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Abstract

Microbes can be found virtually everywhere including deep geological disposals for radioactive
wastes. Internationally, microbial effects are considered in the scope of many Safety Cases, in
Germany these issues received minor attention. In order to provide for a supplement to the
ongoing investigations on microbial effects in underground disposals, this review describes the
waste treatment procedures and organic inventory in German facilities, the microbial
processes to be considered, such as aerobic and anaerobic processes, microbial sulfate
reduction, the pH range and chaotropic effects on microbial activity. The microbial effects in
repositories are discussed on the basis of effects depending on resident or introduced
microorganisms and the environmental conditions causing waste form degradation.

Microbial effects on barriers of a repository and on the migration and retention of radionu-
clides are also presented. The microbial population of the cap rock above the Gorleben salt
dome and the effect of microorganisms on the retention of technetium and selenium are
shown. In the preliminary safety analysis of Gorleben (vSG), microbial sulfate reduction was
analyzed which might affect the mechanical properties of a salt repository.

Finally, the results of the EU projects Funmig and ReCosy are referred and some conclusions
are drawn.






Kurzfassung

Mikrobielle Effekte im Zusammenhang friherer deutscher Sicherheitsbetrachtungen

Mikroben werden praktisch tiberall gefunden, einschliefllich in tiefen geologischen Endlagern
fir radioaktive Abfille. International werden mikrobielle Effekte im Rahmen vieler Sicherheits-
nachweisen bericksichtigt, in Deutschland wurden diese Fragen nur selten direkt behandelt.
Um die derzeit laufenden Untersuchungen zu mikrobiellen Wirkungen in unterirdischen End-
lagern zu ergdnzen, beschreibt diese Ubersicht die Abfallbehandlungsverfahren und die
organischen Inventare in deutschen Anlagen, die relevanten mikrobiellen Prozesse, wie z. B.
aerobe und anaerobe Prozesse, mikrobielle Sulfatreduktion, den pH-Bereich und die chao-
tropen Effekte hinsichtlich ihres Einflusses auf die mikrobielle Aktivitdt. Die mikrobiellen
Effekte in den Endlagern werden auf der Grundlage von residenten oder eingefiihrten
Mikroorganismen gefiihrt und hdangen von den Umgebungsbedingungen ab.

Auch mikrobielle Effekte auf die Barrieren eines Endlagers und auf die Migration und
Rickhaltung von Radionukliden werden vorgestellt. Die mikrobielle Population der liberlagern-
den Gesteinsschichten lber dem Gorleben-Salzstock und die Wirkung von Mikroorganismen
beziiglich der Rickhaltung von Technetium und Selen werden aufgezeigt. In der vorldufigen
Sicherheitsanalyse Gorleben (vSG) wurde die mikrobielle Sulfatreduktion analysiert, die die
mechanischen Eigenschaften eines Endlagers im Steinsalz beeinflussen kdnnte.

AbschlieBRend wird auf die Ergebnisse der EU-Projekte Funmig und ReCosy verwiesen und es
werden einige Schlussfolgerungen gezogen.
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Preface

From time to time, questions concerning the effect of microbial activities on the safety of
underground nuclear disposals arise. In the INIS databe of the IAEA, 247 publications are
registered having the terms “microbial” and “disposal” in the titles. The first publications
appeared since 1971. Presently, about 2 to 8 new publications per year are found in INIS. The
highest number of publications appeared in 2012 with 17 new publications, partly as a result
of the conference series on “clays in natural and engineered barriers for radioactive waste
confinement” organized by European waste management organizations (WMO).

Since 2015, the European Commission has funded the Horizon 2020 project “Microbiology in
Nuclear Waste Disposal (MIND)*”. The MIND project brings together 15 European groups
working on the impact of microbial processes on safety cases for geological repositories,
focusing on key questions posed by waste management organizations throughout Europe.

In Deliverable 1.1 of MIND entitled “A Review of Anthropogenic Organic Wastes and Their
Degradation Behavior”[1], the inventories of organic components in various European nuclear
waste disposal concepts are presented. Data are available from Belgium, the Czech Republic,
Finland, France, Spain, Sweden, the Netherlands and United Kingdom. The German partner in
the project (HZDR) did not provide information on inventories.

KIT is not a partner of the MIND project. However, KIT-INE possesses information on inves-
tigations and considerations of microbial effects within the German disposal programs since
1967. For this reason, a supplement to the MIND review is provided: “Microbial Effects in the
Context of Past German Safety Cases”.

® Euratom grant agreement 661880 (2015-2019).
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1 Introduction

The knowledge of microbial processes affecting repository safety and performance is
incomplete because current safety assessment concepts either ignore microbial processes, or
adopt a simplified approach. In December 2016, an article was published in the German
journal “Spektrum der Wissenschaften” raising the question if microbes can live in a nuclear
waste repository and if they could cause problems in the disposal safety or if they could
increase disposal safety [2]. The article deals with microbes under aerobic conditions prevailing
in the Swedish Aspd underground research laboratory and in the former Kdénigstein uranium
mining facility in Germany. It is undoubtedly correct that microorganisms exist in deep mines
and are present in the waste forms and in the barrier materials.

A variety of anthropogenic polymers and organic wastes (including plastic, textile materials,
paper and ion exchange materials among others) might be present in nuclear waste disposals.
In addition, bitumen is used in several European countries as an encapsulant for nuclear waste
and organic additives are present in cement used in the different barriers. These organic
materials provide an energy and carbon source that has the potential to fuel microbiological
processes in a repository. An estimation of the potential inventory of organic matter has been
elaborated for the Swedish spent fuel disposal [3] and for the planned French disposal in
argillite [4]. In Germany, the effects of microorganisms on disposal safety has not been
profoundly considered [5]. For this reason, the available information on organics in radioactive
waste materials in German waste disposals are summarized including a literature overview on
the typical degradation processes and some investigations performed in Germany. This
overview considers mainly low-level or intermediate-level wastes, as they may contain
organics which can be substrates for microorganisms, metallic components, which can
undergo corrosion processes caused by microorganisms, and the presence of cemented waste
forms, which increase the pH.

The realization that microbes could exist in the environment of a nuclear waste repository
posed a series of questions [6]:

1. Do microorganisms occur naturally in deep geological formations?
Can introduced microorganisms survive after repository closure?
If the answer to these is yes,
3. What effect have the environmental conditions of a nuclear waste repository
on resident or introduced microorganisms?
4. What effect will microorganisms have on a repository in terms of structural integrity
of the engineered barriers, or radionuclide release and subsequent migration?

For bituminized waste forms microbial degradation studies were performed and the results are
published specifically in regard to the Waste Isolation Pilot Plant (WIPP). A summary of some
reports on microbial degradation of bitumen is given in this study. Other topics covered by this



1 Introduction

summary are attributed to the microbial degradation of paper, plastics and textiles which is an
important issue of the Asse |l safety case. For the Konrad LLW disposal in Germany, studies on
the microbial degradation of compacted mixed wastes were performed. These studies were
not published but presented in the minutes of the panel dealing with low- and intermediate
waste forms (,,Arbeitskreis LAW/MAW—Produkte”)b. The objective of the panel was to provide
methods for characterization and control procedures for waste forms [7].

Further grey literature information is provided for microbial attack of cement, investigation of
the microbiological populations in the cap rocks above the Gorleben salt dome as well as the
analyses of microbial effects on mobilization of radionuclides. Considerations concerning the
sulfate reduction processes are described, which were a topic of the preliminary safety
analysis of the disposal in the Gorleben salt dome.

® In the minutes of the 16" meeting of the panel (June 10, 1986 at Kernforschungszentrum Karlsruhe), a study was presented

dealing with the stability of low- and intermediate level wastes against microbial attacks.



2 Waste treatment and
organic inventory

Since the 1980’s, the treatment of radioactive wastes has reached a high technical standard.
According to the nuclear industry in Germany (Arbeitskreis Abfallmanagement des VGB
PowerTech e.V., www.vgb.org/abfallmanagement.html, 2004) the treatment procedures dis-

tinguish between solid and liquid wastes, wastes suited for incineration, and other categories.
The different treatment procedures are shown in Fig. 1. In principle, the same methods were
used for reprocessing and laboratory wastes. For waste streams consisting of paper, plastics
and textiles both incineration and compaction procedures are possible, according to the
specific radioactivity and other properties.

The huge amount of L/ILW from reprocessing required additional pretreatment steps than the
ones specified in Fig 1. The methods applied for reprocessing wastes include evaporation, ion
exchange and chemical flocculation and were effective in terms of decontamination factors,
volume reduction and reliability. For the solidification of the waste concentrates arising from
the decontamination of the liquid effluents several appropriate methods were available, such
as the incorporation into cement, bitumen and plastics. Fixation in cement was in principle the
simplest and the most cost effective method. A main disadvantage of cementation was the
doubling of the waste volume. Bituminization was considered superior to cementation. In
comparison with cementation a volume reduction by a factor of 2-6 was achieved.

A series of organic solidification matrices have been applied, especially for conditioning wastes
from nuclear power plants [8]:

e Bitumen

e Urea-formaldehyde

e Organoplastics (polyesters, epoxy-resins and polystyrene)
e Vinylesters

The properties of the resulting waste forms have been studied, including mechanical stability,
leaching behavior and radiolytical degradation. As these materials were not thermodynami-
cally stable, the long-term degradation processes were also considered.


http://www.vgb.org/abfallmanagement.html

2 Waste treatment and organic inventory

Waste
type

Materials

Processing

Waste
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Disposal
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Fig. 1 Optimized treatment procedures for solid and liquid radioactive wastes
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(www.vgb.org/abfallmanagement.html).

Since 1967, about 126 000 low-level waste canisters have been disposed of in the Asse Il mine
until termination of the disposal activities in 1978. The organic content of the Asse Il mine was
estimated as follows: 2% of the wastes were solidified in bitumen matrices, 0.8% in various
polymers, and 2% consist of absorbent materials. 8% of the wastes contained cellulose, paper
or wood for the most part lightly compacted in steel drums. In total, about 1200 Mg of

cellulose material have been disposed of in the Asse mine [9].

In the scope of the preliminary safety analysis for the Gorleben nuclear waste disposal (vSG),
an estimation was compiled of the inventories of organic waste forms in the different German
interim storage facilities [10]. The result was that about 136 Mg of bituminized waste forms

container

and 49 Mg wastes solidified in plastics exist and need to be disposed of.


http://www.vgb.org/abfallmanagement.html

3 Microbial processes

Karsten Pedersen, MICANS made following statement in his article “The deep biosphere”
published in GFF, the Journal of the Geological Society of Sweden [11]: “Microbes can be found
virtually everywhere in the tree of life. They constitute the absolutely dominant diversity of life
on our planet and the total amount of carbon in these intra-terrestrial organisms may equal
that of all terrestrial and marine plants. Biochemically, much of this diversity is contradictory to
multi-cellular life whose diversity is largely morphological. The enormous biochemical diversity
among the microbes explains their huge adaptability to almost any environment on the planet
where temperature allows life. Some Archaea likes it very hot. For instance, the optimum
temperature for growth of the genus Pyrolobus is 105°C and it survives in temperatures of up
to 113°C.” He also stated that “microbes certainly must obey the universal laws saying that
matter and energy cannot be destroyed or formed, just transformed. But they are utterly
sophisticated lawyers that understand to use every single, constructive combination of those
laws for making a good living of all or almost nothing”.

In the deep biosphere, the microbial activities are in equilibrium with their environment.
Different environments will support different microbial communities. For example, fractures in
a crystalline rock-based repository may allow the influx of gases (H,) that can be used as
energy sources for microorganisms or may introduce groundwater containing other possible
organic or inorganic electron donors. In contrast, the impermeability of salt (e.g., WIPP) will
likely prevent this type of biosphere. Iron redox chemistry, in a repository, will exert a
significant control on microbial activity.

S0, -

| e-acceptor | §°

Organic
materials

Fe(ll)

e-acceptor

Hz ]_+ N2 Nitrogel>

fixation

Fig. 2 Schematic view of microbial processes in the deep underground.



3 Microbial processes

In the following chapter, several of the processes shown in Fig. 2 are described. It is obvious
that the construction and operation of a nuclear waste disposal changes some of the
environmental conditions for the microorganisms. Oxygen becomes available for some time,
organic materials might be constituents of the wastes, or the backfill materials and hydrogen
will be produced by corrosion processes of metals in the disposal.

