254 | 277.14 |89.11 254 | 0.14
8.345 0.23 | 0.02 0.02 0.01 -51 | 1.843 | 0.000 | 267.80 |68.12 3.31| 0.19
9.045 0.01| 0.00 0.00 0.00 -53 0 282.40 | 5.14 1.32 | 0.08
10.195 0.02 | 0.01 0.02 0.01 0.63 | 0.27 -58 0 241.31 | 0.56 1.02 | 0.04

11.185 0.01| 0.00 0.01 0.15| 0.01 -59 0 280.87 | 2.31 0.55 | 0.04




Table A.4: Concentrations of BTEX, toluene, stable isotope values of toluene (IZC/H’C), PAHSs, redox, sulfide, sulfate, stable isotope values of sulfate
(**s/**s and '°0/*®0) and bacterial biomass in groundwater sampled with the high-resolution multi-level well in June 2009 (1°' week). av. = average, s.d. =
standard deviation, b.d. = below detection limit.

Depth | BTEX[mg L] | loluene 5°C |PAHs [mg L] |Redox | H,S[mgL?’ |so.>[mgLY | 8%s | &%0 cells |
[m bls] [mg L] [%e] [MV] Cho] | [ho] | X10 ML
av. s.d. av. s.d. av. s.d. av. s.d. av. s.d. av. s.d.
6.385| 504 | 006| 247| 00l|-2051| 865| 3.97 33| 6.896 | 0.095 | 102.06 | 3.40 | 39.79 | 14.76 | 2.73 | 0.15
6410 | 7.23| 019| 363| 0.16|-21.69| 852 | 0.53 11| 2.097 | 0.000 37.94 | 1479 | 2.77| 0.23
6.435| 814 | 144| 401| 029 |-21.97| 6.07 14| 3591 0.032 | 118.71 | 1.05 | 36.62 | 14.53
6460 | 878| 1.30| 522| 069 |-21.96 21| 3210 0.032 | 130.86 | 1.78 | 33.23 | 14.07 | 3.13| 0.26
6510 | 1529 | 0.19| 7.80| 0.13|-22.14 133 | 3.273| 0.095 | 143.67 | 1.59 | 30.45 | 13.70 | 2.47 | 0.16
6535 | 16.26 | 0.77| 10.33 | 045 |-21.50| 942 | 000| -126| 6.769 | 0.032 | 137.34 | 1.59 | 31.08 | 13.77 | 1.93| 0.11
6.585 | 18.25 1487 | 077|-2213| 7.85| 172 11| 2479 0.191 27.97 | 13.31
6.610 | 20.30| 1.15| 14.27| 034| bd. 48| 1.970| 0.191 | 152.28 | 3.37 | 28.00 | 1357 | 0.85 | 0.07
6.635 | 2012 | 7.22| 18.33| 454 |-22.21 | 10.60 37| 2129 | 0222 | 153.28 | 1.14 | 27.33 | 13.03| 1.19| 0.17
6.665 | 19.62 | 3.02| 13.25| 1.78|-22.32| 9.04 | 0.40 98| 1.653| 1.017 | 156.38 | 0.89 | 26.16 | 13.05| 1.07 | 0.13
6.805| 10.19| 035| 597| 002| bd | 551 47| 3.972| 0222 | 168.19 | 0.95 0.99 | 0.12
6.855 | 2.05 187 | 001|-2284| 412| 087| -127| 6.165| 0.064 | 173.12 | 0.32 129 | 0.05
6.905| 0.74 065| 004| bd | 1.86| 038| -107| 6.070| 0.095 | 194.48 | 1.87 | 25.16 | 1427 | 1.71| 0.05
6955 | 071| 046| 033| 002|-2221| 1.83| 0.25 13| 5.498| 0.032 | 223.40 | 3.05 | 22.35 | 12.63| 1.57 | 0.15
7005| 041| 008| 016| 006| bd. | 1.91| 0.00 40| 0794 | 0.032 | 241.24 | 2.99 | 1820 | 12.67 | 1.29 | 0.03
7055 | 015| 001| 009| 000 |-22.13| 1.91 49| 0.604 | 0.095 | 243.82 | 2.73 | 15.60 | 11.23 | 0.95 | 0.04
7105| 018| 001| 013| 0.00 0.97 34| bd. 222.07 | 2.53 | 14.60 | 12.15| 1.64| 0.07
7205| 012| 0.02| 008| 0.0 050 | 0.03 51| b.d. 232.76 | 0.53 | 14.76 | 11.94 | 3.44 | 0.04
7255 | 011] 002| 007| 001 0.89 45| 0222 0159 | 245.47 | 2.31 | 12.67 | 10.68| 3.78| 0.33
7305| 0.12| 0.00| 009| 0.0 2.05| 0.06 37| bd. 256.46 | 1.43 | 10.84 262 | 0.16
7405 | 011| 001| 008| 001 1.94| 0.14 2| 0318 0064 | 271.85 | 3.73| 9.44| 1051 | 2.04]| 0.08
7455 | 011] 002| 007| 001 0222 | 0222 | 272.01 | 1.69| 7.84| 9.39
7505 | 012| 001| 008| 001 0.26 | 0.00 23| 0540 | 0.032 | 271.12 | 4.21 4.23 | 0.03
7605| 011| 001| 006| 0.0 001 | 0.01 46| 3.210 | 1.239 | 284.24 833| 932| 243|010
8045 | 017] 002| b.d. 0.10 | 0.01 43| 0540 | 0032 | 287.53 | 1.27| 7.44| 10.80| 0.77 | 0.04
8345 | 013| 005| b.d. 64| 1.653| 0.064 | 267.49 | 1.46 | 7.47 | 10.33| 0.60| 0.02
9.045| 006| 001| 005| 0.00 0.00 | 0.00 57| b 282.82 | 2.30 | 9.19 0.44 | 0.03
10195| 001| 000| bd. 020 | 0.05 28| 0.095| 0.350 | 250.41 | 0.15| 5.07 0.97 | 0.01
11.185 b.d. b.d. 007 | 0.05 44|  bd. 288.10 | 1.32| 503| 958| 047 0.03




