#

M

University of
HUDDERSFIELD

$ % !
0) !PEIN) )+ )
$
./ 10$%
'$ ) $ 1!
2 3 $
$ $
$ 4 4
(
$ %2
) # 2
$19

$
$& (! '36 !!*

0)

11 1%)



Environmental Limits of
Methanogenesis and Sulphate
Reduction

Richard Matthew WormaldBSc (Hons)

University of
HUDDERSFIELD

A thesis submitted to the University of Huddersfield in the partial

fulfilmentof the requirements for the degree of Doctor of Philosophy

Department of Biological and Geographical Sciences
March 2019

This work wasunded by Radioactive Waste Management limited.






Copyright Statement

i. The author of this thes{gcluding any appendices and/ or schedules to this thesis) owns

DQ\ FRS\ULJKW LQ LW WKH 3&RS\UL JKitywof HDdQeBsfigldkhd KDV JLY
right to use such Copyright for any administrative, promatipeducational and/or teaching

purpoes.

ii. Copies of this thesis, either in full or in extracts, rb@ymade only in accordance witte
regulations of the University Library. Details oe#e regulations may be obtairfeaim the
Librarian. Details of these regulations may be obthinemthe Librarian. This pagmust
form part of any such copies made.

iii. The ownership of any patents, designs, trademarks and arallarnder intellectual

property ULJKWYV H[FHSW IRU WKH &RS\ULBIKIWWWKHDQ QWHQAOHFV
reproductionsRI FRS\ULJKW ZRUNV I|IRU H[DPSOHWIRIBKY Z&GFWD
may be describeih this thesis, may not be owned by the author andbreaywned by third

parties. Suclintellectual Property Rights and Reproductions cannot ant mtge made

available for usevithout permission of the owner(s) of the relevantllatdual Property

Rights and/oReproductions.



Acknowledgements

| would like to express my profourgtatitude to my gpervisor Prof. Paul Humphreysho
hasoffered me endless suppayuidanceand timenot only during my PhD but also throughout
my undergraduate studidswill always be grateful for thenanyopportunities Paul has\gn

me. | would like to sincerely thank Dr. Simon Rout, Dr. Christopher Charles and Dr. Emma
RansomJmes for their limitless help and time spent interpreting data, offering feedback and
keeping lab work entertaininylany thankgo my placement student Harry Mitchelho was

a great asset in the labdato my colleaguékim Patelfor a memorable trip to Denark andor
lending an ear when | needed to have a mbawuld also lke to thank DrGage Ashton for
helping meanalyse the thermal propertiessgidimentsamples an®r. Jeremy Hopwood for

his assistace withthe geochemical modelling. | would finally like to thank my family and
friends,who havesupported me throughout the good doadi times and weralways there

when | needed them.



Abstract

The current proposed strategy for the disposal of intermeldnagéradioactive waste (ILW)
within the United Kingdom is through emplacement within a deep underground facility, termed
a geological disposal facility (GDF). Anaerobic and highly alkaline (10.0<pH>13) conditions
are expected to prevail within the nd@ld of a GDF, which will result in the chemical
degradation of celluloskearing ILW. Isosaccharinic acids (ISA) and volatile fatty acids
(VFA) are the major products of alkaline cellulose hydrolysis and their generation within an
ILW -GDF will result in a rangef organic carbon sources being present. The potential for these
carbon sources to provide the substrates for methanogenesis and sulphate reduction under near
field conditions holds importance within a GDF. The generation of biogases stftbHas

from C-bearing waste could facilitate the transfer of radionuclides to the biosphere. The
production of corrosive sulphide by colonising microorganisms could impact the integrity of
engineered barriers used to prevent the transfer of radioelements to thereiosphe

The potential for methanogens and sulphiathicing bacteria (SRB) to be active under LW
GDF conditions is poorly understood. The work outlined in this thesis utilised anaerobic
sediments from anthropogenic analogue sites to demonstrate the adtiigéghanogens and
SRB under neafield conditions. The alkaline leachates generated in these sites result in high
porewater pH values equivalent with those expected to dominate axGD® (pH 11.613.0).

In spite of these conditions, the incubation ofiutese in situ allowed a range of active
microbial processes to be identified, including cellulose degradatidnbogbacterspecies,
sulphatereduction byDesulfobacteand hydrogenotrophic methanogenesis by members of the
orderMethanomicrobialesThe formation of hydrophobic extracellular polymeric substances
(EPS) and production of metabolic acidssitu facilitated microbial survival within these
extreme environments.

Microcosms operating under methanogenic conditions at pH110Mdevelopa from these
alkaline sediments demonstrated high hydrogen consumption rates and were dominated by
alkaliphilic MethanobacteriunandMethanoculleugienera. Acetate was unable to be utilised

as substrate by the associated methanogen communities undeotiditens, however high
acetate consumption rates were observed in pF8.D.Gnicrocosms where the acetoclastic
lineagesMethanosarcinebecame more important. Sghltures of the alkaline methanogenic
microcosms demonstrated the ability to utilise preéatpd calcium carbonates as the sole
carbon source for hydrogenotrophic metabolism at pH 10.0. Alkalipbisulfonatronum
biofilms grown on stainless steel surfaces developed from the alkaline sediment communities
were capable of dissimilatory sulphatxluction at pH 11.0 using the products of alkaline
cellulose degradation as the sole carbon and energy source. The sulphide produced by these
biofilms induced the corrosion of stainless steel at pH 11.0 within 3 months.

The results outlined here suggdst tolonisation of an ILMGDF by methanogens will result

in a population dependent on the hydrogenotrophic pathway, with adetated
methanogenesis being inhibited under these conditions. Furthermore, biofilms formed within
the neaffield facilitate the corrosion of steel materials by alkaliphilic SRB and enable
microbial survival through the production of low pH niches. These findings can inform future
safety assessments and gas generation modelling studies used to predi@DRW
performance.
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1.1 Overview

One current option fothe disposal ohigher activity radioactive waste within the United
Kingdom (UK) is via geological disposal within a deep underground facility, termed a
geological disposal facility (GDF). This disposal concept employs a multiple barrier system in
order to retain the radelements within the facilities ne&eld and prevent their release to the
biosphere. Both intermediate and high level wastes are destined for storage within a GDF,
however only the intermediatevel fraction contains a range of cellulosic materialshilia

GDF backfilled with cement, a high pH, anoxic and chemically reducing environment is
predicted to form within the nedield. Under these conditions any cellulose materials present
will chemically degrade to a range of cellulose degradation pro¢fQEtR), the predominant
components of which include isosaccharinic acids (ISA) and volatile fatty acids (VFA). Both
of these components have the potential to provide a carbon source for microbial metabolism
through processes such as fermentation and anaesspiration linked to terminal electron
acceptors (TEA). Since the microbial colonisation of a GDF is possible, microbial activity
could impact the longerm performance of such a facility via the production of biogas and
corrosive species such as sudfgh This chapter will discuss the various aspects of a GDF with
respect to the disposal of radioactive wastes important microbial processes likely to occur
within such a facility will be explored and the potential for microbial survival under thenest
conditions of an ILWGDF will be deliberated.

1.2 Radioactive waste disposal

Radioactive materials are used for a range of purposes in the UK, including power generation,

the treatment of medical illnesses and for use in military reséMas$te isgyenerated as a by

product of these processes and can be categorised based on its level of thermal and radioactive
output. 4.7 milliorcubic metersR1 WKH 8.V UDGLRDFWLYH ZDVWH LQYHQW
of low level waste (90.5 %), intermediate lewaste (9.4 %) and high level waste (0.03 %)

(1), which are briefly discussed below.

1.2.1 Low level waste

Low level waste (LLW) is generally composed of plastic, paper, cardboard, soil, rubble and
metal (2), whose radioactive content does not exceed 4 GBq (gigabecquerels) per tonne of

alpha activity and 12 GBq per tonne of betgamma activity(2). Currently LLW isdisposed
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of via incineration, recycling or it is disposed of within concieted vaults within steel
containers. Since the radioactive emissions generated by LLW fall below the limits for
emplacement within a GDF, the disposal strategy for this typeastemdoes not rely on
saturated alkaline conditior{t), instead the cellulose portion of LLW undergoes microbial

degradation as opposed to alkaline chemical hydro($3is

1.2.2 Intermediate level waste

The radioactive emissions generated by intermediate level waste (ILW) exceed the upper
boundaries for LLW classification and it is therefore destined for stoviagm a GDF. As of
2016,449,000m* Rl WKH 8.V UDGLRDFWLYH ZDVWH (1),QWithQWRU\ Z
contains a significant proportion of cellulosic materials such as wood, paper and cloth. ILW

also contains a range of other organic and inorganic materials generated from the operation and
decommissioning of facilities, including various forms of steel reactor components, graphite
moderator blocks and concrete from the dismantling efgpcstatios, along with sludge

arising from liquid treatment effluend, 5)

1.2.3 High level waste

$Q\ RI WKH 8.1V UDGLRDFWLY HreZ todingHiué ©Q YrapvaRtivity W KDW U
classified as high level waste (HLW). HLW is initially produced as a nitric acid solution that

is subsequently vitrified into a solid glass and due to its high radioactivity levels requires long

time frames for theslevels to reduce through natural decay procg$€geblLW contains no

cellulosic materials and will be stored separately from the ILW and LLW fragi&ns

1.2.4 Nearfield conditions

According to current UK government policies, higher activity wastes (ILW and HLW) are to
be disposed of indefinitely within a GDF. This facility can be up to 1000 m below ground
(Figurel.1), although the current siting of such a facility is yet to be de¢ied GDF will
comprise both surface and underground facilities, where the surface facility will receive the
waste and transport it to the underground facility where it will be isolated from the biosphere
indefinitely using a multiple barrier system (Figure 1(8). The waste will initially be
compacted into 500 L stainless steel containers within a cement grout matrix which will form
the first physical barrier between the waste and biosphere. The steel waste containers will

contain vents to allow for the release of gashich are likely to be produced through corrosion
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processes and minimise the potential for pressurisation e(@ntShe second barrier that
contributes to the containment of radioelements is through chemical conditioning with the use
of an appropriate backfilling material (Figure 1.2). Nirex reference vaakfiigd NRVB) is

one potential material used to backfill the waste containers within the facility and is primarily
considered within this thesis, although elzgsed backfilling materials could be employéy

NRVB is a cemenbased grout composed Ofdinary Portland Cement, lime and limestone
flour. The high pHvalues produced by the backfilling material enhances sorption of the
radioelements to the backfill surface and therefore supports radioelement re{@ption
Inundating groundwater is expected to saturate the facilitygbostire which will result in a
highly alkaline environment via the formation of soluble metal hydroxi@e®uring the early
postclosure period, the bulk pH values of themigd are predicted to be as high as pH 13.5
due to the dissolution of metal hydroxidé%(Figure 1.3). During the evolution of the facility,
interactions between the backfilling material and inflowing groundwater are expected to
maintain a bulk pH of 12.5 through the generation of hydroxyl ions)(@htl thedissolution

of Portlandite(6) (Figure 1.3). During the latpostclosure period, the bulk pH is expected to
reduce to values between pH Q25 due to the dissolution of cement hydration products,
such as calcium silicate hydrate (Figure 193) Anaerobic conditions are expected to develop
through the removal of oxygen due to the corrosion of steel materials present, such as the steel

waste canister&, 10)

The third and final barrier is that of the host rock, which provides geological containment of
the waste (Figure 1.3). Gases amdtrare expected to be generated during the disposal process,
therefore the host rock is required to be capable of heat conduction to prevent significant rises
in temperature, but also requires gas dispersal properties that prevent the facility from
mechaircal failure due to pressurisati@h). The host rock is also required to have a number of
geochemical and mechanical properties that help to retain the waste, including properties that
slow the movement of radionuclides in groundwater via sorption oirterah surfaceg11).

The use of high strength rock (such as metamorphic rock or crystalline igneous rock) is
necessary so that its properties show little fluctuation over the long time scales expected of an
operational GDK6).
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Figure 1.1. lllustration of a geological disposal facilityA geological disposal facility
represents anpotential option for the disposal of higher activity radioactive waste within the
UK, whereby the wastes will be stored indefinitely within a deep underground facility as

illustrated aboveTaken from(7).

Figure 1.2 Multiple barriers used for ILW disposal. Radioelements will be coained
within a geological disposal facility using physical, chemical and geological barriers in order
to prevent their release to the biosph&aken from(7)
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Figure 1.3. The evolving pH values within the neafield of an ILW -GDF. During the
early postclosure period, the nedield of a cementitious GDF will be >12.5. Over time the
pH is expected to drop to between 12(%0.Taken from(6).

1.2.5 Alkaline cellulose degradation under neafield conditions

A range of cellulosic materials will be present within the +fedd of an ILW-GDF. Materials

such as cotton and wood are composed of cellulose, hemicellulose and lignin pdh2hers
Under the anoxic, alkaline conditions expected within the-fielar of an ILW-GDF (Section
1.2.4), cellulose and hemicellulose aw@sceptible to chemical degradation via the peeling
reaction(13-15). Alkaline chemical hydrolysis is expected to contribute to the majority of
cellulose degradation within an IL\@DF, rather than via radiolysis pathwd®3. The major
products of alkaline cellulose degradation are the alphdetadorms of isosaccharinic acid
(ISA), along with a range of lower abundance small chained organic acids, including acetic,
formic, propionic and lactic acifiL4). The generation of alpha and beta ISA has particular
importance within a GDF because of their ability to complex and thereby change the mobility
of radioruclides (13). ISA is capable of forming soluble complexes with a range of
radioelements under alkaline conditions, including pluton{@), uranium(17) and nickel

(18). The increased mobility of radioelements complexed with ISA could make them more
likely to reach the biosphere. Furthermore, the-degradation of ISA by colonising
microorganisms could impact the long term perfance of a GDF due to the removal of these

complexants
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1.3 Microbial processes relevant to the disposal of ILW

7KH JHQHUDWLRQ RI ,6$ DQG 9)$YV YLD WeakhgDIOWeBURIL QH K\ G
provide a carbon source for microbial metabolism. Microbial colonisation of a GDF during the
facilities construction phase or from the subterranean biosphere iblp@d8¥% and due to the

anoxic, chemically reducing conitihs expected to develop within the néatd, microbial
processes such as fermentation and anaerobic respiration linked to terminal electron acceptors
(TEA) are likely to be important. The presence of organic molecules within arGDH

arising from thechemical degradation of cellulose provides a range of electron donors for the
respiration of electron acceptors by microorganisms. The generation of hydrogen within a GDF
through corrosion processes could lead to the establishment of methanogenic cofidijion
Furthermore, some UK groundaters are rich in sulphat€$9) which could lead to th
development of sulphateducing conditions following saturation of the facility.
Methanogenesis and sulphaesluction could impact the ability of a GDF at retaining
radionuclides due to the production of methane and sulphide. Additionally, fermentation
processes could provide a further source of electron donors for downstream anaerobic

respiration via the production of fermentation end products.

1.3.1 Fermentation

8QOLNH DHURELF DQG DQDHURELF UHVSLUDWRU\fSrURFHV V'
oxidative phosphorylation via the electron transport chain, fermentation processes rely on the
synthesis of adenosine triphosphate (ATP) through substrate level phosphor{2&jon
Fermentative orgasms are metabolically versatile and are able to degrade a range of organic
polymers, including polysaccharides, protein, DNA and lipids, with the use of extracellular
enzymeg(20). The resulting monomeric units, such as sugars (hexoses, pentoses, tetroses),
amino acids and organic acids are consequently degraded by fermenters to various fermentation
end SURGXFWYV LQFOXGLQJ 9)$V DOFRKROV DQG dédDVHV V)
(Figure 1.4)20, 21) The products of fermentation therefore provide substrates for downstream

respiratory processes, such as methanogenesis and sugzhatton.
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Figure 1.4. The fermentation of sugars by different bacteria results in varied
fermentation end products.The products of sugar fermentation by bacteria results in the
generation of fermentation efioducts that can be used downstream by anaerobic microbial

processeslaken from(20).

1.3.1.1 Microbial degrdation of isosaccharinic acids

The ability of microorganisms to degrade ISA through fermentation pathways under conditions
expected of an ILMGDF have been studied extensively. Microorganisms from neiital

canal sediments have been shown to be capéblegoading the alpha and beta forms of ISA
through fermentation pathways under iron reducing, sulphate reducing and methanogenic
conditions at neutral pk22). The same microorganismvere able to degrade ISA under IEW

GDF conditions up to pH 10.0 with the products of ISA fermentation able to support
methanogenesis at this pH, although ISA degradation rates decreased significantly under these
conditions(23). Further microcosm experiments showed the fermentation of ISA up to pH 11.0
was possible when employing alkaline sediments from an anthropogenicdirteeminated

site, an ability that was attributed to the increased adaptation of the microorganisms within this
site (24). The fermentation of ISA to acetate, hydrogen and carbon dioxjuie &i.0 within

these microcosms resulted in the generation of methane at this pH, with hydrogenotrophic
methanogenesis apparently dominating under these conditions, evidently due to the
accumulation of acetate and dominance tbé genusMethanobacterium(a strictly

hydrogenotrophic genus) within the archaeal commu(@¥). Further microcosm based
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studies showed the babegradation of ISA at pH 10.0 under nitrate reducing, iron reducing and
sulphate reducing conditions was possible using alkaline sediments from the legacy lime
working site near Buxton, UK25). The metabolism of ISA at pH 10.0 in these microcosms
was able to support nitrate and iron reducing processes, however no sulphate reduction was
observed?25).

1.3.2 Methanogenesis

Methanogenesis is exclusively performed by anaerobic archaeapfytluen Euryarchaeota

The largest source of biogenic methane on Earth is generated by metha@26yenkich is

an important part of the global carbon cycle. Carbhdnwhich has a halffe of 5,730years,

is expected to be an important radionuclidémian ILW-GDF (6). The production of carben

14 bearing gass, such as methanéGH,), could negatively impact the performance of a GDF
through the transfer of radionuclides to the biosphere. Methanogens are only capable of using
a limited number of substrates for growth and in the wider environment these orgaeig

on the activity of fermenters and syntrophic acetate oxidising bacteria (SAOB) to provide the
substrates for methanogenesis. Methanogens are ubiquitous in nature and have been detected
in a wide range of environments, including wetlands, landfijldrothermal vents, ruminants,
termites and rice paddy field26, 27) Only seven orders of methanogens have currently been
classified, namely the Methanobacteriales, Methanocellales, Methanococcales,
Methanomassiliicoccales, Menomicrobiales, MethanopyralesdMethanosarcinale$27-

29). Methanogenesis can proceed via three well defined pathways depending on the substrates
utilised, these include the hydrogenotrophic pathway (usp@®), the acedclastic pathway

(using acetate) and the methylotrophic pathway (using methylated compd@aysyhe

relative contribution of these substrates to methane generation under alkaline conditions is

currently not well understood.

1.3.2.1 The hydrogenotrophic pathway

The hydrogenotrophic pathway is thought to be the ancestral form of methane proMtion
since it is found in almost all orders of methanogens, except fdd¢tiganomassiliicoccales
The equation and associated Gibbs free energy for hydrogenotrophic methane generation is

shown below:

AH,+ COp : &+ +2H0 (31)
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0 * = -135 kd/mol (32)

During hydrogenotrophic methanogenesis, hydrogen gas is used as an electron donor for the
reduction of carbon dioxide to methane for ATP synthesis via the electron transport chain. In
anaerobicenvironments bl is a common compound, where it is often present in low
concentrations and undergoes a fast turnofad, 34) The maintenance of low H
concentrations is necessary for theymelation of fatty acids and alcohols by syntrophic
bacteria, a process which generatesdd downstream consumption by hydrogaamsuming
methanogen§35) ,Q WKH DEVHQFH RI %,(l$/frdggdnh\dahkoH\JbarsnBuined 2

by methanogens or homoacetogenic bactdt). The equation and associated Gibbs free
energy for homoacetogenesis is shown below:

2CO+4H: : & wCOOH + 2HO (36)
U * Z-95 kJ/mol (36)

The relative contribution of the hydrogenotrophic pathway to methane production appears to
vary depending on the environment studied. Since 4 moles afeéHrequired to produce 1
mole of methane (as shown in the above equation) and only 1 mole of acetate is used to generate
1 mole of methane (Section 1.3.2.2), it is theorised thAL®b-derived methane can only
contribute 33 % of the total methane forngenling the anaerobic degradation of organic matter
(32) (Figure 1.6). This claim has been substantiated in a number of studi€-+derived
methane accounted for 3® % of the total methane quuced in sediments from Lake
Mendota, USA(37). The hydrogenotrophic pathway was responsible feB4%%6 of the
methane produced in the sediments of Lake Washington, 38and 1737 % in flooded

rice fields in the Po valley, Italy(39). However, within some environments the
hydrogenotrophic pathway contributes to a lesser degree, particularly within marine
environnents due to competition with hydrogeansuming sulphate reducing bactgda).
Methanogenesis in these environments is reliant orcoorpetitive substrates that are utilised

in the methylotrophic pathway, such @Bsnethylamine(41). The reduced contribution of
H2/CO,-derived methane cansal be a result of an increased contribution of homoacetogenesis,
as seen within the acidic sediments frdfmaack Lake USA (42). Additionally, the
contribution of H/CO,-derived methane can be temperature sensitive, with studies on rice
fields seing a shift towards acetadependent methane generation as the temperature lowered
from 30°C to 15°C (34, 43)
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Within some environments however, the hydrogenotrophic pathway can contribute to a higher
degree than is theorised (i.e. more than ~33 %). As mudl0@ % of the methane generated

in an acidic peat bog in Washington, USA, was a result of the hydrogenotrophic p&#yvay

and similar values were recadlin the bottom sediments of LaBaikal, Russig45). Ho/CO»-
dependent methanogenesis contributed betwed® P4 of the dtal methane produced in low
sulphate microbial ma{g6) and in the sediments of a stratified eutrophlel(47). However,

the reason for an increased contribution e/d®;-derived methane in these environments is
not well understood. Additional sources of hydrogen (besides fermentation and syntrophic
acetate oxidation) which could result in a higheontribution of hydrogenotrophic
methanogenesis are currently undescribed, except for in Lake Kivu, Africa, where a geological

input of H provides the methanogens in this environment with a surplus of the suf8jate

1.3.2.2 The acetoclastic pathway

Although the dominant source of biogenic methane within the atmosphere is thought to be
derived from acetaté49), only one order of methanogens (the Methanosarcinales) and two
genera ethanosarcinaand Methanosaetpare capable of acetoclastic methanogen&§is

51). The equation and associated Gibbs free energy for acetoclastic methane generation is

shown below:
CHz3:& 22+ CO+CHs (31)
U * Z-36 kd/mol (32)

The acetoclastic pathway is performed exclusively by members of the order Methanosarcinales
via theactivationof acetate to acetgoenzyme A (acetyCoA), from which the methyl group

is reducedo methaneising electrons derived from the oxidation of the carbonyl group to CO
(52). Whilst the acetylCoA synthetas pathway is used ke genusviethanosaet453), the
genusMethanosarcinause a diferent pathway consisting of acetate kinase (AckA) and
phosphoacetyl transferase (P{&}). The higher acetate hadhturation coefficients of the
AckA/Pta pathwayenzymes compared with the aceBoA synthetase pathway gives the
Methanosarcinan advantage ovédethanosaetaunder high acetate concentrations (>1 mM)
(55). In contrast the Methanosaetaend to dominate in environments with low acetate
concentrations (<1 mM) due to their higher affinity for the substfa658), although
Methanosaetedhave demonstrated competitiveness under elevated acetate concentrations in

animal wastewater treatment systg®3).
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Members of theMethanosarcingoredominantly use acetate for methanogenesis, however a
number of species are metabolically diverse and capable of utilising multiple methanogenic
pathways for ATP syntlsgs. The ability oMethanosarcinapecies to metabolise and grow on
various methanogenic substrates has been studied through the isolation and characterisation of
pure cultures from a range of environments. NeutrophMethanosarcina mazei
Methanosarcia siciliag Methanosarcina horonobensisdMethanosarcina acetivorarisave

been isolated from anaerobic digesters, marine sediments and groundwater samples, with all of
these species able to utilise acetate and methylated comp@uetteanol, dimethylama
trimethylamine, dimethylsulfide)put not H/CO; for growth and methanogenegt0-63).
Thermophilic strains oMethanosarcinehave been isolated froanaerobic sludge digesters
operating at 55 °Call of which were capable of growth between pH&.® onacetate and
methylated compounddjut were unable to use€O. (64). Methanosarcina vacuolata
isolated from wetland soil is the only known member of Methanosarcinancapable of
growth on acetate, insteatkethanolmethylamines and #CQO; are used65). Additionally, a
number of species have been identified that are able to grow using all known methanogenic
substrates (MCO,, methylated compounds and acetate), includiteghanosarcina spelaei
isolated from a sulphurous lake in Roma(t&), Methanosarcina soligelidisolated from
permafrostaffected soil(67) and Methanosarcina barker{68), all of which demonstrate
optimum growth under neutrgH conditions. In contrast to the metabolically diverseugen
Methanosarcinaall known members of the genlkethanosaetare strictly acetoclastic and

are unable to use methylated compounds gC& for growth and methanogenesis. The
limited number ofMethanosaetaspecies studied in pure culture all demonstrate optimum
growth under neutrgbH conditions(69-71). In fact, no alkaliphilic methanogens capable of

acetoclastic methanogenesis in pure culture could be found in the literature.

1.3.2.3 The methylkoophic pathway

Hydrogenotrophic and acetoclastic methanogenesisviaiely regarded as the predominant
pathways to biogenic methane production globally, however sulphate reduction can
thermodynamically inhibit both of these pathways. In sulphiateenuronments methanogens

can circumvent the competition for substrates with the use cftompetitive methylated
compounds, such as methanol, methylamines and methyl sulga@e3he significance of

this is illustrated by studies investigatingunme sediments of the Western Mediterranean Sea,

where the methylotrophic pathway accounted for as much as 98 % of the total methane
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production in the sulphatéch zoneg72). In the deeper zones where sulphate was absent, the
hydrogenotrophic pathway dominatgt®). The quantity and age of the orgamiatter present

can also govern the extent of methanogenesis in these environments, wherelapetadent
methane production only became important in the orgaciiczoneg72). Thesimultaneous
operation of methanogen@&nd sulphate reducing processis salt marsh sediments wa
facilitated by the use of methylated compouf4i3). The methylotrophic pathway was also
recently recognised to be the dominant methanogenic pathway in the highly saline sediments
of Orca Basin in the Gulf of Mexic{/3), and also appears to be important in alkaliodas

lakes (74). The equation and associated Gibbs free energy for methane generation from

methanol using hydrogen as electron donor isvshioelow:
CH:OH+H : & &+ HO (75)
a*#-112.5 kd/mol (75

1.3.2.3 Energy conservation in cytochroreentaining methanogens

Methanogens can also be classified into two groups based on the presence or absence of
cytochromes, with the Methanosarcinales belrgydnly order to possess cytochron(&),

and consequently the only methanogens lolgpaf using all three methanogenic pathways.
Methanogens lacking cytochromes only usgatid sometimes formate) as electron donors for

the reduction of C®to methane via the hydrogenotrophic pathway. Since the free energy
change is very low during acetoclastic methane generatiohz€ -36 kJ/mol), acetate
consuming methanogens require an efficient energy conserving mechanism to cope with this
thermodynamidimitation. The synthesis of ATP by these organisms is accomplished via
interactions between ion translocating enzymes and ATP synthases. It has long been
established that the membrameund methyltransferase (Mtr) enzyme catalyses the transfer of
methylgroups coupled with the extrusion of Nans out of the cell for electron transfer and
ATP synthesis in all types of methanog€né-78) (Figure 1.5AB). However, analysis of ion
transpot in membrane vesicles atite tse of ATP hydrolysis assays it was recently revealed
that the membranbound enzymeA1Ao ATP synthasdrom Methanosarcina acetivorans
translocates both Nand H ions simultaneously to generate an electrochemical gradient for
ATP synthesis(79) (Figure 1.5B). The use of N&* antiporters inMethanosarcina
acetivorangs thought to aid in optimisation of the ATP synthase hysiihg the ratio of Na

and H ions(80). This unique energy conserving strategy employed by cytochcomiaining

methanogens could have important implications under alkaline conditions, where the
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availability of H" ions will be extremely limited and therefore the establishment of

electrochemical gradients required for ATP synthesis in these organisms meaylifioult.
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gradients and ATP synthesis. Taken fr(3)
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1.3.2.4 Methanogenesis in extreme environments

Environmental factorsuch as temperature, salinity and organic matter obog have a
significant impact on methanogene$s2-86). For example, microcosm experimentng

arctic sediments were dominated by the strictly hydrogenotrophic ffteillganoregulaceae

at low temperatures (%C), whereas incubations at increased temperature8Q)38aw an
increase in the acetoclastic lineagdsthanosarcinaceaand Methanosaetacea@@2). Other
studies have shown that an input of organic matter in the form of rice straw can stimulate
acetoclastic methane generation due to changes in soil microbial community stf@86jure
However there is a scarcity of information regarding the influence pH has on the composition
and functioning of methanogenicramunities, particuldy under alkaline conditions. The vast
majority of studies relating to methane generation at high pH have focused on soda lake
environments, which demonstrate highly saline and alkahnsitu conditions (74, 87)
Incubations using sediments from the Big Soda Lake in Nevada, USA, demonstrated a clear
preference for the methylotrophic pathway, with methane production stimulated in enrichments
with methanolandtrimethylaminebut not in microcosms gplied with H/CO, and acetate

(74). Investigations into the soda lake sediment&uafinda Steppén Siberia revealed the
presence of athree methanogenic pathways functioning between a pH range b $.(87).

The salt concentration within ése microcosms appeared to influence the methanogenic
activity, with an increased contribution of methylotrophic methanogenesis under highly saline
conditions (87). The investigation ofkKulunda Steppesediments is the only report of
acetoclastic methanogenesis operating under alkaline conditions (pH 9.5) present in the
literature, although the authors did makeadenof the difficulties culturing these acetate
metabolising methanogens due to very slow growth rdi@sr(M acetate conversion in 3
monthg (87).

Methanogens have been successfully cultured from deep subsurface and thermophilic
environments previolyg indicating their presence within the subterranean biosphere and
tolerance to increased temperatures. Pure cultures of the thermophilic and hydrogenotrophc
speciesMethanocaldococcus jannaschand Methanopyrus kandlerivere isolated from
smoker chimney at a depth of 2600 m and 2000 m respecti{&3y 89) A number of strictly
hydrogenotrophic methanogens of the geMeshanobacteriunmave beersolated from low

salt alkaline lakes in Egyg®0), all of which were capable of growth up to pH 10.0 in pure
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culture. An alkaliphilic hydrogenotropRethanocalculushas been isolated from soda lake

sediments which was able to grow between pH8.0.2 in pure culturg91).
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Figure 1.6. The pathways for anaerobic degradation of organic matter to methane.
Taken from(32).

1.3.3 Sulphate reduction

Dissimilatory sulphate reducing bacteria (SRB) are a metabolically diverse group of anaerobic
microorganisms that play an important role in the global carbon and sulphur cycles. SRB
traditionally use sulphate as the terminal electron acceptor (TEA) aradbleréo use a wide

range of electron donors, including hydrogen and various organic comp@2dsome SRB

have demonstrated growth without sulphate, and can instead use nitrate as TEA and have even
demonstrated autotrophgrowth using H and CQ (93, 94) This metabolic flexibility has

allowed SRB to become widespread in nature and their importance within marine environments
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and anaerobic digesters are well docume(@&7). Sulphide is produced as an end product
of dissimilatory sulphate reduction, which is highly corrosive and contributes to micrebially
induced corrosion (MIC). Ahough a range of microorganisms have been implicated in bio
corrosion processes, including acetogenic bact(d®, nitrate reducerg99) and even
methanogen§100, 101) the most widespread and economicadlievant MIC processes are
mediated by SRB.