Microbial metabolisms can be arranged according to some basic principles which are shown in
Fig. 3 [12]:

1. How the organism obtains energy for living and growing:
chemotrophic — energy is obtained from external chemical compounds
phototrophic — energy is obtained from light
2. How the organism obtains reducing equivalents used either in energy
conservation or in biosynthetic reactions:
lithotrophic — reducing equivalents are obtained from inorganic compounds
organotrophic — reducing equivalents are obtained from organic compounds
3. How the organism obtains carbon for synthesizing cell mass:
autotrophic — carbon is obtained from carbon dioxide (CO,)
heterotrophic — carbon is obtained from organic compounds
mixotrophic — carbon is obtained from both organic compounds
and by fixing carbon dioxide

ALL ORGANISMS

Chemotrophs Phototrophs
(use chemical compounds (use light as energy
as energy source) source)
|
[ |
Chemolithotrophs Chemoorganotrophs
(use inorganic chemicals) (use organic chemicals)
Chemolithoautotrophs Mixotrophs Photoautotrophs Photoheterotrophs
(carbon source is CO,) (carbon source is organic) (carbon source is CO,) (carbon source is organic)

Fig. 3 Microbial metabolisms [12].

3.1 Aerobic processes

Aerobic dissimilation: Aerobic organisms during respiration use oxygen as a terminal electron

acceptor. The complete degradation of glucose (CH,0), by microbes might be considered as
reversal of the photosynthesis reaction. Reaction (1) represents an aerobic dissimilation
process.



3.1 Aerobic processes

C¢H1,06 + 60, + 6H,0 - 12H,0 + 6CO, (AG, =-2880 kJ/mol glucose) (2)

The energy release of this reaction is used for adenosine triphosphate (ATP) or acetate pro-
duction in the cell. In the case of anaerobic dissimilation, instead of oxygen other compounds
are used as electron acceptors, such as nitrate (NO5”), Fe®', and sulfate (S0,%). The respiratory
strategies of the microorganisms include

direct enzymatic reduction at the outer membrane,

electron shuttling pathways and

metal dissolution by exogenous or bacterially-produced organic ligands
followed by reduction of soluble organic-metal compounds [13].

The last point is of specific relevance in the case of poorly soluble metals. The electron
transport systems of gram-negative bacteria are generally described as inner membrane (IM)-
associated electron and proton carriers that

e mediate electron transfer from primary donor to terminal electron acceptor and
e conserve energy released during electron transfer to the generation of ATP.

Metal reduction: Fe(lll)- and Mn(IV)-respiring dissimilatory metal-reducing bacteria (DMRB)

require interacting anaerobically with an electron acceptor in crystalline or amorphous form
which cannot contact the IM-localized electron transport systems. In [13] it is assumed that
Fe(lll)- and Mn(IV)-respiring DMRB employ a variety of strategies for

1. direct enzymatic reduction of solid Fe(lll) and Mn(IV) oxides via outer membrane
(OM)-localized metal reductases,

2. atwo-step, electron shuttling pathway in which electron shuttling compounds are
first enzymatically reduced and subsequently chemically oxidized by the solid Fe(lll)
and Mn(IV) oxides in a second (abiotic) electron transfer reaction,

3. ananalogous two-step reduction pathway involving endogenous, electron shuttling
compounds, and

4. atwostep, Fe(lll) dissolution-reduction pathway in which solid Fe(lll) oxides are first
dissolved by exogenous or bacterially-produced organic complexing ligands, followed
by uptake and reduction of the soluble organic Fe(lll) forms by periplasmic Fe(lll)
reductases.

Details of the electron transport and proton translocation processes of aerobic and anaerobic
respiratory chains including the relevant enzymes, ADP and ATP as well as quinone pools etc.
are described by DiChristina et al. [13].

With respect to the important iron reactions and the energy supply for microbial reactions
relevant in a deep repository, data are provided by Kappler & Straub [14]. The authors provide
a list of species which are able to affect the redox system controlled by iron. Table | shows
some important microbial catalyzed iron redox transformations.



3 Microbial processes

Tab. | Physiological groups of prokaryotes that catalyze iron redox transformations [14].

Habitat | Electron Electron pH Microbial Representative strains
donor acceptor metabolism
Aerobic | Fe(ll) 0, acidic | Fe(ll) oxidation | Thiobacillus ferrooxidans
Sulfobacillus acidophilus
Fe(ll) 0, neutral | Fe(ll) oxidation | Gallionella ferruginea
Leptothrix ochracea
Anoxic | Fe(ll) NO; neutral | NOs- Acidovorax sp. strain
dependent BrG1

Fe(ll) oxidation | Azospira strain PS is also
perchlorate reducer

Fe(ll) Cco, neutral | Phototrophic Rhodobacter ferrooxidans
Fe(ll) oxidation | strain SW2

Rhodovulum iodosum

Fe(Il) Cloy neutral | Chlorate Strain CKB [15]

reduction
Organic or Fe(lll) acidic | Fe(lll) Acidiphilium cryptum sp.
inorganic reduction JF-5
compounds Thiobacillus thiooxidans
Organic or Fe(lll) neutral | Fe(lll) Geobacter
inorganic reduction metallireducens
compounds Shewanella oneidensis

Even if the aerobic acidophilic Fe(ll)-oxidizing microorganisms are irrelevant for deep under-
ground disposal, some data should be mentioned: At acidic pH, the redox couple Fe**/Fe*" has
a redox potential of +770 mV. At pH 2, only -33 kJ/mol iron is produced by oxidation with O,
since the relevant redox potential of the redox couple 0,/H,0 is +1106 mV. This difference
allows the synthesis of 1 mol ATP.

Aerobic neutrophilic Fe(ll)-oxidizing microorganisms: This physiological group of microorgan-

isms uses O, as electron acceptor for enzymatic oxidation of Fe(ll) at neutral pH. To gain
energy for growth they have to compete with the chemical oxidation of Fe(ll) by O,.

3.2 Anaerobic processes

Anaerobic organisms do not need O, but use other electron acceptors. Anaerobic Fe(ll)-oxi-
dizing phototrophic bacteria which oxidize siderite to Fe(ll) and CO, require light. These
reactions are irrelevant for underground systems. Fermentation is a specific type of heterotro-
phic metabolism that uses organic carbon instead of oxygen as a terminal electron acceptor.

Anaerobic Fe(ll)-oxidizing nitrate-reducing bacteria: Nitrate-dependent/iron-oxidizing bacterial

isolates cannot be propagated for many generations as pure or mixed cultures, but apparently
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the original enrichments can, because they contain an autotrophic member that provides fixed
carbon. Recently, some strains were isolated from the deep sea that oxidized Fe(ll) with nitrate
in the absence of an additional organic substrate. It was not clear whether these strains can
actually grow with ferrous iron as the sole electron donor for several successive generations
(2005).

Acidophilic Fe(lll)-reducing microorganisms: Microbial reduction of ferric iron was known as a

phenomenon for many decades before its (bio)geochemical relevance was recognized. At
neutral pH, ferric iron is the dominant electron acceptor for the mineralization of carbon
particularly in anoxic freshwater habitats.

Microbial iron cycling at neutral pH: Microbial iron cycling needs substrates, i.e., electron

donors for Fe(lll) reduction and electron acceptors for Fe(ll) oxidation. Not all iron minerals are
equally good substrates, as the redox potential of an iron redox couple determines whether
the mineral is available as electron donor or acceptor. At pH 7, molecular oxygen and nitrate
can accept electrons from ferrous iron, independently from the Fe(lll) mineral produced. The
situation is more complex with ferric iron oxides as electron acceptor. The oxidation of acetate
(CO,/acetate, Eq = -290 mV) is energetically favorable only with specific iron oxides such as
lepidocrocite or ferrihydrite. On the other hand, for the reduction of goethite, hematite or
magnetite, electron donors with a lower redox potential are necessary, e.g., molecular hydro-
gen (2H'/H,, Eq = -414 mV) or formate (CO,/formate, Eo=-432 mV). Hence, theoretically
acetate can fuel microbial cycling of iron only if ferrihydrite or lepidocrocite is the product of
microbial Fe(ll) oxidation. Furthermore; it is essential that supplementary electron donors and
acceptors can diffuse since ferric iron is barely soluble and thus rather immobile.

The standard redox potential of the CO,/acetate, CO,/methane, and sulfate/sulfide half-cell
reactions approximates -290, -240 and -220 mV, respectively. Some relevant redox potentials
for microbial reactions are listed in Tab. II.
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Tab. Il Redox half-reaction reduction potentials and free energies*
Redox Pair (ox/red) Electron donor Eo (volt) AGg (ki/€)
CO,/CH,0 carbohydrate -0.43 +41.5
CO,/CH;0H methanol -0.39 +37.5
C0O,/CH;COCO0O pyruvate -0.37 +35.8
C0O,/CH,CHOHCOO" lactate -0.34 +32.9
CO,/C16H5405N, protein -0.33 +32.2
CO,/CH;CH,0H ethanol -0.33 +31.8
C0O,/CH;CO0" acetate -0.29 +28.0
C0O,/C,H5CO0O° propionate -0.29 +28.0
CO,/CgH160 oil and grease -0.29 +28.0
CO,/CH, methane -0.25 +24.1
SO, /HS sulfide -0.22 +20.9
NO5/NH," ammonium +0.36 -34.7
NO5/N, nitrogen +0.75 -72.4
Fe¥/ Fe® ferrous iron +0.77 -74.3
0,/H,0 water +0.82 -79.1

* http://ceae.colorado.edu/~silverst/cven5534/REDOX%20HALF%20REACTIONS.pdf

3.3 Microbial sulfate reduction

3.3.1 Dissimilatory sulfate reduction

For sulfate reduction electron donors and energy are needed. The bacteria and archaea can
oxidize organic compounds or molecular hydrogen (H,) and reduce sulfate to hydrogen sulfide
(H,S). Some sulfate-reducing bacteria can also reduce other compounds such as nitrate or iron
(or uranium). In this context, the term "dissimilatory" is used when hydrogen sulfide is
produced and excreted in the anaerobic respiration process. Dissimilatory sulfate reduction
uses sulfate as an electron acceptor. Sulfate must be activated by the enzyme ATP-sulfurylase,
which uses ATP and sulfate to create adenosine 5'-phosphosulfate (APS). APS is subsequently
reduced to sulfite (505%) and AMP. Sulfite is then further reduced to sulfide (S*), while AMP is
transferred into ADP using another molecule of ATP.

3.3.2 Anaerobic methane oxidation as respiratory process

From a thermodynamic point of view, sulfate-dependent methane oxidation is an exergonic
reaction

CH, + SO,% + 2H" = CO, + H,S + 2H,0 (2)

which yields a AG, of -18 kJ per mol under standard conditions. The concentrations of the
chemical reaction partners in situ at the active layers are in the range of 10* Pa of methane and
about 2 to 3 mM each sulfate and free hydrogen sulfide. This amount of energy could feed
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3.3 Microbial sulfate reduction

only one single bacterium, provided that it is able to exploit this biological minimum energy
qguantum. The observations of the reversal of homoacetogenic fermentation e.g. by strain AOR
allow to speculate that “reversed methanogenesis may be the key to this process. If the overall
reaction is actually a syntrophic cooperation involving a methanogen running methane
formation backward and a sulfate-reducing bacterium, it is obvious that only one of the
partners could gain metabolically useful energy from the reaction and that the other one had
to run this process only as a co-metabolic activity. This would explain why scientists have
always failed to enrich for methane-oxidizing sulfate reducers in the past [1997], simply
because one cannot enrich for bacteria on the basis of co-metabolic activities.” Since Schink’s
review in 1997 [16] was published, anaerobic methane oxidizers have been identified by DNA
sequence, labelled biochemically and viewed microscopically.

Fig. 4 shows the dependence of the redox potential on the hydrogen partial pressure at neutral
pH. For reducing SO,> to H,S, a redox potential of less than -200 mV is required (Tab. 1I); CH,
oxidation to CO, works at a minimum redox potential of about -250 mV. These values narrow
the field where microbial sulfate reduction can occur. The field is indicated by the two
horizontal lines and arrows in Fig. 4. Due to the presence and anaerobic corrosion of steel /
iron in a disposal, significant hydrogen partial pressures are formed. In the case of a disposal at
a depth of several 100 m, the hydrogen partial pressure can surmount 1 bar. At these
hydrogen pressures, only few microbial reactions are possible, such as the CO,/CH,0 and the
CO,/CH;0H at -430 mV and 390 mV, respectively.