Table A.5: Concentrations of the detected EPA-PAHs Naphthalene, Acenaphthene and Fluorene in groundwater sampled with the high-resolution multi-level well in
September 2008, May 2009 and June 2009, b.d. = below detection limit.

September 2008 May 2009 June 2009
Depth Naphthalene Acenaphthene Fluorene Depth Naphthalene Acenaphthene Fluorene | Depth Naphthalene Acenaphthene Fluorene
[m bls] [mg L] [mg L] [mgL™] |[[mbls] [mgL] [mg L] [mgL™] |[[mbls] [mgL"] [mg L] [mg L]

6.385 3.28 0.17 0.11 6.385 5.94 0.49 0.18 6.385 5.16 0.43 b.d.
6.410 3.97 0.23 0.24 6.410 7.23 0.46 0.12 6.410 5.00 0.40 b.d.
6.435 4.18 0.21 0.02 6.435 8.14 0.31 b.d. 6.435 4.59 0.49 b.d.
6.460 4.74 0.22 0.05 6.460 8.78 6.460 5.92 0.33 b.d.
6.510 5.13 0.29 0.19 6.510 15.29 6.510 6.07 0.23 b.d.
6.535 5.07 0.24 0.14 6.535 16.26 0.29 b.d. 6.535 5.70 0.95 b.d.
6.585 4.99 0.31 0.09 6.585 18.25 0.15 0.04 6.560 7.54 0.32
6.610 4.84 0.21 0.11 6.610 20.30 6.585 6.81 0.21 b.d.
6.635 5.40 0.26 0.14 6.635 20.12 b.d. b.d. 6.610 6.72 0.13 b.d.
6.665 5.22 0.33 0.17 6.665 19.62 0.33 0.06 6.635 6.74 0.28 0.01
6.695 5.32 0.30 0.14 6.805 10.19 0.51 0.31 6.665 7.23 0.31 0.02
6.745 1.89 0.35 0.19 6.855 2.05 1.26 0.65 6.695 4.94 0.44 b.d.
6.805 0.92 0.44 0.23 6.905 0.74 1.14 0.49 6.745 5.23 0.45 0.02
6.855 1.65 0.39 0.22 6.955 0.71 1.18 0.62 6.805 3.18 1.02 0.05
6.905 1.21 0.60 0.30 7.005 0.41 1.25 0.65 6.855 1.04 0.77 0.09
6.955 0.73 0.84 0.32 7.055 0.15 1.43 0.48 6.905 0.22 0.74 0.10
7.005 0.24 0.78 0.44 7.105 0.18 0.81 0.16 6.955 0.10 0.89 0.17
7.055 0.06 1.20 0.67 7.205 0.12 0.50 b.d. 7.005 b.d. 1.16 0.27
7.105 0.02 1.24 0.64 7.255 0.11 0.70 0.18 7.055 b.d. 1.14 0.29
7.155 0.02 1.31 0.64 7.305 0.12 1.35 0.70 7.105 b.d. 0.87 0.22
7.205 0.01 1.63 0.79 7.405 0.11 1.30 0.64 7.205 b.d. 0.56 0.02
7.255 0.01 1.58 0.79 7.455 0.11 7.255 b.d. 0.94 0.22
7.405 0.01 1.74 0.75 7.505 0.12 0.26 7.305 b.d. 1.24 0.33
7.505 0.03 1.64 0.66 7.605 0.11 0.01 7.405 b.d. 1.11 0.28
7.605 0.02 1.57 0.64 8.045 0.17 0.10 7.505 b.d. 0.51 0.09
8.045 b.d. 0.51 0.30 8.345 0.13 0.07 7.605 b.d. 0.24 b.d.
9.045 b.d. 0.42 0.36 9.045 0.06 0.00 8.045 b.d. 0.18 b.d.