1.3.3.1 Corrosia of metal by sulphate reducinigacteria

Iron corrosion is an electrochemical process (except for instances of mechanical stress), where
metal oxidation is coupled to the reduction of a sugabfidant. The tendency of iron to give
off electrons is central to the corrosion process:

F < YH +2e (102)

In anaerobic environments, the protons from dissociated water provide the most common

electron acceptors for iron oxidation, which areuast to molecular hydrogen:

26 + 2H" < H2 (102)

The above two reactions are stoichiometrically coupled and yield the following net reaction:
Fe+2H" < YH + H (102)

Proton availability will be extremely limited under alkaline conditions and therefore from a
purely chemical point o¥iew, iron corrosion could be insignificant under these conditions.
However, the above statement changes in the presence of microorganisms, where metabolic
products, such as organic acids or sulphide can dramatically enhance corrosion (@Betics

103, 104) SRB are capab of using molecular hydrogen as an electron donor for the reduction

of sulphate and production of hydrogen sulphide:

AH, + SQ; ' : +3S+4H,0 (105)
a*% -155kJ/mol (105)

Under alkaline conditions, hydrogen sulphideSMHproduced by SRB will be pent as HS
or § and both of these chemical species are known to react with metallic iron and thereby

produce the characteristic iron sulphide corrosion product:

FE*+HS : )H6 "+
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FE*+S : )H6

The generation of iron sulphide can actually helptgrt against corrosion in a process known

as passivation, whereby a film of iron sulphide on the metal surface prevents the diffusion of
iron ions into the bulk liquiq106, 107) Additionally, the production of stainless steel from

the alloying of iron with active metals, such as nickel, chromiummasighdenum can improve
corrosion resistance. Since corrosion processes within a GDF are an important safety
consideration, the ability of SRB to survive at high pH and corrode materials relevant to ILW
disposal is an important area of research. The inyegfiengineered barriers used to limit the
travel of radioelements to the biosphere within a GDF (such as the statdessvaste
canistersyould be compromised by the corrosive activity of SRB. Thecbroosion of metals

by SRB has been studied exemely. For example biofilm growth byesulfovibrio
desulfuricansand Desulfovibrio fairfieldensigesulted in the corrosion of endodontic files
within 32 days, indicated by the cracks formed on the materials surface as visualised by
scanning electron mioscopy (SEM) and the formation of sulpfaantaining minerals within

the biofilm matrix measured with SEM coupled wehergydispersive Xray spectrometry
(EDS)(108). The corrosion of stainless steel was observed during the grow#saffovibrio
desulfuricanswhere the formation and morphology of corrosion pits were analysed using
atomic force microscopy (AFMJL09) Furthermore SRB were able to induce the corrosion of
carbon steel in artificial seawater, with corrosion processes evaluatedelesstrgchemical
impedance spectroscofilS) and surface characterisation undertaken using SEM avid SE
EDS (110). Although biecorrosion of metals by SRB under neutral pH conditions is well
described, little information is available regarding this process under alkaline conditions.

1.3.3.2 Sulphate reduction under extreme conditions

All known dissimilatory % EHORQJ -Rvdeob&dteHa, Clostridia, Nitrospirae,
Thermodesulfobiaceae, Thermodesulfobacteria, Crenarchaeota and Euryarchaeota lineages
and have been detected and cultured from a range of extreme environments. Alkaline soda
lakes have been weliglied in terms of alkaliphilic SRB with reports of high sulphate reducing
rates at pH 10.7 in Lake Tanatar sediméhid) Nonalkaliphilic SRB cultured from a Danish
heating plant have demonstrated growth and sulphide production up t@® piH @anktonic

culture and up to pH 10.2 in biofiln{&12). Pure cultures of alkaliphili€hermodesulfovibrio

were isolated from an aquifer system at atldey 2,000 m and were capable of growth up to

pH 10.5, using formate, pyruvate and lactate as electron d¢hd83 Novel strains of
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Desulfonatronuniave been isolated from alkaline brakish lakes in Siberia, Russia, with some
of thesestrains able to grow up to pH .B0in pure culture and use hydrogen as electron donor
(114) However, studies employing sediments from a proposed-@D¥ analogue site at
Buxton, UK showed very little sulphate reducing activity between pH 0200 using acetate

and lactate as electron dor{@d.5)

Sulphate can be present in both natural and anthropogenic water systems. The natural sources
of sulphate can be produced through atmospheric deposition, the dissolution of sulphate
minerals or the oxidation of sulphide mineréld6). Sources of sulphate can also be present
through anthropogec contamination, as seen from the operation of coal mines, phosphate
refineries and power plantEl1l7, 118) Sulphide produced by SRB can hexic to
microorganisms due to its ability to react with metal ions and the functional groups of enzymes
used for electron transpdft19). Additionally, sulphide production can lead to the precipitation

of essential trace metals as metal sulphides, which can negatively affect cell growth. The
speciation of sulphide is highly dependent on the pH. Previous studies have showStisat H

the most toic form of sulphide due to the increased membrane permeability of this uncharged
molecule(120, 121) Thereforethe growth of SRB at high pH could be advantageous due to
the formation of K5 and S sulphide species, which are less membrane permeable t8an H

and can be tolerated at higher concentrat{@gg)

1.4 Microbial survival under ILW -GDF conditions

The anaerobic, chemically reducing and highly alkaline conditions expected to develop within
an ILW-GDF are likely to stunt microbial activity considerably, particularly within the early
postclosure period when pH values of >13.0 are expected. HoweggrtHtkalues of an ILW

GDF are expected to reduce during the evolution of the facility to between pH2.6,Gand
furthermore a number of microorganisms have adapted mechanisms to survive extreme
environmental conditions. These organisms are termed eogppfeéles and have a number of
structural, physiological and metabolic adaptations that enable them to function well under
extreme conditions. A number of alkaliphilic organisms have demonstrated the ability to grow
above pH 10.0 in pure cultuf@23, 124)and the upper pH limits for microbial growth can
increase with the formation of biofilnll12, 125) One particular adaptation utilised by
alkaliphiles is the ability to maintain cytoplasmic pH homeostasis to allow for normal function
of enzymes and metabolic proces&=acillus pseudofirmus OFdas been extensively studied

due to its ability to grow betvem pH 7.5+11.4 (126) A common abity of alkaliphilic
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organisms is the ability to maintain an intracellular pH value lower than the external pH value.
Bacillus pseudofirmus OF#r example maintains a cytoplasmic pH of 8.2 when the external
pH is 10.5 and this ability is observed in atbacteria, includin@acillus halodurans €125
Bacillus alcalophilusand Spirulina platensiq127-129) In fact obligate alkaliphiles grow
better under alkaline conditions andwth is stunted under more neutpddl conditions, which

was observed iBacillus pseudofirmus OFdhich has a doubling time of 54 minutes at pH
7.5 and a doubling time of 38 minutes when grown between piB3{123) The primary
mechanism for maintenance of cytoplasmic pH homeostasis used by alkaliphiles is through
uptake of H using membranbound Na&/H* antiporters. These antiporters extrude Na+ and
uptake H into the cell which is allowed to accumulate within the cytoplasm. A lesser number
of Na" ions are extruded compared with idns taken up, therefore the net positive charge is

present within the dlewith each turnover of the antiportéx30)

Additional strategiesra used by alkaliphiles that complement the use dfHNaantiporters.

Some bacteria upregulate deaminases which produce cytoplasmic &t3d
Teichuronopeptideare secondary cell wall polymers that play an important role in maintaining
cytoplasmic pH homeostasis in alkaliphilés27) Metabolic acids produced within the
cytoplasm during fermentation processes could help to maintain cytoplasmic pH homeostasis
in Bacillus specieq131, 132) Acidic lipids andteichuronic acidsncorporated into the cell

walls could further enable adaptation to alkaline environments by alkalifhiés133)
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Figure 1.7. Internal and external pH values in neutralophlic and alkaliphilic bacteria.

The internal cytoplasmic pH of alkaliphiles is maintained at a lower value than the external

pH, a mechanism by which alkaliphilic organisms can grow at higher pH valaken from
(134).

1.4.1 Natural alkaline sites

A range of alkaline environments are present throughout the world that have analogous
conditions to those likely to be experienced within an #3MF. These sites enable the study

of microbial and hemical processes under IL&DF conditions. The alkalinity of these sites

can develop through natural evaporation processes or due to the local geochemistry of the rock
formations in these regior{d35137) Soda lakes are one example of a natural alkaline site
that develop highly alkaline waters (pH 80.0) due to the presence of carboradethe
dominant anion. In some cases these sites can also demonstrate highly saline conditions due to

the presence of NaCl38). A high degree of microbial diversity has been revealed within the
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sediments and waters of soda lakes despite the harsh environmental copdiseng139).
Methanogenic and sulphate reducing processes have also been detected in these environments
(140, 141) Another example of naturally occurring alkaline environments are ophiolites
composed of mafic and ultramafic rock which generate hnglsitu pH values due to
serpentinisation processé€sd2) An example of the is in the Troodos Mountain€yprus
wherein situ pH values up to 11.9 have been obserdetB) A range of microbial processes
were present within the sitecluding nitrogen fixation byPaenibacillusspecies hydrogen
oxidation by Hydrogenophagaspecies and iron reducing processes within microcosms
employing samples taken from the itd3) A wide range of bacteria have been detected in
other ophiolite systems around the globe, including Del Puerto in Cali{@44y Oman(144)

and the Leka complex in Norwg$35) Studies investigating the microbial diveysat the
Magarin site in Jordamevealed a clear dominance of Proteobactphglum which were
present between 3Gnd 10 cells mL?! water (145). The alkalinity é this site has been
attributed to interactions with naturally occurring cement materials present in the site, as
opposed to alteration of ultramafic materials due to serpentinisation observed within other
ophiolite complexe§146).

1.4.2 Anthropogenic alkaline sites

In contrast to naturally occurring alkaline sites, the formation of high pH environments can
also result from anthropogenic contamination, such as through the deposition of lime and steel
production wast¢147, 148) The contaminating materials can in some cases be rich in heavy
metals, such as chromium, arsenic and copper, which are toxic to mi¢id9ed50) The
contamination of these sites with anthropogenic wastes can lead to a reduction in microbial
diversity, however the ability of the local microbial community to adapt and evolve can lead
to their survival under these conditiofi1) The adaptation of microbial communities has
been observed at a site contaminated with tannery waste, where chragsistant organisms

were isolated152). Additionally, acidtolerant communities developed within an acid mine
drainage sité153)

A lime-contaminated site near Buxton, UK, has been investigated due to its analogy with some
aspects of ILW disposdll54) The materials deposited at this site incllidee, calcined
limestone and coal ash. As rain water percolates through these wastes, an alkaline leachate is
generated which forms a calcium carbonate tufa as it comes into contact with atmospheric

carbon dbxide andin situ pH values as high as 13.0 have been obsgd®4). A number of

41



previously unclassified bacteria relating to tl@mamonadaceae, Bacteriodetes and
Firmicuteslineages have been detected within the sediments from th{$S4&eISA has been
detected at this siti@ situ due to the alkaline hydrolysis of cellulosic materials, and sediments
from this site demonstrated the ability to degrade all three forms of ISA in microcosm studies
(24). Additionally, ISA degradation under sulphate reducing, iron reducing and methanogenic
conditions has been demonstrated over a range of pH values using sediments fron§2Bis site
155, 156) Furthermore sediments from this site have demonstrétadle, iron and sulphate
reductionunder alkaline conditions using acetate and lactate as electron ¢bhsyPespite

in situpH values of >13.0 being recorded in this site, a diverse and agtivebial community

was detected via lllumina MiSeq, with the dominant phyla present bein§itimcutes,

Proteobacteria and Bacteroidetesth a low abundance of methanogenic arcl{aéa)

1.4.3 Biofilms

Biofilms are composed gfolymicrobial communities lodged in seffroduced extracellular
polymeric substances (EPS). The formation of biofilms by microorganisms allows for
microbial adhesion and growth on almosy aurface and has proven to be a particularly
successful form of life on earth in both agreeable and extreme environfh®&t62) The

internal biofilm environment is often heterogeneous and can differ significantly to the external
environment(163) This is largely due to the microbial production and consumption of
metabolic products within the biofilm, together with the limited diffusion of chemical species
through the EPS matri§d64). The biofilm matrix offers a protective barrier from the external
environment and has been shown to provide microbes with increased resistance to a range of
environmetal stresses, including desiccation, predation and extreme shifts in pH and
temperatur€165) An example of this was revealed within acid mine drainage biofilms, where
the associated microorganisms were showvsecrete proteins with a high isoelectric point
which increased the pH buffering capacity of the internal biofilm environ(di&®). Recent

studies have shownadhbiofilms can facilitate survival under ILA@DF conditions through

the production of low pH microsites within the internal biofilm surfét25) The acidic
properties of the EPS components and the production of metabolic acids enabled the microbes

within these biofilms limited survival up to pH 13125)

The formation of biofilm by microorganisms is undertaken using a number of steps. Firstly,
planktonic cellsmust adhere to a surfageior to the formationof the structured biofilm

architecture. This is initially achieved using cellular appendages, such as flagella and pili, and
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is a form of reversible attachmegid67). The cellular surface proteins, such as SadB or LapA,
along with the production of EPS enhances the irreversible attachment to a surface, whereby
the cell commits to a biofilm mode of exister{@¢€8, 169) The transition between renggble

and irreversible surface attachment appears to be mediated by intracellularasgcond
messengers, such aglic adenosine monophosph&&MP), which are produced in response

to environmental conditionél70). Following theirreversible attachmertb a surfacecells

begin to proliferate and (along with the production of E&&)elop micrecolonies. The EPS
components can account for >90 % of the dry mass in mature bi¢fis8% The individual

EPS components can include a range of biopolymers, such as proteinscgudysles, lipids

and nucleic acids, and these components are responsible for a wide range of functions within
the biofilm.These functions include facilitating attachment to biotic and abiotic sufaceyp
enabling the binding of enzymes to the biofilm mafdx2), aiding horizontal gene transfer

(173) and providing resistance to desiccation and other environmental stresses, such as
antimicrobial agents and oxidati¢h65, 174) Additionally, the EPS matrix allows metabolic
products to accumulate and provides a carbon and nitrogen source for microbial metabolism
(175, 176) The biofilm matrix is stabilised via interactions between the different functional
EPS componentd 77). Quorum sensing signalling molecules are retained within the biofilm,
therefore EP$roductionenhances celtell communication and nutrient uptaier8). Since

cells exist in close proximity to one another within the biofilm, this allows syntrophic
interactions to take place, such as interspecies hydrogen transfer between fermenters an

methanogengl79).

Microbial cells are capable of returningdglanktonic form of life following the maturation

of the biofilm. Cells can disperse from the biofilm passively, for example due to physical
shearing forces, or can actively disperse by responding to environmental stimuli, such as
temperature or oxidatmo(180) Genes involed in EPS production are downregulated, whilst
genes involved in cell motility and EPS degradation are upregulated in actively dispersing cells
(180). These dispersed cells are able to seed new environments where the process of biofilm

formation can begin again.
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1.5 Summary of chapter

The UK currently has a relatively large inventory of radioactive waste arising from a long
nuclear legacy. One potential strategy for disposing of the higher activity wastes (ILW and
HLW) is that of a GDF, which employs a multiple barrierteys in order to retain the
radioelements within the facilities near field and prevent their release to the biosphere. These
barriers include physical containment of the waste in stainless steel canisters, chemical
containment within an appropriate backfif material (e.g. NRVB) and geological
containment within the host rock. Anaerobic and highly alkaline conditions are expected to
prevail within the facilities near field, which will result in the chemical degradation of
cellulosebearing ILW to a rangelo FHOOXORVH GHJUDGDWLRQ SURGXFW
constitute the majority of the products formed from the alkaline hydrolysis of cellulose, and

these products could provide a carbon source for fermentative and anaerobic respiratory
microbial processe6s LQFH WKH SUHGRPLQDQW 7($YV ZLWKan® D *') DI
possibly sulphate, methanogenesis and sulphate reduction could be important processes within
this environment. Active methanogenic and sulphate reducing processes may impact the ability

of a GDF at retaining the waste through biogas and sulphide production. Since diverse
microbial populations have demonstrated the ability to colonise and grow within a range of
anaerobic and highly alkaline natural and anthropogenic environments aeqdartét, this

suggests the conditions of a GDF could provide a niche site for a variety of specialist
organisms, such as anaerobic alkaliphiles and ISA degrading bacteria. The survival of microbes
under extreme conditions can also be facilitated throgtidrmation of biofilms, a mode of

existence that allows for microbial durability at the thermodynamic limits of life.
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2.0 Methods for the analysis of
environmental microbiology
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2.1 Overview

A range of techniques are available that allow ¢ffective characterisation of natural and
model microbial systems. The cultivation and isolation of microorganisms from environments
that are analogous to aspects of radioactive waste disposal can provide information that may
help to predict the effect ghicrobial processes on GDF performance. Culturing techniques
allow microbial processes to be studied in the laboratory where the conditions of interest can
be simulated and studied. An array of molecular techniques have been developed that utilise
the consrved 16S rRNA gene for the purpose of analysing and describing microbial
communities. Additionally, a variety of microscopic techniques can be utilised to provide a
greater insight into the functioning of a microbial system. The following chapter discusse

some of the current methods that allow microbial systems to be effectively characterised.

2.2 Culturing techniques

One important technique for the study of environmental microbiology involves the direct
culturing of microorganisms from an environmergaimple using solid or liquid media. The
culture conditions imposed on the samples, such as temperature, pH, carbon sourge and O
concentration, will dictate the types of microorganisms that @) The establishment o
microcosms is an effective way simulate the conditions of intst, and these systems can be
developed using pure or mixed cultures and operated with great flexibility. The system can be
sealed and operated in a batch process, where the chemistry is allowed to develop, or
microcosms can be batédd, where nutrientsra continuously supplied to the system and
waste is removedlhe production and consumption of metab@roducts can be analysed
when employing microcosms, which can provide information regarding the metabolic
capabilities of the population within a givenvironmental site. Batch microcosms have been
used previously to determine the sulphate reducing rates in acid mine draina@82jtdhe
methanogenic activity of soda lakes sediments has been studied with the use of microcosms,
where methane generation and substrate consumption dmulagneasured using gas
chromatography183) Batchmicrocosms have been used to estimate gas production under
conditions simulating LLW disposél84) Batchfed systems have been employed previously

to provide ISA degradation ratesder ILW-GDF conditions using both neutpH and
alkaline sediment§23, 24) Previous authors have also used enrichment cultures to analyse

iron reduction processes in sediments from leachate ponds in California, USA, which resulted
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in the isolation of a novel alkaliphilic iron rederg Alkaliphilus metalliredigen$185). Since
enrichment cultures induce a selection bias towards a particular type of organism depending
on the conditions employed, this direct culturing method does not necessarily reflect the
microbial processes ongoingsitu. Techniques such as Most Probable Number (MPN) can be
used to estimate the number of viable organisms within an environmental sathpleewse

of serial dilutions and the detection of biochemical markers to assess microbial growth. MPN
techniques have been used to study the viable organisms present within a number of disposal
sites across the worl86-188) Microorganisms can also be isolated from environmental
samples using seriabilutions, streak plating techniques and selective media. The
characterisation of pure cultures can help to provide specific reaction rates and optimum culture
conditions for a particular organism. The optimum culture conditions for a vast array of
microomganisms are now available in the literature and the environmental conditions of a
particular site can be simulated in the laboratory to some extent. However, a large proportion
of environmental microorganisms remain uncultured smhe prove extremely difult to
isolate(181, 189) therefore direct culturing techniques wheedialone can misrepresent the

true microbial diversity of an environment. A number of nucleic acid methods and microscopic
techniques have been developed that can provide a more detailed analysis of microbial systems,

especially when combined with the diteulturing approaches described above.

2.3 Nucleic acid techniques

The extraction and sequencing of nucleic acids from environmental samples and laboratory
cultures can be used to provide genetic information regarding the associated microbial
consortium. For example, DNA sequencing can reveal the genes present in a sample and RNA
sequencing can describe the genes that are actively being transcribed under the conditions
studied. A variety of DNA/RNA extraction methods are available and the proceduralbene
begins with the lysing of cells using chemical and/or physical abrasion, followed by further
chemical treatment in order to purify the nucleic acids via the removal of cell debris and
contaminants. Methods developed by Griffiths et(aB0)allow for the ceextraction of DNA

and RNA from environmental samples within relatively quick timeframes and yield nucleic
acids of high purity. A number of commercial kits are also available, such as the DNeasy
PowerSoil Kit for use witlrsoil materials and thBNeasy UltraClean Microbial Kifor use

with pure cultures, that are tailored to a specific sample type and drastically speed up the

procesq191) The extraction procedure can prove troublesome in samples with low biomass
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or in environmental samples where the pH or the presencayhtherals andumic acids

can interfer€190, 192) PurifiedDNA or RNA can be sequenced in its entirety as seen within
the emerging field of genomics and transcriptomics, or specific regions of the nucleic acids can
be targeted for analysis using techniques such as polymerase chain reaction (PCR).

2.3.1 Amplicon sguencing

Following the extraction and purification of genomic DNA (gDNA) or generation of
complementary DNA (cDNA) from RNA extracts, PCR can be employed to amplify a specific
region of interest. This technique uses a DNA polymerase isolatedTinenmusaquaticus
(A93YWRIJHWKHU ZLWK ROLIJRQXFOHRWLGH SULPHUV WKDW DU
and antisense DNA strands within the region of interest. The region of interest is amplified
exponentially by subjecting the reaction to heating @ooling cycles in the presence of
deoxynucleoside triphosphat€ddNTPs)(194), which takes advantage of the thermophilic
properties of the DNA polymerase. The 16S rRNA gene is a common target for amplification
by PCR within merobiatbased studies as it is a highly conserved sequence between
prokaryotic species and undergoes very slow evolutionary changes. Consequently,
phylogenetic relationships can be constructed based on the comparison of 16S rRNA gene
sequences between difént microorganisms. Since environmental samples and mixed
population microcosms are likely to contain a diverse microbial population composed of
different species, the extraction of gDNA from such a sample is likely to result in the presence

of multiple different 16S rRNA gene copies.

Following the amplification of the 16S rRNA geunsing PCRtechniques such as denaturing
gradient gel electrophoresis (DGGE) have been used previously to ddkeritheersity of
microorganisms in a range of environmeirtsluding soilg(195), paper pulp wastewatér96)

and marine environmen($97) DGGE separates the PCRogucts based on their differences

in G-C content, with products of low-G content having hindered mobility through the gel
over an increasing chemical gradient. The separated fragments can be excised from the gel and
sequenced for downstream comparisohthe 16S rRNA gene. Cloning techniques can also

be applied to the amplified DNA fragments in order to obtain a single gene sequence from a
mixture of different sequences. This involves the ligation of PCR products to a vector which is
then transformed intcompetenEscherichia colcells. Since on&.colicell is only capable of

taking up one plasmiaoloniesthat have beesuccessfully transformed should only contain
multiple copies of the same PCR prod{d@7) Theplasmid can then be extracted and the PCR
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fragment sequenced to allow for the assignment of phylogeny with the ds¢abfises and
search toolssuch as the NCBI Basic Local Alignment Search T@iAST). The use of
cloning and sequencing techniques hdleweed for the characterisation of microbial
communities within deep crystalline bedrock, a site which has relevance to the disposal of
radioactive wast€198) Uncultured microbial species within environmental samples can be
identified using cloning and sequencing strate(i€9). Other authors have used this strategy

to investigate the microbial community within pH 11.0 ISA degrading microcosms developed
from lime contaminated sedimergt). It is important to note that PCR and cloning techniques
are subject to bias and error due to the production of chin{2edy, the formation of
heteroduplex moleculg¢201)and Taqg polymerase errd@02) Additionally, the primers used

for PCR @n be biased towards certain microbial species which can result in a large proportion
of unamplified DNA and the misrepresentation of a microbi(208).

2.3.2Next generation techniques

A range of high throughput techniques are now available that allow for an even more detailed
analysis of microbial systems through the generation of millions of copies of 16S rRNA gene
sequences. The development of platformshsas Illumina HiSeq has allowed for the
sequencing of (metagenomes and (meddranscriptomes from environmental samples, pure
cultures and mixed cultures, which provides a moréepth description of the genes present
and active under the conditiossdied. Metabolic pathways can be reconstructed based on the
information generated from (melagenomes and (me)atranscriptomes204) and the
sequencing of nucleic acids in their entirety avoids the bias associated with PCR techniques
and direct plate counting methd@95) Since many microorganisms are capable of dormancy
through processes such as spatiah (206), their detection within an environmelpased on

DNA sequencing may not represent an active community profile. The generation and
sequencing of cDNA from 16s rRNA (instead of rDNA) can give an insight into the actively
metabolising microbial population within an environment. This approach has bsed
previously and significant differences were revealed between 16S rRNA and rDNA libraries
of microbial communities within the alkaline sediments of Lake Magadi, K&®@& The use

of metgienomics hasbeen used to uncover the presence of previously undescribed
phylogenetic groups in soda lak@98, 209) and wholegenome sequences can bseasbled

from metagenomeshich can help to elucidathe physiology and ecology of uncultured taxa

within an environmen210).
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2.3.3 Microbial 16S conmunity analysis

Microbial community analysis using next generation sequencing approaches via the 16S rRNA
gene can generate large data sets with up to millions of individual sequences. The statistical
analysis of these sequences can be undertaken withsth@f specialised bioinformatics
software packages, such as CLcommunity provided by the sequencing company ChunLab
(Korea). Databases, such as EzTaxon or the Ribosomal Database Project can be utilised in
order to assign phylogeny to the 16S rRNA genaiseges generated using next generation
technologieg211, 212) This is initially achieved by aligning sequences with a reference, such
as theSilva reference alignmerf213) The aligned sequences can then be compared using
search tools, such as the BLAST algoritf2th4)and sequence similarity can then be compared
with known previouslysequenced microorganisms using different taxonomic levels and
confidence interval$212). Chimeric sequences can be analysed with the use of algorithms,
such as UCHIME215) Sequences can be further assembled into operational taxonomic units
(OTUs) based on their sequence similarity to other known organisms, with previous authors
using a 95 % confidence interval to group communities within an ISA degrading microcosm
operating at pH 9.0157) The grouped OTUs can be further analysed using alpha and beta

diversity statistics.

Alpha diversity statistics represent the microbial diversity and species richness of an individual
sample, whereas beta diversity statstcan be used to analyse the differences between
multiple samples. The alpha diversity statistics such as ChacAbamdlancebased Coverge
Estimator (ACE) can be used to determine whether sufficient sequencing depth was achieved
during the analysi€216, 217) Chaol and ACE statistics generate rarefaction curves that plot
the number of OTUs against the number of sequence reads and as the number of species left to
find reaches saturation, the cuplateaus, indicating sufficient sequencing depth was achieved
during sampling. An alternative method for representing how effectively the microbial
communities have been sampled is with the use of Rank Abundance curves. This involves
ordering the speciesth along the-saxis from most to least abundant, with thaxys showing

the abundance of each species. Within microbially diverse environments where a high number
of species are present, the Rank Abundance curves generally show a sharp initial peak
representing a small number of abundant species, which then trails off due to the presence of a
large number of species with relatively low abundd@d®) The Shannon diversity index can

also be used as a quantitative measure that accounts for both abundance and species richness

50



(219). Alpha diversity statistics have been used previously to determine whether the availability

of nutrients has changed the microbial diversity of a(22€).

2.4 Microscopic techniques

Microbial systems can be directly visualised with the use of microscopic techniques which
enable a greatensight into the system being studied. The high resolution and magnification
of instruments such as scanning electron microscopes (SEM) has allowed individual microbial
cells and complex biofilm communities to be studied in detail. For example the coBiplex
structure ofPseudomonas fluorescebsfilms was elucidated using SEM which provides
morphological clues for the identification of biofilma vivo (221) SEM can provide
information regarding the thickness and heterogeneity of biof@2) It has been shown that
different strains oHistophilus somnproduce biofilms with diffenet morphologies that can
contain either filamentous structures or moshdped colonies embedded in extracellular
polymers(223), therefore investigating biofilms with SEM can provide information regarding
the associated microbial communifyechniques such as atomic force microscopy (AE&)

be used in conjunction with SEM characterise the morphological changes of abiotic surfaces
brought about by the activity of biofilms. For examphes corrosion pits and crevice attack on
2205 duplesstainless steel by pure culturefafsulfovibriodesulfuricansvas visualised using

SEM and AFM(224) The elemental composition of microbial systecas be studied by
coupling SEM with energdispersive Xray spectroscopy (EDS). SEEDS techniques have
been employed previously to reveal the-bimeralisation of gold bjRalstonia metallidurans
biofilms (225) and to identify the presence of sulplmantaining corrosion products within

sulphate reducing biofilms produced Bgsulfovibrio vulgarison carbon ste€R26).

Microscopy can also be combined with the use of fluorescent sgateshnique that enables

the visualisation of individual types of microorganisms or biofilm components within a
mixture. Stains which take advantage of the permeability of cell membranes can be used to
distinguish between alive and dead cells. For exanipé combined use of SYTO 9 and
propidium iodide stains allowed previous authors to identify the viable cells within spent fuel
ponds (227) whereby propidium iodide can only bind to cells with compromised cell
membranes. Fluorescent stains have been used to visualise the individual components of
biofilms, with previous authors able to observepbb/saccharide, proteinxgacellular DNA

and lipidfractions of the EPS aggregates simultaneo(&28). The composition of the EPS

components can give an indication of biofilm functional properties and determine how the EPS
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componentsriteract with one another. The use of confocal scanning laser microscopy (CLSM)
coupled with fluorescent stains enables the construction of high resolution 3D images of
biofilms. CLSM has been used previously to visualise the extracellular components of
Samonella entericdiofilms over various stages of grow29) Oligonucleotide probes that

are complimentary to microbial DNA sequences can be ligated with fluorochromes and
hybridised to specific cells in a pr@asknown as fluorescenae situ hybridisation (FISH).

The hybridised probes can then be visualised using CLSM based on the fluorochromes specific
absorption and emission spectra. FISH has been used by previous authors to distinguish
between different microbial groups within coral tiss(230)and to characterise the microbial

community of Siberian tundra s@231)

2.5 Summaryof chapter

The development of microcosms from environmental samples provides a means by which
microbial processes can be investigated under conditions similar to those expected within an
ILW-GDF. The isolation of microorganisms and the characterisatiparefcultures can help

to expand our understanding of the microbial processes ongoing within an environment. The
development of methods relying on the sequencing of nucleic acids from an environmental
sample or laboratory culture has helped to reveal the microbial diversity of these
ecosystems. Microscopic techniques aid with the investigation of microbial systems by

allowing their visualisation.
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3.0 Aims and objectives
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3.1 Background

The extent to which microbial activity can proceed in and around a geological disposal facility
(GDF) can have a significant impact on the transport of radionuclides, particularly-darbon

The expected evolution of the near field of an ILW disposalifiaeihd the associated alkaline
disturbed zone will have a profound impact on the associated microbial activity. The predicted
pH of >12.5 for thousands of years are above that normally associated with even the most
extreme alkaliphile6). The upper pH limits for microbial activity is a contentious subject,
with pH 12.0 being proposed as an upper limit due to the inability of bacteria to maintain the
required internal pH of 10.0. However, reports of microbial activity above this value do exist
(232, 233) Generally speaking, pure culture investigations provide lower maximum pH values
than environmental observations, suggesting that microsites and biofilms may have an
important role in attenuating the impact of environmental pH values. Of the microbial
processes potentially associated with a GDF, sulphate reduction and methanogenesis are key
processes, since they both lead to the complete mineralisation of organic materials such as
cellulose degradation products and are able to oxidise molecular hydrdgeprésence of
sulphate in many UK groundaters emphasises the relevance of sulphate redu@aa),

whilst methanogenesis has a key role in the transport of carbalue to the generation of
highly mobile 14methane’CH,).

The proposed PhD will investigate the rmaum pH that sulphate reduction and
methanogenesis can proceed under conditions consistent with the near field and associated
alkaline disturbed zone of a GDF. Until recently the general consensus has been that carbonates
and calcite are not a form of irgamic carbon accessible to microbes. However, recent research
focussed on serpentinising systems has demonstrated that aerobic, hydmgening

bacteria operating at pH 11.0 are able to utilise calcite diréZ3) potentially by forming

low pH microsites o the calcite surface. There have also been some limited investigations of
methanogens utilising calcite at neutpal (236), showing that methane generation employing

calcite as a source of inorganic carbon was possible at a reduced rate.

The proposed research will build on current work on CDP degradation andeddibfilms
where alkaliphilic methanogenic and sulphate reducing systems have been established. Micro
pH probes will be employed to determine the difference between the bulkngHhat
experienced within the internal biofilm surface. The proposed research will provide an upper

pH boundary for two important biogeochemical processes under conditions relevant to the
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cementitious GDF. The data generated may be utilised directlpdimectly by relevant

modelling studies and enable a better prediction of gas generation within a GDF.

3.2 Primary researchquestions

x Can methanogens access precipitated carbonates to drive methane generation?
x Can methanogenic biofilms be establishedrensurface of cementitious materials?

x Can methanogenic and sulphate reducing biofilms induce the corrosion of stainless
steel under ILWGDF conditions?

X What are the upper pH limits for methanogenesis and sulphate reduction?

3.3 Research impacts

x Provide the upper pH limits for methanogens and sulphate reducing bacteria under
simulated neafield conditions, even when biofilms are considered.

X Provide the rates of reaction for methanogenic and sulphate reducing processes that are
consistent with modehput parameters.

X Underpin current assumptions regarding the impact of carbonation on methanogenesis
or provide an alternative conceptual model for future modelling studies.

x Consolida¢ aspects of the science basevhich assumptions regarding gas gatien
and associated transport processes are based.

3.4 Research Objectives

x Determine the upper pH limits for methanogenesis and examine the primary
methanogenic pathways utilised under alkaline conditions, using-atkatited
communities from anthrogenic alkaline sites as inoculum.

x Determine the potential for sulphaducing communities to corrode stainless steel
under alkaline conditions using CDP as the sole carbon and energy source

x Determine the potential for calcium carbonate to be usegbasrate for
hydrogenotrophic methanogenesis under alkaline conditions.
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4.0 Experimental Methodologies
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4.1 General Reagents

Unless indicated otherwise all reagents used for the following experimental methodologies
were purchased from either Sigrldrich Co. Ltd (Gillingham, Dorset, UKFisher Scientific
UK (Loughborough, Leicestershire, UK) babM Limited (Haywood, Lancastar UK).