Pn2 (bar)

10 10 1072 10" 10° 10% 10* 102 1

0 N -
- CaSO, + CH, > CaCO; + H,S + H,0

o7 Oxidation CH,/CO, Reduction SO,2/H,S

-400 CH, Oxidation not possible
-500

10" 10° 107 10° 10° 107 10 10° 10°

Py, (Pa)
B. Schink (1997), Microbiology and molecular biology reviews, 61 (2) 262-280

Fig. 4 Dependence of the redox potential on the prevailing hydrogen partial pressure at pH 7.0.

Reduction of ferric iron oxides, consumption of methane and formation of iron sulfides have
been observed in methane-rich deep Baltic Sea and Black Sea sediments. Such processes are
considered to limit the methane release from the sea sediment into the ocean water [17, 18].
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Unfortunately, in these publications, the pH and redox potentials of the sediment pore waters
are not reported.

3.4 pH range of microbial activity

The acidity or alkalinity of an environment greatly affects microbial growth (details are
provided in various text books, e.g. [12] or [19]). Every microorganism has a pH range within
which growth is possible, and growth shows a well-defined pH optimum. The pH range of
growth is typically in a range of £ 1 to 1.5 around the optimum pH. Through their metabolic
activity, microorganisms produce acid or alkaline metabolites which are released from the cell.
These metabolites have the potential to change the pH of the medium. However, the internal
pH of the cells needs to remain relatively close to neutral, even if the external pH is highly
acidic or alkaline. Due to diffusion through the cell membrane, the cell requires a constant
buffering of the internal pH. Most prokaryotes die, if the internal pH drops much below 5.0 to
5.5. Buffer compounds are phosphate buffers (neutral), borate buffers (alkaline), and citrate
buffers (acidic).

Different strains of microorganisms are found in a wide pH range.

e Acidophiles (e.g. Helicobacter pylori) have an optimum pH range between 0 and 5.5.
These species are found in sulfuric pools and geysers, areas polluted by acid mine
drainage and even in the human stomach. For example, acidophiles oxidize reduced
sulfur compounds to sulfuric acid and were found growing at pH = 0 in acid mine
drainage in Iron Mountain in California.

e Neutrophiles (E. coli) have an optimum pH range of 5.5 - 8. The majority of these
species are found in soil and water as well as in blood and tissue. When neutrophiles
are exposed to a low pH environment, a mechanism is activated in order to reduce the
effect of the decreasing internal pH by induction of glutamate decarboxylases, and
other enzymes.

e Alkaliphiles (Bacillus alcalophilus) shows an optimum in pH range 8 - 14. Its internal pH
is slightly acidic in comparison to the pH of the environment. The internal pH is
maintained by specific regulators (homeostasis). This regulation is a highly energy-
consuming physiological mechanism.

In Tab.lll, pH optimum for growth of species of the physiological classes from acidophile to
neutrophile and alkaliphile are listed.

12
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Tab. Il pH optimum for growth of some microorganisms [12].
Physiological Class pH optimum Example
(optimal pH range) for growth
. , 1 Picrophilus oshimae (archaea)
A;lciosp g'le 3 Acidithiobacillus ferrooxidans
P ) 5 Rhodopila globiformis
Neutrophile .
5.5<pH<8 7 E. coli
Alkaliphile 8 Ch/o.rof/e)'(us aurantiacus
H>8 9 Bacillus firmus
PH = 10 Natronbacterium gregoryi (archaea)

3.5 lonic strength and chaotropicity

The archaeal and bacterial window of life is restricted to a certain availability of water (in
solution). The availability of water in a solution is expressed in terms of the dimensionless
water activity, a,,. In a diluted solution a,, = 1 and in a saturated NaCl solution a, = 0.75.
Microorganisms are extremely dependent on exchange processes with their environment. This
means that the macromolecules of the hydrophobic cell membranes need to function. If the
hydrophobic state is changed, the characteristic steric structures of macromolecules change,
leading to the denaturation of the respective macromolecule. The hydrophobic state of the
macromolecules is controlled by hydrogen bonds. The regions of growth for different types of
microorganisms is presented in Fig. 5. Optimum NaCl concentration for the marine
microorganism (Aliivibrio fischeri) is in the range of about 3%. Extreme halophiles such as
Halobacterium salinarum can exist in concentrated NaCl solutions between 15 und 30% (30%
NaCl: ~5 mol/l).

= halo-intolerant (E. coli)
= halophile (Aliivibio fischeri)
halotolerant (Staphylococcus aureus)

Fig. 5 Effect of NaCl concentration on the growth of microorganisms of differently pronounced salt tolerance or
different need of NaCl [12].
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A measure for the functioning of hydrogen bonds is the chaotropicity. Cations and anions
disturb the hydrogen bonds of the macromolecules. The effectiveness of ions on the distur-
bance of the macromolecules in water is classified in the Hofmeister series.

e Anions: SO, < HPO,”> <ClI"<NO; <Br <ClO; <I"<ClO,” <SCN~
e Cations: NH," <K'<Na'<Li" < Mg* < Ca*

In the Hofmeister series, the disturbance of the hydrogen bonds or chaotropic impacts
increase from left to right. The ions at the left-hand side counteract the chaotropic impacts
and are called kosmotropic. The kosmotropic ions intensify the hydrophobic effects of cell
membranes by promoting the aggregation of proteins. lons at the right-hand side are called
chaotropic and decrease the hydrophobic interactions. If the hydrophobic state is changed, the
characteristic steric structures of macromolecules change, leading to denaturation of the
macromolecule. Chaotropic substances increase solubility of hydrophobic molecules, reduce
enzymatic activities, disturb lipid double layers of the cell membranes and consequently cause
stress for living cells.

Hallsworth et al. [20] showed “that the chaotropicity of MgCl, at high concentrations not only
denatures macromolecules, but also preserves the more stable ones: such indicator molecules,
hitherto regarded as evidence of life, may thus be misleading signatures in chaotropic
environments. The chaotropicity of MgCl, would appear to be a window-of-life-determining
parameter, and the results obtained here suggest that the upper MgCl, concentration for life,
in the absence of compensating solutes, is about 2.3 M (or above 2.5 M in the presence of a
chaotrope-counteracting kosmotrope, such as NaCl).” Other investigations of deep sea mi-
croorganism showed microbial activities up to solute concentrations of 3.2 mol/I [21, 22].

The chao-/kosmotropic activities were calculated according to differences in heat capacity of
agar solutions, and expressed in kJ kg™ mol™. The resulting scale is numerically continuous and
chaotropic compounds ranged from MgSO, (-64.5), NaCl (-11.0) to MgCl, (+54.0) and CaCl,
(+92.2) [23].
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4 Microbial effects in repositories

In the introduction chapter, four questions were asked. In Chapter 3, it was shown that
microorganisms occur naturally in deep geological formations and that they could survive
under conditions after repository closure. However, these conditions depend strongly on the
disposal concept and need to be discussed separately for each disposal safety case. In
Germany, four disposal concepts have been elaborated. These concepts include

e The Asse Il salt mine near Wolfenblittel is an approximately 100-year-old potash and
salt mine. Between 1967 and 1978, 46 950 cubic meters of low- and intermediate-level
radioactive waste in 125 787 drums were emplaced. Later, the mine was used to test
the handling and storage of radioactive waste in a repository. The Asse mine faces two
major problems: The penetration of saturated saline solutions (NaCl) and the stability
of the mine openings, which is endangered.

e The Morsleben repository ERAM was a potash and rock salt mine. In 1971, the GDR®
established a repository for low-level and intermediate-level radioactive waste in the
mine. The Federal Republic of Germany continued to use this repository until 1998.
Altogether 36 754 cubic meters of radioactive waste have been stored. The repository
is under decommissioning. The objective is to safely seal off the radioactive waste
from the biosphere.

e The "Mine for the Exploration of the Salt Dome Gorleben" has been investigated since
1979 for its suitability as a repository for highly radioactive waste. The two shafts
Gorleben 1 and 2 reach a depth of 933 m and 840 m. The salt dome has a size of
approximately 14 km length and 4 km width. Safety analyses (SA) were performed
assuming different disposal concepts [24]. The first SA took place in the scope of a
project including all components of the planned German disposal center at Gorleben,
the Projekt Sicherheitsstudien Entsorgung (PSE) [25]. The disposal concept was based
on a primary energy consumption of 60 000 TWh. This number corresponded to an
operational period of some 160 years.

In 1980 first calculations and sensitivity analyses were performed at KfK analyzing the
radionuclide release from a flooded rocksalt disposal [26]. In this study, the conver-
gence of the rocksalt was assumed to be the driving force for the release of contam-
inated brines into the aquifer system.

A second SA considered only high-level waste disposal and was performed in a project
funded by the European Commission (PAGIS) [27]. A third SA took into account a

° GDR: German Democratic Republic
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significantly smaller disposal capacity as well as the disposal of vitrified HLW and spent
nuclear fuel elements, Systemanalyse Mischkonzepte (SAM] [28].

e In contrast to the previous disposals, the Konrad mine is an abandoned iron ore mine
located in the area of the city of Salzgitter. It is currently being converted to a
repository for radioactive waste with negligible heat generation. About 90 per cent of
the radioactive waste accruing in Germany is in this category. The mine is in a depth of
800 to 1300 meters in an iron ore deposit. Compared with other iron ore mines,
Konrad is exceptionally dry. The covering layer of clay rocks, which is up to 400 m
thick, seals the mine against the groundwater.

In this chapter, an answer will be given on the question of effects by the environmental
conditions in a deep nuclear waste repository on resident or introduced microorganisms and
their performance. The information was based on literature mainly, concerning the
degradation of the waste forms, the corrosion of metallic materials and the alteration of the
Eh and pH as well as the generation of complexing agents by degradation of organic material.
Most important for the SA models was the expected gas production (CO,, H,, CH,) leading to
an increase of the pressure and consequently a promotion of the driving forces for
radionuclide releases.

4.1 Degradation processes of waste components

4.1.1 Microbial Degradation of Paper, Plastics and Textiles

In the Waste Isolation Pilot Plant (WIPP, USA) transuranic waste bearing organic matter to
some extent is emplaced. There is a strong interest in estimating the production of total
inorganic carbon, TIC, that could be produced by degradation of organic waste. Francis and
Gillow [29-31] examined the biodegradation of mixed cellulosic and other organic materials
such as polyethylene (PE), polyvinylchloride (PVC), hypalon, and neoprene in G-Seep brine
(natural brine from the WIPP site) and determined the total gas production and the gases CO,,
N,0O, H,, 0,, CH, and H,S. The effects of variables such as

e initial atmosphere (air or nitrogen),
e water content (humid (~70% relative humidity) and brine inundated), and
e nutrient amendments (nitrogen, phosphate, yeast extract, and excess nitrate)

were investigated. The gas production was determined by pressure measurement, CO, and
CH,4 were analyzed by gas chromatography. The dissolved cellulose degradation products were
analyzed by high-performance liquid chromatography and the microbial populations in the
samples were determined by direct microscopy and molecular analysis. The results reported
by Gillow [31] were considered in German disposal safety analyses (Tab. V).
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4.1 Degradation processes of waste components

Tab. 1V shows clearly, that in the presence of sufficient nutrients and especially nitrate, the
metabolic rates increase significantly. Francis and Gillow [31] analyzed the DNA of the
microorganisms from cellulose samples in the brines. DNA showed a diverse assemblage of
bacteria and archaea in the presence and without additional nutrients. Cellulose degradation
products found in the solution include fumaric, lactic, oxalic, oxalacetic, propionic, and succinic
acids indicating fermentative microbial activity. The presence of bentonite enhanced the total
gas production, concentration of gaseous and aqueous metabolites. Microbial gas production
was not observed from plastic and rubber materials after about 7 years’ incubation.

Tab. IV Gas production from microbial cellulose degradation over a period of 10.8 years [31].