10.195 b.d. 0.78 0.34 10.195 0.01 0.20 9.045 b.d. 0.20 b.d.

11.185 b.d. 0.46 0.10 11.185 0.07 10.195 b.d. 0.40 b.d.

Vi




Table A.6: Localization and BTEX concentration of conventional multi-level wells
located at the Disseldorf site sampled and analyzed by the Stadtwerke
Dusseldorf.

Well 19209 19185 19214 19201 19202

X-value 57122.15 57181.02 57211.09 57202.48 57122.15
y-value 76719.71 76703.61 76719.62 76699.97 76707.08

Depth [m bls] May 2006 BTEX [pg L™
6 240 113
6.5 429 34776 683
7 186 138 16 2014 19
8 2594 638 8 484 6
9 90 64 1 520 2
10 15 29 15 31802 2
Feb 2007 BTEX [pg L™
6.5 475 6317
7 0 163 4823 26
8 0 56 15 187 0
9 0 1632 0 143 0
10 0 7 0 79 0
Aug 2008 BTEX [pg L]
6.5 0 7695 324.3
7 0 218 21.5
8 539.2 523 0 186.8 18.9
9 89.16 124.82 4.4 50.6 6.31
10 17 38.7 0 41.1 12.5
Aug 2009 BTEX [pg L]
7 17.62 69.05 279
8 168.94 429 256.6
9 194.66 155.42 12.38
10 17.74 6.41 11.9

Vi
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Figure A.1: Groundwater level at a neighboured well of the high-resolution multi-level well as well as precipitation (www.dwd.de) and level of the river Rhein in
Dusseldorf.
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Determination of initial toluene concentrations

The modeled source value of 52C of toluene at the investigated aquifer is -25%o
(Prommer at al. 2009), thus | used it for the calculation of the amount of biodegradation
and the initial toluene concentration. The isotope fractionation factor a = 0.9983 for
toluene degradation for various strains (Meckenstock et al. 1999) was used. Ry is the 8"°C
value of the non-degraded toluene and R, the measured 8'°C, both multiplied with 1000
(Rayleigh 1896, Meckenstock et al 2004).

a-1
Calculated amount of biodegradation [%] =1- & x100
0

With the measured toluene, the initial concentration of toluene was calculated. An
additional method was used for determination of the initial toluene concentration. It was
assumed that the difference of the background sulfate and the measured sulfate was
completely used for toluene biodegradation (Anneser et al. 2008). For the degradation of

one mol toluene 4.5 moles sulfate are needed.
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Figure A.2: Vertical distribution of measured toluene, initial calculated toluene neglecting sulfate
reduction and initial calculated toluene with stable isotope neglecting biodegradation.
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Figure A.3: Vertical distribution of the percentage of active (via amount of ATP) to
total cells in water (gw) and sediment sampled in June 2009.

cell number [x 10° mL™)

— 81
)
e
E
ey
a9
[
©
10 A
/ May (2nd week)
— May (3rd week)
1119 / June (1st week)

Figure A. 4: Short-term comparison of the vertical distribution of the total cell
number in groundwater.
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Figure A. 5: Calculated width of the contaminant plume with Surfer 9 software and BTEX
concentrations of wells sampled and analyzed b the Stadtwerke Disseldorf. Unfortunately, not
enough data were available for the calculation of the plume width in 2009.
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Authorship clarifications

CHAPTER 2: “High resolution analysis of contaminated aquifer sediments and
groundwater —what can be learned in terms of natural attenuation?”

The PhD candidate performed the analysis of the total bacterial cell numbers, wrote the
parts in the manuscript belonging to bacterial cell numbers and created figure 2.3. The
idea and concept for the experimental design were carried out by Dr. Bettina Ruth (nee
Anneser) and Dr. Christian Griebler. Dr. Giovanni Pilloni performed the microbial
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CHAPTER 4: “Quantification and preservation of aquifer sediment bacteria — a
multiple assay comparison”
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compared microscopy with flow cytometry. The PhD candidate compared the influence of
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