4.2 Culture Media

4.2.1 Mineral Media

Mineral media was prepared as described previo@dy) with the following amendments.

The reagents listed in Table 4.1 and Table 4.2, except for disodium sulphide nonahydrate
(N&S.9H0), were mixed with 500 mL of ultrpure waer in a 500 mL Schott bottle. The
solution was purged with Nfor approximately 20 minutes, followed by the addition of
NaS.9H0 whilst maintaining the nitrogen purging for a further 10 minutes. The pH of the
media for alkaline microcosms (pH 910.0) was achieved using the appropriate amounts of
sodium bicarbonate and sodium carbonate buffers as listed in Table 4.2. The pH was measured
and if necessary adjusted using 2 M sodium hydroxide and 2 M hydrochloric acid whilst
purging with N. The solution waswtoclaved under a nitrogen headspace at2dr 20
minutes, then allowed to cool under a/Mb (10:90) headspace by which point the oxygen
indicator (resazurin) had turned clear, indicating the media was chemically reducing.
Bicarbonate/carbonate buffers were not used for the calcium carbonate amended microcosms,

instead the pH was adjusted as debusing 2 M sodium hydroxide and 2 M hydrochloric acid.
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Table 4.1 Mineral media composition per litre

Reagent Chemical Formula Concentration (g/L)
Potassium dihydrogen 0.270
phosphate KH2PQy
Disodium hydrogen 1.120
phosphate NapeHP Q. 12H,0
dodecahydrate
Ammonium chloride NH4CI 0.530
Calcium chloride dihydrate CaCb.2H.O 0.075
Magnesium chloride 0.100
hexahydrate MgCl2.6H.0
Iron(I) chloride tetrahydrate FeCb.4H,O 0.020
Resazurin (oxygen 0.001
indicator) C12H7NOg4
Disodium sulphide 0.500
nonahydrate N&aS.9H0
10ml Trace elements
solution See Table 4.3 See Table 4.3

Table 4.2 Carbonate/bicarbonate buffer composition per litre

Reagent Chemical Concentration = Concentration = Concentration
Formula at pH 9.0 (g/L) at pH 10.0 atpH 11.0
(9/L) (g/L)
Sodium
carbonate NaxCOs 2.86 17.16 25.76
Sodium
bicarbonate NaHCG 7.56 3.36 0.84

Table 4.3 Trace element solution composition per litre

Reagent Chemical Formula Concentration (g/L)
Manganese chloride 0.050
tetrahydrate MnCl2.4H.0
Boric acid H3BOs 0.005
Zinc chloride ZnCl 0.005
Copper chloride CuCb 0.003
Disodium molybdate 0.001
dihydrate NaeM00O4.2H0
Cobalt chloride hexahydrat CoCb.6H.0O 0.100
Nickel chloride hexahydrate NiCl..6H0O 0.010
Disodium selenite NaSeQ 0.005
Disodium tungstate NaeWO4.2H.0 0.002
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4.2.2 Synthesis of cellulose degradation products (CDP)

Cellulose degradation products (CDP) were synthesised as described prg2audly8 L of

0.1 M sodium hydroxide and 10 g/L calcium hydroxide was purged withsitle a pressure
vessel for 20 minutes prior to the addition of 2009 of laboratory t{§%isine Paper Hygiene,

UK). The vessel was sealed and the headspace was purged fatraMurther 30 minutes to
remove oxygen, followed by incubation aP8Gor 30 days. After the incubation the resulting
solution was filtered through a 0.28n filter unit (Millipore, UK) within an oxygerfree
glovebox that had been purged with nitrogen for approximately 20 minutes. The filtrate was

stored in the dark at% within autoclaved and nitrogen purged Schott bottles.

4.3 Liquid sample preparation

Unless statedtherwise, microcosm liquid or environmental sample liquid requiring analysis

were transferred to sterile Eppendorf tubes (1.5 mL) or Falcon tubes (50 mL) prior to
centrifugation at 8000 RPM for 10 minutes to pellet the solids. The supernatant wag filtere
through a 0.4%m syringe filter Millipore, UK) into sterile tubes and stored-a20°C for long

term storage if necessary prior to analysis.

4.4 Analytical Methodologies

4.4.1 High performance anion exchange chromatography with pulsed
amperometric detection (HPAEC-PAD)

A Dionex 3000 or 5000 ion chromatography system employing HRRED was used to
detect and quantify the alpha, beta and xylo forms of isosaccharinic acida$S#escribed
previously(24). 50 mM NaOH was used as an isocratic mobile phase with a flow rate of 0.5
mL/min and the injected analyte (1l0) was separated using a Dionex CarboPac PA20 column

PP OHQJWK PP LQWHUQDO GLDPHWHU P SDUWLFOH
was regenerated between the analyses of each sample via the elution of 200 mM sodium
hydroxide for 20 minute Before analysis {bibonic acid was added to each sample as an
internal standard to a final concentration of 40 ppm. Calibration curves were used for the
guantification of ISA after preparing pure forms of alpha, beta and xylo isosaccharinic acid as
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descibed previously(238, 239) Chromatograms were integrated and pssed using the

Chromeleon 7.@oftware package.

4.4.2 Gas chromatography
4.4.2.1 Volatile fatty acid analysis

A HP GC6890 (Hewlett Packard, UK) gas chromadpbrfitted with an autsampler was used

for the detection and quantification of volatile yagicids (VFA)as described previous(24).

Samples were acidified prior to analysis by the addition of 85% phosphoric acid (10% v/v)
followed by injection of uL acidified sample into theystem. Helium was used as carrier gas

which passed the sample throught8))$3 FROXPQ P P [ P $J
Technologies, UK)A flame ionisation detector using a hydrogen/compressed air blend was
XVHG WR GHWHFW 9)$1V XiQrs:lhltiaMéekperaRre @ 862C fQrR miRUES L
followed by an increase to 140 °C at a ramp rate of 10 °C mith no hold, followed by a

second ramp to 200 °C at a ramp rate of 40 °Chwiith a hold of 10 minutes, falling to a post

run temperatureRr | f& $ VWDQGDU Gupelch &alyiga#, WS as used to
LGHQWLI\ DQG TXDQWLI\ 9)$9V ZChékdt@onsKftware Patkag@eHV D Q
(Agilent Technologies, UKyvas used to process chromatograms

4.4.2.2 Headspace gas analysis

The headspace gas composition of microcosms was analysed using an Agilent GC6850
equipped with HP3/27 4 FROXPQ ZLWK SDUWLFOH WUDSV P [
Technologies, UK). Pressure lock syringes were used to remoyd_Xfitheadspace gas prior

to injection into the column using nitrogen as carrier gas. Gas species were detected using a
thermal conductivity detector operating under the following conditions: initial temperature of

60 °C for 2 minutes, followed by an increase to 120 °C at a ratepof 30 °C mirt with a

detector temperature of 250 °C. A handheld digital manorGiBdy UK) was used to measure

the gas headspace pressure and gases were quantified using standards of known concentration

along with the ideal gas law shown in Equauoh.
Equation 4.1. The ideal gas law.

PV =nRT

P = Pressure (bar),
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V = Volume (L),
n = Moles ofgas (mol),
R = UniversalgaF RQVWDQW “mol’hxEDU

T = temperature of gas (K)
4.4.3 Determination of dissolved organic and inorganic carbon

Dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC) concentrations were
determined with a Shimadzu TOC5000A (Shimadzu, Japan) employing nitrogen as carrier gas
at a rate of 150 mL mih Prior to analysis samples were filtered through & Qm syringe

filter (Millipore, UK) and diluted 1@old in ultrapure water if sample volumes were
insufficient for analysis or concentrations were above the limits of detection. Total carbon (TC)
wasquantified against a standard curve afgssium hydrogephthalaten ultrapure wateand
dissolved inorganic carbon (DIC) was quantified against a standard curve of sodium carbonate
and sodium bicarbonate in ultrapure water. The dissolved organic carbon (DOC) was calculated
from the difference between totarbon and dissolved inorganic carbon as per the following
equation: TC+DIC = DOC.

4.4.4 lon chromatography
4.4.4.1 Sulphate, nitrate and chloride quantification

Sulphate, nitrate and chloride analysis was carried out by ion chromatography employing a
Thermofisher ICS000, Dionex lonPac AS14 column. 10 ul samples were injected into the
system which used a 3.5 mM 03/ 1.0 mM NaHCQ eluent at a flow rate of 1.2 mL/min.
Analytes were detected via conductivity detection following suppression by DidaBS An

autosuppression recycle mode.

4.5 Environmental sample analysis
4.5.1 Extraction of volatile fatty acids

((WUDFWDEOH 9)$TV ZHUH GHW Keadilmer@ah®lesURtRe BAQittoh OfR Q P H Q
1g of sample to 10 mL of 85 % (v/v) phosphoric atatipwed by vortexing and incubating at

room temperaturéor 24 hours. The resulting mixture was centrifuged for 10 minutes at 8000
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530 DQG WKH FRQFHQWUDWLRQ RI 9)$TV LQ WKH VXSHI
chromatogaphy as described in Section 2.4

4.5.2 Metal analysis of pore waters via inductively coupled plasma mass spectrometry

Porewaters retrieved from the sampling sites were filtered through a 0.45 um filter (Millipore,
UK) and diluted 10&old in ultrapure watecontainingtracemetal conentrated nitric aci (10

% v/v). Inductively coupled plasma mass spectrometry {(M3) was used to measure the
dissolved metals using an Agilent 7900 S in Spectrum Analysis acquisition mode.
Mixed element stock solutions (C&5 CCS4 and CCS5, Inorganic Ventures) were prepared

to a final concentration of 100 ppb in ultrapure water and 4ma@etal concentrated nitric acid

(10 % v/v) to generate a calibration curve. The stock solution contained the following elements:
Ag, Al, As, Au, Ba, Be, Bi, Ca, GdCo, Cr, Cs, Cu, Fe, Ga, Hg, In, Ir, K, Li, Mg, Mn, Na, Ni,

Pb, Pd, Pt, Rb, Rh, Ru, Se, Sr, Tl, V and Zn. Additionally a blank solution containing ultrapure

water and the traemetal nitric acid (10 % v/v) was run alongside as a negative control.

4.5.3 Thermal gravimetric analysis

In order to determine the levels of fremter, organic content and inorganic content of
environmental sediment sampldsgitmal gravimetric analysis (TGA) was carried out using a
TGA 1 (Mettler Toledo). Samples were heatawver a defined temperature range ahe
associated mass losses were recar8achples (wet weight) were transferred to 70 ul alumina
crucibles and heated at 10 °C mjfirom 25 °C to 1000 °C under a nitrogen atmosphere. Sample
sizes varied from 14.8 mg t@® mg of materialMass losses were recorded uding STARe

software package.

4.5.4 Simultaneous thermogravimetry mass spectrometry (T®S)

Thermal gravimetric analysis coupled to mass spectrometryMBEwas used to further
investigate the sedimerdrsples. This technique gathers additional information compared with

TGA, since the gases released from the samples can be measured as it is heatedv&amples
analysed using a Mettler Toledo TGA/SDTA851e thermobalance. Temperature calibration was
achieveG IROORZLQJ WKH PDQXIDFWXUHUYYVY UHFRPPHQGDWLRQ
for indium and aluminium (calibration standard purity, 99.999%). Prior tMI8znalysis, all

samples were dried for 24 hours at 110 °C to remove excess water. The saenplésew

ground and passed through a sieve to ensure all particles were less than 100 um in size. Each
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sample was weighed to approximately 10 mg and placed within alumina crucibles and
subjected to a temperature ramp of 10 °Chfiiom 30 to 800 °C. The sample was kept under

an atmosphere of dry air flowing at 70 mL nhirThe evolved gas products were analysed
online using a Hiden HPR20 quadrupole mass spectrometer coupled to the thermobalance
through a custom made interface. Tpreducts were transferred to the mass spectrometer
through a heated silica capillary line. lonisation of gaseous products were made through
electron ionisation and detected using a Faraday detector. Selected ion monitoring was acquired
at an interval of 20 ms per scan for the 44 Da signal assigned to the release.of CO

4.5.5 pH determination

The pH of liquid media, microcosm fluid and liquid environmental samples were determined
using a portable handheld pH meter with electrgifetler Toledo, UK) calbrated using pH

4.0, 7.0 and 10.0 buffers. The pH of sediment samples and solid environmental samples were
measured using standard methods a8felSO10390:2008240).

4.6 Dissolved sulphide determination

A micro ion electrode (LIS46AGSCM, Lazar research laboratories Inc, US) together with a
handheld mV unit were used to determine the concentration of dissolved sulphide against a

standard curve afodium sulphide nonahydrate

4.7 X-ray diffraction

X-ray powder diffraction (XRD) was carried out using a D2 PHASERaX diffractometer
(Bruker). Samples were dried at 8D for 24 hours, prior to being homogenised using a pestle
and mortar, then transferred to the sample holder and scanned for 3 minutestionff

patterns were monitored and processed using DIFFRAC Measurement Centre V4.

4.8 Surface area analysis

Surface area analysis of the various forms of calcium carbonate was performed using a
micromeritics ASAP 2020 surface analyser. Samples were gr@addy mechanical grinding.

The powdered samples were dried prior to analysis by holding them isothermally for 24 hours
at approximately 110 °C. Each sample was then allowed to cool to room temperature and stored
in glass wrapped in parafilm to preventther moisture reuptake. Each sample was weighed

directly in situusing the instruments analysis cells, a fixed volume reducing insert was added
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to assist with the analysis. All three samples were degassed under the following conditions; 60
minutes at 90C, under high vacuum, then 600 minutes at 250 °C, under high vacuum. Each
sample was then back filled using nitrogen. Samples were left on the degas stage and
transferred directly to the analysis stage immediately before analysis to prevent minimal
contactwith the atmosphere. The BET surface area measurements were taken at relative

pressure (P measurements between 0.06 and 0.24.

4.9 PHREEQC analysis

Geochemical modelling was undertaken to determine the concentration of total calcium and
dissolved inoganic carbon (DIC) using the PHREEQC program after equilibration with calcite
between pH 7.0+£12.0. The modified mintegplus database was used under the conditions

outlined in Table 4.4, which is an ion speciation and solubility database.

Table 4.4. PHREEQC modelling input data (x =7, 8, 9, 10, 11 and 12)

SOLUTION 1
temp 25
pH X
pe 4
redox pe
units  mmol/kgw
density 1
B 1.6 uMol/kgw
Ca 0.05
Cl 14.34
Cu(2) 04 uMol/kgw
Fe(2) 0.05
K 1.98
Mg 0.49
Mn(2) 29.5 uMol/kgw
N(-3) 9.9
Na 6.27
Ni 1.2 uMol/kgw
P 5.11

Se(4) 0.12 umol/kgw
Zn 6.4 umol/kgw
-water 1 #kg

EQUILIBRIUM_PHASES 1
Calcite 010
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4.10 Microscopy techniques

4.10.1 Sample preparation

Unless stated otherwise, biological samples were fixed in 4% paraformaldehyde in PBS at 4
for 24 hours. Samples were centrifuged at 8000 RPM for 5 minntetha pellet was washed

with PBS twice to remove paraformaldehyde. Samples were subsequently st2f€ aintil

use in a storage buffer composed of 250 mL of 96% ethanol (v/v), 140 mL ultrapure water and
10 mL of 1 M TRISHCI (pH 7.5).

4.10.2 Scannig electron microscopy and elemental analysis

A Quanta FEG 250 (FEI, USApicroscope with an electron dispersivera§ spectroscope

(EDS) was used for the analysis of samples via scanning electron microscopy. Samples were
dehydrated prior to analysis usiagseries of ethanol dilutions between 25, 50, 75 and 100%

for 2 minutes on each step. Samples were then sputter coated via a gold palladium plasma
(CA7625 Polaron, Quorum Technologies Ltd, UK).

4.10.3 Confocal laser scanning microscopy

Confocal laser seming microscopy (CLSM) of samples was performed either at the

Bioimaging facility at the University of Huddersfield, UK, or at the Bioimaging Centre at

Leeds University, UK. A Zeiss LSM880 inverted confocal microscope was used for the
imaging and imageseave processed using Zen 2.1 software (Zeiss Microscopy).

4.10.3.1 Five colour biofilm imaging

Extracellular polymeric substances (EPS) were stained and visualised using previously
described method&@28). Nile red was used for the visualisation of lipids and hydrophobic

V L W-mhdhnopyranosyl and-glucopyranosyl sugamsere visualised witfConcanavalin A,
Tetranethylrhodamine Conjugate (ConA). Protein was visualised using HTc. D QI3
polysaccharidewere visualised usingatcofluor white Total cells and extracellular DNA was
visualised using Syto 63. Table 4.5 shows the concentration, staining tintes an

absorption/emission spectra for each component. Negative controls were performed on
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materials not exposed to stains to indicate -flutmrescence and samples were kept hydrated

throughout the procedure.

Table 4.5. Properties of the stains used for visuahtion of biofilm materials

Stain Concentration | Time (minutes) | Excitation (hm) | Emission (nm)
Calcofluor white 30 mg Lt 30 400 410- 480
ConA 25 mg Lt 30 543 550- 600
FITc 100 mg L2 60 488 500- 550
Nile red 0.6 mg L 10 514 625- 700
Syto 63 0 30 633 650- 700

4.10.3.2 Fluorescence imitu hybridisation

Fluorescencen situ hybridisation (FISH) was performed using previously described methods
(230). The buffer used for the hybridisation was compose@l®M NacCl, 0.01 % SDS, 0.01

M TrisHCI (pH 7.2)and 35 % formanide, with all probes used at a final concentration of 5
ngfuL. The hybridisation wasonducted at 48C for 1.5 hours, followed by a 10 minute wash

in a buffer composed @.08 M N&Cl, 0.01 % SDS and 0.01 M T#4Cl (pH 7.2) at 46C.

The details of each probe is shown in Table 4.6, with all probes manufactured by MWG
operons. Negative otrols were performed on materials not exposed to stains to indicate auto

fluorescence.

Table 4.6. Details of oligonucleotide FISH probes

Probe Target Oligonucleotide sequence | Fluorochrome| Excitation | Emission | Reference
T7: 9 (nm) (nm)
ARC915 Archaea GTGCTCCCCCGCCAATTCCT] CY3 548 561 (241)
EUB338 Eubacteria GCTGCCTCCCGTAGGAGT FAM 494 519 (241)
LGC354 Firmicutes TGGAAGATTCCCTACTGC FITC 494 519 (242)
Delta495 | Deltaproteobacterii. AGTTAGCCGGTGCTTCCT ATTO 425 439 485 (243)
Bac303 Bacteroidetes CCAATGTGGGGGACCTT ATTO 610 616 633 (244)

4.10.4 Atomic force microscopy

Atomic force microscopy (AFM) was carried out usinglaBPHQVLRQS ,FRQE 6FDQQLC
Microscope (Bruker) with ScanAsyst A triangular probe was use®CANASYSTAIR,

66



Bruker) with the following specifications: resonant frequency 70 kHz, spring constaiing, 4
length 115um, width 25um. The software packad¢éanoScope Analysi@Bruker) was used
for image processing.

4.10.5 Alicona microscopy

3D surface characterisation of steel coupons was carried out using an Alicona EdgeMaster G4
instrument at 100xmagnification. The instrument uses focus variation and has a vertical
resolution of 10 nm. Alicona software was used to process the images and Replica mode was

applied when viewing replicated steel surfaces.

4.10.5.1 Replication of steel surfaces

The surfces of steel coupons was replicated using Microset 202 (Microset, UK), which is a
high resolution (50nm) replication compound. The material was prepared to the
PDOQXIDFWXUHUYY LQVWUXFWLRQV WKHQ DSSOLHG,WR WKH

before being removed and visualised using Alicona instruments (Section 4.10.5).

4.10.6 Light microscopy

Images of theohenolphthaleirstained NRVB surfaces were taken using a V6D00 series

digital microscope (Keyence). The Keyence software packageisel to process the images.

4.11 Molecular Biology

4.11.1 Extraction and purification of nucleic acids

4.11.1.1 DNA/RNA ceextraction method

A modified version of the Griffiths methdd90)was used to extract genomic DNA andAR

from microcosms and environmental samples. Liquid samples (50 mL) were centrifuged at
5000 RPM for 30 minutes to pellet the biological material. Approximately 45 mL of
supernatant was discarded and the pellet wasispended in the remaining superngtan
volume. 0.5 mL of the rsuspended pellet fluid was added to a glass bead tube containing 0.1
mm glass bead§Cambio, UK)along with 0.5 mL ofcetyktrimethylammonium bromide
(CTAB), 0.5 mL of phenol chloroform isoamyl alcohol (25:24:8nd 0.1 mL of -
marcaptoethandlRNase inhibitor). If the sample was solid approximately 0.5 g of material
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was added to the bead tube in the same fashion as liquid samples. CTAB was prepared by
mixing 10 % (w/v)cetyktrimethylammonium bromidan 0.7 M sodium chloride an240 mM
phosphate buffer, followed by diluting 50:50 in 240 mM phosphate buffer (pH 8.0). The bead
tube was homogenised usingBaadBlaste™ 24 at 5.5 m/s for 60 seconds followed by
centrifuging the tube at 13,000 RPM for 5 minutes. Following the centrifugation the upper
layer of supernatant (approximately 480 was removed and added to an Eppendorf tube (1.5
mL) containing an equal volume dfloroform/isoamyl alcohol (24:1jollowed by vortexing

the mixture for 30 seconds. The tube was centrifuged at 13,000 RPM for 5 minutes and the
upper layer of supernatarfapproximately 450 pL)was removed and added to a fresh
Eppendorf tube as describatlove. Different methods were applied to precipitate RNA and
DNA. For DNA the supernatant acquired in the previous step was mixed with two volumes of
30 % (w/v) polyethylene glyce6000 in 1.6 M sodium chloride and incubated for 24 hours at

4 °C. If RNA was required then the supernatant was instead mixed with two volumes of ice
cold molecular grade absolute ethanol together with™#i® volume of DNA suspension of

3 M sodium acetate and incubated21°C for 2 hours. The shorter incubation times amgsio
temperatures used for the precipitation of RNA was employed to reduce the risk of RNA
degradation. Following the incubation period tubes were centrifuged at 13,000 RPM for 20
minutes and the complete volume of supernatant was discarded. The peledshasl with
200pL ice cold molecular grade absolute ethanol and centrifuged for 5 minutes at 13,000 RPM.
The ethanol was then removed and the pellet allowed to air dry for 10 minutes or until visibly
dry, followed by resuspending the pellet in DNase/REdiee ultrapure water. Reagents were
made DNase/RNase free by incubating overnight &iC3With 0.1 %diethylpyrocarbonate

followed by autoclaving at 12°C for 20 minutes.

4.11.1.2 Extraction of DNA using MeBIO PowerSoil® kit

DNA from calcium carboate microcosms and alkaline sediment samples was extracted using

the PowerSoil®DNA extraction kit (MO % ,2 86 WR WKH PDQXIDFWXUHUTYV
extraction method includes steps for the removal of humic substances and calcium ions which
appeared tanterfering with purification of nucleic acids using the Griffiths method outlined
above. For the calcium carbonate reactors the microcosm fluid was first passed through a 0.45
pum filter. The filter paper was retained and cut into pieces using stesiosxi Approximately

0.25 g of filter paper or 0.25 g of sediment sample (wet weight) was added to the PowerBead

tube, together with 6QuL of solution C1 (lysis solution), followed by vortexing and
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homogenising using BeadBlaste™ 24 at 5.5 m/s for 60 s®nds. The tubes were centrifuged

at 10,000 RPM for 60 seconds, followed by transferring the supernatant to a clean 2 mL
Eppendorf tube. 250L of solution C2 was added to the tube, followed by incubatiorf@t 4

for 5 minutes to remove humic substancashd&s were centrifuged for 60 seconds at 10,000
RPM, followed by transferring the supernatant to a clean 2 mL Eppendorf tubglL 260
solution C3 was added to the tube and incubated for 5 minut@€ atdbes were centrifuged

at 10,000 RPM for 60 secomdnd the supernatant was mixed with 1.2 mL of solution C4 in a
fresh collection tube, followed by centrifugation at 10,000 RPM for 60 seconds through a silica
membrane column. Solution C5 was added to wash the filter via centrifugation for 60 seconds
at 10,000 RPM. After all ethanol had been removed from the filtepL36f solution C6 was
applied to the membrane and the purified DNA was eluted via centrifugation at 10,000 RPM
for 60 seconds.

4.11.1.3 Purification of RNA

The DNase kit , QY L W UWwad Hs8dIo enzymatically digest the DNA from the mixture of
RNA/DNA (extracted using the Griffiths method outlined above) in order to isolate the RNA.
Briefly, the sample of RNA/DNA was made up to a volume of 8 mL using DNase/RNase free
water, followed byhe addition of 1 mL 10X reaction buffer (provided) and 1 mL DNase | (1

unit mLY). The sample was mixed gently via pipetting and incubated for 15 minutes at room
temperatureDNase was removed and RNA was purified usirgRNeasy MinElute Cleanup

.LW 4LDJHQ DV SHU WKH PDQXIDFWXUHUYV LQVWUXFWLRQ

4.11.1.4 Quantification of nucleic acids

Nucleic acids were quantified using either a Jenway Genova nano spectropho(Bibéter
Scientific, UK) or using a Qublt" 4 fluorometer For spectrophotometric quantification
samples (JuL) were exposed to UV light at 260 nm and the purity ratios of the sample was
determined based on the extinction coefficient for DNA and RNA. For fluorometric
quantification the4 XELW & G VA$shyK@or 4 XELWE 51% +6 wasWeed td W

the manufacturers instructions.

4.11.1.5 Visualisation of nucleic acids

Gel electrophoresis was employed to visualise genomic DNA and RNA via the use of 1 %

agarose gels prepared in tasetate EDTA buffie(TAEB). The 1 % agarose solution prepared
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in TAEB was melted by microwaving, to whichul of SYBR® safe stain was added before
pouring the solution into plastic moulds and being allowed to set at room temperature. After
setting the gel was immersed iAEB and genomic DNA/RNA (L) was mixed with JuL

of 5X loading dye (Bioline, UK) by pipetting, followed by inserting the mixture into each well
along with a 110 kb ladder (Hyperladder 1kb, Bioline, UK). The gel was subjected to
electrophoresis at 100 #r 60 minutes then visualised under UV light prior to recording the
image using th&ioDoc-It® 210 imaging system (UVP LLC, US).

4.11.2 Polymerase chain reaction (PCR)
4.11.2.1 Hot start PCR for 16S rRNA gene amplification

A hot start PCR method wasnployed to reduce the chance of primer dimer formation and
nonspecific amplificationMyTagq™ HS red mix (Bioline, UK)was used to generate PCR
products for analysis via the Illlumina MiSeq platform, which contained the reaction buffer,
dNTPs, magnesium dnTaq polymerase. The reaction was generically composed of the
MyTag™ HS red mix (25uL), template genomic DNA/cDNA (@00 ng), together with
forward and reverse primers (2 of each at 2uM) and topped up to a final reaction volume

of 50 uL using DNag/RNase free water. Reaction tubes were placed into a thermocycler and
run under the following conditions: initial denaturation at 95 °C for 1 minute, followed by 30
cycles of denaturation at 95 °C for 15 seconds, annealing at 60 °C for 30 secondgreatensi
72 °C for 15 seconds followed by a final extension at 72 °C for 2 minutes. Following the
thermocycler run the samples were maintained®@t Before use in downstream applications.
Positive controls for the PCR reactions used genomic DNA extraated Fseudomonas
aeruginosacultured in the laboratory anlllethanobacterium bryantiDSMZ 863) with
negative controls run without genomic DNA. The visualisation of PCR products was
undertaken via electrophoresis on 2 % agarose gels for 45 minutes at 100 V.
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Table 4.7. Primers used for the amplification of the 16S rRNA gene and microbial

community analysis

Primer Target 6HTXHQFH T : ¢ 16S Reference
region
341f TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG V4
Eubacteria CCTACGGGNGGCWGCAG (245)

805r & Archaea | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACA V4
G GACTACHVGGGTATCTAATCC

519f TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG V4 (246)
Archaea CAGCCGCCGCGGTAA
958r GTCTCGTGGGCTCGGAGATGTGTATAAGAGACA V4 (247)
GYCCGGCGTTGAMTCCAATT

4.11.22 Purification of PCR products

The Qiaquick PCR purification kit (Qiagen, UK) was used to purify PCR products for
GRZQVWUHDP DSSOLFDWLRQV E\ IROORZLQJ WKH PDQXIDF
products were bound to a silica membrane via cegatfan at 10,000 RPM after conversion

to a salt via the addition of 5 volumes of buffer (supplied) andL16f 3 M sodium acetate.

The bound PCR products were cleaned of redundant materials (primers, polymerases) using an
ethanolbased wash buffer, prido eluting from the column using RNase/DNase free water

and centrifugation.

4.11.2.3 Primer synthesis

All primers were synthesised commercially by MWG Operons and prepared to a final stock

concentration of 100 pm@iL using the instructions on the synthesis report.

4.11.3 cDNA synthesis

cDNA was generated from isolated RNA using Tre#ro cDNA Synthesis Kit (Bioline, UK)

Briefly, between 10 QJ RI 51% ZzDV DGGHG WR /| UDQGRP KH[DPF
G173V Tetrb reverse transcriptase (200 UL [/ [ 57 EXIIHU DQG /| 5LEI
RNase inhibitor with a final volume of 2Q@L achieved using RNase/DNase grade water.
Samples were then incubated af€5or 10 minutes, followed by heating for 30 minutesmt 4
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°C. The reaction was terminated by incubating the samples for 5 minute$@t 8&mples

were then stored until use-20°C.

4.11.4 Microbial community analysis via lllumina MiSeq platform

The MiSeq nano platforrfillumina, USA)was used for the sequencing of PCR products and
genomic DNA using the commercial service provided by Chuiggahbth Korea)The pipeline

for sequencing began with the generation of PCR amplicons from genomic DNA followed by
the barcoding of these ampli®ria an index PCR technique. The PCR amplicons were run
via the MiSeq nano platform at 250bp paired ends after being purified and quantified. PandaSeq
was used to merge paired er{@48) and the UCHIME algorithnwas used to identify and
remove chimeric sequencg®15) The EzTaxon database was used to assign sequence
phylogeny(211) and CDHIT-EST used to perform OTU clustering at a 95 %ficlemce

interval (249) The CLcommunity software suite (ChunLab, South Korea) was used to assign

alpha diversity statistics, rank abundance curves and Rarefaction curves.