Nutrient NO; Humid conditions Inundated
aerobic Gas - - 0.84 = 0.10 mL/g
conditions 1.71 £ 1.03 mlL/g
+ 12.2 £ 0.0 mL/g
CO, - - 6.1 = 2.4 umol/g 16.3 £ 1.3 umol/g
- 0.5 = 0.3 umol/g 41.4 = 7.8 umol/g
+ 186 umol/g
CH,4 - - 1.34 = 0.03 nmol/g
- 0.84 # 0.05 nmol/g
+ 1.27 = 0.37 nmol/g
anaerobic | Gas - - 2.48 = 0.31 mL/g
conditions - 4.12 = 0.76 mL/g
+ 18.1 £ 0.38 mL/g
Cco, - - 115 == 20 umol/g 27.4 = 5.8 umol/g
- 22 = 3.3 umol/g 66.9 = 1.1 umol/g
+ 251 = 5 umol/g
CH, - - 5.89 =1.30 nmol/g
2.74 = 0.90 nmol/g
+ 2.57 = 0.79 nmol/g
Number - - (5.1£3.4) xX10° (1.59+0.15)x10’
of (1.62+0.07)x10°
Cells + + (2.24+0.24)x10°

+ +
1

+ +

+ +

+ +

+ +

+ +
1

+
1

Concerning the number of cells, it needs to be mentioned that the cell counts were made at
only one time point using a method that is not currently recommended for archaea. The DNA
analysis was performed by “Denaturing Gradient Gel Electrophoresis” (DGGE) which separates
genes of the same size based on their different denaturing ability. DGGE analysis was also
applied only at a single time point with only one set of incubations. Furthermore, the DGGE
was performed late during the incubation period at a time when much of the bacterial
diversity would be missed. The DGGE results allow the interpretation that fermentation and
nitrate reduction were the chief modes of microbial activity in these experiments. Unfortu-
nately, the DNA sequences were not submitted to the international databases.
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The gas production was recalculated in gas production rates. The total CO, production rates
reported by Gillow [31] are given in Tab. V for the anaerobic experiments

Tab. V Rate of carbon dioxide production by anaerobic inundated samples

Treatment Overall rate of CO, Production
p-moles g™ cellulose day™

Unamended/Uninoculated 1.58x10™

Unamended/Inoculated 6.44x10°

Amended/Inoculated 1.39x10°

Inoculated + Excess Nitrate 5.57x10°

These numbers in Tab. V took into account the whole CO, formation from the beginning of the
experiments ([31], page 21). Fig. 6 shows clearly that the CO, production is very high in the
case of the samples with nutrients and excess nitrate in the beginning. Recalculating the CO,
production rates for the long-term part of the curves (from 730 days to termination of the
experiments) indicates significantly lower production rates (6.4x10° pmol g*, for samples
without nutrients and 1.4x102 umol g for samples with excess nitrate).

300

250 /A@V

200

—C— Nutr.+NO3
150 E—
f — £\ = Nutrients

CO, production / pmol (g cellulose)?!

100 ==J==-without nutr. —
A
50 - A-—"" A==A
---------- o----o0---0
0 D-mﬂﬂ"‘
0 1000 2000 3000 4000 5000
Time / days

Fig. 6 Carbon dioxide produced in anaerobic samples inundated with brine: unamended and inoculated (o);
amended and inoculated (A); amended, inoculated, plus excess nitrate ().

The data shown in Fig. 6 need to be balanced with respect to the available nutrients and
nitrate: The experiments have been performed using 5 g cellulose per 100 ml solution, the
nutrient addition amounted to 0.25 g/l and the excess nitrate to 0.5 g KNO; per 100 ml (50
mmol/l or 1 mmol NO; per g cellulose) [29]. Assuming a C1,H,0040 as sum formula of cellulose,
the carbon content amounts to about 37 mmol carbon per gram.
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In the case of the experiment indicated as amended, inoculated, plus excess nitrate (blue
diamonds in Fig. 6), after about two years, the CO, production reached 0.2 mmol per g
cellulose. This number indicates that neither the cellulose nor the excess nitrate was con-
sumed and for this reason one could expect a continuation of the initial production rate.
However, the production rate decreased.

Under conditions of the experiments, all cellulose will be degraded after about 10000 to 20000
years. These numbers provided the basis for the Asse Il safety analyses. In the Asse Il mine,
about 8% of the waste canisters contain cellulose, paper, wood and cotton slightly compacted
without further solidification [9]. The mass of the cellulose containing materials was estimated
at 1200 Mg.

4.1.2 Microbial Degradation of Bitumen

In 1978, C. E. ZoBell and M. A. Molecke published a survey on microbial degradation processes
especially on the degradation of bitumen in the context of WIPP [32]. The survey described the
chemical and physical properties of bitumen and how these properties affect the degradation
processes. Many of the bitumen components, such as asphaltenes, resins and paraffinic,
napthenic and aromatic hydrocarbons have been shown to be more resistant against strong
chemical reactants such as strong acids or alkaline solutions in comparison to microbial
enzyme systems. Many microorganisms have the ability to produce alcohols, esters, ketones,
and other fermentation products in which asphalts are soluble, albeit only slightly. Such
solubilization may be of negligible significance during a period of several years, but could result
in the perforation or partial matrix solubilization of the bitumen within decades or centuries, in
an environment where water and organic matter (celluloses, proteins, lipids, etc.) are present
along with elements essential for microbial growth, some solubilization of bitumen by
fermentation products can be expected. ZoBell & Molecke [32] presented various methods for
detection of bio-degradation of bitumen. Following conclusions were drawn:

Only a few species attack bitumen, such species appear to be widely distributed in soil,
especially in contact with crude oil or bitumen. Bitumen-oxidizing bacteria have been incrim-
inated in the deterioration of asphalt-paved streets and asphalt coating on buried pipes or
other steel structures. This suggests that under certain conditions of storage where microor-
ganisms, minerals essential for their growth, and a little moisture are present, bituminous
coatings might be breached by bacteria within a few decades.

Even under the most favorable conditions for the microbial degradation, the rates are gen-
erally very slow. It usually requires several days to a few weeks to demonstrate the microbial
degradation of bitumen. The rate is influenced primarily by the chemical composition of the
bitumen. The rate of the degradation appears to be directly proportional to the surface area
exposed to oxygenated water. Certain oil-oxidizing bacteria may contain enough water to
enable the oxidizing oil, resulting in the formation of enough water to keep them growing:

CisHs, +23 0, =15 CO,+ 16 H,0 (2)
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By increasing the contact between enzymes and substrate, certain detergents tend to increase
the rate of oil or bitumen oxidation. Many species of bacteria produce surfactants. The
microbial production, properties, and functions of surfactants, with particular reference to
petroleum, have been reviewed in a series of publications. The biodegradation of asphaltenes
and other hydrocarbons by a Pseudomonas species was found to be promoted by bio-
emulsifiers or surfactants. Corynebacterium lepus and Pseudomonas asphaltenicus are species
of bacteria isolated from asphalt deposits in Ontario, Canada. Both species attack higher
hydrocarbons and produce surface-active substances that substantially reduce the interfacial
tension of saline solution layered with kerosene. Although the optimal growth was on n-
decane, P. asphaltenlcus was shown to utilize a wide range of hydrocarbons, including
asphaltenes which make up an appreciable part of most bitumens.

Hyperbaric oxygen, CO,, and certain other gases are bacteriostatic or bactericidal at pressures
of only 0.5 to 1 MPa. Within the range of 0.1 and 30 mg/liter, the concentration of dissolved
oxygen has no discernible effect on the rate of hydrocarbon oxidation by microorganisms.
However, the rate of such oxidation is appreciably slower in the absence of free oxygen than
when some oxygen is present. The microbial oxidation of hydrocarbons under strictly anaer-
obic conditions has been investigated by several authors. Although radiolytical degradation of
water can produce hydrogen and oxygen. Studies on the radiolytical degradation of cellulosic
transuranic contaminated waste materials have indicated that oxygen (in air) originally
contained in the waste packages was depleted during the formation of CO and CO,.

In the case of anaerobic degradation of bitumen, the rate would be much slower than aerobic
degradation. Microorganisms grow in natural conditions and in the laboratory at redox
potentials ranging from Eh -450 to +850 mv. The activity of iron-oxidizing bacteria is normally
found in an environment with an Eh range limited to +60 V < Eh < 850 mV at one extreme;
sulfate-reducing bacteria are active in the range of -450 < Eh <+50 mV.

In order to evaluate the microbial degradation of bitumen, Ait-Langomazino published inves-
tigations on following topics [33]:

a) Quantification of the rate of biodegradation by determination of the CO, production.

b) Showing the possible alterations of bituminous material through chemical
transformations such as the oxidation processes.

c) Comparing the activities of microorganisms from the metabolic specificity.

d) Determination whether the chemical nature of bitumen can affect the degree of
microbial utilization by comparison of two types of bitumen:
blown Mexphalte R 90/40 and direct distillation Mexphalte 80/100.

Degradation was tested with various pure strains: Pseudomonas aeruginosa, Pseudomonas
putida, Arthrobacter sp., Saccharomycopsis lipolytica (DSM Nos 1253, 50202, 312 and 1345,
respectively); Torulopsis holmii was isolated from a fuel tank and a natural mixed culture
enriched from a bituminous site which included a strain of Pseudomonas aeruginosa.
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The biodegradation potentials of four pure cultures, bacteria and yeasts, and three natural or
reconstituted mixed cultures on a Mexphalte R 90/40 in aerobic batch conditions were found
to be very similar. From CO, generation, maximal degradation of bitumen R 90/40 was
estimated to be 9.0 wt.% 3.2x107g cm 2 and 3.1 - 9x10® cm for Saccharomycopsis lipolytica. It
was assumed that the cessation of CO, production was real, that bitumen degradation
occurred through homogeneous surface attack and that the surface area of the bitumen was
homogeneous. Metabolic activity in batch culture was stopped probably due to inhibiting con-
ditions present, e.g. accumulation of metabolic byproducts.

The Mexphalte R 90/40 degradation rate by S. lipolytica was determined by the CO, gener-
ation. It was closely linked with a biofilm formation at the surface of the bitumen sample. Of
the various chemical fractions of Mexphalte R 90/40 the saturated and the aromatic fractions
were lost with about a 40% and 25% reduction in these fractions respectively. A complete
disappearance of n-paraffins, an increase of oxygen content in the resins and the asphaltenes
characterize bitumen oxidation by Saccharomycopsis lipolytica.

Growth on individual bitumen fractions confirms the preferential utilization of the n-saturates
fractions. Resins and asphaltenes are resistant to Saccharomycopsis lipolytica attack and their
presence inhibits the biodegradation of n-saturates. The chemical composition of bitumen has
a marked effect on its biodegradability. Direct distillation bitumen Mexphalte 80/100 retained
for the coating of LLW wastes shows a greater resistance to degradation by Saccharomycopsis
lipolytica than Mexphalte 90/40 probably due to its low content of saturates. The composition
and content of other bitumen components may also influence the biodegradability. It has been
shown that bituminous materials are subject to microbial attack and deterioration in many of
their technical applications. Therefore the use of bitumen materials for the coating of low and
intermediate level wastes requires a deeper knowledge of the effects that the environmental
conditions of a repository can have on its biodegradation [33].

In the Technical Report NTB 89-14 released by Nagra [34], Wolf et al. concluded that the
presence of microorganisms in nuclear waste repositories cannot be ruled out. The potential of
different microbial consortia to degrade bitumen has been examined. Experiments have been
carried out under optimal culture conditions using bitumen with a highly-increased surface
area. The investigations showed clearly that bitumen-degrading organisms are ubiquitous. In
general, the organisms formed biofilms on the accessible substrate surface area. The long-
term bitumen degradation rates were found to be essentially independent of the culture
initially inoculated. Investigations were carried out both under aerobic and anaerobic condi-
tions using a variety of cultures. Under aerobic culture conditions a bitumen degradation rate
of 20 - 50 g bitumen m™ yr." leading to a CO, production of 15 - 40 | was observed. Anoxic
conditions yielded a 100 times smaller degradation rate of 0.2 - 0.6 g bitumen m™ yr* (STP)
and a CO, production of 0.15 - 0.45 | (STP) [35].