4.11.4.1 Additional bioinformatics analysis

Heatmaps and principal components analyBi€A) was undertaken usir@lustVis (250)

4.11.5 Microbial community BioProject accession numbers

Figure 4.8. Microbial community BioProject accession numbers

Sample BioProject Accession| BioSample Accession
Buxton Background PRJINA524631 SAMN11037403
Horton Background SAMN11037404
Tarmac Background SAMN11037405
LK Background SAMN11037406
Canal Background SAMN11037407
ConsettWetland Backgroun SAMN11037408
ConsettStream Backgroun SAMN11037409
Redcar Background SAMN11037410
Scunthorpe Background SAMN11037411
Buxton Alkaline SAMN11044315
Horton Alkaline SAMN11044316
Tarmac Alkaline SAMN11044317
LK Alkaline SAMN11044318
CanalAlkaline SAMN11044319
ConsettWetland Alkaline SAMN11044320
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ConsettStream Alkaline SAMN11044321
Redcarb Alkaline SAMN11044322
Scunthorpe Alkaline SAMN11044323
Buxton Cotton SAMN11044324
Horton Cotton SAMN11044325
Tarmac Cotton SAMN11044326
ConsettWetland Cotton SAMN11044327
ConsettStream Cotton SAMN11044328
Redcar Cotton SAMN11044329
Scunthorpe Cotton SAMN11044330
Canal pH 7 CDP PRJINA525260 SAMN11044343
Buxton pH 7 CDP SAMN11044344
Tarmac pH 7 CDP SAMN11044345
Horton pH 9 CDP SAMN11044346
Canal pH 8 CDP SAMN11044347
Buxton pH 8 CDP SAMN11044348
Tarmac pH 8 CDP SAMN11044349
Horton pH 10 CDP SAMN11044350
Canal pH 9 CDP SAMN11044355
Buxton pH 9 CDP SAMN11044356
Tarmac pH 9 CDP SAMN11044357
Horton pH 11 CDP SAMN11044358
Canal pH 10 CDP SAMN11044359
Buxton pH 10 CDP SAMN11044360
Tarmac pH 10 CDP SAMN11044361
Canal pH 7 H2 SAMN11044362
Buxton pH 7 H2 SAMN11044363
Tarmac pH 8 H2 SAMN11044364
Horton pH 9 H2 SAMN11044365
Canal pH 8 H2 SAMN11044366
Buxton pH 8 H2 SAMN11044367
Tarmac pH 9 H2 SAMN11044368
Horton pH 10 H2 SAMN11044369
Canal pH 9 H2 SAMN11044370
Buxton pH 9 H2 SAMN11044371
Tarmac pH 10 H2 SAMN11044372
Horton pH 11 H2 SAMN11044373
Canal pH 10 H2 SAMN11044374
Buxton pH 10H2 SAMN11044375
Tarmac pH 8 ACE SAMN11044376
Canal pH 7 ACE SAMN11044377
Buxton pH 7 ACE SAMN11044378
Canal pH 8 ACE SAMN11044379
Canal pH 9 ACE SAMN11044380
LK pH 7 SAMN11044382

Con Wet pH 7 SAMN11044383
Con Stream pH 7 SAMN11044384
Redcar pH 7 SAMN11044385
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Scunthorpe pH 7 SAMN11044386
LK pH 10 SAMN11044387

Con Wet pH 10 SAMN11044388
Con Stream pH 10 SAMN11044389
Redcar pH 10 SAMN11044390
Scunthorpe pH 10 SAMN11044391
304BF CDP PRJNA524633 SAMN11044394
316BF CDP SAMN11044395
Bulk CDP SAMN11044396
304BF CDP+S04 SAMN11044397
316BF CDP+S04 SAMN11044398
Bulk CDP+S04 SAMN11044399
Bux CaCO3 Powder PRJNA525266 SAMN11044400
Hor CaCO3 Powder SAMN11044401
Tar CaCO3 Powder SAMN11044402
LK CaCO3 Powder SAMN11044403
Conwet CaCO3 Powder SAMN11044404
ConStream CaCO3 Powdse SAMN11044405
Redcar CaCO3 Powder SAMN11044406
Scun CaCO3 Powder SAMN11044407
Bux Marble SAMN11044408
Hor Marble SAMN11044409

Tar Marble SAMN11044410

LK Marble SAMN11044411
Conwet Marble SAMN11044412
Constream Marble SAMN11044413
Redcar Marble SAMN11044414
Scun Marble SAMN11044415
NRVB 1 SAMN11044416
NRVB 2 SAMN11044417
NRVB 3 SAMN11044418

4.12 Site investigations

4.12.1 Cotton preparation

Prior to incubation within the anthropogenic alkaline sites and neaitrabntrols sites cotton
fabric samples were first saponified using NaOH, and any impurities were emulsified using an
alkali stable phosphate ester detergent. The fabric was bleaeheearment with NaOH and
phosphonate stabilisecb®,. The cotton was neutralised under acetic acid, before being rinsed

and autoclaved at 12C for 20 minutes.
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4.12.2 Sampling site investigations

A total of 13 sampling sites were investigated dutimg period of study. These sites varied
from lime-contaminated environments, steel slag sites and ancient lime field kilns, which were
investigated along with a neuti@H uncontaminated site acting as a control. The newest of the
lime-contaminated enviraments included the Buxton site (Site B), the Horton quarry site (Site
H) and the Tarmac quarry site (Site T). The older lime sites were associated with five ancient
lime field kilns (Sites LK15). The steel slag sites included the Consett wetlands (Bife C

the Consett stream (Site CS), the Redcar site (Site RC) and the Scunthorpe site (Site SC). The
Huddersfield canal was used as a control (Site C). Sediment cores were retrieved from all of
these sites using a hand corer (dia. 2.2 cm) at a depth oikapptely 0.5 m from saturated
areas. The retrieved sediment cores were placed within Falcon tubes (50 mL) which were filled
to maximum capacity with the associated pore waters to eliminate the atmosphere, then
transported to the laboratory within 3 houkay samples that were not used immediatedye

stored at80 °C until use. VFA species, sulphate, nitrate, chloride and metal concentrations of
the samples were analysed using methods described in Section 4.5.

After extracting the sedimertores, cellulose samples were incubated within the resulting
boreholes, except for within the ancient lime field kiln sites (Sites-8KThis was achieved

by inserting an inert plastic liner into each borehole containing holes in the lower section to
allow for colonisation of the cotton. A mesh bag filled with approximately 5 g of sterile cotton
and 5 g sterile sand was placed at the bottom of the borehole and incubated for approximately
3 months. At least triplicate boreholes were generated withinsggadior analysis of the intra

site variation. The pH of the associated pore waters was redorded using a portable pH

meter and calibrated electrodes (Mettler Toledo, UK). Pore waters from each site were
extracted before emplacement of the celleleamples, wittVFA species, sulphate, nitrate,
chlorideand metal concentrations analysed as described above. Cotton from each borehole was
prepared for microscopic analysis via CLSM and SEM as described in Section 4.7.1. A map
and the grid references ftire sampling sites employed during the period of study are shown

in Figure 4.1and photographs of these sites are shown in Figuret3.2
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Figure 4.1. Map and grid references for the various sampling sites employed throughout tperiod of study.
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Figure 4.2 Photographs ofthe New Lime sites.The New Lime sites had highly alkaline
waters and sediments, along with tufa depo6itganic materials wengresent anth contact
with thealkalinewaters [A] Buxton (SiteB), [B] Hortonin-Ribblesdale (Sitéd), [C]
Tarmac quarrySite-T).
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Figure 4.3 Photographs ofthe Old Lime sites.The Old Lime sites had mildly alkaline
sediments and were unsaturated during sampling. [A] Ancient field lime kiln (Site LK5), [B]
lime kiln bowl (Site LK4).
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Figure 4.4 Photographs ofSteelsites.The Steel sites had highly alkaline waters and
sedimeis and in some cases tufa deposits. Organic materials were present and in contact
with the alkaline waters. [A] Consett Wetlands (Site CW), [B] Consett Stream (Site CS), [C]
Redcar (Site RC).
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Figure 4.5 Photographs ofControl site. The Control site (sé& C) had neutrgbH waters
and sediments surrounded by organic materials.

80



4.13 Microcosm investigations

4.13.1 Batch fed microcosms

Microcosms were developed under sulphaucing and methanogenic conditions using
approximately 10 % (w/v) of sediment sample from the sites described in Section 4.12 as
inoculum. These microcosms were operating at pH 10.0 af@ 25 a 2weekly wasteéed

cycle. The growth media was comprised of 10% CDP (v/v) (Section 4.2.2) and 90 % mineral
media (Section 4.2.1). For microcosms operating under suipbddeing conditions the
mineral media was amended withaS&y (1 g/L). The microcosms were purged N, during

the waste/feed procedure and liquid/gas samples were withdraw from the reactors for analysis
as described previously. A typical batigd microcosm is shown in Figure 4.6

Figure 4.6. Batchfed microcosm diagram
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4.13.2 Batchmicrocosms

4.13.2.1 pH adaption study

To investigate the upper pH limits for methanogenesis and to determine the methanogenic
pathways being utilised over a range of pH values, the sediment samples retrieved from the
alkaline sites B, H, T and controltsiC were used to develop fermentative (CB®),
hydrogenotrophic (WICO,-fed) and acetoclastic (acetdtzl) methanogen enrichment
cultures. For HCO-fed microcosms, Wheaton bottles (100 mL) were left open inside an
anaerobic chamber (DW Scientific) carallowed to reach equilibrium with the chambers
atmosphere, with gas composition 0#/€0O,/N. (10:10:80) atl.4 atmfor 24 hours. The
mineral media (Section 4.2.1) was dispensed (45 mL) into the vessels within the chamber and
a butyl rubber septum and alinium crimp top was used to seal the vessel, followed by
autoclaving at 121°C for 20 minutes. For CDRd, acetatded and negative control
microcosmghe same procedure was followed, however Wheaton bottles were purged for 15
minutes with N by fitting a nitrogen line through the post box of the anaerobic chamber, prior

to autoclaving and inoculating. The mineral media used for adet@tenicrocosms was
amended with sodium acetate, giving a final concentration of 30 mM acetate. CDP was added
to the CDPfed microcosms after autoclaving to a final concentration of 10 /%), (using
degasses syringes and needles insid@ahaerobic chamber. Figure dhibws a diagram of the
H2/CO»-fed, acetatded and CDFed batch microcosms used for the pH adaption study.

In order to inoculate the culture vessels, approximately 5 gdfrent sample was mixed with

5 mL of sterile mineral media inside a Falcon tube (50 mL) under a nitrogen atmosphere,
followed by inoculating the Wheaton bottles with the resulting slurry (5 mL) using degassed
syringes and needles. CDP was used as sub$tratheinitial inoculation (Figure 4.C) due

to its ability to provide HHCO, and acetate through fermentation pathwé3z24). The

alkaline site microcosms (sites B, H, T) were initiated at pH 10.0 and the radtsaldiments

(site C) were initiated at pH 7.0. Culture vessgere incubated for 2 weeks in the dark at 25

°% ZLWK KHDGVSDFH JDV 9)$TV DQG ,68 TXDQWLWLHV PRQL
previously described methods. Microcosms that were positive for headspace methane were
sub-cultured three times intthé same media (after the 2 week incubation) in order to remove
UHGXQGDQW 7($YV DQG RUJDQLF PDW HAUluERO tHesekvere QW L Q
subsequently generated between pHI2Z® using either HCO,, acetater CDP as substrate

(Figure 47) and monitored as described above. A workflow of the pH adaption study using the

82



neutratpH and alkalinesediments is shown in Figure 4aid 48. DNA was extracted from
all active methanogenic reactors for microbial community analysis as describedtionS
4.11.

4.13.2.2 Additional methanogenic enrichment cultures

Further sampling sites were investigated for their methanogenic potential, namely the Steel
sites (CW, CS, RC, SC) and Old Lime sites (EK1described in Section 4.9.2,/80,-fed
and acedtefed microcosms were established from these sediments as described in Section

2.13.2.1, however these were only tested at pH 7.0 and 10.0 due to time constraints.

4.13.2.3 Calcium carbonate microcosms

In order to determine whether calcium carbonateldt be used as a carbon source for
hydrogenotrophic methanogenesis at high pH, microcosms were developed where the CO
being supplied in the growth media was replaced with either calcium carbonate powder, marble
chips or precarbonated NRVB. The microcosms developed from the New Lime, Old Lime and
Steel sites fed with #ICO, and operating at pH 10.0 described previoussrevused as
inoculum for this study. This was achieved as described in Section 4.13.2.1, however the
anaerobic chamber used for this stuBlygBox Anaerobic Workstatigrinad a gas composition

of Ho/N2 (10:90). Culture vessels were amended with eitherwalcarbonate powder (10 %

w/v), marble chips (10 % w/v) or NRVB chips (10 % w/v). Low concentrations of dissolved
inorganic carbon (<20 ppm) were detected within the originalcsitiires due to carrgver

from the carbonate buffered systems, therefor¢éhdursubcultures (1:10 dilution) were
generated after a 6 week incubation in order to restrict all carbon sources to the solid phase of
culture bottles at the start of the experiment. Negative controls contained a 100 % nitrogen
headspace. Abiotic contlwere run alongside the test reactors without the addition of
inoculum to test hydrogen leakage during headspace gas sampling. The culture bottles were
incubated at 28C for 6 weeks, with liquid and gas samples routinely removed with degassed
syringegs a6 QHHGOHV WR PRQLWRU S+ 9)$V KHDGVSDFH

concentrations. A diagram of the calcium carbonatzaoosms is shown in Figure 4.10

4.13.2.4 Inhibition studies

Methyl fluoride (CHF) was used to inhibit acetoclastic methanogenesighwihas injected

into the headspace of culture bottles with preskak syringes to a final concentration of 1
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% (v/v) as described previous(251) This was achieved firstly by filling sealed Wheaton
bottles(100 mL) with methyl fluoride (Fluorochem) from a gas cylinder using an inlet and
outlet gassing line which pierced through the rubber septum of the vessel. The pressure within
the Wheaton bottles containing 100 %4Ekvas measured using a digital handimabnometer

(TPI, UK), with a pressure of 1 atm inferring 1 mL was injected into the headspace of biotic

microcosm vessels to reach a final concentration of 1 % (v/v).

4.13.3 CDC biofilm reactors

CDC biofilm reactors (Figure 4.)lvere employed to devglomethanogenic and sulphate
reducing biofilms on steel surfaces at pH 11.0. The badimicrocosms described in Section
2.13.1 operating under sulphatglucing conditions employing site B sediments was used as
inoculum for this study. Grade 304 and 3léel coupons were fitted into the holder rods of

the reactor and immersed in 400 mL of mineral media (methanogenic conditions) or mineral
media amended with 1 g/L B8Oy (sulphatereducing conditions) and 50 mL CDP under a
constant stream of nitrogen. Thessel was sealed whilst maintaining nitrogen purging through
the inletand outlet tubes, followed by inoculation (50 mL) using degassed syringes. The reactor
was maintained on a twweekly waste/feed cycle (10 % volume) for 3 months using the same
media, as described in Section 4.13.1. Liquid and gas samples were removedyfis ana
through the sampling tubing using degassed syringes. After the incubation steel coupons were
removed aseptically for analysis via SEM, CLSM and microbiome analysis. Biofilm materials
were removed from a proportion of the coupons using a diluted adidl (10 % v/v) wash for
surface characterisation. Abiotic negative control microcosms were run alongside as per the
biotic reactors without the addition of inoculum. Abiotic positive control microcosms were also
run alongside, which contained a high stilved sulphide concentration (5 g/L) using
NaS.9H:0.

4.13.3.1 Steel coupons
Grade 304 and 316 steel coupons (13 mm dia. x 1 mm thick) used in the CDC biofilm reactors

were ordered from SYSPAL, UK. Coupons were autoclaved prior to use within the rsioroco

experiments.

4.13.4 Calculation of rates
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4.13.4.1 ISA degradation rates

The halflife (t1) first order reaction rates for ISA were calculated using Equation 4.1:
% F 9A'GP

Equation 4.1. % ¥ ISA final concentration %= ISA initial concentrationk = first order rate
constant and t = time.

4.13.4.2 Methane generation rates

Methane generation rates were calculated using Equation 4.2:

(MT Mo/t

Equation 4.2.M T= final methane quantifyMo = initial methane quantifyt = time

4.13.4.3 Acetate and hydrogen consumption rates

Acetate and hydrogen consumption rates were calculated using Equation 4.3:

(Q xQT /1t
Equation 4.3.Q0 = initial quantity, Qr= final quantity, t = time

4.13.4.4 Theoretical methane generation

Theoretical methane values were calculated using the following balance equations for

acetoclastic and hydrogenotrophic methanogenesis:

1) CH:& 22+ : &2 CHa (Acetoclastic) (252)
2) CO2+4H; : +20 + CH: (Hydrogenotrophic) (253)

Therefore 1 mole of acetate is converted to 1 mole of methane during acetoclastic
methanogenesis, in contrast 1 mole of hydrogen is converted to 0.25 moles of methane during
hydrogenotrophic methane generation. Theoretical methane vadsesne any acetate or
hydrogen consumed are converted to methane. 1 mole of acetate removed from a microcosm
by microbial action should in theory equate to the generation of 1 mole of methane within the

same vessel.
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NOXO

Acetate
Acetate

Figure 4.7. Batch microcosms for pH adaption study[A] H2/CO,-fed microcosms, [B] acetafed microcosms, [C] CD#ed microcosms.
Negative control microcosms contained a 100 % nitrogen headspace with mineral media only in the liquid phase.
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pH 7.0 Acetate-fed pH 7.0 CDP-fed pH 7.0 H,/CO,-fed

pH 8.0 Acetate-fed pH 8.0 CDP-fed pH 8.0 H,/CO,-fed

pH 9.0 Acetate-fed pH 9.0 CDP-fed pH 9.0 H,/CO,-fed

pH 10.0 Acetate-fed pH 10.0 CDP-fed pH 10.0 H,/CO,-fed

Figure 4.8 Work flow for pH adapt study using neutral-pH sediments from the control
site. The workflow continued up to pH 11.0 and 12.0 (not shown), or until no
methanogenesis could be detected.
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pH 10.0 Acetate-fed pH 10.0 CDP-fed pH 10.0 H,/CO,-fed

pH 9.0 Acetate-fed pH 9.0 CDP-fed pH 9.0 H,/CO,-fed

pH 8.0 Acetate-fed pH 8.0 CDP-fed pH 8.0 H,/CO,-fed

pH 7.0 Acetate-fed pH 7.0 CDP-fed pH 7.0 H,/CO,-fed

Figure 4.9 Work flow for pH adapt study using alkaline s=sdiments from sites B, H and
T. pH 10.0 microcosms were also stidtured into pH 11.0 and 12.0 microcosms fed with
CDP, H/CO; and acetate (not shown).
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Figure 4.10 Batch microcosms for calcium carbonate investigation$A] Microcosms amended with marble chips [B] microcosms amended
with calcium carbonate powder, [C] microcosms amended with NRVB. Negative controls had 100 % nitrogen headspace.
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Figure 4.11 CDC biofilm reactor diagram
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4.13.5 Preparation of NRVB

Nirex reference vault backfill (NRVB)as prepared using previously described metl@ys

The components listed in Table 4.8 were mixed and then allowed to set within circular moulds
(dia. 1 cm) under a nitrogen atmosphdiee solidified NRVB chips were then incubated under

a 10 % CQ atmosphere for 4 weeks at &5 prior to use within the microcosm experiments.

A proportion of the NRVB chips were maintained under nitrogen as negative controls for

carbonation analysis.

Table 4.9 Composition of NRVB

Component Mass (g)
Lime 300
Limestone flour 990
Portland cement 900
Water 1230

4.13.5.1 Carbonation analysis of NRVB

NRVB surfaces were analysed for evidence of carbonation via staining phénalphthalein
ethanolsolution(1 % v/v)(254). The solution was added directly to the surface of NRMBy w
pink areas indicating alkaline zones and colourless areas representing low pH zones. Colourless

areas is an indicator of carbonation due to the production of carbonic acid.

4.14 Micro profiling

4.14.1 pH profiling

pH profiles of the sulphateeducng and methanogenic biofilms developed on the steel
coupons was performed using a micromanipulator (Unisense, Denmark) attached to a motor
(Unisense, Denmark). A pH electrode (diapb) and external reference electrotdmisense,
Denmark)was connectedta multichannel pH meter and calibrated against pH 4.0, 7.0 and
10.0 buffers. The steel coupons along with 20 mL of the liquid reactor fluid were removed
from reactors under nitrogen and placed within Falcon tubes (50 mL) that had been prepared

as follows: 100 mL of mineral media pH 11.0 (Section 4.2.1) was amended with Agar No. 2
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Bacteriological (1% wi/v) and heated by microwaving until the Agar had melted, followed by
pouring 20 mL into the Falcon tubes under a nitrogen atmosphere and allowing 26$€t. at

The solidified media at the bottom of the Falcon tube provided a raised support for the steel
coupon to allow the electrode ease of access to the steel coupon. The sealed Falcon tube
containing the steel coupon and reactor fluid was transferred oae bag on a stand that was
constantly purging with nitrogen, before being opened and profiled. Control profiles were taken
through pH 11.0 agar. All data was recorded using the SensorTracésusiense, Denmark).

A diagram of the experinm¢ setupis shown in Figure 4.12

4.14.2 Redox profiles

Redox profiles of methanogenic and sulphatucing biofilms on the steel coupons was
undertaken as described previquébection 4.11.1 and Figure 4)12sing redox electrodes
(dia. 20um) along with an eternal reference electrod&nisense, Denmark)lhe redox
electrode was calibrated using pH buffer solutions saturated quitthydroneas per the
PDOQXIDFWXUHUYY LQVWUXFWLRQV

4.14.3 Hydrogen profiles

Hydrogen profiles of methanogenic and sulphkratducng biofilms on the steel coupons was
undertaken as describedSection 4.11.1 and Figure 4.08ing hydrogen microsensors (dia.

20 um) (Unisense, Denmark) The hydrogen microsensors were calibrated to the
PDQXIDFWXUHUYV LQVW U X FamheRQnisexs¥, LID@rimarkBriefly, laryalsD W L R Q
mixture containing 5 % KHand 95 % NMwas bubbled through water in the calibration chamber

for 5 minutes at a rate of 5 L mirto saturate the water and obtain a hydrogen partial pressure

of 0.05 atm. Given the &dbility of H2 PRO / DWP W-gaturétedaaterkdu@tes

to a final hydrogen concentration of 40j28l. Unsaturated water was used as a zero reading.

Hydrogen profiles of the biofilms was then undertaken as described above.

4.15 Statistical amlysis and data processing

Unless otherwise stated all data was processed in Microsoft Exel and statistical analysis was

undertaken using SPSS.
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Figure 4.12 Micro-profiling of steel coupons diagram
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5.0 Investigation of Anthropogenic
Alkaline Sites
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5.1 Rationale

A number of high pH anthropogenic sites are present within the UK that enable the study of
alkali-tolerant and alkaliphilic microbial processes. As described in Chapter 1, the presence of
alkaline environments can be a result of natural processes, awsigg@arsoda lakes and hot
springs, whereas others may arise due to anthropogenic contam{h@8p255257). A range

of environments exist that involve the disposal of wastes associated with the historical
manufacture of lime (CaO) and sté2b8, 259) Lime manufacture in the UK dates back to the
Roman period260), with a range of historical sites in northern England originating from the
17th to the 20th centu58, 261) The highpH values associated withesesitesresults from

the generation of alkaline leachates due to interactions between the contaminating materials
and localised water sources, such as rainwater or strédpds 262) Highly alkaline
environments resulting from the generation of calcium hydroxide® been the focus of a
number of recent studies due to their analogy to the conditions likely to be experienced within
WKH FHPHQWLWLRXVY GLVSRVDO FRQFHSW IRU WKH 8.1V LQ\
(24, 143, 263) These sites consequently offer an excellent opportunity to study microbial
processes under ILM&DF conditions and provide a source of organisms that can be cultivated

and studied in the leoratory.

The data outlined in this first chapter of work aims to provide information regarding the
microbial diversity of these alkaline environments, with emphasis on the methanogenic and
sulphate reducing populations where possible. The presencemeffative, methanogenic and
sulphate reducing organisms in these sites could underpin the ability of these microbes to grow
under ILW-GDF conditions. Sediment cores and paaers were retrieved from the anoxic
zones in the near subsurface (~1 m) of ths#i®s and cotton samples were incubated within

the resulting boreholes to provide a cellulosic substrate for microbial colonisation and biofilm
formation. DNA was extracted from the sediment samples and RNA was isolated from the
cotton samples prior to éhgeneration of cDNA to demonstrate an active community profile
via 16S rRNA gene sequencing. The geochemistry of these sites was investigated using
methods such as TGA, TGKS, IEC and ICPMS to determine the impact these properties
may have on the assated microbial communities. Additionally, fluorescent microscopic
techniques and SEM were employed to visualise the formation of biofilm on the incubated
cotton samples. To supplement the study a nepHatontrol site was also sampled for

comparisons wit the alkaline environments.
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5.2 Site Geochemistry

5.21 Chemical Analysis

The chemical properties of the sampling sdaes summarised in Table 5.1. Replicatesitu

pH values were recorded from the paraters of each site to determine the irdita and inter

site variation. The New Lime sites were highly alkaline, with an averagensies pH of 13.2

(0.3, n=3), 12.5%40.3, n=3) and 11.2+0.3, n=3) for sites Bl and T respectively. The Steel

sites also demonstrated highly alkalinesitu pH values of 11.740.2, n=4), 11.4%0.3, n=3),

12.3 ¢0.1, n=5) and 11.3:0.2, n=3) in sites CW, CS, RC and SC respectively. However, it is
important to note that the Stesies are subjected to significant seasonal pH changes and when
sampled towards the end of summer these sites demonstrated moreimeitirgdH values.

The porewater pH values of the Old Lime sites could not be analyssdu as the site was

too dryduring sampling, with the Control site demonstrating neythlporewaters of 6.9

(x0.0, n=2). The pH values recorded for the New Lime and Steel sites were higher than those
reported for natural soda lake and ophiolite alkaline environments studiedustg\(it38,

144), suggesting the microbial populations within these environments could be more adapted

to surviving under alkaline conditions.

Interestingly the pH values of the sediment samples were lower than those recordedror the
situ porewaters, suggesting the microorganisms within these sites could be surviving in lower
pH niches within the sediments. For the New Lime sites, the average pH ofithergsdvas

12.5 ¢0.4, n=3), 11.740.3, n=3) and 10.5+0.4, n=3) for sites B, H and T respectively. For

the Steel sites the average sediment pH was 0.0, (h=4), 10.140.4, n=3), 12.1£0.3, n=5)

and 9.5 £0.3, n=3) within sites CW, CS, RC and S&pectively. Although the poreater pH

could not be evaluated for the Old Lime sites, the sediments from these sites demonstrated
nearneutral pH conditions, with average pH values of 2624, n=5) recorded across the five
ancient lime field kilns (sitéK). The pH of the sediments from the Control site were the same

as those recorded for the pavaters (pH 6.20.0, n=2).

The dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC) quantities within
the sediments from each site was analy$kd.DOC and DIC levels varied significantly across

the sampling sites, however similarities were observed within replicates from the Control, New
Lime, OldLime and Steel sites (Figure %.The highest DOC levels were detected in the Steel
site sedimentswvith an average quantity of 37644#103.2, n=4), 4077.2 (£176.7, n=3), 2311.5
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(+375.7, n=5) and 2336.5 (+185.1, n¥®@) g’ acrosssites CW, CS, RC and SC respectively.
Lowest levels of dissolved organics were detected in the sediments from the Old Lime sites,
with an average value of 103.4 (+49.7, ng§)y* across the five ancient lime field kilns (site

LK). DOC quantities withirthe New Lime sediments fitted in between the Steel site and Old
Lime site values, with an average quantity of 839.7 (£128.3, n=3), 1039.2 (+252.8, n=3) and
1261.8 (+51.6, n=3)ig g* across sites B, H and T respectively. The determination of DOC
across thee sites suggests the steehtaminated environments were the richest in terms of
dissolved organic content, which could impact the associated microbial community structure
by providing extra sources of organic carbon for metabo(i®64) Previous studies have
found a close correlation between DOC levels and the abundaBetapiroteobacteriand
Gammaproteobacteriineages(265). Within the present study there appeared to be a link
between the age of the sampling sites and the levels of DOC, where the younger sites
demonstrated higher levels of DOC companti the older sites (Figure 532. This could be

linked to the deé#t of peripheral vegetation that is unable to recover due to the alkaline

conditions imposed in these sites for longer time periods.

DIC quantities also varied across the sampling sites, although similarities were observed within
the New Lime, Old Lime, el and Controtites (Table 5.1 and Figure %.Highest DIC

levels were detected in the Old Lime sites, with average values of 881.5 (+51.Qgrg5)
across the five ancient lime kiln sediments (site LK). Steel sites had the lowest DIC levels, with
anaverage of 61.0 (x41.1, n=4), 50.8 (£38.5, n=3), 51.7 (+44.3, n=5) and 64.5 (42 Ign=3)

g ! within sites CW, CS, RC and SC respectively. New Lime sediments had average DIC levels
of 468.3 (+99.3, n=3), 243.8 (+32.9, n=3) and 306.2 (+18.2, mg8)* within sites B, H and

T respectively. The high dissolved inorganic carbon levels detected in thedimteminated
environments are likely to be due to the presence of calcium carbonates which dominate these
sites(262) In similar fashion to the DOC levels, a link between the age of the site and the level
of DIC was observed, but in this case the older sites generally had higher levels of DIC
compared wh the younger sites (Figure BR

Acetate was detected withthe sediments from all sites except the steel site SC, with highest
levels found within the neutrgdH Control site (Table 5.1). No acetate could be detentady

of the porewater samplesandR YRODWLOH IDWW\ DFLGV 9)$%§cted RWKHU
in the sediments from these sites. The detection of acetate within the sediments potentially
suggests fermentation or homoacetogenic pathways were active in these environments despite

the highly alkaline conditions, which indicates electron donorsdbwnstream anaerobic
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respiratory pathways were also available. The presence of acetate within these sites could also
be due to the alkaline hydrolysis of cellulosic materials as opposed to the biotic generation of
acetate through microbial acti¢h4). Sulphate was detected within the sediments from all sites
except the steel site SC, with elevated levels observed in the Steel site CS, indicating the
potential for sulphateeduction processes to be available in these environments. The alkaline
leachats in the steel slag sites were historically treated with sulphuric acids for remediation
purposes(266) which explains the increased levels of sulphate in site CS. Chloride was
detected in all sites except site C and CS, with higlwstentrations of nitrate detected in the

Old Lime sites LK15 (Table 5.1). Chloride concentrations have been shown to impact
microbial community structure previous{267), however the values recorded for this study

are lower than those reported here.
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Table 5.1 Chemicalanalysis of sedimensamples Chemical properties of the sampling sites, including the uncontaminated Control site (C),

New Lime sites (B, H, T), Old kne sites (LK) and Steel sites (CW, CS, RC, SC). Etifprgpresents standard deviation.

pH Dissolved Carbon
Site (ug gb) Acetate | Chloride | Sulphate | Nitrate | Approximate
1 1 1 1 A
In Sediments | Organic | Inorganic Mg g) | (o) | (Hag) | (L9 g) ge (years)
sSitu
C 6.9 6.9 2147.5 73.6 17.0 N/D 11.2 6.3 N/A
(£0.0) (£0.0) (£14.2) | (£22.6) | (£5.9) (£3.6) (£1.2)
B | 13.2 12.5 839.7 468.3 2.5 58.8 28.1 23.6 150
(£0.3) (£0.4) (£128.3)| (x99.3) | (*1.7) | (¢5.5) (£3.9) (£7.3)
H | 125 11.7 1039.2 243.8 9.3 13.7 12.9 133.6 50-75
(£0.3) (x0.3) (x252.8)| (£32.9) | (*2.5) | (x2.0) (£3.8) | (x14.6)
T | 11.2 10.5 1261.8 306.2 1.7 43.6 19.5 N/D 2530
(£0.3) (£0.4) (£51.6) | (£18.2) | (x1.3) | (¥3.7) (£0.03)
LK | NT 7.6 103.4 881.5 2.9 22.0 17.9 86.5 200500
(x0.2) (49.7) | (£51.9) | (*1.8) | (x9.4) (x6.8) | (£14.8)
Cw | 11.7 11.0 3764.2 61.0 2.4 16.2 36.8 N/D 5-30
(£0.2) (#0.1) | (%£193.2)| (x41.1) | (x1.1) | (x11.4) | (x17.5)
CS| 114 10.1 4077.2 50.8 1.4 41.7 280.8 N/D 5-30
(x0.3) (x0.4) | (x176.7)| (¢38.5) | (¢0.1) | (*x11.0) | (£79.8)
RC | 12.8 12.1 2311.5 51.7 2.2 124.8 94.0 0.4 5-30
(x0.1) (x0.3) (x375.7)] (x44.3) | (x1.2) | (¢56.9) | (£33.6) | (x0.7)
SC| 11.3 9.5 2336.5 64.5 N/D N/D N/D N/D 5-30
(x0.2) (x0.3) | (£185.1)| (x42.7)

N/T £Not Tested, N/DtNot Detected, N/AtNot Applicable
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Figure 5.1 Comparison of dssolved organic and inorganic carborwithin the sediments from various anthropogenic alkaline sites
Highest levels of dissolved organic carbon were detected in the Steel sites, with the lowest obsexv@ldl ihithe sites. Highest dissolved
inorganic carbon levels were present in the Old Lime sites and lowest quantities were detected in the Steel Sitestdpmesdydrstandard

deviation.
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Figure 5.2 The dissolved organic and inorganic carbon conterof the sediments plotted
against the age of the New Lime, Old Lime and Steel sitd8\] Dissolved organic carbon
levels versus age, [B] dissolved inorganic carbon levels versus age. As the age of the site
increases, the levels of dissolved organic cadmmmeases and dissolved inorganic carbon
increases. Error bars represent standard deviation.

5.22 Metal Analysis

The concentration of metals within the paevaters extractefom the New Lime (B, H, T),
Steel (CW, CS, RC, S@nd Control (Ckites wasanalysed via ICRMS (Figure 5.3. Metal

analysis of the Old Limsites (LK) could not be undertaken as the site was too dry to obtain
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porewaters Elevated levels of aluminium, copper and barium were detected in thevptaes

of the New Lime site H, giving a concentration of 3:81), 6.2 fi=1) and 6.0 (=1) ppm
respectively (Figure 5)3Highest levels of iron and manganese were detected ipotfee

waters of the Steel site SC, with concentrations of HB87( n=2) and 5.9+0.9, n=2) ppm
respectively (Figure 5)3 The Steel site CS had the highest concentrations of lithium and
strontium, giving concentrations of 5.7 (n=1) and 30 (n=1) pppectwely. The Control site

(C) had the lowest total quantities of metals present and only aluminium and manganese gave
significant values, suggesting this site was less impacted by contamination. However, heavy
metals Cadmium, Arsenic, Lead, Zinc and Ghium, which can be toxic to microorganisms
(268), were absent at levels above background readings. It is possible these heavy metals are
present in the soliphase deposits, since they have been detected in a number of steel slag sites
in the UK previously(266).