Based on linear extrapolation the experimentally determined degradation rates would lead to
a 25 - 70% deterioration of the bitumen matrix under aerobic and 0.3 - 0.8% under anoxic
conditions within 1000 years [34]. These results are considered in the safety analysis for the
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4 Microbial effects in repositories

German Low-Level Radioactive Waste Disposal Morsleben (ERAM): In the mine, bitumen was
used as a sealant in underground constructions [36]. The modeling of microbial degradation
processes relied on Nagra Report NTB 89-14. According to reference [37] the microbial degra-
dation front penetrates into the sealant construction some 6 pm yr™ under aerobic conditions.

Another study [38] investigated Pseudomonas aeruginosa and Saccharomycopsis lipolytica
under aerobic conditions. The biodegradation of a bitumen sample was expressed as the
amount of CO, produced during a twelve-month period with periodic oxygen and medium
renewal. A linear production of CO, was observed in the case of the P. aeruginosa strain. The
limitation of the amount of CO, produced by S. lipolytica could be explained by a limited rate
of biodegradable hydrocarbons (probably the saturated fraction). This limitation was not
observed with the P. aeruginosa strain and was explained by the potential of this bacterium to
attack different hydrocarbons, for example the aromatic fraction.

4.1.3 Microbial Degradation of Compacted Mixed Wastes

Funded by the nuclear industry (Nukem GmbH, Hanau) in 1986, the Technical University
Darmstadt, Institute for Microbiology elaborated a study on the probability of microbial
activities in compacted mixed wastes under conditions relevant for the German LLW disposal
Konrad [39]. These wastes should be compacted under a pressure above 30 MPa. Depending
on the nature of the material, a compaction by a factor of 5.8 (average) was achieved [40].
Boundary conditions for the study were the available substrates, such as paper, wood, plastics,
textiles, and the prevailing ambient conditions of 50°C temperature, 5% remaining humidity in
the waste products and about 80% relative air moisture. Model experiments under simulated
Konrad conditions covered following questions:

e  Which kind of microorganisms (bacteria and fungi) survives under the ambient
conditions.

e Is a microbial evolution possible under these conditions and can be detected by
analyzing cell proliferations and/or metabolites.

In a first experiment, the survival of microorganisms on membrane filters was investigated.
The membranes were inoculated with the microorganisms listed in Tab. VII and were stored
under atmospheric conditions of 30, 80 and 95% relative humidity in closed preserving bottles.
Nutrients for microorganisms were glucose, peptone, meat extract and yeast extract.

The pellets were prepared as follows: About 40 g of mixed simulated waste materials were
compacted using pressures up to 40 MPa forming pellets of 5 cm diameter and 1.5 cm
thickness. The pellets were seeded with the following bacteria and fungi (including yeasts). The
experiments were performed using 4 pellets at 28°C and 50°C and for each relative humidity
(33, 80 and 96%) up to 6 months. At several time intervals samples were prepared and
cultivated on substrates in order to identify the colony forming microorganisms. Additionally,
microflora from digested sludge was investigated at 32, 80 and 97% relative humidity at 37°C
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4.1 Degradation processes of waste components

for 6 weeks. The humidity was maintained by the water saturation vapor of concentrated salt
solutions in the lower part of the preserving bottles separated from the pellets (Tab. VI).

Tab. VI Relative humidity over saturated salt solution at 28°C and 50°C [41].
Salt 28°C 50°C
MgCl,x6H,0 33.0 314
(NH,),S0, 80.8 78.1
K,SO,4 97.2 96.8
Tab. VIl Microorganisms investigated with respect to their survival in compacted mixed wastes

under Konrad conditions.

Gram Stain Cell form

Reaction®

Species

Escherichia coli DSM 682 (= ATCC 10 536)

gram-negative

vegetative cells

Pseudomonas fluorescens

gram-negative

vegetative cells

Azotobacter sp. DSM 281

gram-negative

vegetative cells + cysteine

Staphylococcus aureus DSM 346
(= ATCC 6538 P)

gram-positive

vegetative cells

Arthrobacter sp.

gram-positive

vegetative cells

Mycobacterium sp.

gram-positive

vegetative cells

Streptomyces griseus DSM 40 236
(= ATCC 23 345)

gram-positive

aerobic mycelia spores
(conidia)

Thermoactinomyces sp. DSM 22 gram-positive endospores

(= ATCC 12 980)

Bacillus cereus DSM 345 (= ATCC 11 778) | gram-positive endospores

Clostridium sporogenes DSM 633 gram-positive endospores

Alternaria filamentous conidia
fungus

Cladosporium filamentous conidia
fungus

Penicillium filamentousfungus | conidia

Aspergillus niger filamentousfungus | conidia

Mucor filamentousfungus | conidia

Rhizopus filamentous conidia
fungus

Rhodotorula a yeast vegetative cells

DSM: "Deutsche Sammlung von Mikroorganismen"

A first test was performed on membranes under the ambient conditions.

¢ The Gram Color is a method developed by Hans Christian Gram (1853-1938) which allows the dyeing of bacteria for microscopic

investigations. Bacteria can be distinguished by their color in two main groups: gram-positive and gram-negative. These groups
have different cell membrane properties.
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4 Microbial effects in repositories

At 50°C none of the tested microorganisms survived longer than one month inde-
pendent of the relative humidity. However, a thin crystalline salt layer was found to
cover the membrane filters after termination of the experiments. These salt precipates
might have caused stress to the microorganisms.

The same result was obtained for Escherichia coli, Azotobacter, and Staphylococcus
aureus at 28°C.

Resistant against the exposure conditions was the aerobic spore former Bac. cereus. At
28°C it survived 5 months (the only species of the selected microorganisms) at 30%
relative humidity. Another species Bac. stearothermophilus which is also an aerobic
spore former showed the same sensitivity as the species Escherichia coli, Azotobacter,
and Staphylococcus aureus. Also, the anaerobic spore former Clostridium sporogenes
was only marginally more resistant.

The fungi, both filamentous and the yeast Rhodotorula, showed relatively uniform
behavior. At 28°C all species survived at 96% relative humidity for 5 months. At 33%
relative humidity, the species died off after 3 months, and at 80% relative humidity
only Aspergillus niger survived for 5 months.

The digested sludge didn’t show a mass loss at 97% relative humidity, at lower humidi-
ty, the mass of the sample was reduced by ~10%. In a nutrient solution, all samples
recovered within 12 hours showing digestion and gas formation about 10% CO, and
90% CH,. A smell of butyric acid and H,S could be noticed.

A second experiment was performed with compacted granulated particles (pellets) consisting

of paper, wood, plastics, textiles. The pellets were doped with microorganisms taken from dif-

ferent sludges of a sewage purification plant and sorted under the ambient conditions as

described above for 6 months. Also these experiments were performed in bottles sealed with

rubber septa and crimped metal rings.

After 6 months, the 4 pellets were resuspended in sterile tap water, and viable cells in
the aerobic and anaerobic supernatants were determined by plate counts. Then the
vials were closed and stored at 37°C. The gas production in the vials was measured.
The viable plate counts showed that the ambient conditions didn’t change the mi-
croorganism population in the pellet. The authors assumed that the mixture of the
sludge could protect the bacteria cells.

After contacting the pellet with water, the water in the vials turned muddy and a di-
gestion process took place which was not the case for un-doped pellets. Gas bubbles
occurred within one week and a smell of butyric acid and H,S was noticed. The simu-
lated waste pellets acted as substrate.

It could also be shown that Escherichia coli and S. aureus were sensitive to the com-
paction process of the pellet.

In total, the microorganisms taken from the sludge were found to be more resistant against

the ambient conditions of an interim storage or deep disposal conditions.
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4.1 Degradation processes of waste components

4.1.4 Microbial Attack of Cement

Three groups of organisms have been identified that create conditions that can compromise
concrete integrity. They include sulfur oxidizing bacteria, nitrifying bacteria, and some het-
erotrophic organic acid producing bacteria. Species of each of these groups of organisms have
been isolated from degrading concrete [42]:

e Sulfur oxidizing bacteria (genus Thiobacillus) are the microorganisms most often asso-
ciated with the biological degradation of concrete structures. At pH ~ 9, Thiobacillus
thioparus actively begins to oxidize available forms of reduced sulfur. Products from
this process contribute to a continued decrease in surface pH.

e Nitrifying bacteria are known to promote concrete degradation. These bacteria
(Nitrosomonas and Nitrobacter), obtain energy through the oxidation of inorganic
nitrogen compounds. Neutral to alkaline soils have the largest populations of nitrifying
bacteria. Both the ammonium oxidizing Nitrosomonas sp. and the nitrite oxidizer
Nitrobacter sp. have been isolated from degraded concrete.

e Heterotrophic microorganisms capable of producing organic acids through the assimi-
lation of organic carbon compounds can be found everywhere. Organic acids such as
lactic, citric, gluconic, malic and many others are byproducts of the metabolism of these
microbes. Because of their diversity, heterotrophs can exist under a much wider range
of environmental conditions than either the sulfur oxidizers or nitrifying bacteria.

The biodegradation of cement is due to the products of microbial metabolism, such as organic
or mineral acids, and thus is an indirect effect of microbial growth. Microorganisms can pro-
duce organic acids resulting from cellulose biodegradation; cellulose is representative of an
organic solid waste. In the same way, microorganisms can produce mineral acid (H,SO,) from
sulfur, as a source of energy; sulfur can be present in the environment of nuclear waste, or in
the waste itself [38].

Experiments were performed with a medium consisting of approximatively 15 wt.% of port-
landite Ca(OH),, immersed in a mineral medium. This medium was inoculated and stored for a
period of 12 months. The microbial inocula consisted of

e A mixed culture of fungi, (Aspergillus niger, Trichoderma viride), heterotrophic micro-
organisms producing organic acids isolated from a soil sample. The carbon and energy
source was glucose, which is an intermediate product of cellulose degradation. The
initial pH was about 9.

e A mixed culture of Thiobacillus, autotrophic microorganisms producing H,SO, from
sulfur as an energy source. The initial pH was 7.

An increase of pH to pH = 12 due to leaching of OH™ from the concrete was observed. This
increase of pH inhibited, for an 80 day period the growth of Thiobacillus, which was shown by
the lack of H,SO, production. In a second experiment, with fungi, an immediate organic acid
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4 Microbial effects in repositories

production was observed, indicating a rapid adaptation of these microorganisms to basic pH.
In both cases, the acid production was correlated to the amount of leached calcium.

Organic acids were quantitatively and qualitatively determined during growth of fungi over a
two-year period. Even with high pH conditions, pH ~ 11, growth of microorganisms occurred.

4.2 Microbial activities in high ionic strength systems

In 2016, a comprehensive summary was provided by Swanson et al. elaborating the micro-
biology of subsurface, salt-based nuclear waste repositories [43]. This report reviews a series
of publications® dealing with the microbial activities at high ionic strength solutions. An answer
was given to the question: “Is there a common water-activity limit for the three domains of
life"?” [44]. The authors of this study conclude that the water availability in terms of water
activity determines both the vitality and functionality of living systems. The majority of
microbes cannot multiply below 0.900 a,, and for the most extremophilic species, cell division
has only been observed down to ~0.61 a,. The established water-activity window for cell
division of archaeal and bacterial life (1 - 0.755) is narrower than that of some xerophilic fungi
that are even able to grow and/or germinate in the range 0.755 - 0.605 a,,. Halophilic archaea
and bacteria are capable of cell division down to the 0.605 water-activity limit. The reason for
the archaeal and bacterial life window at a,, above 0.605 consists in the behavior of the
macromolecules of the hydrophobic cell membranes (see Chapter 3.5).

With reference of Hallsworth [20] and Cray [23], Swanson et al. [43] tried to predict microbial
effects on the WIPP repository by analyzing the microbial ecology, bioenergetics, and con-
ditions. She made use of Hallsworth’s graph showing the window-of-life for microorganisms in
the water activity vs. concentration field (see Fig. 7).

¢ References are given in the respective literature.
f Bacteria, Archaea and Eukarya (see Appendix Tab. XIV Characteristics of the three domains of life [12, 84] .)
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Fig. 7 Water activity reduction over a range of MgCl, and NaCl concentrations at 25°C. The white region indicates
the water activity range for microbial function (0.61 — 1).