Sodium concentrations were highest within the poaters from Steel sites SC, RC and CS,
giving concentrations of 1403.332.3, n=2), 630r(=1) and 260 (n=1) ppm respectively
(Figure 5.4) suggesting these sitesaynbe impacted by salinity, but to a much lesser degree
than is observed within saline lakes where sodium concentrations can reach saturated levels
(269). Previous studies have suggested sodium content can be an important driver aélmicrob
community composition in soil§270) and methylotrophic methanogenesis seems to be
important within soda lake environments wharesitu sodium concentrations are high3).
Therefore the detection of sodium within the penaters of the Steel sites could impact the
associated methanogen community. Previous authors investigating the microbial community
structure along a metal pollution gradient found that pH and organic matter cgasesmimore
important driver of microbial community structure than the presence of toxic r{i&tals
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5.23 Thermogravimetric Analysis

TGA is a thermoanalytical technique used to monitor the stability of materials by recording
changes in mass as a function of temperature. As material degrades under the iofluence
heating mass losses are observed as any gaseous products are released. The loss of gaseous
products gives characteristic steps in profiles known as thermo@2ad2)sTGA was carried

out onthe sedimensamples extracted from the anthropogenic alkaline sites. The aim of these
experimentsvas to compare the various levels of free water, assumed organic content and
inorganic content across the sampling sites, through comparisons of mass losses over specified

temperatures ranges. At least duplicate experiments were performed wherever.possible

Thermogams are presented in Figure @Bd Figures S5.1 S54. All samples analysed
exhibitedan initial mass loss from the onséheating which varied between 19.7% and 6&.8

This has been attributed to the dehydration of the soil both in termesnofval of excessive

water and potential hydrate drying whigipically concluded by 130 °C and returrnied stable
baseline.The second mass loss stage is observed over a range of 150 to 650 °C. The broad
range is likely to be comprised of several ovapiag mass loss events, which is assumed to

be due tahedecomposition of organic materi@73) Due to the iert atmosphere mass loss

processes are pyrolytic and organic decompositions observed on the TGA are broadened
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through being starved of oxygerhe finalmass loss stage, above @&0has been assigned to

the decomposition of inorganic matter present. Typical types of inorganics that could
decompose are carbonates which yielcb @Oform the corresponding oxide. Since the sites
studied here are calcium dominaf@d@4), it is likely that CaC®is decomposing to CaO in the

final mass loss everithe remainder of the material is deemed thermally stable up to 1000 °C.

The mass losses recorded for all the sampsted are given in Tabl2pwhich demonstrated

good reproducibility across replicates, however the table highlights large differences between
the sediments taken from different sites. The levels of solid organic material within the
sediments from all sites were very similar, aligh the New Lime site B sediments had slightly
elevated levels (4.4 %) compared with the Steel site CS, which had the lowest quantities of
solid organics (1.8 %). However, the percentage of inorganic material within the sediments
varied significantly acres the sampling sites. The highest levels of solid inorganic materials
were detected in the New Lime site T sediments (35.3 %) and lowest levels detected in the
Steel site SC (4.1 %). The sediments from the Steel sites CS and RC also had elevated levels
of solid inorganic material present, which represented 20.1 % and 21.2 % of the total material

respectively.

Table 5.2. Composition of sediment samples from various anthropogenic alkaline sites
obtained through TGA. Shows percentage of water, organic matenhorganic material
and remaining ash based on mass kfter exposw to increasing temperatures {2800
°C).Percentage errors are calculated from duplicate experiments.

Site  Water Organic (%) Inorganic (%) Total Loss Remaining Ash
(%) (%) (%)

B 67.4 4.4 ¢0.1) 8.3 &0.04) 80.1 ¢2.2) 19.9 ¢2.2)
(£2.0)

H 52.1 2.4 &0.5) 13.5 ¢0.3) 68.1 ¢3.0) 31.9 ¢3.0)
(£2.8)

T 33.1 2.7 @0.2) 35.3 ¢£0.0) 71.1 ¢€0.07) 28.9 ¢0.07)
(£0.3)

Cw 55.2 2.0 ¢0.007) 9.0 ¢£0.0) 66.2 ¢0.7) 33.8 ¢£0.7)
(£0.7)

CSs 43.1 1.8 @0.5) 20.1 ¢6.0) 65.0 ¢7.1) 35.0 ¢7.1)
(£13.6)

RC 41.6 2.2 @0.2) 21.2 ¢0.4) 65.0 ¢1.4) 35.0 ¢1.4)
(£1.5)

SC 25.9 3.7 @0.2) 4.1 @1.7) 33.7 ¢4.1) 66.3 ¢4.1)
(£5.6)
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5.24 Thermogravimetric Analysis coupled with Mass Spectrometry

TGA-MS methods were also applied to the sediment samples in order to identify the chemical
species present during the mass lossssrokd in the previous TGA runs mentioned in Section
5.3.3. For these experiments samples were dried and siewduntoate large particulates
(stones and plant matter) and excessive surface moisture that could obscure the measurements.
To aid with resoltion between the organic and inorganic mass lpseesatmosphere was
changed to an oxidative oteensureomplete oxidation of the samplehe generation of CO

due to the degradation of organic and inorganic material was measured via mass spectrometry

and adds confidence to the aserements outlined in Sectior35.

The neutralpH uncontaminated @trol sedimentsvere predominantly composed of organic
material, indicated by the significant increase in the amount of observee@@en 200 and

400 °C that coincidedith a large mass loss (Figure A)6with very little CQ generation and

mass loss observed at >600. In contrastthe alkalinesedimentsamples were largely
composed of inorganic material indicated by the generation ee€@mperatures above 600

°C and consecaunt mass losses (Figure B:6l), although the Steel site CS was more
comparable with theControl samples and was richer in argamaterial (Figure 5J©).
Differences were observed between New Lime and Steel samples, with site B and T (New
Lime) being heavily composed oforganic material (Figure 58®) and sites CW, CS, RC

and SC (Steel) caaining a higher proportion of orgas (Figure 5.&-H). Although TGA has

been used to analyse the properties of soil samples previ@d8ly275) little is known about

the impact these properties may have on the associated microbial communities. The extremely
low levels of organic material within the sedints from the lim&ontaminated sites
(particularly sites B and T) could infer that the associated microbial community will have a
limited amount of organic matter for fermentation processes which could have an impact on
downstream anaerobic respiratorp@esses. This fact could also give autotrophic processes,
such as hydrogenotrophic methanogenesis, an advantage in this environment due to the
increased levels of inorganic carbon presEatther work is required to confirm the identity

of the species psent in both organic and inorganic phases. Instruments such as FTIR, XRD,
along with a history of the area fromhere the sample was extracted wilbvide better identity

for the unknow compounds present in the soil. Further analysis of these sampgiwd

the scope of this project.

107



100.0 4.0

100.0 5.0

B o

>

80.0 ’,\\ 300 80.0 / 405
= \ g < IS
® 60.0 I 5 & 600 ! 30 5
& 40 ;o ST / 208

) \ e X 02
= | \ z = ' 2
\ 1
200 K .. 09 200 . / 108
1 Nl I’ Sl I’
00 ~—====" e 0.0 00 - - z e 0.0
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)
——Mass =---CO, ——Mass ---CO,
C 100.0 3.0 8.0
— 70 ~

80.0 259 60D
— 20 g I
* 600 5 50 &
2 155 40%
T 40.0 = =
= 10 3 z-g 2

[ - o

200 05 & 10 £

0.0 0.0 0.0
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)
Mass - --CO, Mass - --CO,
E 100.0 — 1.2 F o — 05
80.0 " 108 80.0 A 045
[l 2 A 2
9 ' 08 g 5 foy g
X 600 1o 5 X 600 o N A 035
2 fo 06 % 2 ! W %
T 40.0 5 S 400 ! ' 02 5
= " Fo 04z = / \ 2
N ' \ o} ! . il
20.0 T 02 & 20.0 ; Ny 01 £
’ - \, Fi W
00 ——ve-= 0.0 0.0 — erm=tat 0.0
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)
—Mass ---CO, —Mass ---CO,
100.0 3.0 100.0 1.2

80.0 r, 2 80.0 H L2
= ;o 208 = [ 08 ¥
® 60.0 ;o 5 ® 600 I 5
o . 155 @ P 06 =
S 40.0 ! = S 400 i =
= " K 0g = n o 04 2

\ 3] ~7 0\ i [}

20.0 AN ’,f 05 & 20.0 l,’ N 02 &

’ ~ - \
00 —~---- = 0.0 00 — “fwans’ . 0.0
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)
——Mass =---CO, ——Mass ---CO,

Figure 5.6. Thermal gravimetric analysis coupled to mass spectrometry of soil samples
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5.3 Microbial Community Analysis

5.31 DNA Sequencing

5.31.1 Phylumlevel composition of background and alkaline sediments

Background sediments from naontaminated regions of the sites which were not impacted

by alkaline conditions were selected for microbiome analysis for a comparison with the
contaminated (alkaline) regions. These background sediments had the samepanatersal

as the contaminated regions but were not in contact with the alkaline leachates. Total gDNA
was extracted from the background and alkaline sediments for analysis of the 16S rRNA genes
via the Illlumina MiSeq platform. The background sedimentrmaoinities from the New Lime,

Old Lime, Steel and Control sites had a very similar composition at the phylum taxonomic
level (Figures.7), with all samples dominated by Proteobacteria, Bacteroidstéapbacteria
andAcidobacteridineages. These phylave@been implicated as the dominant microbes in a
wide-range of neutrapH environments previously, including cave sedimé€i§), freshwater
sediments(277) and intertidal sediment278) Memkers of the Firmicutes were under
represented in the background samples and could only be detected with any significance from
the Old Lime sites (LK) and Steel sites (CW, RC and SC) where they weratpiresew
abundance (Figure 5.7Alongside the domimd phyla discussed above, small percentages of
16S rRNA gene reads were attributed to@doroflexi, Gemmatimonadeteslitrospiraeand

Planctomycetebneages within all backgraw sediment sampleBifure 57).

Despite the highlalkalinein situ conditions (Section 5.3.1), microbial community analysis of

the contaminated alkaline sediments revealed a diverse microbial population atltire phy
taxonomidevel (Figure 5.8 In similar fashion to the background samples, the Proteobacteria
phylum donmnated in the alkaline sediments, however a noticeable increase in the percentage
of 16S rRNA gene reads attributed to the Firmicutes and Bacteroidetagéss was observed
(Figure 5.8. The increased abundance of Firmicutes and Bacteroidetes residtedcrease

in the percentage of Acidobacteria 16S rRNA gene reads withalkhkne sedimenté~igure

5.8). Both Proteobacteria and Firmicutes lineages have been observed to dominate highly
alkaline (pH 10.8) and saline ponds in Poland previo{Zs9). Firmicutes lineages have been
detected in alkaline ISAlegrading microcosms previously where they contributed to
fermentation processd23, 24) The detection of fermentative species within the alkaline

sediments suggests fermentation-pnaducts are available for consumption by methanogenic
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or sulphate reducing communities within these environments. The increased detection of the
Firmicutes phylim within the alkaline sediments could be attributed to their ability to form

sporeg280), which could be advantageous to their survival within these environments

Principal components analysis (PCA) was carried out on the background and alkaline sediment
communities at the phylum level with a 95 % confidence interval to ascertain the statistical
differences between the populations within thesarenments. The background sediments
from the New Lime, Old Lime and Control sites clustered very closely togetherdFH@A),
indicating the background communities were very similar at the phylum level regardless of the
sampling site, although Steelesibackground sediments had a much wider distribution. The
similarities observed across the mmntaminated background microbiomes is perhaps
expected given that these samples were taken from geographically comparable environments
in the North of EnglandThe phylumlevel composition of the alkaline sediments from New
Lime, Old Lime and Steel sites were significantly different when compared with the neutral
pH Control sediments (Figure BY, suggestinghatpH was an important environmental factor
driving microbial community structure in these sites. Significant differences were also revealed
between the communities within the contaminated regions and the backgrowng réghese

sites (Figure 5.8), where background communities clustered very closajgther and the
contaminated regions had a much wider distribution. The differences between individual phyla
within the background and alkaline sediments was further analysed with the use of heat maps.
The heat maps confirmed the increased abundance otkias lineages within the alkaline
sediments compared to thadkground sediments (Figure 5 18dditionally, members of the
TenericutesBathyarchaeotaFusobacteriaand Euryarchaeotgphyla increased in abundance
within the alkaline coraminated sedimés (Figure 5.1)) particularly within the Steel sites,
where increased levels of organic materials were detected (Section 5.3.1 and 5.3.4). Since the
methanogeitontaining phylum Euryarchaeota increased in abundance within the
contaminated regions of sonué these sites, this could suggest methanogens were more

prevalent within thelkalinezones.
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5.3.1.2 Genudevel bacterial composition of the alkaline sediments

The dominant genera within the alkaline sedimergiseanalysed in more detail, since phylum

level analysis can only provide a limited amount of information regarding the microbial
community. Within the New Lime sites the gendrarrimicrobium and Bradyrhizobium
dominated the site B contaminated sediments rapresented 2.6 % and 1.8 % of the total 16S
rRNA gene reads respectively (Table S5.1). The gdetbyloceanibactealso appeared to

be important within the alkaline site B sediments, where they represented 1.2 % of the total
16S rRNA gene reads. ThergsMethyloceanibacteare capable of oxidising methane as the
sole carbon and energy sour@Ss1), which suggests methane was being geneliateitu

within this site The nitratereducing bacteriunGeofilumand hydrogeroxidising bacterium
Hydrogenophagaominated the site H alkaline sediments, representing 20.6 % and 3.9 % of
the total 16S rRNA gene reads respectively (Table S5.2). The detectiyuafgenophaga
species within the alkaline sediments from site H suggests hydrogen is available in this
environment for use within anaerobic respiratory procg@8%. Additionally, alkalitolerant
species of the genuSeofilum have demostrated growth up to pH 9.8 in pure culture
previously(283) Azonexusvas an inportant genus in the alkaline sediments of site H and
represented 1.6 % of the total 16S rRNA gene reads (Table S5.2), witht@llsant members

of this genus being isolated previously from liecentaminated environments that were capable

of nitrate redction(284). Significant quantities of nitrate were detected in this site (Table 5.1)
which could give the nitrateeducing Azonexusgenera a survival advantage in this
environment. None of the dominant genera within the site T alkaline sediments could be
identified with confidence, since the majority of detected species had <90 % 16S rRNA gene
sequence similarity to any previously sequenced microbes (Table S5.3).

The genudHydrogenophagalso dominated within all of the Steel site alkaline sediments,
where they represented 4.2 %, 5.6 % and 2.4 % of the total 16S rRNA gene reads at sites CW,
CS and SC respectively (Tables S5.4, S5.5 and S5.7). The degradation of cellulose and
cellulose derpdation products (CDP) within these environments appears to result in the
generation of hydrogen which can be subsequently utilised by hydrogenotrophic
microorganisms, evidenced by the abundance of Proteobacteria in these sites, and in particular
HydrogemphagaspeciesHydrogenophagapecies have been detected in a number of natural
alkaline environments previously, including theka Ophiolitecomplexin Norway and the

Allas Springs in Cyprugl35, 143) The genuShewanellavas the dominant genus within the
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alkaline sediments of the Steel site RC and represented 10.7%H# wital 16S rRNA gene

reads (Table S5.6). Reports of alkaliphilic members of this genus are present in the literature,
including Shewanella chilikensighich is capable of growth up to pH 10.0 in pure culture
(285) Additionally, Shewanella oneidenss cagble of hydrogen sulphide production, which
suggests sulphidogenic processes could be ongoing within the Steel site RC. The genus
Methyloteneravas detected within the Steel site CS alkaline sediments and represented 1.3 %
of the total 16S rRNA gene reafleable S5.5). The speci®ethylotenera mobiliss capable

of utilising methylamines as sole carbon and nitrogen sq@g®, therefore the detection of

this genus withinthe Steel sites suggests methylamines were available for consumption by
methylotrophic methanogens. The sulpheducing bacteriumDesulfuromonaswas an
important genus within the alkaline sediments from the Steel site SC and represented 2.8 % of
the totall6S rRNA gene reads (Table S5.7). Species relating to this genus have demonstrated
hydrogen sulphide productiq@87), suggesting sulphidogenic processes were ongoingsin thi
site. Additionally, the dissimilatory sulphate reducing bacteriibesulfomicrobium
represented 1.2 % of the total 16S rRNA gene reads within the Steel site SC (Tal[288%.7)
suggesting further sulphidogenic processes were present in this site which again has be
attributed to the treatment of these leachates with sulphuric acid resulting in the generation of
metal sulphate@66).

5.31.3Genuslevel archaeal composition of the alkaline sediments
The percentage of 16S rRNA gene reads attributed to the metharmgaming phylum

Euryarchaeotaas <1.0 % within all sites, except for the Steel site CW, where they represented
3.0 % of the tal 16S rRNA gene reads and no methanogens could be detected in the alkaline
sediments of the New Lime sitd and Steel site SC (Figure 5)1IThis suggests the
methanogen population represented only a minority of the overall microbial community in
these emironments. However, in the sites where methanogens could be detected a diverse
community was present, where a total of 23 different genera were identifiede(bigdr The

New Lime (B and T) and Old Lime (LK) sites were the least diverse in terms banwaens,

where the strictly hydrogenotrophic gendviethanobacteriumand Methanothermococcus
dominated. The genwdethanobacteriumnepresented 66.7 %, 19.4 % and 80.8 % of the total
archaea 16S rRNA gene reads in sites Bnd@ LK respectively (Figure 5L In contrast, the

Steel sites and Control site which contained higher levels of organics had a highly diverse
methanogen community composed of genera capable dfiralk methanogenic pathways

(Figure 5.1). The strictly acetoclastic genMethanosaetaominated the neutrgH Control
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site and was also present with varying abundance in the SteeMstbanosaetaepresented

58.8 %, 50.2 %, 25.9 % and 19.2 % of the total methanogen 16S rRNA gene reads in sites C,
CW, CSand RC respectively (Figure 5)1The metabolically diverse genhkethanosarcina

which have the potential to use all three methanogenic pathways, represented 1.2 %, 3.3 %,
37.9 % and 52.1 % of the total methanogen 16S rRNA gene reads in sites C, CW, CS and RC
respectively (Figure 51). Methylotrophic methanogens, includifdethanomassiliicoccus
andMethanomethylovoransere only present in the Control site and to a lesser extent in the
Steel sites. The genddethanomassiliicoccusepresented 13.2 %, 12.7 % and 4.9 % of the
total methanogen 16S rRNA gene reads in sites C, CW anesp&atively (Figure 5.3 1with

the genudvethanomethylovorangpresenting <1 % of the reads in the same sites.

The percentage of aelastic, hydrogenotrophic, methylotrophic and metabolically diverse
methanogens was calculated based on the percentage of 16S rRNA generréaese
organisms (Figure 5.5). These calculations suggest the Control site and Steel sites were
composed ofmethanogenic communities capable of all thre¢hareogenic pathways (Figure
5.12A). In contrast, the New Lime and OId Lime alkaline sediments only harboured
hydrogenotrophic methanogens. The lack of acetoclastic methanogen lineages within the New
Lime andOld Lime sites correlated weakly with the levels of DOC in these sites, where the
sites with higher levels of DOC generally contained a higher proportion of acetoclasts (R
0.4247) (Figure 5.1B). A weak correlation was also observed based on the piapaf
hydrogenotrophs and levels of DIC, where an increase in DIC generally saw an increase in
hydrogenotrophic species{R 0.5853) (Figure 5.12). Increased levels @IC in these sites

could provide autotrophic processes with an advantage and nestiie domination of
hydrogenotrophic methanogens, since these organisms are able to metabolise inorganic forms
of carbon, such as G@nd HCQ (75). Previos studies have observed a link between organic
carbon levels and acetoclastic methanogenesis, for example alsgiatelent methane
generation only became important in the orgaitlb zones of marine sedimer{i¥2), and the
addition of organic carbon in the form of rice strawnsiiated acetatderived methanogenesis
through changes in the bacterial community structure in microcosm experi@&nts
However, the similarities observed between the neptdalControl site and Steel site
methanogen communities could also be a result of the seasonal pH variation observed within
the Steel sites, which demonstragtratpH in situconditions during the late summer seasons.
Therefore, the establishment of acetoclastic methanogen communities within these sites could

be negatively influenced by alkaline conditions.
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Figure 5.11 Genuslevel composition of methanoges within the alkaline sediments from various anthropogenic alkaline sites, alongside
the neutral-pH control site. Shows genutevel composition of methanogens within Control (site C), New Lime (sites B, H, T), Old Lime (site
LK) and Steel (sites CW, CSR SC).
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Figure 5.12 Proportion of methanogenic pathways in the alkaline sediments from various anthropogenic alkaline site@sed onl6S rRNA

gene countsand correlation between levels of dissolved organic/inorganic carbon and proportion of acetoclagtigdrogenotrophic

methanogens.[A] Methanogens capable of all three pathways were detected in the Control site and Steel sites (CW, CS, RC) and only
hydrogaotrophic genera could be identified within the New Lime and OIld Lime sites (B, H, T, LK). [B and C] The levels of DOCCand DI

correlated weakly with the proportion of acetoclastic and hydrogenotrophic methanogen 16S rRNA gene reads.
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5.3.1.4 Diversity ofsulphate reducing bacteria in background and alkaline sediments

The genudevel composition of SRB within the background and contaminated soils were
analysed in order to highlight any differences between the neutral and alkaline regions of the
sites(Figure 5.13). The average percentage of 16S rRNA gene reads attributed to SRB within
the background samples from Control, New Lime, Old Lime and Steel sites was 8%x10
(x0.01 n=4), 0.020% (+0.01 n=14), 0.051% (+0.04 n=2) and 1.43% (x£1.38 n=4) respectively,
suggesting SRB were thess abundant membesgthe total bacterial community within the
background soils. Interestingly, the total percentage ofR8E\ genereads attributed to SRB
increased within the contaminated regions to 2.72% (£0.23 n=4), (8622 n=3), 0.03%
(x0.02 n=5) and 1.70% (x2.13 n=15) within Control, New Lime, Old Lime and Steel sites
respectively. This potentially suggests more SRB were present in the alkaline contaminated
regions of the sites compared to the newgfthlbackground reas, however many SRB are
sporeformers(289-291)and DNA sequencing does not represent an active community profile
which could be obscuring this finding. The increhsdundance of SRB detected within the
Steel sites could be a result of the increased DOC levels in these sites as described in Section
5.3.1 and high organic content of the soil measured via-MSAIn Section 5.3.4. SRB are
capable of utilising a wideange of organic electron donors, including acetate, lactate,
propionate and free amino aci@92294) High DOC and organic soil content could indicate
that a wider range of electron donors are present and thereby increase SRB numbers in that
environment. The increased detection of the Firteswithin the contaminated sedints
(Section 5.4.1, Figure 5.1%ould also be resulting in higher numbers of SRB through
syntrophic interactions, since many species of Firmicutes are capable of fermentative
metabolism(280)

The majority of SRB 168RNA genereads could not be identified with confideratethe
genuslevel (Figure 5.1B particularly within the background samples, potentially sstjgg
the sites studied here contain novel SRB that could be targeted for future studies. Within the
background samples no clear correlation between sampling sites and SRB could be found.
Background samples from Control, New Lime and Old Lime sites wateplarly sparse in
terms of SRB 16S reads. However, Steel site background soils were rich in SRB and 23
different genera were detected, the most important of which inclie=ailforhopalus
Desulfatiglans Desulfatitalea Desulfobacterium Desulfobulbus Desulfoprunumand

DesulfuromonasSpecies relating to these genera have been isolated previously from estuaries
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(36), marine sediments (37, 38), tidal flat sediment (39), sewage sludge digesters (40),
wastewater treatment plants (41) and freshwater setsn@?). Although the majority of SRB

within the alkaline sediments could not be identified at the genus letvetonfidence (Figure

5.14), an even more diverse sulphate reducing community was detected in these environments
compared to the backgroundras, particularly within the Steel sites and Control site where
levels of organics were higher. Principal components analysis comparing thdeye &RB
communities in the background and alkaline sediments confirmed their increased diversity in
the conaminated anes of the sites (Figure 5)15 he alkaline sediments had a much wider
distribution compared with the background sediments, which clustered very closely together.
This suggests the contaminating materials deposited in these sites were bgpddenin
diversity of SRB communitiest the genus levah these environments. The high pH conditions

of these sites could be resulting in the alkaline hydrolysis of organic materials present, thereby
releasing soluble forms of organic carbon into these renwients and enabling the

establishment of an SRB community with a higher diversity.
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Figure 5.13 Genuslevel composition of sulphate reducing bacteria in the backgroundediments Genuslevel composition of SRB in the
background sedimentsom Control (site C), New Lime (sites B, H, T), Old Lime (site LK) and Steel (sites CW, CS, RC, SC)
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Figure 5.14 Genuslevel composition of sulphate reducing bacteria in thalkaline contaminated sedimentsGenuslevel composition of
SRB in thealkaline contaminatesediments from Control (site C), New Lime (sites B, H, T), Old Lime (site LK) and Steel (sites CW, CS, RC,
SC).
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Figure 5.15. Principal components analysis comparing the gemlesvel composition of
SRB within the badkground and alkaline sediments, from Control, New Lime, Old Lime
and Steel sites.

5.3.2 cDNA Sequencing

Difficulties arise when trying to distinguish between active and dormant microbial populations
based on DNA sequencing. It has been estimated tHa@%0of cells in aquatic and terrestrial
environments are dormamédo not contribute to biological processes in their surroundings
(295) The extraction of RNA from environmental samples, followedh®y generation and
sequencing of cDNA is a potential approachgmviding an active community profilsince

only actively metabolising cells are capable of synthesising RNA. RNA was extracted from the
incubated cotton samples and used as a templatihdageneration of cDNA followed by
sequencing of the 16S rRNA gene in order to demonstrate an active community profile of these
alkaline environments. The Old Lime sites (LK) and Control site are not included in the present

data set.
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5.32.1 Phylumlevd composition of cotton samples

In similar fashion to the alkaline sediments, the cotton samples were dominated by lineages
related to the Pteobacteria phylum (Figure 5.16 ABHowever, the input of organic carbon

in the form of cellulose into these eramments resulted in the enrichment of fermentative
lineages related to the Firmicutes phylum, which were generally detected in higher proportions
on the cotton compared to thtkaline sedimets (Figure 5.18B). Although absent from the
alkaline sedimentcommunities, the phylum Fibrobacteres were present in significant
proportions on the cotton samples, particularihmithe Steel sites (Figure 5)18he phylum
Fibrobacteres represented 4.1 %, 4.4 %, 10.7 % and 18.0 % of the total 16S rRNA gene reads
onthe cotton from sites T, CW, CS&BC respectively (Figure 5.1 he increased detection

of this phylum on the cotton is perhaps not surprising, given these organisms are implicated in
cellulose degradation procesg296)and this is the first account of cellulose degradation by

the phylum Fibrobacteres under alkaline conditions. The fact that Fibrobacteres lineages were
largely absent from the alkaline sediments, yet dominated on the cotton samples suggests the
incubation of cotton within these sites resulted in the enrichment of cellulose degrading

bacteria, despite the harshsitu pH values observed in these environments.

A small amount of overlap was observed via PCA between alkaline sediauaeh cotton
samplesat the phylum level (Figure 5.0, suggesting a proportion of the phyla within these
samples were similar. However, the alkaline sediments were more widely distributed compared
with the cotton samples, which clustered more closajgtteer (Fgure 5.1&). This suggests

the input of cotton into these sites resulted in the enrichment of a narrower niche of organisms,
such as the cellulos#egrading lineages Firmicutes and Fibrobacteres.
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Figure 5.16 Phylum-level conposition of alkaline sediments and cotton samples from various anthropogenic alongside principal
components analysis of the sediments vs the cotton samplég.Phylum-level composition of alkaline sediments, [B] phyHievel
composition of cotton samples, [C] principal components analysis of alkaline sediments and cotton samples.
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5.32.2 Genudevel archaeal analysis of cotton samples

The methanogen commiuyiof the cotton samples based on cDNA sequencing had a different
composition compared with the alkaline sediment samplesl lmas®NA sequencing (Figure
5.17AB). In contrast to the alkaline sediments, the strictly hydrogenotrophic genera
Methanoregula Methanoculleusand Methanospirilliumdominated the cottoramples at all

sites (Figure 5.14B). The genusMethanoregulaepresented 100 %, 33.3 %, 54.7 %, 72.3 %
and 3.3 % of the total methanogen 16S rRNA gene reads from sites B, H, an€Ws
respectively(Figure 5.1B). The genudlethanoculleusiominated the site T cotton samples,
where 66.7 % of the total methanogen 16S rRNA gene reads were ettribuhis organism
(Figure 5.1B). Methanospirilliumrepresented 4.7 %, 25.5 %, 91.1 % and 96.7 % obthaé t
methanogen 16S rRNA gene reads from sites T, CWAr@SSC respéively (Figure 5.1B).

The strictly acetoclastic gendethanosaetavas only present in low abundance in sites T and
CS, representing 17.2 % and 0.3 % of the total methanogen 16S rRifegds respectively
(Figure 5.14. The metabolically diverse genddethanosarcinawas also present in low
abundance in sites T, CW, CS and SC, representing 20.3 %, 1.1 %, 5.3 % and 0.2 % of the total
methanogen 16S rRNA gene reads respectively. In sirfdkhion to the bacterial cotton
communities (Section 5.4.2.1) the incubation of cotton within these sites resulted in the
enrichment of a narrowiche of archaearhis was illustrated by PCA where the methanogen
communities on the cotton clustered vetgsely together regardless the sampling site
(Figure 5.1T). In contrast, the methanogen communities in the alkaline sediments had a much
wider distribution (Figure 57C), suggesting the incubated cotton samples were selecting for

a specific methanogegopulation.

Although methanogens capable of utilising all three pathways were detectedaikalee
sediments (Figure 5.9, the cotton samples were dominated by hydrogenotrophs regardless
of the sampling site (Figure 5.B3 The lowe abundance of acetoclastic and methylotrophic
species detected on the cotton compared with the alkaline sediments based on cDNA
sequencing suggests the active methanogen population in these sites are contributing
predominantly to hydrogenotrophimethanegeneration (Figure 5.28B). The input of a
cellulosic substrate into an alkaline environment, as is expected to be the case withir an ILW
GDF, resulted in a methanogenic population almost entirely dependent on hydrogenotrophic

methanogenesis.
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Figure 5.17 Genuslevel methanogen community composition of alkaline sediments and cotton samples. Also showing PCA comparing

genuslevel methanogen communities within cotton samples and alkaline sedimeni&] Genuslevel methanogenomposition of alkaline

sediments, [B] genukevel methanogen composition of cotton samples, [C] PCA of genesmethanogen communities from cotton samples
and alkaline sediments.
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Figure 5.18 Proportion of acetoclastic, hydrogenotrophic, methylotroplc and
metabolically diverse methanogens within the alkaline sediments and cotton samples.
[A] Methanogenic pathways present within the alkaline sediments, [B] methanogenic
pathways present on the cotton samples.
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5.32.3 Diversity of sulphate reducing btaria on the cotton samples

In addition to the active methanogenic population present on the cotton samples, an active
sulphate reducing community was also detected on these samples via cDNA sequencing.
Although the percentage of 16S rRNA gene readdatad to SRB was <1 % within the lime
contaminated sites, the cotton samples taken from Steel sites CS and SC were dominated by
SRB, where they represented 19.0 % and 6.0 % of the total 16S rRNAegesaespectively
(Figure 5.19. The elevated levels stilphate detected in the Steel site CS (Table 5.1) resulted

in the dominance of SRB on the cotton in this environment. Within the sites where SRB were
abundant, the generesulfobulbus Desulfobacterand Desulforhopaluswere the most
dominant (Figure 59B). The genusDesulfobulbushas been implicated in bimorrosion
processes previously297) Additionally, a number of species relating to the genus
Desulfobacterhave been identified as sttictacetateoxidising SRB(298), therefore the
detection of this genus on the cotton samples suggests sulphate reduction is competing with
methanogenés for acetateThe competition for acetate between SRB and methanogens could
explain the lack of acettastic methanogens detected on the cotton samples as described in
Section 5.4.2.2, and may be resulting in the domination of hydrogenotrophic species in these
environments. Previous authors have suggested sulphate reduction can thermodynamically
inhibit methanogenesis when sulphate is abun{i&2ji however these processes can also co
exist in the present of nesompetitive substrates, such as methylam{#éy

As observed with the archaeal community analysis (Section 5.4.2.2), the incubation of cellulose
within these sites appeared to select for a more narrow and less diverse sulphate reducing
community. This was revealed by PCA, where the SRB communities on the cotton clustered
closely together compared with the SRB sediment communities, which genecléyrhore
diverse and wider distribution, even though a small amount ofaqveras observed (Figure
5.19C). The use of molecular methods to characterise the methanogenic and sulphate reducing
communities in these environments could help to reduce theabmsriaté with direct
culturing methods. However, ig important to note that the communities analysed here were
from nearsubsurface environments (~1d®ep) and therefore do not represent deep subsurface
populations, such as those likely to be enceradt within an ILWGDF, which could be
constructed up to 1000 m below groydl
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Figure 5.19 Genuslevel composition ofsulphate reducing bacteria within the alkaline sediments andotton samples, alongside
principal components analysis comparing the SRB sediment and cotton communiti¢8] Genuslevel composition of SRB within the
alkaline sediments, [B] gerlsvel composition of SRB on the cotton, [C] principal components analysis comparing the differences between
sediment and cotton SRB communities
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5.4 Microscopy

5.4.1 Scanning ElectronMicroscopy

The formation of biofilm on the incubated cotton samples was analysed via SEM. All cotton
samples were colonised by microbial cells embedded in extracellular polymers when compared
with abiotic samples, indicating biofilm was being formeadsitu within these sites (Figure

5.20. In some cases the cotton fibres appeared to be visually degraded, indicated by the
perforated edges of the fibres when compat@dabiotic samples (Figure 520 The
degradation of the cotton samples could be a re$alkaline cellulose hydrolysis or due to

the activity of celluloselegrading bacteria. Since a significant proportion of bacteria on the
cotton samples were cellulegdegraders, including the Fibrobacteres and Firmicutes lineages
(Section 5.4.2), it isikely that microbial activity is contributing to cellulose degradation in
these environments. Cotton samples taken from the New Lime sites appeared to contain a
number of mineral structures that had sharper edges than would be expectetddroinml
biofilms (Figure 5.2D), potentially suggesting calcium carbonates are being incorporated into

the biofilm materials.