For a Safety Case, the findings obtained from pure solutions need to be transferred to disposal
systems. In Germany, most of the I/LLW wastes are cemented. The interactions between
cemented waste forms and NaCl- and MgCl,-rich solutions have been investigated for periods
of more than 30 years. Details of the experiments, water to cement ratios of full-scale cement
blocks, brines compositions and mass to volume ratios are described in [45].

Tab. VIII  Characteristic data and final solution compositions of selected full-scale cement samples corroded in
NaCl- and MgCl,-rich solutions [45].

Initial NaCl Initial
. #35 Mgcl, #25 #29 #33 #36
solution .
solution
w/c - 0.5 - 0.30 0.43 0.50 0.50
m/v - 2.5 - 2.5 1.8 2.2 2.1
in kg/l
Duration - 26 yrs. - 29 yrs. 29 yrs. 17 yrs. 24 yrs.
Mol I

MgCl, 0.04 0.00 3.79 4.50 0.14 0.04 0.00
CaCl, 0.03 0.00 0.00 2.71 2.90 2.14
NacCl 6.10 4.73 0.38 0.42 1.75 0.60 1.09
NaNO; - 1.53 0.00 0.97 1.73 2.14 2.02
KCl 0.04 0.17 0.71 0.36 0.71 0.96 0.72
MgSo, 0.001 0.01 0.29 0.34 0.00 0.01 0.00
ay 0.77 0.77 0.55 0.47 0.59 0.62 0.70
-log my, 8.2 13.5 8.8 9.7 11.9 12.8 11.9
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4 Microbial effects in repositories

Application of the chaotropic compounds reported by Hallsworth [23] a correlation between

the chaotropicity and the water activity for the cement attacking solutions given in Tab. VIII

was obtained. The correlation is shown in Fig. 8.

The chaotropicity shown in Fig. 8 was calculated by adding the product of the chaotropicity
data [23] times the ion concentrations given in Tab. VI. The chaotropicity of NaNO; was

assumed to be zero. The figure shows clearly that the calculated chaotropicity are close to the

expected values defined by the initial corroding solutions.

Solution of sample #35 which was corroded in NaCl solution revealed a chaotropicity in
the field where microbial activity may occur. However, the pH (-log my,) of this sample
was outside of the window of life.

Sample #36 was corroded in the MgCl,-rich solution. Due to the calcium-magnesium
exchange reaction, the solution changed from magnesium dominated to calcium dom-
inated regime. Furthermore NaNO; was released from the simulated cemented waste
sample to the solution. In total, the water activity decreased. Consequently, microbial
processes cannot be excluded under such conditions.

The solutions of samples #29 and #25 show water activities outside of the window-of-
life (a, < 0.61). Water activity of solution from sample #33 is a,, = 0.62. However, in
this case the chaotropicity is significantly above the value of a pure MgCl, solution due
to the high calcium concentration. The calculated chaotropicity of solution #33 would
correspond to a water activity of 0.45 in a pure MgCl, solution. For this reason, the
occurrence of microbial activity seems to be extremely implausible.

Additional to the constraints of microbial life by the chaotropicity, the pH plays a significant

role. Only very few species survive under pH conditions in the range of 12.
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Fig. 8 pH range and calculated chaotropicity (data from [23]) versus the water activity of the NaCl-rich (squares)
and initially MgCl,-rich solutions (bullets). Red line: window-of-life for a,, > 0.61 and pH < 12.
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5 Microbial effects on barriers
and migration

Another question mentioned in the introduction concerned the effects of microorganisms on a
repository in terms of structural integrity of the engineered barriers, and on radionuclide
release and subsequent migration. In order to answer this question, the microbiological
characterization of the cap rocks above the Gorleben salt dome was analyzed and the effects
on the sorption behavior of the redox sensitive radionuclides technetium and selenium was
investigated. Concerning the structural integrity of the engineered and natural barriers,
microbial sulfate reduction was investigated theoretically. In the case of microbial sulfate
reduction, a reduction of the specific volumes by 20 vol.% occurs when the mineral anhydrite
(CaS0,) is transformed to calcite (CaCOs). This process was extensively analyzed in the scope of
the Preliminary Safety Analysis Gorleben (vSG).

5.1 Cap rock above the Gorleben salt dome

For the safety assessment of the radioactive waste disposal planned at the Gorleben salt
dome, the barrier functions of the relevant geological formations were analyzed since 1981.
Specific interest was focused on the overlying strata of the salt dome. The investigations in-
cluded sorption and desorption studies for various radionuclides, complexation of radionu-
clides with groundwater ligands, the behavior of colloids and the influence of microbial activity
on the potential migration of radionuclides. Preliminary results have been reported and were
published in a specialist meeting “Radionuclide migration in the cap rock above the Gorleben
repository” [46].

The contribution on Microbiologic Investigations of Soil Samples of Overlaying Strata of the
Gorleben Salt Dome“ were elaborated by H. J. Kutzner, Technical University Darmstadt [47, 48].
The results were summarized as follows:

1. During the drilling of shaft Il into the Gorleben salt dome, soil samples were collected
at depths between 115 to 170 m. The samples were characterized microbiologically as
well as biochemically. For shaft drilling, the soil had been frozen for several years and
the samples were kept at -20°C until they were processed.

2. A specially designed device was constructed to remove sterile samples from the frozen
soil. Although all measures have been carried out under sterile cautery, a small con-
tamination of the material with "environmental germs" during sampling in the shaft,
packaging in plastic bags and subsequent handling could not be completely ruled out.

29



5 Microbial effects on barriers and migration

Vereinfachte StoBkartierung der Schichte Gorleben 1 und 2
(nicht Gberhoht)

Schacht 2

2 > 4 2 > € O
i [

microbial - gt
invesitgations S IRTen M
msa:u. Zeochstein bis Quartiir
]
] Hutgestein
TERTIAR : \
LT i B Hohraumiing
[ Hutgesteinsbrokzia

ZECHSTEIN

Fig. 9 Geological horizons of the Gorleben cap rocks. Red lines indicate the sampling locations for the microbial
investigations at shaft II. (http://www.deutsche-rohstoffagentur.de/DE/Themen/Wasser/Projektbeitraege NIL/
Endlagerung Gorleben/geol schaechte fb.html, 2016).
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The microbiological characterization showed that the soil samples had an extremely
low microbial content of heterotrophic bacteria: No bacterial cells could be detected
with the help of microscopic methods (light & SEM). During plating on various nutrient
media, the undiluted samples produced only a few colonies per agar plate. (For com-
parison: a fertile garden soil contains 10® to 10° bacteria per g). Therefore only 26
bacteria could be isolated, most of them were identified with known bacterial species.
Following bacteria were identified: Kytococcus sedentarius, Micrococcus sp., Bacillus
cereus, Bacillus circulans, Brevibacterium linens, Aeromonas hydrophila, Suttonella
indologenes, Brevundimonas vesicularis, Brevundimonas diminuta, Pseudomonas
alcaligenes, Delftia acidovorans, Acetobacter pasteurianus, and Komagataeibacter
hansenii. Sulfate reducing bacteria (SRB), such as Desulfomonile sp., Desulfotomaculum
sp. or Desulfosarcina sp., were not detected in the cap rock materials.

The Gorleben sediments yielded a negative result with respect to the determination of
various enzyme activities (DMSO reduction, dehydrogenase activity, hydrolysis of fluo-
rescein diacetate), in contrast to the control samples such as garden soil and compost.


http://www.deutsche-rohstoffagentur.de/DE/Themen/Wasser/Projektbeitraege_NIL/Endlagerung_Gorleben/geol_schaechte_fb.html
http://www.deutsche-rohstoffagentur.de/DE/Themen/Wasser/Projektbeitraege_NIL/Endlagerung_Gorleben/geol_schaechte_fb.html

5.2 Microbial effects on radionuclide migration

5. The Gorleben sediment samples were also examined with respect to the biomass,
which is also relevant for non-living bacteria. The analyses examined for the presence
of biomarkers. The fatty acid patterns showed a quantity close to the detection limit. A
suitable parameter would be the DNA content of the soil samples which were not
available when the report was published.

6. It could not be ruled out that a reduction of the number of bacteria occurred by the
deep freezing of the soil for the shaft drilling. For this reason, tests were performed. It
could be shown that up to 450 days the freezing did not affect the autochthonous
microorganisms, in contrast to parallel samples inoculated with pure cultures of
different bacteria. The autochthonous bacteria population of the samples was con-
stant and accounted to 2.4-10° CFU/g (CFU: Colony Forming Units).

5.2 Microbial effects on radionuclide migration

%™Tc and °Se was investigated with

The sorption behavior of the redox sensitive radionuclides
regard to microbial metabolism and the development of bacterial populations in loose
sediments. In this project (funded by the Federal Ministry of Research and Technology) , soil
samples collected at the Gorleben site (indicated by Gorleben and Trebel) were investigated
and compared to a sample from the Berlin region [49]. Tab. IX shows the macroscopic
chemical and physical characteristics of these soils and Fig. 10 shows the observed spectrum of

microbial species found in the soils.

Tab. IX Chemical and physical characteristics of the soils under investigation

Gorleben Trebel Lankwitz
sand soil sand soil glacial till
Sand [%] 98.5 99.0 71.2
Silt [%] 1.5 10.0 25.3
Clay [%] 0 0 3.5
specific surface [m*/g] 1.8 0.8 7.4
CEC [meqg/100 g] 0.9 0.5 6.2
total carbon content [%] | 0.01 0.005 0.1
inorganic C [%] 0.06 0.07 0.7
organic C [%] 0.05 0.064 0.5
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Fig. 10 Spectrum of microbial species in the different soils (%).

The distribution of organisms shown in Fig. 10 suggests that the Gorleben sand might have

more redox effects in comparison with the Trebel and Lankwitz soils. Batch experiments under

aerobic and anaerobic conditions and recirculation column experiments (aerobic conditions)

were carried out using sterile and non-sterile soil samples.

H
—
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Fig. 11 Experimental set-up of recirculation columns for investigation of the microbial effects on radionuclide
migration under sterile and non-sterile conditions.
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Sterile migration experiments were compared with non-sterile experiments. The investigation
of sterilizing methods with low impact on the physico chemical properties of sediments proved
gamma irradiation to be the best choice. Other techniques under investigations include
treatment with NaNs, ethylene oxide, mercury(ll) chloride or formaldehyde, as well as heat
treatment, freezing and UV irradiation. Nutrients (200 ppm) were added to the batch
experiments consisting of sodium acetate, nitrate and phosphate with the ratio C:N:P =
100:5:1. Following results were obtained:

e In batch experiments, the addition of nutrients resulted in an immobilization of Tc and
Se combined with a decreasing redox value (Eh).

e Non-sterile recirculation experiments showed a reproducible fixation of Tc and Se
without any observed decrease of the redox value.

e The immobilization occurred without any measurable alteration of the macro envi-
ronment.

e In sterile column experiments, no fixation of Tc and Se occurred within the exper-
imental duration (95 days).

e The addition of microorganisms isolated from the non-sterile columns led to a
decreasing of the radionuclide concentration. This removal was not connected with
decreasing redox values (Aeromonas sp., Vibrio sp. Sphingomonas sp., Chryseomonas
luteola (now Pseudomonas luteola), Sphingomonas paucimobilis, and Variovorax
paradoxus). Chryseomonas luteola is known to adsorb heavy metals and , and
Xanthomonas sp. Present in the Gorleben sand can reduce selenite.

e The addition of biocide (5000 ppm NaN;) to the non-sterile columns resulted in a
remobilization of Tc but not of Se.

e To a great extent the microorganisms identified within the non-sterile columns were
allochthonous (see chapter 5.3).

e Up-take of pertechnetate with simultaneous presence of reducing agents was de-
tected for five bacterial strains (see above). The technetium could be fixed to cell
fragments, dead biomass and living bacteria. The immobilization of Tc by living cells
was found to be much stronger than by dead cells.

However, the statement that in sterile column experiments, no fixation of Tc and Se occurred
within the experimental duration was not really confirmed by the retention coefficients
reported in the final document [49]. In this report Rs values were given (see Tab. X).
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Tab. X

Sorption coefficients of Tc and Se in sand column experiments under sterile and non-sterile conditions

with different ground water compositions.

Condition Solution lonic Rs Tc Rs Se
strength

mol/I ml/g mi/g
Sterile 0.75 0.0-0.54 0.0-0.60
Sterile 0.75 0.0-0.58 0.01-0.72
Sterile 0.016 0.0-0.90 0.03-0.65
Sterile 0.016 0.0-0.36 0.0-0.35
non-sterile 0.016 0.34-0.62 0.16 -0.30
non-sterile 0.016 0.0-0.67 0.0-0.46
non-sterile 0.75 0.0-0.33 0.0-0.21
non-sterile 0.75 0.0-0.24 0.0-0.18

The authors of the reports [49-53] claimed that the batch experiments were performed under
aerobic and anaerobic conditions, however, differences were not discussed. The redox poten-
tials of the waters were measured in the range between +300 and +600 mV. As a conclusion of
the report, it was stated that due to the existing microbial population in the cap rock aquifers
and in the disposal, the cap rock aquifer's retardation capacity for radionuclide migration
might be overestimated not knowing the impact of the autochthonous microflora on those
radionuclides interacting with micro-organisms.

5.3 Microbial population in Gorleben groundwater -
soil systems

At the Institute for Radiochemistry of the Technical University Munich, the migration of the
fission product Tc and the actinides Np, Pu, Am was investigated in cap rock materials of the
Gorleben salt dome. The processed rock samples were equilibrated with different ground-
water collected at the Gorleben site. Some of these groundwaters showed a high concen-
tration of organic carbon, mainly in the form of fulvic and humic substances. These organic
macro molecules complex radionuclides preventing sorption onto the solids. They consist of
heterogeneous mixtures of compounds, such as complex aromatic macromolecules with all
kind of functional groups, including phenolic OH and COOH groups.

The process by which humic substances are formed is not well understood. It is assumed that
they are residues of the metabolism of microorganisms. This was the reason why the microbial
contamination of the sorption samples gained attention.

The rock samples were obtained during the drilling of shaft I. As described in chapter 5.1, the
soil had been frozen for several years and the samples were kept at -20°C until they were
processed. The cap rock samples covered sandy, till, argillaceous and clay materials from
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5.3 Microbial population in Gorleben groundwater — soil systems

depths between -8 and -187.5 m below sea level. The corresponding groundwaters were
sampled from nearby sampling wells.

The Gohy 1281 groundwater had especially high concentrations of fulvic and humic substances.
This groundwater was investigated in details [54]. Following information was given (Tab)

Tab. Xl Characteristics of the groundwater Gohy 1281
pH Eh Salt content DOC
mV mg/I| mg/|
Gohy 1281 7.5 +337 5428 10.6

As it was not possible to check the possibility of a microbial contamination during the on-site
sampling, investigations were started concerning possible microbial contamination in the labo-
ratory. Plate counts of following potential microbial contamination sources were determined:

e Air of the laboratory and atmosphere of the gloveboxes

e Vessels, such as the preservation vessels used for the conditioning
of solids with groundwater

e Vials used for batch sorption experiments (20 ml)

e Filtration devices and filters.

Plate-Count-Agar was used as the growth medium. Details of sampling are described in refer-
ence [54]. The filtration device was sampled directly after filtration of the Gohy $106-1281
system and one week later. A sterile phosphate-buffered saline (PBS) solution was used. The
plate counts were reported in CFU/I units. In additional to counting, the distribution of micro-
bial species was analyzed with respect to the different sources of contamination. The species
were distinguished according to spore formation, specific metabolisms and their origin.
Anaerobic microorganisms were grouped in fungi, micro coccoid, typical soil and groundwater
species (Arthrobacter sp., Azotobacter sp., Pseudomonas sp.), and endospore formers (Bacillus
sp.). By means of enrichment culture techniques, sulfate, iron and manganese reducers as well
as anaerobic endospore formers were investigated. Other species were not identified.

The number of cells in the humic-rich groundwater Gohy 1281 used for the sorption exper-
iments was determined as follows:

3.4x10° CFU/I,
1.2x10% CFU/I.

e Aerobic microorganisms:
e anaerobic microorganisms:

82.3 % of the aerobic microbes and 91.4 % of the anaerobic cells were contaminants from the
filtration device. The vessels contributed 7.4 % to the aerobic cell fraction and 3.3 % to the
anaerobic species. The contribution of the filters accounted for 7.3 % (aerobic) and 3.1 %
(anaerobic), whereas from the gloveboxes 3.0 % of the aerobic and 2.2 % of the anaerobic
microorganism contaminated the groundwater.
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5 Microbial effects on barriers and migration

(anaerobic), whereas from the gloveboxes 3.0 % of the aerobic and 2.2 % of the anaerobic
microorganism contaminated the groundwater.

The population of microorganisms in the groundwater Gohy 1281 was 581 CFU/I of aerobic
and 103 CFU/| of anaerobic species. For comparison, the US EPA’s National Primary Drinking
Water Standards [55] considers heterotrophic plate counts as a method of measuring the
variety of bacteria present in water samples. The maximum contaminant level is 500 CFU/ml.
This value is by a factor of 1000 above the values reported for Gohy 1281.

5.4 Preliminary Safety Analysis of Gorleben (vSG)

In the Gorleben salt dome, gaseous hydrocarbon compounds (mainly methane) are present in
concentrations up to 0.3 g per 1000 kg rock salt. However, the hydrocarbons are not
distributed homogenously, in part of one drill core between 20 and 100 g per 1000 kg rock salt
were detected. Condensates consist of low temperature boiling hydrocarbons (C6 to C16
mainly < C10) and are composed of saturated (56 — 80%), aromatic (6 — 11%) and some
asphaltenes [56, 57]. The hydrocarbons can promote the

e thermochemical sulfate reduction (TSR) and
e microbial sulfate reduction (BSR).

As TSR occurs only at temperatures above 80 to 130°C, this reaction is irrelevant for a low-level
radioactive waste repository. BSR can take place in the low temperature regime. In the pre-
sence of water, the overall BSR reaction equation using methane as representative hydro-
carbon compound is given in eq. (3).

CaSO, + CH, = CaCO; + H,S + H,0 (3)

Reaction (3) results in the formation of water. In the scope of investigations of metal accu-
mulation during and after deposition of the Kupferschiefer, BSR was elaborated [58].

Investigations of thin sections of drill cores taken from the Gorleben rock salt showed con-
centrations of liquid hydrocarbons in the range of 40 to 250 ml m™ in which most samples
contained concentrations below 100 ml m™ [59, 60]. Furthermore, an average water content
of the Gorleben rock salt of 0.02 vol.% was taken into account [61]. Using these data, the
mechanical effects of thermal or microbial sulfate reduction were estimated [56], resulting in a
maximum increase of volume of the rock salt by less than 1%. Investigations of rocksalt
formations where TSR had taken place, showed additional porosity which was partially back-
filled by carbonates and sulfides [62].

Dissimilatory SO,”-reducing bacteria reduce SO,* to H,S, according to the following simplified
net mass balance reaction [63]:

2CH,0 + SO,” = 2HCO; + H,S + biomass (4)
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5.4 Preliminary Safety Analysis of Gorleben (vSG)

Upon bacterial S0,*-reduction, metabolic residues released from other bacteria are used as a
carbon source. At the same time, production of new biomass takes place due to the growing
population of SO,*-reducers. For this reason, organic matter of ancient sediments, in which
S0, -reduction was the final step of organic matter decomposition, is still enriched in bacterial
lipids. A scheme of the mechanisms of the BSR is shown in Fig. 12.

For a deep underground disposal, where only methane is available as organic material, the
possibility of the sulfate reducing process is not obvious. In Schink’s review in 1997 [16], it was
stated that “anaerobic, sulfate-dependent methane oxidation appears to be an important
redox reaction in anoxic marine sediments, but so far nobody can explain which bacteria
catalyze this reaction and how they overcome the problem of activation of the very stable

\/

methane molecule.”

residual OSC

diagenesis

sedimentation

early diagenesis
migrabitumen— pyrobitumen

PR—TSR
(S
BSR kerogen

Fig. 12 Scheme of the mechanisms of the microbial sulfate reduction and the formation of
dissolved organic ligands [58].

However, there might be other organics present in the disposal horizon that can be oxidized by
sulfate-reducers without concomitant oxidation of methane. In Gorleben, the hydrocarbons
could serve as substrates for sulfate reducing bacteria. It is not clear, if any exist within the
rock salt itself, undoubtedly they exist in the overlying briny groundwaters.

Marchal [64] analyzed common BSR reaction products and the relevant amounts. One of his
limiting factors to BSR was that H,S can be generated during BSR as long as sulfate and organic
nutrients for the microbes are available, but only as long as the H,S concentration is below the
level that is toxic for bacterial metabolism. Reis et al. [65] investigated cultures of sulfate
reducing bacteria (SRB) growing on lactate and sulfate incubated at 5.8 < pH < 7.0. The effect
of pH on growth rate was determined. The highest growth rate was observed at pH 6.7.
Hydrogen sulfide produced from sulfate reduction was found to have a direct and reversible
toxicity effect on the SRB. A hydrogen sulfide concentration of 547 mg/L (16.1 mM) completely
inhibited the culture growth.

37






6 Previous EU projects

Due to the laboratories and equipment of KIT-INE, our own research activities on the effects of
microbial activities have not been pursued. However, KIT coordinated two European
Framework Programmes where microbial processes took broad importance.

6.1 Funmig

The EURATOM EC 6th Framework Program Integrated Project “Fundamental Processes of
Radionuclide Migration” (IP FUNMIG) was organized in workpackages attempting to cover the
key migration processes at different scales (laboratory to repository) and in different geo-
logical media. The geological media focused mainly on clay and granite. A complete overview
of the outcome of IP Funmig can be found in a special issue of Applied Geochemistry 27, 2,
2012 [66-77].Two media independent workpackages concerned laboratory studies of “well
established” and with “less-established” migration processes. Within the study of the “less-
established” migration processes, investigations were performed by several groups.

A workpackage comprised the role and extent of microbiologically mediated processes affect-
ing radionuclide migration in the far-field of a repository. The focus was on the identification of
radionuclide interaction with detached microorganisms, retention through interaction with
biofilm material, including microbiologically mediated reduction, and change in the geochem-
ical environment generated by microbial metabolism, including the generation and influence
of various chelating compounds.

Cultivation of biofilms was started with the inoculation of standard medium with Pseu-
domonas stutzeri, a well-known biofilm producer. The experiments were performed in an air
atmosphere under nonsterile conditions, and a multispecies biofilm developed [78, 79].
Sorption studies with Th(IV), Am(lll), Co(ll) and Cs(l) on in-situ grown biofilm and on apatite
and quartz slides without biofilms were carried out. The biofilm was grown on mineral slides
under in-situ conditions at the Aspd HRL. The mass of biofilm on the surfaces was approx.-
imately the same on the different minerals, corresponding to 1.25 + 0.13 million cells cm™. By
time dependent sampling and analysis, the sorption kinetics onto the slides could be deter-
mined. Autoradiography analysis was used to localize where sorption took place on the
mineral slides.

The interactions of U with biofilms were investigated and it was observed that U immo-
bilization was associated with extracellular polymeric substances and not with cell membranes
or bacterial cells. Electrochemical micro sensor studies of the O, concentrations within the
biofilm identified depleted zones close to the interface between biofilm and air which might
trigger uranium redox processes.
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Another study focused on the role of iron oxides in retarding U transport by acting as a sorbent
for uranyl. Reductive dissolution of iron oxides by S(-ll), the product of microbial sulfate
reduction, can cause the mobilization of adsorbed uranium. However, reduction of U(VI) by
S(-I1) could counteract this effect due to the formation of U(IV) and subsequent precipitation of
UO,. The following conclusion was drawn from the results of the measurements: The release
of S(-11) in subsurface environments could lead to the mobilization of U(VI) which was adsorbed
to iron oxides.

6.2 ReCosy

One workpackage of the EURATOM EC 7" Framework Program Collaborative Project “Redox
Phenomena Controlling Systems (CP ReCosy) was entitled “Redox Reactions of Radionuclides”
[80]. This workpackage was divided in two parts:

e Chemical and redox behavior of the investigated radionuclides in the different systems.
e Chemical and redox behavior of the investigated radionuclides in the different systems
through microbially mediated processes.

The Research Center Rossendorf and the Institute of Physics, Lithuania participated within the
second part of the workpackage. The complete list of publications on this topic can be found in
the summary paper by Duro [80]. The work was focused on the study of the microbial impact
and on the uranium redox state of in-situ biofilms with emphasis on biologically mediated
redox processes.