SEM-EDS was employed to determine the elemental composition of the bioGmed on

the cotton (Figure 5.31Calcium, carbon and oxygen weethe dominant elements present on

all analysed cotton samples compared with abiotic controls, potentially suggesting that calcium
carbonate was precipitating on the biofilm surfaces, although-BEBBI can only provide
information regarding individual elem&s and not compounds. The potential detection of
calcium carbonate minerals in the biofilm could provide autotrophic methanogens with
substrate for metabolism as described previously under netitratonditions (236)
Furthermore, the preace of calcium carbonate in the biofilm could give hydrogenotrophic
methanogens an advantage in these environments and result in a lower contribution of
acetoclastic methanogesig, as described in Section 2.2. Since calcium can qwecipitate

with radioelements(299), the precipitation of calcim carbonate has importance when
determining the performance of an ILBDF (300). The carbonation of NRVB can impact the
surface chemistry and porosity of the backfilling material im@sdilt in the builelp of gases

which could lead to pressurisation iss(@&s
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Figure 5.2Q Scanning electron micrographs of cotton samples retrieved from various
anthropogenic alkaline sites after 3 months incubatiorfA] Abiotic cotton, [B] biotic
cotton from the Steel site SC biofilm, [C] biotic cottoarfr the Steel site SC showing
potential degradation, [D] biotic cotton from the New Lime site T, showing potential
minerals incorporated into the biofilm.
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Figure 5.21 SEM-EDS of cotton samples showing elemental composition of the biofilm
materials. [A] Abiotic cotton, [B] biotic cotton from Steel site SC, [C] biotic cotton from
New Lime site T.
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5.4.3 Confocal Laser Scanning Microscopy

The biofilm materials detected on the cotton samples via SEM were subsequently analysed
using fluorescencenicroscopy with the use of CLSM. Significant atiiworescence was
observed from the polysaccharide component when viewing the abiotic control cotton and
therefore was not included as a potential componethebiofilm matrix (Figure5.22B).
However, aange of EPS components were detected on the biotic cotton samples that were not
present on the abiotic samples, includipgls, sugars, protein, eDNA and cdllsgure 5.2Z-

F). The edges of the cotton fibres in some cases lwvedwith sugars (Figur&.22CD), which

could indicate cellulose was being degraded to simple monomeric sugar residues by the
associated microbial community, such as the Fibrobacteres and Firmicutes lineages and
provides a further indication that microbial activity is contributbogthe degradation of
cellulose, rather than alkaline chemical hydrolysis pathways. Within the sites that contained
the highestin situ pH values, the biofilm appeared to be predominacdiynposed of lipids
(Figure 5.2EF). The higher lipid content of tee biofilms could be contributing to their
hydrophobicity, which not only improves microbial attachment to the cotton s\{ffa8g but

also reduces the impact of the alkaline poeters by redung wetting(301). The production

of lipid-based EPS can also result in the generation ofpldwiches due to the presence of
acidic phospholipidssuch as those produced in alkaliphilic bacte@8). The negative chige
produced by the eDNA component of the biofilms could be resulting in the binding?of Ca
ions to the EPS matrix, which can in turn enhance the structural properties of the biofilm as

described previousl{B02).

The formation of biofilm on theotton suggests the organisms were not survivimgrin situ

pH conditions within these sites. As described previously biofilm formation can facilitate
microbial survival through the production of low pH niches that can improve microbial activity
(125) Therefore, the methanogenic and sulphatkicing activity detected in these
environments usgpmoleculamethods (Section 5 3nay be due to the generation of low pH

microsites through biofilm formation and metabolic acid production.
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Figure 5.22 CLSM investigation of cellulose cotton sample$A] SEM of abiotic cotton,

[B] auto-fluorescence control of#otic cotton, [C] site CW cotton, [D] site B cotton, [E] site

H cotton, [F] site RC cotton. Showing protein (green), lipids and hydrophobic sites (yellow),
polysaccharides (blue), cells and extracellular DNA (pink) and sugar residues (red).
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5.5Conclusions

Anthropogenic alkaline environments, such as the-lvaste and steabaste disposal sites
studied here, represent some of the least studied systems in terms of microbial diversity,
therefore a better understanding of the microbiology in these siiEsmovide an insight into

the evolution of microbial communities within an IL@&DF. The detection of methanogenic

and sulphate reducing communities within these anthropogenic sites using RNA as a template
for 16S rRNA gene sequencing underpins the ghilitthese microbes to survive and grow
within an ILW-GDF. The input of cellulose into these sites simulates some aspects of ILW
disposal, where cellulosic substrates will be placed within a highly alkaline and anaerobic

environment.

A diverse and activanaerobic microbial community was present in these sites despite the
extreme environmental conditions, capable of processes including cellulose degradation,
fermentation, sulphate reduction and methanogenesis. The detection of celegosaing
bacteriabased on cDNA sequencing, including lineages relating to the phylum Fibrobacteres,
underlines the ability of neaurface and alkathdapted communities to survive and grow
within an ILW-GDF. The degradation of cellulose within these sites through abi&atine
hydrolysis and microbial activity provided the substrates for downstream fermentation,
sulphate reduction and methanogenesis, where hydrogen appeared to be an important electron
donor. Hydrogenotrophic methanogens of the geMsthanoregula, Metinoculleus and
Methanospirilliumdominated the archaeal communities on the cellulose, and the ubiquitous
nature of Hydrogenophagathroughout the bacterial communities in these sites further
underlines the importance of>Hwithin an ILW-GDF. Methanogens capable of all three
pathways were detected in the sediments based on DNA sequencing, suggesting the input of
cellulose into these sites selected for a methanogen community dependentC&@h. H
Alongside methanogenesis, antige sulphate reducing community was detected on the
cellulose samples incubated within the orgamb steel slag sites that demonstrated
conditions of lower alkalinity (pH ~11.0). The dominant SRB within these sites were the
acetateutilising Desulfoba&ter, which resulted in a decreased contribution of acetoclastic

methanogenesis in these environments.

Statistical differences were revealed between the background and alkaline zones of these sites,
where spordorming and fermentative lineages of the limy Firmicutes became more

abundant in the alkalindisturbed zones and members of the phylum Acidobacteria reduced in
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abundance. Even though pavater pH values of ~13.0 were detected in some cases, the
majority of microbial activity may be ongoing at pidlues much lower than this, facilitated

by the formation of biofilm and production of metabolic acids, such as acetate. Overall, the
data shown in this first chapter of work suggests the products of cellulose degradation can
support methanogenic and dudfpe reducing processes under environmental conditions when

bulk pH values of 11:03.0 are observed.
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6.0 Investigating the Utilisation of
Methanogenic Pathways at High pH
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6.1 Rationale

This chapter aims to identify the dominant methanogenic pathwigised at high pH and to
identify the upper pH limits for methanogenesis in planktonic culture. As discussed in Chapter
1, the ability of an ILWGDF at retaining radioelements could be influenced by an active
methanogenic communi¥). Methane generation has the potential to influence gas volumes
and pressurewithin the neafield of an ILW-GDF and could act as a mechanism by which

14C can be transported to the biosphere via the productitieief (303). The upper pH limits

for methanogenesis are not well defined and there is a lack of information available regarding
the relative contribution of methanogenic substrates to methane generation under alkaline
conditions. The sediment samples retrieved from the alkaline New Lime sites (B, H and T)
mentioned in Chapter 5 were used as inoculating materials for the development of
methanogenic enrichment cultures between pHL2.0. Additionally, the Control site (@)as

used as a reference. The consumption and generation of methanogenic substrates when fed with
CDP, HB/CO; or acetate was measured within these microcosms in order to assess pathway
utilisation and the methanogen community was described via 16S rRNA gene sequencing.
Methyl fluoride (CHF), the selective inhibitor of acetoclastic methanogenesis, was employed
to help discriminate between KL Ox-derived and acetatderived methane generation within
these cultures. The study was expanded further to incorporate the Old Lime (LK) and Steel
(CW, CS, RC and SC) sediments, which were used to develop hydrogenotropBiofféd)

and acetoclastic (acetdaed) methanogen enrichment cultures at pH 7.0 and 10.0.
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6.2 CDPfed Microcosms
6.2.1 Control Site Microcosms
6.2.1.1 ISA Degradation

CDP-fed microcosms employing the neutp control sediments were capable of degrading

all three forms of ISA between pH 710.0 (Figure 6.1), with the rate of fermentation reducing
significantly at pH 10.0 (Figure 6.1 KH UDWH R HSA dedpa@ti®n ;was calculated
between pH 740.0 (Figure 6.2 and Table 6.1). Within pH 7.0, 8.0, 9.0 and 10.0 microcosms
-ISA degradation rates we@4x10! (+2.7x10% n=2), 1.6x10* (+9.0x103% n=2), 1.3x10!
(£2.2x10% n=2 and6.1x10° (+6.3x10° n=2 day! U HV S H F I\GA Yddi@dation rates were

1.8x10! (+9.6x10° n=2), 1.5x10 (+4.3x103% n=2), 1.1x10 (x2.5x10% n=2) andl.2x10?
(+8.6x10%, n=2 day! within pH 7.0, 8.0, 9.0 and 10 microcosms respectivelyiSX
degradation rates within pH 78,0, 9.0 and 10.0 microcosms wéréx10* (+1.9x10%, n=2),

1.2x10% (£2.6x10% n=2), 9.5x10? (+2.3x10% n=2 and 3.2x10? (+5.0x10% n=2 day’
UHVSHFWLYHO\ 7KLV VXJJHVWA/deyr&ddtiob Dastebs&ll as the ghlQ G
increased. Highesu DWHV RI1 . DQG ,6$ GHIJIUDGDWLRQ ZHUH SUHVI
X-ISA degradation rates were highest in pH 8.0 microcosms. It should perhaps not be
surprising that ISA degradation rates were highest under ngiitrabnditions and decreased
significantly under alkaline conditions when employing populations from a ngraite.
Microcosms employing the same canal sediments as used here have been shown to be capable
of ISA fermentation and consequently methanogenesis up to pH 10.0 previously and
demonstrated comparable ISA degradation rates to those observe@3jetéowever, using
alkali-adapted communities could mease the rate of ISA degradation under alkaline
conditions(24).
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Figure 6.1. ISA concentrations within microcosms employing neutrgbH Canal sediments[A] pH 7.0, [B] pH 8.0, [C] pH 9.0, [D] pH
10.0. Error bars represent standard deviation (n=2).
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Figure 6.2. Rate of., and X-ISA degradation within CDP-fed microcosms employing
neutral-pH Canal sediments between pH 7-20.0.Error bars represent standard deviation
(n=2).

Table 6.1 Alpha, beta and xylelSA degradation rates within microcosms employing
neutral-pH Canal sediments between pH 7-:20.0.Error represents standard deviation

(n=2).

ISA pH 7.0 pH 8.0 pH 9.0 pH 10.0
Alpha 2.4x10! 1.6x10* 1.3x10! 6.1x10°
(+2.7x107) (+9.0x10%) (+2.2x107) (+6.3x10%)

Beta 1.8x10! 1.5x10* 1.1x10* 1.2x10°
(+9.6x10%) (+4.3x10%) (+2.5x10%) (+8.6x109)

Xylo 1.2x10* 1.2x10* 9.5x10? 3.2x10?
(+1.9x109) (+2.6x107) (+2.3x10°) (+5.0x10%)

The fermentation of ISA télo/CO, and acetate has the potent@lprovide both acetoclastic

and hydrogenotrophic methanogens with substrate for metabo(&sn 24, 304) All
microcosms showed evidence of fermentation, indicated by the generation of acetate alongside
the degradation of ISA. Acetate presenthe CDP or generated via the fermentation of ISA
was completely removed from pH 7.0 and 8.0 microcosms within the 14 day incubation period
(Figure 6.3A). Within pH 9.0 microcosms acetate also showed evidence of consumption,

although it could still beletected in low concentrations on day 14 (Figure 6.3A). In contrast,
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acetate accumulated within pH 10.0 microcosms, likely due to the low rates of ISA
fermentation, with no significant acetate consumption detected (Figure 6.3A). In similar
fashion to the $A degradation rates, the rate of acetate removal decreased as the microcosm
pH increased (R0.9237) (Figure 6.3B). Within pH 7.0, 8.0 and 9.0 microcosms acetate was
removed at a rate of 71.9 (+1.4, n=2), 45.3 (+1.4, n=2) and 40.0 (1.7, n=2) umolewittay

QR VLIQLILFDQW DFHWDWH UHPRYDO GHWHFWHG DW S+
available in the growth media and the inoculating sediment materials were gradually removed
from these microcosms via sehlturing, it is assumed any acetate rgalas a result of

consumption by acetotrophic methanogens or acetatksing bacterig305).

6.2.1.2 Methane Generation

Methane was generated in all Cii#el microcosms between pH 710.0, however the quantity

and rate of methanogenesis differed across microcosms. Within pH 7.0, 8.0, 9.0 and 10.0
microcosms an average of 0.44€(03, n=2), 0.384#0.04, n=2), 0.24#0.06, n=22) and 0.15

(x0.01, n=2) mmoles of methane was detected on day 14 of the incubation period respectively
(Figure 6.4A). This suggests the methanogenic population was more active underpit¢utral
conditions, which is perhaps expected given that these ongamisre harvested from neutral

pH sediments. It is perhaps surprising however that methanogenesis was able to proceed up to
pH 10.0, and suggests a proportion of methanogens within this Rgdtsiie were tolerant to
alkaline conditions. Although, the igeration of methane at pH 10.0 by neuphl soil
communities has been observed previod8%). In similar fashion to thecatate and ISA
removal rates discussed above, the rate of methane production decreased in a linear fashion
(R?=0.9832) as the pH within microcosms was increased (Figure 6.4B). This suggests the lower
levels of methane produced at high pH was due to lossaihte consumption and that the
acetate being removed under more neyikhlconditions was being converted to methane,
rather than conversion tooHand CQ via syntrophic acetate oxidation. The ability of
neutrophilic microorganisms to adapt to alkaline pH values has importance within an ILW
GDF. The fact that neutrophilic communities within the present study were capable of methane
generation at pH 10.0 sggsts microorganisms in the {&eld of an ILW-GDF could adapt to

nearfield (alkaline) conditions.
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Figure 6.3. Acetate concentrations and removal rates within CD#Red microcosms
employing neutral-pH Canal sediments][A] Acetate conentrations, [B] acetate removal
rates.Error bars represent standard deviation (n=2).
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Figure 6.4. Methane quantities and production rates within CDHed microcosms
employing neutral-pH sediments [A] Methane quantities, [B] methane production rates.

6.2.1.3 Methanogen Community

Microbial community analysis of the CB#ed microcosms employing the neutp
sediments that were capable of methane generation was undertaken via 16S rRNA gene
sequencing. Within the pH 7.0 and 8.0 microcosms, the strictigroggnotrophic

Methanobacteriumand the metabolically diversdethanosarcinawere the dominant
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methanogenic genera, which were present in roughly equal proportions (Figure 6.5A). Within
the pH 9.0 microcosms the percentage of reads attributed to the lgethmnobacterium
increased to 74.4%, which consequently resulted in a reduced proportion of reads attributed to
the genudMethanosarcina23.4%) (Figure 6.5A). Microcosms operating at pH 10.0 were
dominated by the genuMethanobacterium(99.1%), with the genus Methanosarcina

representing <1.0% of the total archaea reads (Figure 6.5A).

Although members of the genudethanosarcinahave been shown to be capable of
participating in all three methanogenic pathw&3@6), the vast majority of isolated strains
relating to this genus are capable of utilising acetate for growth and methano@@he6
307-310) Since the proportion of 16S rRNA gene reads relating to the ¢géethanosarcina
correlated well with the rate of acetate consumption (Figure 6.6) it would seem this genus is
contibuting to acetoclastic methane generation within these microcosms. The loss of
Methanosarcinagenera within the pH 9.0 and 10.0 microcosms and reduced acetate
consumption under these conditions suggests agdtateed methane was being inhibited at
high pH. This suggests the reduced quantities of methane generated within pH 9.0 and 10.0
microcosms is due to inhibition of the acetoclastic pathway. The increased levels of methane
generated in pH 7.0 and 8.0 microcosms and the detection of both acetoatastic
hydrogenotrophic methanogens at this pH is therefore a result of two methanogenic pathways
being active, in contrast only the hydrogenotrophic pathway appeared to be active at pH 10.0.
To the authors knowledge the only member of Methanosarcinan the literature that has

been shown to be capable of alkaliphilic growth in pure culture has been isolated from
mangrove sediment previously311) which strictly uses methylated compounds
(dimethylsulfide, methanethiol, methapdbr growth and is incapable of using acetate or
H2/CO, for methanogenesig.he fact that alkaliphilic acetataetabolisingMethanosarma

are absent from the literature agrees with the community analysis within the present study,
where the high pH conditions resulted in a loss of this genus. The absence of the strictly
acetoclasc Methanosaetayenus within the methanogen community could be explained by
their lower maximum growth rateg fax) and halfsaturation coefficients(s) compared with
Methanosarcing55). Therefore high acetate concentrations (>1mM) are expected to result in
Methanosarcinaspecies as the dominant acetoclastic methan@g@@nwhich is in line with

the present study, where the initial acetatecentrations within the CBfed microcosms was

1.4 mM &0.1) (Figure 6.3).
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A number of alkaliphilic strains relating to the gemisthanobacteriumwhich dominated in

the pH 9.0 and 10.0 microcosms, have been isolated from alkaline lakes pre(@a@3pnd

were capald of growth up to pH 10.0 in pure culture, all of which strictly useti CQ for
methanogenesis. Additionally, a number of neutrophilic strains have been isolated previously
from anaerobic digesto(813) ricefields(314)and marine sedimen(815)which underlines

their ability to maintain a population between pH-ZMO0 within the microcosms studied here.

All other methanogenic genera that were present represented <1.0% of the total archaeal 16S
rRNA gene reads and were therefore considered insignificant. A small proportion of
unclassified methanogen reads were ditected within pH 7.0, 8.0, 9.0 and 10.0 microcosms,
representing 0.11%, 0.15%, 0.14% and 0.18% of the total archaea 16S rRNA gene reads
respectively, suggesting a small proportion of methanogens within these microcosms are
potentially novel and undesbgd organisms.

Figure 6.5. Genusdlevel methanogen community and proportion of
acetoclastic/hydrogenotrophic methanogens within CDfed microcosms employing
neutral-pH sediments.
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Figure 6.6. Acetate removal rates and proportion of reads attributed tolte genus
Methanosarcinawithin pH 7.0-10.0 CDRfed microcosms employing the neutrapH
sediments.

6.2.2 Lime Site Microcosms
6.2.2.1 ISA Degradation

In contrast to the CDRed micracosms employingeutratpH sediments (Section 6.2.1)De-

fed microcosms employinglkaline sediments from lime sites B, H and T showed evidence of
degrading all three forms of ISA between pH-Z100 (Figure 6.7). On averag874 (+216.7,

n=4), 194.2 £92.2, n=4), 160.7486.9, n=6), 65.6%27.2, n=6) and 92 (6.6, n=2)ug day*

of .-ISA was removed from pH 7.0, 8.0, 9.0, 10.0 and 11.0 microcosms respectively. On
average 329.1(0107.9, n=4), 149.6 (x46.6, n=4), 168.8 (+39.8, n=6), 91.5 (8.9, n=6) and 62.9
(£1.0, n=2) ug day R I-ISA was removed from pH.@, 8.0, 9.0, 10.0 and 11.0 microcosms
respectively (Figure 6.7).XSA was removed at rate of 69814.7, n=4), 78.2 (x38.6, n=4),
48.2 (+28.8, n=6), 43.1 (x1.9, n=6) and 24.5 (+6.5, n=2) ug datpin pH 7.0, 8.09.0, 10.0

and 11.0 microcosms respieely (Figure 6.7). In similar fashion to the microcosms employing
neutralpH sediments (Section 6.2.1), ISA degradation rates were higher between$8.7.0
However ISA removal between pH 1010.0 was higher when employing the alkaline
sediments from #lime sites, compared with the neufpél sediments (Figure 6.8), suggesting
the microbes within these sites have adapted mechanisms to survive and grow in conditions of

higher alkalinity. Previous work employing sediments from site B in @@Pmicrocosrs at

149



pH 11.0 have demonstrated comparable ISA degradation wéiieb also resulted in the

generation of methane at this @&4).

As seen within the control microcosif&ection 6.2.1), acetate was generated as a consequence
of ISA degradation (Figure 6.9), suggesting fermentation processes were active. The initial
acetate concentration upon inoculation was 2.0 md/1; n=4), 1.8 mM£0.1, n=4), 1.6 mM
(x0.07, n=6), 1.4nM (£0.05, n=6) and 1.6 mM (x0.07, n=2) within pH 7.0, 8.0, 9.0, 10.0 and
11.0 microcosms respectively (Figure 6.9), with this variation likely to be a result ofosary
during subculturing. After the 14 day incubation period, acetate concentratiahimti@ased

to 3.2 mM (0.2, n=4), 3.3 mM (x1.1, n=4), 2.8 mM (0.7, n=6), 1.9 mM (x0.1, n=6) and 2.0
mM (£0.1, n=2) within pH 7.0, 8.0, 9.0, 10.0 and 11.0 microcosms respectively (Figure 6.9).
The increased accumulation of acetate between pH 7.0 anco&fared with the pH >9.0
microcosms is likely to be a result of the higher ISA degradation rates observed at these pH
values (Figure 6.7F). In contrast to the microcosms employing the npHtraédiments
(Section 6.2.1), low pH reactors (pH 8®) empbying the alkaline sediments were unable to
demonstrate high acetate consumption rates, with the rate of fermentation appearing to
outcompete the rate of acetotrophy. The lack of acetate consumption fromsitermeactors

could be due to the absence oktaclastic species within the inoculating sediments as
described in Chapter 5. It is possible the alkalngtu conditions of the sites has resulted in

the loss oMethanosarcinandMethanosaetapecies from the sediments, as seen in Section
6.2.1 (Fgure 6.5).
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Figure 6.7. ISA degradation within microcosms employingalkaline sediments from lime sites B, H and T[A] pH 7.0, [B] pH8.0, [C] pH
9.0, [D] pH 10.0, [E] pH 11.0, [F] ISA removal rates. Error bars represent standard deviation (n=6).
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Figure 6.8. Comparison of ISA degradation rates between microcosms employing
neutral-pH sediments (control) and alkaline seninents (lime).[A] .-ISA, [B] -ISA, [C]

X-ISA. Error bars represent standard deviation (control n=2, lime n=6).
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Figure 6.9. Acetate concentrations between pH 7D1.0 within CDP-fed microcosms
employing the alkaline lime sedimentsError bars represestandard deviation (pH 7.0
n=2, pH 8.0 n=4, pH 9.0 n=6, pH 10.0 n=6, pH 11.0 n=2).

6.2.2.2 Methane Generation

CDP-fed microcosms employing the lime sediments were capable of generating methane
between pH 7411.0 (Figure 6.10), one pH unit higher thaicrmcosms employing the neutral

pH sediments in Section 6.2.1. On day 14 the average quantity of methane within pH 7.0, 8.0,
9.0, 10.0 and 11.0 microcosms was 0.6d.¢3, n=4), 0.13#0.05, n=4), 0.2440.02, n=6),

0.18 ¢0.03, n=6) and 0.04:0.03, n=2)mmoles respectively (Figure 6.10A). This equates to

a methane production rate of 9#41(1, n=4), 14.4%3.2, n=4), 17.11.2, n=6), 12.642.2,

n=6) and 9.6%0.9, n=2)umoles day at pH 7.0, 8.0, 9.0, 10.0 and 11.0 respectively (Figure
6.10B), suggestig that under fermentative conditions the methanogen community had an
optimum pH of 9.0 for growth, despite the fact tivatsitu pH values of the inoculating
sediments was much higher (see Chapter 5). Even though a number of alkaliphilic
microorganisms have demonstrated growth above pH (1@®, 124) the optimum growth
conditions for many alkaliphiles tends to be pH ~9.0, therefore the methanogen community
present in the sediments from these alkaline sites are likely to be surviving in low pHtescros

in situ, as described in Chapter 5.
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Figure 6.10. Methane quantities within CDPfed microcosms employing alkaline
sediments from the lime sites between pH 7D1.0.[A] Methane quantities against time
between pH 7411.0, [B] rate of methane prodiat between pH 7:01.0. Error bars
represent standard deviation (pH 7.0 n=2, pH 8.0 n=4, pH 9.0 n=6, pH 10.0 n=6, pH 11.0
n=2).
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6.2.2.3 Methanogen Community

All methanogenic CDRed microcosms were dominated by hydrogenotrophic methanogens of
the genudlethanobacteriurandMethanoculleugFigure 6.11A). Within pH 7.0, 8.0, 9.0, 10.0

and 11.0 microcosms thiMethanobacteriumepresented an average8d#f.1% (+28.0),49.8%
(x33.2),659% +33.0),656% (*32.0) andl.1% (+0.4) of the total methanogen reatsoss

the three sites (B, H, T) respectiveRidqure6.11A). The genudMethanaulleusrepresented

an average 0f.3% (x0.4),221% *14.7), 30.3%%29.8),26.3% 25.1) and88.1% *29.4)

within pH 7.0, 8.0, 9.0, 10.0 and 11.0 microcosespectively. Théack of methane generation

at pH 7.0 and 8.0 within CDfed microcosms inoculated with site H sediments and pH 11.0
microcosms employing site T sediments has resulted in high standard deviation across these
averages. Since members of the geMethanoculleiswere largely absent from microcosms
employing the control sediments in Section 6.2.1.3, but dominated in reactors inoculated with
the alkaline sediments, this genus of methanogen could be important withirolntaninated
environments. Strains relatirtg the strictly hydrogenotrophic gent#ethanoculleushave

been isolated previously from a number of environments, including shale form@tl&)soil

fields (317), wetland soi(318)and paddy field soi319) although to the authors knowledge

no alkaliphilic species have been described to date and therefore their presence within
microcosms operating at pH 11.0 could be the first account of this genus surviving under
alkdine conditions.

Only a very small percentage of 16S rRNA gene reads could be attributed to the potentially
acetatemetabolising genuslethanosarcinand strictly acetoclastic genethanosaetat all

pH values (Figure 6.11). At pH 7.0, 8.0, 9.0, 10.@ dr1.0 the genu$/ethanosarcina
represented an average16% (£0.12),0.0066% (+0.0044),0.71% (+0.69),1.168% (x0.57)
and0.7806 (x0.51) of the total archaea reads across microcosms employing site B, H and T
sediments respectively, suggesting this genus was the minority of the overall methanogen
population. The genuBlethanosaetaepresented on average 0.0%, 0.15%%.10), 0.11%
(x0.11), 0.029% £0.029) and 0.096%t+0.064) of the total archaea reads within pH 7.0, 8.0,
9.0, 10.0 and 11.0 microcosms respectively. The very low percentage of reads attributed to
methanogens capable of acetate metabolism at all pH values agrees withisérghéthin

these microcosms, where acetate quantites increased due to ISA fermentation and showed no
signs of degradation (Figure 6.9). Since the geMathanosarcinaand Methanosaetaould

not be detected in the inoculating sediments (Chapter 5) aence from these microcosms
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is perhaps not surprising. This does however suggest that hydrogenotrophic metabolism
dominated within all CDRed microcosms employing the alkaline sediments irrespective of
pH. This adds confidence to the hypothesis thataikalinein situ conditions of these sites is
selecting against acetoclastic methanogens, as seen in the microcosms employing the neutral

pH control sediments in Section 6.2.1.

Figure 6.11. Genus level methanogen community composition and proportiaf
hydrogenotrophic/acetoclastic methanogens within CDfed microcosms employing
alkaline sediments from the lime sitedA] Genuslevel methanogen communities between
pH 7.011.0, [B] proportion of hydrogenotrophic and acetoclastic methanogens between pH
7.0-11.0.
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6.3 H/CO2 and Acetatefed Microcosms

Since difficulties arise when trying to establish the utilisation of methanogenic substrates under
fermentative conditions due to the production of acetate an@Qd which can obscure
consumption rates, the ability of the Clbd#el microcosms described in Section 6.2 to generate
methane solely from #CO, or acetate supplied in the growth media (in the absence of a
fermentation substrate) between pH-I20 was invesgiated. Sukcultures of the CDRed
reactors were produced and the quantity gfddetate and methane was analysed throughout
the incubation period. The methanogen communities within any microcosms capable of

methanogenesis were described via 16S rRNA gegeencing.

6.3.1 Control Site Microcosms

Microcosms employing the control site sediments fed solely wilC® were capable of
methanogenesis up to pH 10.0, in contrast solely aelt@tmicrocosms were only able to
generate methane up to pH 9.0 (Feg6.12), despite extended incubation periods (50 days).
Hydrogen consumption rates between pHI0®M were 243.3H10.9, n=2), 190.7423.2,

n=2), 121.2 (+18.4, n=2) and 87.8 (+19.4, n=2) umoles'dagpectively (Figure 6.13) and
therefore the rate dfydrogen consumption correlated negatively with the pH of microcosms
(R?=0.984). No methane generation or hydrogen consumption was detected in pH 11.0
microcosms fed with HICO». The rate of acetate consumption also negatively correlated with
pH (R?=0.9918 with an average removal rate of 148t2.Q), 108.3 £3.9), 44.9 £11.0) and

3.6 @0.3) umoles day between pH 7:0.0 respectively (Figure 6.13), with no methane
generated in pH 10.0 microcosms fed solely with acetate. The generation of methane solely
from acetate up to pH 9.0 but continued methanogenesis from hydrogen up to pH 10.0 agrees
with the CDPRfed microcosms in Section 6.2.1, where the same trend was observed.

The methanogen community was analysed via 16S rRNA gene sequencing wittih-féd
microcosms between pH 71@.0 and acetatied reactors between pH 7900, since these

were the only systems capable of methanogenesi€Q#fed microcosms were dominanted

by the strictly hydrogenotrophic gent#ethanobacteriavhich represented 60%, 73.7%,

91.0% and 97.1% of the total archaea reads at pH 7.0, 8.0, 9.0 and 10.0 respectively (Figure
6.14). In contrast, acetated microcosms were dominated by the acetoclastic genus
Methanosarcinavhich represented 65.1%, 79.3% and 7.1% of the &otdlaea reads at pH

7.0, 8.0 and 9.0 respectively. In similar fashion to the @&Pmicrocosms (Figure 6.5), the
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percentage of reads attributed to the acetocldithanosarcinalecreased as the pH within

the microcosms increased above pH 8.0, suggestisggenus was unable to maintain a
significant population under alkaline conditions. The fact that methanogens capable of
acetoclastic methanogenesis reduce in number as the pH increases is in agreement with the
microcosm chemistry where acetate consumnptates decreased at the higher pH values tested
(Figure 6.12). It is interesting to note that a small proportion of hydrogenotrophic methanogen
reads were detected within the acefat® microcosms and low numbers of potentially
acetoclastic species veepresent within HCO;-fed reactors, which is likely to be a result of

ISA carry-over during sufzulturing which led to the generation of undetectable quantities of
acetate and #CO;, via fermentation pathways. It is also possible that acetate is being
fermentated to HCO, by syntrophic acetate oxidising bacteria within the acdeate
microcosmg320) which allowed for hydrogenotrophic populations to develop. Nevertheless,

the donination ofMethanosarcinapecies within the acetated microcosms and high acetate
consumption rates at pH 7.0 and 8.0 verifies the presence of acetoclastic methanogenesis at the

lower pH values tested.