Biofilms were composed of bacteria, fungi, algae, protozoa, exopolymeric substances (EPS),
corrosion products and 50 - 95% water. Biofilms are ubiquitous and have to be considered as
an important factor in natural biogeochemical processes influencing the redox state of radio-
nuclides. They show a multiplicity of interactions with metals and contribute to metal mobility
or immobilization. To investigate the properties of the biofilms an improved miniaturized
oxygen micro sensor and electrochemical micro sensors were developed which allowed the
application in several URLs.

Dedicated studies were performed to investigate the influence of microorganisms on the redox
behavior of Pu and Tc. The results indicated that Bacillus mycoides was able to reduce the
initial Pu(lV) to Pu(lll) at low pH. Experiments into the combined effect of microorganisms and
iron-bearing mineral hematite on Tc(VII) sorption showed that after contact of Tc(VII) for 144 h
with bacteria Arthrobacter globiformis and Cellulomonas cellulans 78 and 98% of Tc remained
in solution. Differences in Tc(VIl) sorption processes onto hematite due to microbial activity of
microorganisms isolated from the groundwater borehole were observed as well.

Further experiments with only microorganisms and without Fe-oxides were performed. The
results indicated that the sorption of Tc(VII) by hematite under neutral or slightly alkaline pH
values was due to the presence of microorganisms that could reduce Tc(VIl) to less mobile

40



6.2 ReCosy

forms of Tc(IV), but that in the absence of microorganisms no important sorption of Tc(VIl) by
hematite was observed.

Other European Projects such as NF-Pro or Pamina covered microbial activities only with
respect to their CO, gas production by degradation of organic waste components. Detailed
investigations have not been carried out in these projects.
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7 Conclusions

Microorganisms might give rise to reactions and a release of radionuclides and their transport

in the geosphere in the long term. In the scope of German safety cases, the existence of

microbial effects was not ignored, but considered of minor priority. Tab. Xll gives an overview

of the number of bacteria in deep groundwater environments relevant for disposal. The

populations found in the cap rocks of the Gorleben site correspond well with findings at sites

in granite host rocks. In clays/argillaceous host rocks, however, the number of colony forming

units was smaller. Data were not determined for the rock salt at the Asse Il salt mine and

Gorleben.

Tab. XII

Isolation Pilot Plant (WIPP).

Bacterial populations in deep groundwater environments, in the Gorleben cap rock and in the Waste

Location Geology Depth/ m Bacterial Count Ref.
(below ground)

Canada Granite 350 - 400 Total counts 10° - 10° [81]
cells mI™

Finland Granite 200 - 950 10° - 10° cells ml™ [81]

(various) (includes fresh, brackish

and saline waters)

Japan Granite 400 - 790 Total counts 10” - 10’ [81]
bacteria ml™

Stripa, Sweden Granite 799 - 1240 Total counts 10° cells [81]
ml*

Aspo, Sweden Granite 129 -1078 Total counts 10° cells [81]
ml*

Grimsel, Granite Approx. 350 | 10°> CFU ml™* [81]

Switzerland

Altnabreac, UK Granite 10-281 10° CFU ml™ [81]

Mol, Belgium Boom Clay 190 - 223 10° CFU ml™ [81]

Harwell, UK Oxford Clay 165-331 10*-10° CFU ml* [81]

Asse, Germany Salt 750 Not determined

Yucca Mtn., USA | Volcanic Tuff 60 10” - 10° bacteria g™ dry [81]
weight

Gorleben, Sediment 115-170 2.4-10°CFU g [47, 48]

Germany cap rock

Culebra (overlying | fractured 213 - 250 2.4-8.6 x 10° cells ml™ [82]

WIPP/USA) dolomite

WIPP halite Salado 10* CFU/g [83]

formation

In the Appendix (Tab. Xlll), the types of microorganisms under investigation are listed with

respect to the degradation of cellulose, bitumen, compacted wastes, and cement as well as the
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species found in the Gorleben cap rocks. The table shows relatively few overlaps, only the
bacteria Arthrobacter was tested in bitumen and the compacted waste investigations,
Clostridium sporogenes in cellulose and compacted wastes test. The fungus Aspergillus niger
was analyzed in the compacted wastes experiments and was found in the Gorleben cap rock
samples.

According to Tittel et al. [48], the following processes and consequences need to be discussed
in the safety case:

Processes:

e degradation of the waste forms

e corrosion of metallic materials

e alteration of the backfill material

e alteration of the chemical composition of waters, e.g. Eh and pH

e generation of complexing agents by degradation of organic material
e uptake of radionuclides by microorganisms.

Consequences:

e gas production (CO,, H,, CH,) and formation of explosive gas/air mixtures
e release of volatile radionuclides

e increase in pressure

e accelerated release of radionuclides

e increased solubility of radionuclides

e changes in the transport of radionuclides through the geosphere

Even if alteration of the Eh and pH of water was considered as an important effect, no
measurements of the redox potentials were reported. The formation and concentrations of
microbially generated complexing agents have never been quantified.

The following conclusions concerning the processes and consequences can be drawn:

e The conclusions on microbial degradation of paper, plastics and textiles are based on
experiments performed in the context of WIPP. The gas production was determined
and a gas production rate calculated. Gillow [31] reported a CO, production in the case
of anaerobic experiments of 6.4x10°, 1.4x107, and 5.6x10> pmol CO, g™ cellulose
day™. These numbers took into account the whole CO, formation from the beginning
of the experiments. Considering the long-term part Gillow’s measurements, a lower
production rate of 6.4x10° umol g™ day™ for samples without nutrients and 1.4x10
umol g™ day™ for samples with excess nitrate was obtained. These numbers were not
biased by consumption of nutrients and nitrate.

e The microbial degradation processes of bitumen are also based on American inves-
tigations in the context of WIPP. As bituminized wastes are minor components in
Germany, the radionuclide release by leaching was taken into account. Microbial
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processes were considered only for predicting an underground sealing in the ERAM
facility. A penetration of a degradation front of 6 pum yr* was assumed.

e Microbial degradation of compacted mixed wastes was investigated. The experiments
were performed at the University Darmstadt. The outcome of the tests showed that at
50°C none of the tested microorganisms survived longer than one month. Some
aerobic spore formers survived at 28°C at low humidity, as well as filamentous fungi
and yeasts. Microorganisms collected from mold sludge were found to be resistant
against environmental disturbances.

e Microbial attack of cement and other backfill materials was not taken into account in
any Safety Case in Germany.

e Microbial sulfate reduction (BSR) was considered in the preliminary safety analysis of
Gorleben. In the case of a high-level waste disposal, where huge amounts of steel are
present, the corrosion processes produce hydrogen up to high pressures. Based on
literature data and the high H, partial pressure, it can be assumed that microbial
sulfate reduction by degradation of hydrocarbon compounds (present in the Gorleben
salt dome) is of minor importance to the safety of the disposal.

Due to the fact that in the former German disposal concepts fine grained carbon steel was a
constituent of the canisters for LLW as well as for spent nuclear fuel disposal casks. Under the
expected conditions in a rock salt disposal, the material showed even under anaerobic
conditions high corrosion rates leading to the formation of hydrogen gas. Due to the high
corrosion rates, microbial processes were assumed to be of less relevance.

The alteration of the chemical composition of waters, e.g. Eh and pH is influenced by the
presence of cement, backfill materials and the hydrogen formed by iron corrosion. Microbial
activities have to adapt to the environmental conditions. Especially in a rock salt disposal
where the conditions for microbial life are unfavorable, alteration of the chemical composition
of waters by microorganisms can be excluded, even if some microorganisms could induce
precipitation of salt minerals. In the case of penetration of magnesium-rich brine into the
disposal, a window-of-life could be determined. The water activity of a so called “Q-brine”
would not allow for cell metabolism.

The cap rocks above the Gorleben salt dome were analyzed with respect to its microbial
population (University Darmstadt). In the cap rock, ground water with high concentrations of
fulvic and humic substances were found. A huge set of data exist concerning the effect of
these substances on the complexation of radionuclides and on their migration behavior.
Studies on the effect of microbial activities on the retention behavior of the redox-sensitive
elements technetium and selenium have been performed. The experiments using sandy soils
from the Gorleben region did not show significant changes in the sorption coefficients in
sterile and under non-sterile conditions.

In the past, investigations of microbial activities and their effects on radionuclide retention in
the deep underground disposal in Germany have not been performed comprehensively.
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However, the effects were not ignored, some experimental investigations were carried out and
the international literature was considered.

Due to the huge variety of microorganisms, it cannot be ruled out that microbial life and
metabolisms exist in a deep geological nuclear waste disposal. However, the conditions for
microbial metabolism are extremely unfavorable.

e In rock salt, the high ionic strength prevents the metabolism of many microorganisms
(analogue: curing of meat). Only extreme halophiles can grow in NaCl solutions of
5 mol/I.

e In the presence of cement, the pH rises to values of > 12 (OPC) or about 11 (low pH
cement). In these ranges, few microorganisms prefer to live.
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Appendix

Tab. Xl
wastes, and cement as well as species found in the Gorleben cap rocks

Microorganisms under investigation with respect to the degradation of cellulose, bitumen, compacted

Type Genus Species @ c e | % Notes
o @ | 2 s o
5 |E|8|E |2
FRERERERE
O | O 1o
Bacteria |Escherichia coli
Pseudomonas fluorescens X Aerobic
Brevundimonas vesicularis X
Brevundimonas diminuta X
alcaligenes X
Delftia acidovorans X
Asphaltenicus X Organism not
found in
database,
probably
renamed
aeruginosa
putida X
aeruginosa
Azotobacter X aerobic, free-
living soil
microbes
Arthrobacter X X soil bacteria
can grow on
phosphate
and sulfate
salts
Bacilli Bacillus cereus X X |aerobic or
anaerobic
Bacillus X
circulans
Thiobacillus X elementary
sulfur,
thiosulfate or
polythionates
as energy
sources
Other bacteria Brevibacterium x | NaCl tolerable
linens
Staphylococcus X
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Appendix

Type Genus Species @ c » | x |Notes
o @ | 3 s 3
5 |E |8 |8 |2
= | 2 S | a
8|5 % (3|3
aureus
Streptomyces X soil / deep sea
griseus
Halobacterium salinarum X NaCl tolerable
Haloarcula X
Haloanaero-bium praevalens X
Halomonas Sp. X
Halobacter (now utahensis X
Halorhabdus)
Natronobacterium X
Micrococcus Micrococcus X
sedentarius
Halococcus
Clostridium sporogenes X anaerobic
bacteria
Nitrosomonas X ammonia-
oxidizing
Nitrobacter X
Actinobacterium Mycobacterium
Thermoactinomyces
Acetobacter pasteurianus X |convert
ethanol to
aceticacid in
the presence
of oxygen
Komagataeibacter | hansenii X
Corynebacterium lepua X Existin
asphalt
deposits
organism not
found in
database,
maybe
renamed
Aeromonas hydrophila x |Existin
brackish water
environment
Suttonella Kingella X
indologenes
mould Aspergillus niger X
fungi Mucor
Rhizopus
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Appendix

Type Genus Species o ~ |Notes
2 |5 |o |E Y
O ) Q O
S | E | @ -2
= 3 0 = o
o | E = 3 ©
o @ o
Alternaria
Cladosporium X Halotolerant,
isolated from
WIPP halite
Penicillium
yeast Rhodotorula
Torulopsis holmii X
Tab. XIV  Characteristics of the three domains of life [12, 84] .
Bacteria Archaea Eukarya
Nuclear
No No Yes
membrane
Membrane- Rare, a few types Rare, a few types Multiple distinct
bound found in a few found in a few types, found in all
organelles species species species
Plasma L Different from Bacteria | .. . .
Similar to Eukarya Similar to Bacteria
membrane and Eukarya
Found in nearly all Found in nearly all Found in some
Cell wall species, constructed of | species, constructed of | species, constructed
peptidoglycan various materials of various materials
RNA Single polymerase, Three main
Single polymerase Eukarya-like polymerases,
polymerases
RNA pol Il RNA pol I, 1, and IlI
Yes, highly alkaline
. . . . roteins ordering the
Histones Histone-like proteins Yes P &

DNA into
structural units
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