The generation of methane has been shown to kmtigento pH previously under acidic
conditions (321), where low pH conditions inhibited both mattogenic pathways and
fermentation. Within the present study reduced methane generation rates at pH 10.0 appears to
be a result of inhibition of the acetoclastic pathway only, with both hydrogenotrophic
methanogenesis and fermentation pathways still acEiverefore the inhibition of methane at

pH 10.0 within the present study is not a result of fermentation end product limitations, but
rather an inability to metabolise acetate. The degradation of acetate by acetoclastic
methanogens begins with its actieat to acetylcoenzyme A(53). As the pH within the
microcosms is increased, the dissociated forms of acetate will become more abundant, which
could be impairing uptake by cells and result in reduced acetate consumption. Since the charged
(dissociated) forms of atic acid require active transport into the €8#2), an input of energy

is required for its conversion to methane. In contrast the uncharged (associated) forms of acetic
acid areable to move freely across the cell membrane via simple diffusion which is
energetically favourable. This could explain the increased acetate consumption rates (Figure
6.12) under neutrgdH conditions in the present study. Although the electron transpan

of acetoclastic methanogenesis has been studied prev{8a@&y323) no information in the
literature could be found regarding the transport of acetate into the cell and how this transport

is affected by acetic acid dissociation, this could therefore be an important area of future
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research. The protein acetate kinase (Ack) fkbethanosarcina mazeihich activates acetate

for its transport into the cell, has been shown to have an optimum pHaD§322), therefore

a significant amount of energy would be required to maintain an intracellular pH at a value
close to the enzymes optimum when these cells are growing under alkaline conditions. The fact
that reports of alkaliphilic acetataetabolising methanoge are largely absent from the
literature further supports the present studies ascertion that alkaline conditions impair
acetoclastic methanogenesis. A number of methanogens have been enriched and isolated
previously from alkaline lake sediments, none dich were capable of utilising acetate and
instead used #ACO, or methylated compounds for grow(®0, 324) Alkaliphilic acetoclastic
methanogen enrichment cultures have been successfully developed at pH 9.5 from soda lake
sedimerg previously and were dominated by the strictly acetoclddathanosaetg87),

however the methanogenic adiyMn these cultures was extremely low and the activity of these

cultures was impaired at pH 10.0.

159



Figure 6.12. Hydrogen, acetate and methane quantities within microcosms employing control site sediments betweery [H. 0.0.[A]
Hydrogen quantities between pH 710.0, [B] acetate concentrations between pHID®, [C] methane generated frors/ €O0,-fed microcosms
pH 7.010.0, [D] methane generated from acefat microcosms pH 7-00.0.
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Figure 6.13. Acetate andhydrogen consumption rates within microcosms employing
neutral-pH sediments between pH 7:20.0.
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Figure 6.14. Genudevel methanogen composition and proportion of acetoclastic and hydrogenotrophic genera within H2/C@&d and
acetatefed microcosms between pH 7:00.0.[A] Genuslevel composition of ICO»-fed microcosms, [B] gentlevel composition b
acetatefed microcosms, [C] proportion of acetoclasts and hydrogenotrophs wigfd®©pfed microcosms, [Dproportion of acetoclasts and
hydrogenotrophs withiacetatefed microcosms
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6.3.2 Lime Site Microcosms

Microcosms employing the alkaline sedm® from the lime sites were able to generate
methane between pH 710.0 when fed with HICO, in contrast acetated microcosms only
generated methane at pH 7.0 and 8.0 (Figure 6.15). At pH 9.0 and 10.0 headspace hydrogen
was completely removed from2kLO,-fed microcosms within the 14 day incubation period
(Figure 6.15A). Hydrogen was also consumed within pH 7.0, 8.0 and 11.0 microcosms fed
with Ho/CO,, however low quantities of hydrogen were still present within the headspace after
14 days, suggestingpe rate of hydrogen consumption slowed down under these conditions.
No significant acetotrophy was detected within the acé¢mtenicrocosms at pH 9.0, 10.0 and
11.0, however the concentration of acetate at pH 7.0 and 8.0 reduced from 2942 /@M

16.3 mM #3.5) and 30.5 mM#2.7) to 16.9 mM £4.4) over the 14 day incubation period
respectively (Figure 6.15B). Methane generation rates were highest at pH 9.0 and 10.0, with
an average of 0.430.04) and 0.3640.04) detected on day 14 respectiv@jgure 6.15C).

The quantity of methane generated frogiGO; by day 14 reduced at pH 7.0, 8.0 and 11.0 to
0.16 ¢0.02), 0.26 £0.14) and 0.1240.06) mmoles respectively (Figure 6.15C), likely due to

the lower hydrogen consumption rates under these comgli(Figure 6.15A). Methane could

only be detected at pH 7.0 and 8.0 within the acd&temicrocosms, however only low
guantites were detected on day 14 of 0£16(2) and 0.0740.04) mmoles respectively (Figure
6.15D).

The rate of acetate and hydergconsumption was measured for acefiateand H/CO,-fed
microcosms between pH 710.0 (Figure 6.16). Averate hydrogen consumption rates within

pH 7.0, 8.0, 9.0, 10.0 and 11.0 microcosms were 945.2), 70.9£17.3), 167.5%45.3), 133.2

(¥27.2) and 7.0 @&21.3)umoles day respectively (Figure 6.16), suggesting the optimum pH

for hydrogenotrophic methanogenesis when employing the alkaline sediments was pH 9.0,
which is in agreement with the CE&d microcosms (Figure 6.10). Since the pH values of the
inoculating sediments was much higher than pH 9.0 (see Chapter 5) and no methane could be
generated in pH 12.0 microcosms when supplied with CDP, acetatg @D this further
suggests the methanogens were surviving in low pH microsites within theirsgraipés.
Acetate consumption rates within the acefate microcosms were 23.&71.6) and 36.4
(x14.1) at pH 7.0 and 8.0 respectively (Figure 6.16), with no significant acetate consumption
detected at pH 9.0, 10.0 and 11.0 (Figure 6.15B). Stoichiome#iiculations of the
methanogenic reactors fed with acetate do not correlate well with acetoclastic methanogenesis
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(Figure 6.17) and therefore the acetate consumed under these conditions may be a result of

other acetateonsuming processes such as syntropbetate oxidatio(820).
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Figure 6.15 Hydrogen, acetate and methane quantities within microcosms employing linsgte sediments between pH.0-11.0.[A]
Hydrogen quantities between pH 710.0, [B] acetate concentrations between pHIL®, [C] methane generated from/BO,-fed microcosms
pH 7.011.0, [D] methane generated from aceti@e microcosms pH 7-01.0.
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Figure 6.16. Acetate and hydrogen consumption rates within microcosms employing
alkaline lime sediments between pH 7-:Q1.0.The rate of hydrogen consumption increased
at pH 9.0. The rate of acetate consumption was only measurable at pH 7.0 and 8.0.

Figure 6.17. Measured and theoretical methane generation quantites within pH 7.0 and
8.0 acetatefed microcosms employing the alkaline sediments from the lime sites.
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The methanogen community was analysed withifCB,-fed microcosms between pH 7.0
11.0 andacetatefed microcosms at pH 7.0 and 8.0, since these were the only reactors that
showed evidence of methanogenesis. In similar fashion to thef€@DRicrocosms employing
the lime sediments (Section 6.2.2), the strictly hydrogenotrophic géfetteanobactrium

and Methanoculleusdominated in all the HMCO:-fed and surprisingly in the acetets
reactors (Figure 6.18). At pH 7.0, 8.0, 9.0, 10.0 and 11.0 the ddetlsanobacterium
represented an average8%.4% (£29.5),93.4246 (£31.4),66.1% *33.0),65.9% (+32.9) and
49.3% (£32.9) of the total methanogen reads across the lime site reactors fed@ H
respectively (Figure 6.18A). The gerdsthanoculleusepresented an average of 2.992.0),
5.5% (£3.7), 29.9% (+29.8), 30.5% (+£30.5) and 46.9% (+30.8)eototal methanogen reads
across lime site reactors fed wite/@80; at pH 7.0, 8.0, 9.0, 10.0 and 11.0 respectively. 6 other
methanogenic genera were detected in th€Eb-fed and acetatted microcosms, including
Methanocorpusculum Methanomassilicotus Methanomethylovorans Methanoregula
Methanosaetaand Methanosarcina however the percentage of reads attributed to these

methanogens was very low (Figure 6.18AB).

Interestingly, only hydrogenotrophic methanogens could be detected with any sigmfina

the acetatded reactors employing the lime site sediments (Figure 6.18BD), which supports
the chemistry within the microcosms (Figure 6.17), where only very low quantities of methane
could be detected which was not stoichiometrically balanced tv#hamount of acetate
consumed. As with the JCO-fed microcosms, the generllethanobacteriumand
Methanoculleusvere the dominant methanogens (Figure 6.18B) and have been discussed in
Section 6.2. The lack of acetoclastic methanogenesis from thesitienaicrocosms could be

a result of the high pH conditions of the sites. Since control microcosms demonstrated high
acetate consumption and methane generation at pH 7.0 and 8.0, yet were incapable of this
process above pH 9.0, acetoclastic species may leredelected against due to the alkaline

in situ conditions of the sampling sites. The development of acetoclastic methanogen cultures
from the controkite sediments suggests the growth conditions imposed in this study were able
to support acetatdependat methanogenesis and that any lack of acetate metabolism was not

a result of the growth media. As discussed in Chapter 5, no acetoclastic methanogens could be
detected in the inoculating materials taken from the lime sites prior to the development of
enrichment cultures in the laboratory. Furthermore, {8ite reactors were initiated at a pH of

10.0 and gradually decreased to more netrbValues, therefore it is possible that acetoclastic

species were unable to survive the initial inoculation and absent when attempting to
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culture them under neutrgH conditions. No methanogens capable of spore formation could
be found in the literature which could enable them to survive as dormant cells under alkaline

conditions.

The inability of acetoclastic medhogens to grow at high pH within the present study could be
linked to energy conservation. The hydrogenotrophic orders of methanogens
Methanobacterialesand Methanomicrobialesthat dominated within all of the high pH
microcosms lack cytochrome&9, 81) These methanogens synthesise ATP via the
establishment of a proton motive force across the membrang Mairions. In contrast, the
metabolically diverseMethanosarcinalesare the only order of methanogens that contain
cytochromes and use a completely different mode of energy generation, namely via the
production of an electrochemical proton gradient uslhgnd N& coupled with the reduction

of heterodisulfidg29, 323) The availability of H ions decreases as the pH increases which
could be inhibiting members of th#&lethanosarcinalesfrom growing under alkaline

conditions, as seen within the present study.
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Figure 6.18. Genudevel methanogen composition and proportion of acetoclastic/hydrogenotrophic species within/802-fed and
acetatefed microcosms between pH 7:01.0.
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6.4 Inhibition Studies
7KH GHIJUDGDWLRQ RI DFHWDWH XQGHU DQDHURELF FRQGL)

result of conversion to #CO, by SAOB (320)or to CH; by methanogeng25). Without the

use of radidabelled carbon(305) it is difficult to distinguish the end products of acetate
metabolism. However with the use of metfidoride (CHF), a selective inhibitor of
acetoclastic methanogenesis, it is possible to differentiate pathway utilisation by comparing the
acetate consumption and methane generation in microcosms treated wiha@Hthose
without treatmen{251, 326, 327)CHsF has been shown to inhibit pure cultures of acetoclastic
Methanosaetaand Methanosarcinafurthermore inMethanosarcina barkeriwhich can use

both H/CO; and acetaté328), treatment with CkF only inhibited acetate consumption, whilst
hydrogenotrophic methanogenesis remained unaffd@®t) Under certain concentrations
CHgF is also capable of inhibiting acetaterived methane in defined mixed cultures, whilst
having no inhibitory effect on other microbial processes such as @BD. Although no
acetoclastic methanogenesis was observed at pH 10.0 in Section 4.2 and 4.3, very low
percentages d¥lethanosarcinaandMethanosaetd 6S rRNA gene reads were present within
some of these microcosms (Figu@s$, 6.11, 6.14 and 6.18) and it remains unclear which
pathway these organisms are contributing to. Additionally, the consumption of acetate within
pH 7.0 and 8.0 microcosms employing the alkaline sediments did not appear to be a result of
methanogenesisince only low quantities of methane were produced, therefore the use of
methyl fluoride can help to consolidate this position. The @&Pmicrocosms operating at

pH 7.0 and 10.0 discussed in Section 6.2 were used to inoculate furtfveltsues contaiing

both methanogenic substrates/ED, and acetate) supplied in the growth media, both in the

presence and absence of4EH

6.4.1 Control Site Microcosms
Methane was generated in pH 7.0 and 10.0 microcosms employing the control site sediments

when supped with both H/CO, and acetate, in the presence and absence ef (Hgure
6.19A). However the quantity of methane generation differed significantly between
microcosms containing and lacking the inhibitor. By day 14 methane quantities within pH 7.0
microcosms lacking and containing eHwere 1.94 £0.19) and 0.51 #0.14) mmoles
respectively (Figure 6.19A). At pH 10.0 methane quantites were £0396) and 0.34+0.09)
mmoles on day 14 in the absence and presence of the inhibitor respectively (Figée 6.
These differences are assumed to be due to inhibition of the acetoclastic pathway, which is
supported by the fact that acetate consumption was hindered in the presengie af gHH7.0
(Figure 6.19B). Upon inoculation acetate quantites within pHn7i€rocosms were 1.59
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(x0.07) and 1.4640.05) mmoles in the absence and presence aFCQeékpectively (Figure
6.19B). By day 14 the amount of acetate had decreased to0.39 ih pH 7.0 microcosms
lacking the inhibitor, in contrast microcosms incubateder CHF had 1.46%0.1) mmoles of
acetate remaining by the end of the incubation period (Figure 6.19B), suggesting acetate
consumption was stunted. Within pH 10.0 microcosms acetate quantites decreased from 1.56
(x0.04) mmoles upon inoculation to 1.3D.04) by day 14 in the absence of ££Hin contrast
acetate within pH 10.0 microcosms incubated in the presence of the inhibitor increased from
1.39 ¢0.03) mmoles on day 0 to 1.74 (x0.1) mmoles on day 14 (Figure 6.19B). Since methane
guantites within pH.0.0 microcosms were similar in the presence and absencelBf(Egure

6.19A), the very low amounts of acetate consumption observed at pH 10.0 in the absence of
the inhibitor must have been a result of SAO, which supports the community analysis
undertalen in Section 6.2.1 where hydrogenotrophic methanogens dominated (Figure 6.6).
Hydrogen consumption remained largely unaffected by the addition ¢f (Fgure 6.19C),
suggesting that any methane generated in microcosms containing methyl fluoride wex deriv
from hydrogenotrophic metabolism, despite a small amount of lag in the presence of methyl
fluoride (Figure 6.19C).

The quantity of methane generated in uninhibited microcosms (total methane) subtracted from
the quantity of methane generated in inhibeicrocosms (methane fron»/d0;) can be used

to determine the amount of acetdirived methang26) 73.8% £4.4) of methane within pH

7.0 microcosms was derived from acetate, with the remaining 26t2%) (coming from

H2/CO, (Figure 6.20). In contrast only 13.3%9(2) of the methane at pH 10a@&as derived

from acetate and 86.7%t4.2) derived from HCO, (Figure 6.20). This supports the
microcosm chemistry and community analysis undertaken in Sections 6.2 and 6.3, which
suggested little to no acetoclastic methanogenesis was present at pHt 19.perhaps
surprising that the inhibition studies demonstrated as much as 13.3% of methane was being
derived from acetate at pH 10.0, however the addition gF&ktl marginally impact hydrogen
consumption rates (Figure 6.19C) which could be obscuraggtbalculations. Methyl fluoride

can also inhibit hydrogenotrophic methanogenesis at concentrations above 1¥32v)v)
Additionally methyl fluoride does degrade over tif327) and so its inhibitory effects may

have worn off towards the end of the incubation period. Nevertheless the inhibitor studies
presented here do support the notion that hydrogenotrophic methanogenesis dominates at high

pH and the acetoclastic pathway isdened under alkaline conditions.
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Figure 6.19. Methane, acetate and hydrogen quantites within pH 7.0 and 10.0
microcosms employing the control sediments in the presence (+CH3F) and absence (
CHS3F) of methyl fluoride.
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Figure 6.20. Percentage of methee derived from acetate and H/CO: at pH 7.0 and 10.0
within microcosms employing control site sediments.

6.4.2 Lime Site Microcosms

Microcosms employing the alkaline sediments were able to generate methane at pH 7.0 and
10.0 in the presence and absemé CHF (Figure 6.21A). At pH 7.0 an average of 0.075
(x0.086) and 0.084+0.097) mmoles of methane was generated by day 14 in the absence and
presence of the inhibitor respectively (Figure 6.21A). Within pH 10.0 microcosms an average
of 0.19 ¢0.05) and0.25 &0.04) mmoles of methane was produced by day 14 in reactors
lacking and containing C4ff respectively (Figure 6.21A). Hydrogen and acetate consumption
was not significantly affected by the addition of methyl fluoride under both pH values tested
(Figure 6.21BC). Within pH 7.0 microcosms the average acetate quantites in the absence and
presence of CgF upon inoculation were 1.42@.11) and 1.3740.045) respectively. The
guantity of acetate within pH 7.0 microcosms reduced to Gt03%6) and 0.79+0.077)
mmoles by day 14 in microcosms lacking and containing the inhibitor respectively (Figure
6.21B). Hydrogen quantites reduced throughout the incubation period at pH 7.0 and 10.0 within
microcosms containing and lacking €Hat similar rates, suggestingydrogenotrophic
metabolism was unaffected by the addition of the inhibitor (Figure 6.21C). Although the
differences were marginal, methane quantites within microcosms containiglg @éte

slightly elevated compared with reactors lacking the inhibitoerefore calculating the

percentage of methane derived frorlGD; yielded values of >100%. Acetate consumption
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was evident in both inhibited and uninhibited microcosms, suggesting syntrophic acetate
oxidation was present in these reactors. This alsoiromnfthe lack of acetoclastic

methanogenesis in the pH 7.0 and 8.0 microcosms fed solely with acetate discussed in Section
6.3.2.

Figure 6.21. Methane, acetate and hydrogen quantites within pH 7.0 and 10.0
microcosms employing the alkaline sediments ithe presence (+CH3F) and absence (
CHS3F) of methyl fluoride.
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6.5 Old Lime and Steel Enrichments at pH 7.0 and 10.0

Since all the alkaline microcosms (pt10.0) developed from the Control site and New Lime
sites described in Sections 4.2, 4.3 and @l4demonstrated a clear preference for the
hydrogenotrophic pathway, the study was expanded to include the Old Lime sites and Steel
sites in order to determine whether this trend was ubiquitous to different environments. As
discussed in Chapter 5, the Etsite sediments had a comparable methanogen community to
the Control site sediments prior to the development of enrichment cultures, where a number of
acetoclastic genera were identified. The sediments retrieved from the Old Lime)Llaad

Steel siteg(CW, CS, RC, SC) were used to develop hydrogenotrophiC(®l-fed) and
acetoclastic (acetafed) enrichment cultures at pH 7.0 and 10.0 aftercauturing out the
inoculating sediments. Substrate consumption and methane generation was measured in these
sub-culturesand the methanogen community was analysed in any microcosms positive for

methanogenesis using 16S rRNA gene sequencing technologies.

6.5.1 Old Lime Microcosms at pH 10.0

The initial acetate quantites within acetédd microcosms was 1.831.06, n=2), 1.96+0.06,

n=2), 1.98£0.13, n=2), 1.84#0.17, n=2) and 1.930.012, n=2) mmoles for sites LK1, LK2,

LK3, LK4 and LK5 respectively (Figure 6.22A). Following the 56 day incubation period the
final acetate quanities within the same microcesvmas 2.01%0.03, n=2), 1.98#0.04, n=2),

2.14 ¢0.26, n=2), 1.89#0.06, n=2) and 2.00t0.097, n=2) for sites LK1, LK2, LK3, LK4

and LK5 respectively (Figure 6.22A). This suggests little to no acetate was consumed during
the incubation period. To suppdhe lack of measurable acetate consumption, no methane was
detected in the acetated microcosms operating at pH 10.0 when employing the Old Lime
sediments (Figure 6.22C). In contrast, hydrogen was removed from the headspace of the
H2/CO,-fed microcosm operating at pH 10.0 employing the OIld Lime sediments within 8
weeks (Figure 6.22B), compared with unamended controls, suggesting hydrogen was being
consumed via microbial activity. Initial hydrogen quantites within thl€8,-fed microcosms

were 1.97,1.92, 1.85, 2.04 and 1.85 mmoles for sites LK1, LK2, LK3, LK4 and LK5
respectively (Figure 6.22B). No hydrogen was detected within the headspace of these cultures
after 56 days incubation. Methane was detected in the headspaceTa&4-Fed microcosms
operating at pH 10.0 employing the Old Lime sediments (Figure 6.22D). By day 56 average
methane quantites were 0.2B0(19, n=2), 0.15#0.015, n=2), 0.0940.086, n=2), 0.11
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(x0.078, n=2) and 0.21+0.12, n=2) mmoles for sites LK1, LK2, LK3, LK4 and LK5
respectively (Figure 6.22D). The methanogen community within the actW@€Qzfed
microcosms at pH 10.0 were dominated by hydrogenotrophic methanogens of the genus
Methanoculleuswhich represented 99.9 %, 76.0 %, 99.9 %, 91.2 % and 81.9 % of the total
archaea reads in sites LK1, LK2, LK3, LK4 and LKS5 respectively (Figure 6.23).
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Figure 6.22. Microcosm chemistry in acetatded and H/CO2-fed Old Lime microcosms at pH 10.0[A] Acetate quantities, [B] hydrogen

guantities, [C] methane quadtets in acetatéed microcosms, [D] methane quantities in H2/G@@ microcosms
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Figure 6.23. Genudevel methanogen composition of HICO2-fed microcosms operating at pH 10.0 employing the Old Lime sediments.
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6.5.2 Old Lime Microcosms apH 7.0

In contrast to the pH 10.0 microcosms employing the Old Lime sediments (Section 6.5.1), a
number of the pH 7.0 microcosms fed solely with acetate were capable of methanogenesis
(Figure 6.24). The initial acetate quantities within the acdetenicrocosms was 2.7&0.15,

n=2), 2.15 (£0.39, n=2), 2.85 (x0.28, n=2), 2.26 (£0.40, n=2) and 2.25 (£0.13, n=2) mmoles
for sites LK1, LK2, LK3, LK4 and LK5 respectively (Figure 6.24A). Within site LK1, LK3

and LK5 microcosms, the final acetate quantitigsday 56 were 0.89 (+0.59, n=2), 0.92
(x0.13, n=2) and 0.85 (x0.71, n=2) mmoles respectively, suggesting acetate was being
consumed within these reactors (Figure 6.24A). Hydrogen was removed frogiCGillHed
microcosms within the 56 day incubatiperiod (Figure 6.24B). Within the microcosms where
acetate showed evidence of consumption, methane was consequently generated (Figure 6.24C),
suggesting the acetate in these reactors was being converted to methane. All reactors supplied

with Ho/CO; were c@able of methanogenesis (Figure 6.24D).

Although acetatéed pH 7.0 microcosms showed evidence of acetoclastic methanogenesis
based on the microcosm chemistry (Figure 6.25), methanogens capable of acetoclastic
methanogenesis only represented a minorith@foverall population, however the percentage

of reads attributed to the metabolically diverse geviathanosarcinalid increase compared

to pH 10.0 and 7.0 microcosms fed witl/ €0,. Both acetatdéed and H/CO,-fed microcosms

were dominated by memberd the genusMethanoculleus a strictly hydrogenotrophic
methanogen. The ability of these methanogens to maintain a significant population in the
absence of supplied2HCO, suggests SAO was present in these systems. Within the acetate
fed systems, the poteally acetateutiising genusMethanosarcinaepresented 23.7 %, 9.5 %

and 16.7 % of the total archaea 16S rRNA gene reads within site LK1, LK3 and LK5
microcosms (Figure 6.25A), which does suggest acetoclastic methanogenesis was functioning
alongside SAOIn contrast this genus was largely absent frofCiB,-fed systems operating

at pH 7.0 and 10.0. This suggests tethanosarcinawere contributing to acetoclastic
methanogenesis at pH 7.0, but were unable to metabolise acetate at pH 10.0. Surprisingly, th
genusMethanomassilicoccusas an important part of the archaeal community within pH 7.0
microcosms fed with MCO, (Figure 6.25B). Although the genlethanomassiliicoccusses
hydrogen as electron donor, which explains the higledtisumption rates ithese systems,

this genus uses methanol as TEA and noto @@ ATP synthesis(329) Therefore
Methanomassiliicoccuss likely to be contributing to the methylotrophic pathway in these
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reactors, rather than the hydrogenotrophic pathway. Although methanol was not supplied as
substrate in these reactors, the increased levels of sediment materials in these microcosms
compared to the pH adapt reactors (Section 6.2, 6.3 and 6.4) suggests the inoculating materials

contained methylated compounds for use in the methylotrophic pathway
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Figure 4.24. Microcosm chemistry within acetatded and H/CO2-fed microcosms operating at pH 7.0 employing the OId Lime
sediments[A] Acetate quantities within acetated microcosms, [B] hydrogen quantities witlie/ CO»-fed microcosms, [C] methane
guantities within acetatked microcosms, [D] methane quantities withigi ®O,-fed microcosms. Error bars represent standard deviation (n=2).
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Figure 6.25. Genudevel composition of acetatded and H/CO2-fed microcosms
employing the Old Lime sediments at pH 7.(0JA] Acetate-fed microcosms, [B] HCO;-
fed microcosms.

At pH 7.0 acetate and hydrogen were consumed at an average rate a522.2€10) and
63.2 6.2, n=10)umoles day respectively (Figure 6.26). At pHDithe average consumption
rates for acetate and hydrogen were @0.q, n=10) and 42.2+8.6, n=10)umoles day
respectively. This suggests acetate consumption rates were highest underphkutral

conditions, with no acetate consumption detected at p#@. 10. contrast, hydrogen was
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consumed at both pH 7.0 and 10.0, with lower consumption rates observed under alkaline

conditions (Figure 6.26).

Figure 6.26. Acetate and hydrogen consumption rates within microcosms employing the
Old Lime sediments at pH 7.0 and 10.0.

6.5.3 Steel Microcosms at pH 7.0 and 10.0

In similar fashion to the Old Lime microcosms (Section 6.5.1 and 6rga&jtors employing

the Steel sediments operating at pH 10.0 were incapable of generating methane when fed solely
with acetate, however high acetansumption and methane production rates were observed
at pH 7.0 (Figure 6.27). Within the acetété miciocosms at pH 7.0 and 10.0 the initial acetate
guantities across these microcosms was #0709, n=10) and 1.41%0.08, n=10) mmoles
respectively (Figure 6.27AB). By day 56 the average acetate quantites were00087 1=10)

and 1.66 £0.16, n=10) mmoke at pH 7.0 and 10.0 respectively (Figure 6.27AB), suggesting
the rate of acetotrophy increased significantly under nepkiatonditions. The consumption

of acetate in pH 7.0 microcosms resulted in the generation of high quantities of methane that
were sbichiometrically balanced with acetoclastic methanogenesis (Figure 6.28). Both pH 7.0
and 10.0 microcosms were capable of hydrogen consumption and methane production within
the 56 day incubation period (Figure 6.27CD).
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Figure 6.27. Chenistry within acetate-fed and H/CO2-fed microcosms employing the Steel sediments at pH 7.0 and 1(A). Acetatefed
microcosms at pH 7.0, [B] acetdid microcosms at pH 10.0, [CphKO,-fed microcosms at pH 7.0, [C].HCOp-fed microcosms at pH 10.0.
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Figure 6.28. Measured and theoretical methane production within pH 7.0 acetafed
microcosms employing the Steel sedimentirror bars represent standard deviation (n=10).

The methanogen community was analysed within pH 7.0 adeth@nd pH 10.0 HCO,-fed
microcosms. The pH 7.0 acetdigal microcosms were dominated by the aceatititesing genus
Methanosarcinaacross all microcosms, indicating the potential for acetapendent
methanogenesis to be available in these systems. This adds confideresttoctiiometric
calculations discussed previously (Figure 6.28) which suggested acetoclastic methanogenesis
was proceeding under these conditions. In contrast, the pH MCO+fed microcosms were
dominated by members of the strictly hydrogenotrophitugdethanobacteriumwith the
genusMethanosarcinaonly present in low abundance within 2 of the 10 microcosms. Since
the genudMethanosarcinadominated all of the neutrpH microcosms, but were unable to
generate methane from acetate at pH 10.0 or maintain a population within/@@ftd
microcosms, this suggests the acetoclastic population in the Steel sediments are neutralophilic.
This is in agreement with the Control site microcosms (Section 6.2.1 and 6.3.1) where
Methanosarcinalominated under neutraH conditions when acetate was supplied, but were
replaced byMethanobacteriungenera under alkaline conditions in the presence of bethtac

and B/CO». The enrichment cultures developed from the Steel sites had similar methanogenic
communities and methane production potentials as the Control site microcosms, which is likely
to be due to the similar methanogen communities present iretii@ents from these sites

(Chapter 5). Both Steel and Control sites harboured methanogens capable of acetoclastic
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methanogenesis prior to being cultured in the laboratory. The seasonal pH variation
demonstrated by the Steel sites could be resulting imcagased acetoclastic population within
these environment&see Chapter Swhich is resulting in their ability to be cultured in the

laboratory under neutrgdH conditions.

Figure 6.29. Genudevel composition of methanogen enrichment cultures at pH.G and
10.0.[A] pH 7.0 genudevel methanogen community, [B] pH 10.0 gehexel methanogen
community. At pH 7.0 the acetoclasMethanosarcinalominated, at pH 10.0 the
hydrogenotrophidlethanobacteriundominated.
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Figure 6.30. Average percentage of B5rRNA gene reads attributed to the acetoclastic
genusMethanosarcinawithin pH 7.0 and 10.0 methanogenic microcosms employing the
Steel sedimentsThe percentage of reads tdethanosarcinancreased significantly at pH
7.0 compared with pH 10.0 microcosm
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6.6 Conclusions

The development of methanogen enrichment cultures from n@litrahd alkaline sediments

was undertaken in this study and the utilisation of methanogenic pathways was analysed over
a range of pH values. Within the CB& microcosm&mploying the neutrgbH sediments

ISA degradation led to the generation of fermentative conditions which allowed for
downstream methanogenesis to take place between pH).00Highest quantities of methane

were generated within pH 7.0 and 8.0 microcqgsmhere both acetoclastic and
hydrogenotrophic methanogens of the gerdethanosarcinaand Methanobacteriunwere
detected. High acetate consumption rates were observed within pH 7.0 and 8.0 microcosms,
however the rate of acetate consumption reduced significantly at pH 9.0 and became
undetectable at pH 10.0. The acetoclastic populafibetHanosarcina was lostas the pH

within microcosms was gradually increased which correlated well with the rate of acetate
consumption. Although acetatierived methane was largely absent at pH 10.0, hydrogen
driven methanogenesis was still able to proceed under these condHiigis methane
production at pH 7.0 and 8.0 is therefore a result of two methanogenic pathways being active,
in contrast only hydrogenotrophic metabolism was present above pH 9.0. Inhibition of the
acetoclastic pathway using methyl fluoride confirmed #uk lof acetatelerived methane at

pH 10.0.

Microcosms employing the alkaline sediments from the-ometaminated sites (B, H and T)
appeared to have a strong preference for hydrogenotrophic metabolism at all pH values. The
degradation of ISA within CD#ed microcosms allowed methanogenesis to proceed between
pH 7.011.0, one pH unit higher than microcosms employing the nepittalediments. These
microcosms were dominated by hydrogenotrophic methanogens of the lgetieaaoculleus
andMethanobacteriurhowever a small proportion of potentially acetoclastethanosarcina

were also present as the minority of the population regardless of pH. Hydrogen consumption
and methane production was optimal at pH 9.0 suggesting the methanogenic populations from
thesesites are alkaliphilic. Methane was generated in pH 7.0 and 8.0 microcosms fed solely
with acetate, however stoichiometric calculations and the use of methyl fluoride suggests
acetate was being converted ta/G, via syntrophic acetate oxidation, rathban being
converted to methane. Further microcosms developed from the Old Lime and Steel sediments
demonstrated similar methane production potentials at pH 7.0 and 10.0, where the acetoclastic

population Methanosarcing became more dominant under neupil conditions but was
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replaced by a strictly hydrogenotrophic communigethanobacteriunandMethanoculleus

under alkaline conditions.

The lack of acetoclastic methanogenesis in alkaline (pH >9.0) microcosms could be a result of
the high pH conditionsfdhe sites which selected against acetatesuming methanogens as
seen within the microcosms employing the Control sediments. The dissociation of acetic acid
under alkaline conditions could be hampering the ability of acetoclastic methanogens to
activelytransport this substrate into the cell. Additionally, Mhethanosarcinaleare the only

order of methanogen to contain cytochromes, which synthesise ATP by simultaneously
generating Naand H gradients across the membrane. Sint@Hs will be extremsl limited

under alkaline conditions, this could be impeding the ability of cytochhmmé&ining
methanogens to survive and grow at high pH. In contrast, hydrogenotrophic species lack
cytochromes and only translocate*Ntans for the generation of electtwmical gradients and

ATP synthesis, which could give them an advantage when surviving under alkaline conditions.

Overall he data shown here suggests that pH is an important environmental factor affecting
biological methane generation. The relative dbotion of methanogenic substrates to
methane generation within an ILWWDF is an important consideration for the assessnfent o
therepositories long term safety and performarides potential for methanogens to be active

at alkaline pH values has importamiplications for the generation of gases withim ILW-

GDF. Numerous alkaltolerantsedimentconsortiums have been obtained and characterised
within this study, all of which have the potential to generate methane fromggydand carbon
dioxide at highpH. These locally sourced microbial communities showed no ability to generate
methane from acetate at pidlues expected within the nefggld of an ILW-GDF, although
acetoclastic methanegesis was observed under more neygrhconditions The data shown

here suggests that the acetoclastic pathway will be unavailable under conditions relevant to the

disposal of ILW which in turn reduces the potential for gas generation witGIDE
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7.0 Calcium Carbonate as a Potential
Substrate for Hydrogenotrophic
Methanogenesis at High pH
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7.1 Rationale

Methanogens surviving within the nefagld of a cementitious repository for ILW may not
have access to C@ue to alkaline carbonation reactidBy, although significant quantities of
highly insoluble ckcium carbonates (calcite and aragonite) are likely to be present due to the
precipitation of CQat high pH(6). Hydrogen is expected to be generated during the evolution

of an ILW-GDF through corrosion processé$) and potentially via fermentation of the
cellulosic materials as described previou&$, 24, 304)To the authors knowledge, the use

of highly insoluble carbonates by methanogens has only been studied once pré2@)sly
where pure cultures demoretied the ability to generate methane via the hydrogenotrophic
pathway from both calcium and magnesium carbonate. The work carried out by Kral et al.,
(2014) concluded that methanogenesis was able to proceed from these highly insoluble
carbonates due to tlyeneration of small amounts of carbon dioxide. The G&herated via

the reversible reaction of carbonates in solution was enough to drive low rates of methane
generation, however these studies were confined to neutral pH valués46.@here C@

availability will be higher than under alkaline conditions.

The data outlined in this chapter seeks to determine whether the methanogenic populations
developed from the alkaline sites in Chapter 6 were able to utilise two types of calcium
carbonate (CaC¢powder and marble) for hydrogenotrophic methanogenesis at pH 10.0 in the
absence of externally supplied €Q@Inder these conditions GQvailability is likely to be
extremely limited. Furthermore, the cemdatsed grout NRVB, which is a potential
backfilling material within an ILWGDF (6), was used to provide amorganic carbon source

for the methanogens after sorption of Qto its surface. The consumption of hydrogen and
generation of methane in microcosms supplied with different forms of calcium carbonate was
analysed via gas chromatography. Amplicon seguervia the Illumina MiSeq platform was

used to describe the methanogenic populations. A-veidge of imaging supplemented the
study, including SEM, CLSM and FISH which was employed to visualise the methanogen
communities growing in association with tharbonate minerals as well as analysing the
formation of calcium carbonate on the NRVB surfaces. Geochemical modelling via PHREEQC
was performed to determine the availability of Zi@der the conditions of these experiments.
Surface area tests were undketato determine the impact this property may have on calcium
carbonate solubility and methane generation rates. DIC measurements were taken to observe

the movement of inorganic carbon between the solid and liquid phase of cultures.
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7.2 Reactor Chemistry
7.2.1 Headspace Gas Analysis

Microcosms containing a sterile, chemicalgducing mineral media were supplemented with
either calcium carbonate powder, marble chips oicpreonated NRVB and inoculated under

a headspace of eithep/N> (10:90) (test reetors), H/CO»/N2 (10:10:80) (positive control) or

N2 only (negative control). In order to ensure methanogenesis was not proceeding from
fermentation pathways, further negative control microcosms were inoculated under a 100%
nitrogenheadspacwithout theaddition of supplementary carbon. Abiotic control microcosms
containing H/N2 (10:90) headspace were also run alongside the test experiments to assess
hydrogen leakage during headspace gas sampling. The methanogenic reactors described
previously (Chapter)edeveloped from the New Lime (B, H, T), Old Lime (L) and Steel

sites (CW, CS, RC, SC), which were operating at pH 10.0 and fed wifiO were used as
inoculum for this study.

Within the test reactors lacking external £@eadspace hydroggnantities immediately after
inoculation were 3.45 mmol£0.21), 3.31 mmol. {0.24) and 3.36 mmol.+0.046) for
microcosms containing calcium carbonate powder, marble chips artdn@nated NRVB
respectively (Figure 7.1). Over the 42 day incubationopereadspace hydrogen quantities
decreased within all test reactors amended with calcite undéNaht¢adspace compared with
abiotic controls (Figure 7.1), indicating hydrogen was being consumed through microbial
action. Hydrogen consumption rates wéve2 ¢3.93), 49.9£4.78) and 74.441.56) pmoles

day? within microcosms supplemented with Cagj®@wder, marble chips and pearbonated
NRVB respectively (Figure 7.2). This indicates reactors supplemented with marble chips
demonstrated the lowest ratashydrogenotrophic metabolism and those containing NRVB
had the highest rates. Not all hydrogen was consumed over the 42 day incubation period.
Positive control reactors that were supplied with boirairti CQ in the headspace showed
higher rates of hydgen consumption (244.2 pmoles day7.1) compared with all test reactors
where CQ was omitted (Figure 7.1), suggesting the addition of ®&s enhancing hydrogen

consumption rates.

Methane was generated within all test reactors containing €p@@der,marble chips and
pre-carbonated NRVB under a>M> headspace, and in positive controls where, @@s

supplied in the headspace (Figure 7.1). In contrast, negative controls with 100% nitrogen
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headspace were incapable of methane generation, suggestingemydvag necessary for
methanogenesis to take place and fermentation pathways were absent. Within the test reactors
methane quantities reached highest average values on day 42 &0013§,(0.28£0.16) and

0.69 ¢0.064) mmoles in microcosms supplementeth CaCQ powder, marble chips and
pre-carbonated NRVB respectively, with these differences likely to be a result of the varied

hydrogen consumption rates (Figure 7.2).

Figure 7.1. Headspace gas analysis of calcimipplemented microcosmsHeadspace

hydrogen and methane quantities within microcosms supplied with ga&@ier [A],
marble chips [B] and prearbonated NRVB [C]. Positive controls (+Ve) were supplied with
both H and CQ. Error bars represent standard deviation (n=24 for [A] and [B], n5&1or
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Figure 7.2. Hydrogen consumption and methane generation rates of microcosms
containing calcium carbonates.Error bars represent standard deviation (Powder n=24,
Marble n=24, NRVB n=3).

7.2.2 Dissolved Inorganic Carbon Analysis

DIC was analysedavithin biotic and abiotic microcosms supplemented with Cag@vder,
marble chips and prearbonated NRVB under a:il> headspace. Upon inoculation no DIC
could be detected within inoculated microcosms and abiotic controls (Figure 7.3). Within the
abioticcontrol reactors, DIC concentrations increased throughout the 42 day incubation period
and reached highest levels on day 42 of 588L3), 25.2 £4.2) and 112.5#14.2) mg L

within reactors supplemented with Cagbwder, marble chips and pecarbonatedNRVB
respectively (Figure 7.3). The steadily increasing concentration of DIC measured within abiotic

reactors is assumed to be a result of calcium carbonate dissolution via the following reactions:

CaCQ < &D+ Co# ref  (236)
COZ+H" < +&2 ref  (236)
HCOs + H" < +CQO; ref  (236)
H.COs < & 2+ H0 ref (236)
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DIC also increased initially within the biotic microcosms, however the concentrafio
inorganic carbon never reached the highest values observed within abiotic reactors, which
suggests inorganic carbon was being removed via microbial activity. Within the biotic
microcosms supplemented with CagJowder, highest average DIC values wanserved on

day 21 of 14.6 ppm+19.2), with the average DIC values decreasing to 4.4 pgB) by day

42 (Figure 7.3A). Biotic reactors supplemented with marble chips had highest average DIC
values of 11.2 ppmt6.5) on day 21, reducing to <2 ppm by d& (Figure 7.3B). Average

DIC values within biotic microcosms containing NRVB increased to 25.7 gg2)(on day

21, followed by a decrease in concentration to 15.5 gy@1b) on day 28 (Figure 7.3C).
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Figure 7.3. Dissolved inorganic carbon concentratns within pH 10.0 mcrocosms
supplemented with calcium carbonategA] Calcium carbonate powder, [B] marble chips,
[C] pre-carbonated NRVB. Also shown is abiotic control reactors under the same conditions.
Error bars represent standard deviation (n=24Apand [B], n=3 for [C]).

7.2.3 Surface Area Testing

The surface area of the Cag@owder, marble chips and NRVB used in the microcosm
experiments was analysed since this property can impact solubility. NRVB had the highest

surface area df32.6m?g?! and the marble chips had the lowest surface area of g3,with
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the CaCQ powder fitting in between these two values (38grY (Table 7.1). The variation

in DIC concentration observed in Section 7.2.2 (Figure 7.3) and hydrogen consumption rates
measired in Section 7.2.1 (Figure 7.2) correlates well with the surface area of these minerals,
with the highest rates of hydrogen consumption, methane generation and DIC concentration
coming from reactors supplemented with NRVB. Lowest hydrogen consumpties, ra
methane generation and DIC concentrations were observed within reactors supplemented with
marble chips, which had the lowest surface area. It is unknown whether the methanogens used
in this study are directly using precipitated CaG® a carbon sougcfor hydrogenotrophic
metabolism, or whether these microorganisms are relying on the dissolution ot @CO
HCOs and CQ. However this could be an important area of future research. It is known that
autotrophic methanogens are capable of utilising @ HCQ as carbon sourcgd5),
however their use of C33and CaC@has not yet been demonstrated. Since the surface area
of the mineral impacted the rasémethanogenesis in this study, this provides limited evidence
that the methanogens were relying on the generation of bicarbonate and carbon dioxide from
the dissolution of calcite in solution. Furthermore, it could be speculated that the bacterial
compment of the community is altering the chemistry of the calcite surface and thereby
releasing soluble inorganic carbon which can be used downstream by autotrophic
methanogens. It has been shown previously that alkaliphilic members of the
Betaproteobacteriare capable of autotrophic growth on calcium carbonate and hydrogen at
pH 11.0 under aerobic conditio(335), and there is no reason to believe this process cannot

be undertaken by methanogens under the anaerobic conditions employed in this study.

Table7.1. Suface area testing.Shows surface area of marble chips, Cag@vder and
pre-carbonated NRVB used during the calcite experiments.

Sample Mass of sample / g BET surface area / mg?
Marble Chips 0.3011 <3
CaCOs Powder 0.3017 3.8

NRVB 0.3024 132.6
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7.2.4 Volatile Fatty Acid Analysis

Acetate was generated in biotic microcosms supplemented with {a@@er, marble chips

and NRVB under a N, KHDGVSDFH ZLWK QR 9)$V GHWHFWHG LQ
reactors maintained under 100% nitrogen heads (Figure 7.4). Highest acetate
concentrations were observed on day 42 of 1.65 gV66), 1.69 mM£0.81) and 4.65 mM

(x1.04) in reactors supplemented with Ca@Owder, marble chips and NRVB respectively.

Biotic reactors inoculated under a 100% nigongheadspace showed no evidence of
acetogenesis, suggesting acetate generation was dependent on the presence of hydrogen and
was independent from fermentation processes. Autotrophic homoacetogenesis is a likely
explanation for the generation of acetatejohinvolves the reduction of Gr HCGs to

acetate using #as electron donor:

2CQp + 4H, : & COOH + 2HO (330)
2HCO;' + 4H, + HY © CH3COO' + 4H,0 (331)

It has been suggested previously that hydrogenotrophic methanogens generally outcompete
KRPRDFHWRJHQV IRU PROHFXODU K\GURJH @32phawever DEVHQ |
in low temperature environments homoacetogens tend to dor(83&(e334) 1R 9)$fV RWKHU
than acetate were detected throughout the incubaéinady further suggesting fermentation
SURFHVVHV ZHUH DEVHQW VLQFH RWKHU 9)$TV VXFK DV S
fermentation engbroducts(335). The detection of methane and acetate within the microcosms
suggests calcium carbonate and hydrogen are able to support at least two microbial pathways

at pH 10.0, namely methanogenesis and dematogenesis. Since acetate concentrations
continually increased throughout the incubation period (Figure 7.4) and hydrogen was
consumed from the headspace (Figure 7.1), methane generation appeared to arise via the
hydrogenotrophic pathway in similar fagsh to the microcosms described in Chapter 6.

However, the generation of acetate could be masking acetate consumption.
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Figure 7.4. Volatile fatty acid analysis of calcite microcosmsAcetate concentrations
within pH 10.0 microcosms supplemented withCQ powder, marble chips or pre
carbonated NRVB, alongside abiotic control reactors under the same conditimnsars

represent standard deviation (Powder n=24, Marble n=24, NRVB n=3).

7.2.5 pH

The pH of the microcosms was monitored throughoutdthelay incubation period. Upon
inoculation the average pH within microcosms amended with @g@g@®der, marble chips

and NRVB was 10.04:0.09), 10.01£0.05) and 10.02H0.04) respectively (Figure 7.5). The
average pH decreased within the first 7 day&s4d@ €0.2), 9.53 £0.3) and 9.76%0.08) within
reactors supplied with calcium carbonate powder, marble chips and NRVB respectively and
was therefore adjusted to pH 10#D2) with sodium hydroxide. The lowest pH values were
detected in reactors amende&ith marble chips, where the lowest pH of 9.48.82) was
observed on day 21. This reduction in pH could be a result of carbonic acid formation via the
dissolution of carbonates in solution (see Section 7.2.2), or due to the generation of volatile
fatty ecids (Figure 7.4).
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Figure 7.5. Bulk pH of calcitesupplemented microcosmsShows the average pH of
microcosms before adjustment to pH 10.0 with 4M NaB#ior bars represent standard
deviation (Powder n=24, Marble n=24, NRVB n=3).

7.2.5 PHREEQC Modellng

The availability of inorganic carbon species under the conditions of these experiments between
pH 7.012.0 was determined via PHREEQC analysis. At pH 10.0 the concentration,of CO
HCOs and CQ* was calculated to be 1.1x3@pm, 4.86 ppm and 3.03 pprespectively,
suggesting C&concentrations will be relatively low but still available (Figure 7.6, Table 7.2).
The dominant carbon species detected in the DIC measurements (Figure 7.3) will therefore be
the bicarbonate and carbonate ions under the tonsliof these experiments. Since the bulk

pH of the microcosms reduced below pH 10.0 at stages of the incubation period (Figure 7.5),

this will increase the availability of CO
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Figure 7.5. PHREEQC modelling of dissolved inorganic carbon at various phalues.
Showing the concentration of carbon species between pH2700

Table 7.2. Dissolved inorganic carbon species at various pH values based on PHREEQC
geochemical modellingShowing the concentration of carbon species between pH2700

Initial CO2 HCOgs CO3z* Total
pH (Ppm) (ppm) (ppm) DIC
(ppm)

7.00 7.9x10! 23.6  9.9x10? 24.5
8.00 1.1x10* 13.1  2.3x10? 13.4
9.00 1.4x10° 7.8 6.3x10* 8.4
10.00 1.1x103 4.9 3.03 7.9
11.00 8.2x10° 2.4 10.01 12.5
12.00 8.1x10" 3.8x10' 26.43 26.8

7.3 Archaeal Community Analysis

The archaeal community was analysed within all methanogenic microcosms amended with
CaCQ powder, marble chips and NRVB after DNA extraction and sequencing of the 16S
rRNA gene via the lllumina MiSeq platform. The bacterial ommity could not be analysed

due to low DNA yields. All microcosms supplied with CagJfowder were dominated by the
genusMethanobacteriunregardless of which site the microcosm originated from (Figure
7.6A). Pure cultures of this genus have been showséohydrogen and carbon dioxide for

growth (313, 336, 337and a number of alkaliphilic strains have been isolated from biogas
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plants and alkaline lakes previougB12, 338) Small proportions of reads attributed to the
generaMethanosarcina Methanoculleusand Methanomassiliicoccusvere also detected
within microcosmriginating from the Lime sites (B, H, T, LK&) when supplemented with
CaCQ powder (Figure 7.6A). Although members of thethanosarcinaare capable of
acetoclastic and methylotrophic methanogengsis 339) they have also been shown to use
H2/CO, for growth(340), making them extremely versatile methanogens. Although acetate was
generated and present within microcosnts,acetate consumption was detected, suggesting
the Methanosarcinahere were contributing to hydrogenotrophic methane generation.
Methanoculleuspecies are strictly hydrogenotrop®d 8, 319, 329and have been identified

in a range of environments, including wetland $8i8), paddy field soi(319)and oil fields
(341) however no alkaliphilic species have been identifiethte. The genudethanocalculus

was only detectable in microcosms originating from the Steel sites (CW, CS, RC, SC) which
is an important methanogen within saline environmé®), with a number of alkaliphilic

species being isolated from alkaline soda lakes previ¢9%|y343)

The majority of microcosms supplemented with marble chips had a isiméshanogen
community compared with reactors amended with Ca@Wder, however the percentage of
reads attributed to the gendviethanosarcinaMethanoculleusand Methanomassiliicoccus
increased within microcosms originating from the Lime sites (FigusB)7 Surprisingly a

small percentage of reads attributed to the potentially acetoclastic gethsnosaetavere

also detected within microcosms supplemented with marble chips originating from site H
(11.4%) and site T (1.9%), which could indicate thd@astic pathway was also active, even
though no acetate consumption was observed and therefore substrate utilisation was minimal.
The genudMethanosaetavas only detectable in 2 of the 12 reactors containing marble chips
and could not be detected in amicrocosms containing CaG@owder or NRVB, suggesting
acetoclasts were the minority of the overall methanogenic population and hydrogenotrophic
methanogens dominated. The significant change in methanogen populations -sitdime
reactors containing marbtdips compared with those containing Ca@owder could not be
accounted for, however the pH of reactors containing marble chips underwent significant
changes during the incubation due to the low buffering capacity of the media, which could be
promoting he growth of acetoclastic methanogens as seen in the pH adaption study in Chapter
6.

202



Triplicate microcosms amended with NRVB had a very similar methanogen community
(Figure 7.6C), dominated blylethanosarcinaMethanoculleusand Methanomassiliicoccus

genea. All these genera have been discussed above.

The differences in archaea community between microcosms amended with fa@dRr,
marble chips and NRVB was analysed via PCA (Figure 7.7). Microcosms containinggCaCO
powder and NRVB clustered very closeeatiter, however reactors amended with marble chips
had a much wider distribution of methanogens (Figure 7.7). Marble and NRVB are not pure
forms of calcite (CaCg) and contain other minerals such as pyrite gF&#ich could be
improving the growth rate d¥ethanosarcinaMethanoculleusand Methanomassiliicoccus
species. The activity dflethanosarcinandMethanoculleusias been shown to be influenced

by trace elements previoud§44)and iron is a very important metal for enzymatic pathways
in methanogenesi@B45). Although trace elements were supplied to the growth media, the
marble chips and NRVB may be providiniylethanosarcina Methanoculleus and
Methanomassiliicoccuspecies with grwth factors that were not included in the media,
however further work is required to substantiate this.

Previous studies have shown that high bicarbonate concentrations can negatively impact
acetoclastic methanogenesis and reduce numbers of Methanales(@46), which are the

only order of methanogens capable of acetate metab@hgin Since PHREEQC analysis
suggets the dominant carbon species present at pH 10.0 are the bicarbonate and carbonate ions
(Figure 7.5), this could be leading to an inhibition of acetoclastic methane generation.
Microcosms supplied with marble chips demonstrated the lowest DIC concergrdtie to

the minerals low surface area (Table 7.1), leading to lower amounts of bicarbonate and
carbonate ions in solution compared with the Cag@vder and NRVB, which could explain

the detection of the genbdethanosaetavithin these reactors. Howevirhas recently been
suggested thaWMethanosaetaare also capable of hydrogenotrophic metabolism via direct
interspecies electron trans{@47). This notion agrees with the chemistry within microcosms
where no acetate consumption was observed lamefore the detection dflethanosaeta
genera within the marblehip amended microcosms could still deesult of their ability to

generate methane via the hydrogenotrophic pathway.
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Figure 7.6. Archaeal community analysis of calcite microcosmsGenuslevel archaeal
community within pH 10.0 microcosms supplemented with Ca@@vder [A], marble chips
[B] or precarbonated NRVB [C].
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Figure 7.7. PCA of archaeal communities from calciteamended microcosms.

7.4 Carbonation Analysis

7.4.1 Phenolphthalein Staining

The NRVB incubated under C@sed in the microcosm experiments was tested for evidence
of carbonation vialpenolphthaleirstaining which indicates high pH (pink) and low pH (white)
areas (Figure 7.8). Low pH areas are an indication of carbonation due to the formation of
carbonic acid348) The surface of NRVB maintained under nitrogen was basic (Figure 7.8A)
signified by its pink colour after staining. In contrast NRVB incubated under anateresof

COr had a lower pH surface indicated by the colourless stain (Figure 7.8B). The inner surfaces
of the NRVB remained alkaline however (Figure 7.8CD), suggestingwS unable to
penetrate into the inner surfaces of the NRVB during the incubation.
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Figure 7.8.Carbonation analysis of NRVB viaphenolphthaleinstaining. [A] Outer surface
of NRVB incubated under nitrogen, [B] outer surface of NRVB incubated undgr[C@nd
D] inner surfaces of NRVB incubated under£O

7.4.2 SEM

The morphology bDthe inner and outer abiotic NRVB surfaces was analysed via SEM after
incubation under C® Outer surfaces had more sharp nedilee crystalline structures
compared with inner surfaces (Figure 7.9). The neldddestructures observed on the outer
surfaces had a similar morphology to arago(®49), with inner surfaes having a similar
morphology to calcit€349). EDS of these surfaces suggested calcium, carbon and oxygen
were present in high quantities (Figure 6.10), potentially indicating the presence of aragonite

or calcite.
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Figure 7.9. SEM investigation of NRVB.Scanning electron micrographs of inner [A] and
outer [B] surface of prearbonated NRVB used during the microcosm experiments.
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Figure 7.10. EDS investigation of inner and outer NRVB surfacefA] SEM of inner NRVB
surface, B] EDS of inner NRVB surface, [C] SEM of outer NRVB surface, [D] EDS of outer
NRVB surface.
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Figure 7.11. SEM investigation of biotic NRVB after incubation under methanogenic
conditions. Shows potential aragonite and calcite minerals.

7.4.3 XRD

XRD patterns of the inner and outer NRVB surfaces were very similar when compared with
the CaCQ@ powder (Figure 6.12), suggesting calcium carbonate was present on both the inner
and outer layer of the NRVB. However, the marble chips had a different XRDnpatter

presumably due to the presence of other minerals, such as quartz, pyrite and graphite.
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Figure 7.12. XRD patterns of CaCO3 powder, marble chips and NRVB.
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7.5 Imaging

7.5.1 5Colour CLSM

Suspected biofilm materials weeremoved from the NRVB surfaces after incubation in the
microcosm experiments and viewed via CLSM to analyse any organic components present. A
range of organic polymers were detected within the suspected biofilm materials, including
lipids, sugars, protes, eDNA and cells (Figure 7.13). The homoaceto@dostridium
ljungdahlii and the methanogemdethanobrevibacter smithiMethanosphaera stadtmanae
Methanosarcina mazéave all been shown to be capable of biofilm formation previd@siy,

351)

Filamentous eDNA scaffolding was detected within the biofilm materials attached to the
NRVB (Figures 7.13BD), which have a similar appearance and width to giddthuced by
Pseudomonaspecies observed previous{$52) This eDNA framework is likely to be
contributing to the stability and structure of the biofilm as describedaugy (353, 354) The

eDNA component of ibfiims has been shown to promote acidification of the local
environmeni355), which could be resulting in a pH reduction of the outer NRVB surface as
described in Section 7.4.1 (Figure 7.8) and a lower bulk pH as described in Section 7.2.5
(Figure 7.5). This could also offer acetoclastic species withteersite for improved growth

as seen in the pH adaption study in Chapter 6. Furthermore, this could also explain the increased
detection ofMethanosarcinagenera within the NRVB and marble chip amended reactors
(Figure 7.6).

Organic biofilm materials weralso detected on the surfaces of the NRVB when directly
viewed via CLSM (Figure 7.14). This suggests microorganisms were growing in close
association with the NRVB, where carbonate minerals were detected (Section 7.4). It could be
speculatedhat microorgaisms aggregating on the surface of the calcite minerals are reducing
the pH of the local environment via the generation of a proton gradient, thereby releasing
soluble carbonates which convert to bicarbonate (due to the lower pH niche) which become
available for autotrophic metabolism, however more work is required to substantiate this claim.
The detection of organic polymers and biofilm materials in these microcosms despite the lack
of organic carbon present in the growth media suggests autotrophic hsetaladone

supported the development of biofilm on the calcite surfaces. The formation of biofilm by
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autotrophs could further support downstream processes by bacteria, such as those capable of

metabolising proteing356).

Figure 7.13.CLSM investigation of biofilm materials taken from NRVB reactors. 5-
colour confocal scanning laser microscopy images of methanogenic biofilm taken from the
surface of NRVB. Yellowtlipids, red tsugars, greerxprotein, pink teDNA and cells.
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Figure 7.14. CLSM investication of biotic NRVB. 5-colour confocakcanning laser
microscopic image of NRVB chip with biofilm formed on the surface. Showing protein
(green), lipids and hydrophobic sites (yellow), sugars (red), polysaccharides (blue) together
with cells and extracellular DNA (pink).
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7.5.2 FISH

FISH was carried out in order to visualise the presence of archaea and bacteria within the
biofilm materials attached to the NRVB surfaces. Although the probe used was universal to all
archaea, only methanogenic archaea could be identified within the miarobianunity in

Section 7.3 (Figure 7.6). FISH confirmed the presence of methanogenic archaea within the
aggregates formed on the NRVB surface (Figure 7.15). A significant proportion of Eubacteria

were also detected on the NRVB surfaces.

Figure 7.15.FISH investigation of biotic materials attached to NRVB.Fluorescence

situ hybridisation images of methanogenic biofilm taken from the surface of NRVB. Biofilm
materials removed from NRVB surfaces are showaC]Aalongside biofilm materials diluted
in sterile media [D]. GreerxEubacteria, RedtArchaea.
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7.6 Conclusions

Mixed cultures of methanogens harvested from-sadiace alkaline sediments were capable

of generating methane using highly insoluble calcium carbonate as a carbon source at pH 10.0.
Methane quantities increased within all microcosms supplied with calcium carbonate and
hydrogen, in contrast negative controls lacking carbonate and/or hydrogen showed no
measurable methanogenesis. The rate of methane generation and hydrogen consusiption wa
influenced by the type of calcium carbonate used, with the surface area of the mineral in
guestion affecting these rates. No £Was detected in the headspace of methanogenic
microcosms, however geochemical modelling via PHREEQC suggested that atriequilib
very low amounts of CoOwould be generated by these carbonates at pH 10.0, although the
dominant carbon species present would be H@@d CQ*. The dissolved inorganic carbon
species were consumed by the methanogenic population, further indi¢egipgtential for
autotrophic growth via consumption of calcium carbonate. All microcosms were dominated by
methanogens capable of hydrogenotrophic methanogenesis, including the genera
Methanobacteriumand Methanoculleus although mall proportions of the metabolically
diverse genuMethanosarcinand the strictly acetoclastic gerdsthanosaetavere detected,
indicating the potential for acetoclastic methanogenesis, despite the laelsiirable acetate
consumption.Phenolphthalein, SEM and XRBnalysissuggested the NRVB underwent
carbonation during incubation with GGignified by the low pH areas formed on the surface,

the detection of calcium, carbon and oxygen via BD&he morphology of the minerals and

the XRD patternsOrganic biofilm materialsvere detected on the surface of the NRVB,
suggesting the microorganisms were growing in close aswocigith the carbonate minerals

and were capable of attachment to the cement surface, with the formation of eDNA scaffolding
possibly improving biofilm @aachmentArchaea were detected within the biofilm materials
formed on the NRVB surface via FISH, further confirming ghewth of methanogens within

close association to the calcite minerals.

Calcite has been identified as an important mineral withiméaefield of an ILW-GDF, and

the data shown here suggests it could provide methanogens with a carbon source for
hydrogenotrophic metabolism, so long as molecular hydrogen is available. Alongside
methanogenesis, microcosms also showed evidence of howgeamesis, signified by the
generation of acetate in reactors supplemented with calcite and hydrogen gas. The combination

of H2 and calcite therefore has the potential to provide both hydrogenotrophic and acetoclastic
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methanogens with substrate for metadmoli however hydrogenotrophic metabolism was
evidently the dominant pathway within this stu@yerall this data suggests that inorganic and
highly insoluble calcium carbonate is able to support bbtmacetogenesis and
methanogenese pH 10.0, which cdd have a significant impact on gas generation within the
nearfield of an ILW-GDF.
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8.0 Development of Sulphate&educing
and Methanogenic Biofilms on Steel
Surfaces under Alkaline Conditions
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8.1 Rationale

Microcosms developed from the New Lime sBesediments operating at pH 10.0 under
sulphatereducing conditions and fed with CDP were used as inoculum to develop biofilm on
stainless steel surfaces at pH 11.0. Previous work has demonstrated methanogenic activity at
pH 11.0 in planktonic cultur¢24) and biofilm systemg304) however to the authors
knowledge sulphateeduction at pH 11.0 has never been demonstrated under laboratory
conditions. Earlier work utilising sediments from site B suggest sulphate reduction above pH
10.0 is not viable in planktonic cultufgl5), although studies into the alkaline soda lakes have
measured sulphateducing activity above pH 10(857)and pure cultures of alkaliphilic SRB

have demonstrated growth at pH 10358) The formation of biofilm has been shown to
facilitate microbial survival under extreme cdatimhs (125)and could ease the environmental
stresses associated with high pH. The generation of sulpftitia a GDF has the potential to
enhance the corrosion of any steel materials present, such as the steel canisters used to contain
the waste, therefore an active sulph&m®ucing community could impact the leteym

performance of such a facility.

8.2 Results and Discussion

8.2.1 CDC Biofilm Reactor Bulk Chemistry

&'& ELRILOP UHDFWRUV ZHUH LQRFXODWHG XQrédddihgP HWKDQ
conditions (amended with sulphate) and incubated for 3 months undemaetity waste/feed

cycle. Urder both methanogenic and sulphegducing conditions all three forms of ISA

showed evidence of microbial degradation compared tdialiontrol reactors (Figure 832.

ISA first order rate constants are shownTiable 8.1and remained similar under both
conditions tested, suggesting the rate of fermentation was not impeded by the addition of
sulphate. The generation of acetate and hydrogen via the degradation of ISA suggests
fermentation pathways were active within the reactors as previously regdddedvith no

acetate or hydrogen detected in abiotic reacldrs.ISA degradation rates observed here were
comparable witlthose reported previously using neujpél soils(23) and alkaline sediments

(24) in planktonic culture

Methane was generated reacors lacking sulphate (Figure 82 with highest quantities

detected on day 84 of 0.25 mmoles. However, methanogenesis was inhibited in reactors
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amended with sulphate, suggesting the presence of a dissimilatory sugghateon pathway
competingfor common fermentation end products. The microcosms used as inoculum in this
study were operating under sulphagéelucing conditions, suggesting the methanogens were
co-existing with SRB and could only be detected in the absence of sulphate.-@kisience

of SRB and methanogens has been observed previ@&dy however the survival of the
methanogens within the inoculating reactors could not be accounted for, with ndospong
methanogens described in the literature. It is possible that methane was generated at
undetectable levelx1% v/A) within the sulphateeducing microcosms. Regardless, methane
generation rates were inhibited in the presence of sulphate in this study. The fermentation of
ISA to acetate and hydrogen has the potential to drive methanogenesis, however the
consumption of hydrogemd accumlation of acetate (Figure 8.ZB within methanogenic
reactors suggests the hydrogenotrophic pathway was responsible for the methane generated.
Hydrogen was also consumed in s@famended reactors (Figure B)?2 indicating the
presence of a hydrogenotrophic sulph@@ucing community competing for molecular
hydrogen with methanogens. Autotrophic and hydregmmsuming SRB have been identified
previously(360, 361)

Acetate provides a potential carbon source for $88.) and this could account for the low

rates of consumption sbrved under sulphateducing conditios (Figure 8.E). The
generation of acetate via ISA fermentation could also be masking consumption rates further.
The competition for substrates between SRB and methanogens has been investigated
previously(362364), with many of these studies suggesting SRB outcompete methanogens

for hydrogen and acetate.

Sulphate was removed at a steady state within sukaima¢eded reactorsyhich coincided

with the generation of dissolved sulphide, with no sulphate and negligible sulphide
concentrations detected irethanogenic reactors (Figure B)2On average 60.7 mgJ&.8) of
sulphate was lost between days84) which equates to a remdvate of 4.34 mg da¥y/(+0.27).
Dissolved sulphide concentrations in sulphate amended reactors increased from 46.2 mg/L on
day 70 to 49.2 mg/L on day 8&ulphate showed no signs of degradation within abiotic
reactors, suggesting sulphate in the biotisteays was removed via microbial activity. All
reactors remained alkaline throughout the testing period, with the lowest pH value recorded at
10.81 and highest at 11.14 (Figur#)8.
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Although pevious studies undertaken on the Harper Hill site using acatad lactate as
electron donors suggest sulphegdduction above pH 10.0 is not vial§lel5) CDP was used

as substrate for this study and therefore could provide a wider range of electron slactors,

as hydrogen from fermentation, and allow for sulpiratkiction to take place under the
conditions imposed here. Furthermore the products of fermentation are likely to provide
electron donors in concentrations more in line with that seen in the Inawreonment and

reduce the potential for substrate inhibition.

Table 8.1. ISA degradation rate constants. Average ISA degradation rates under
methanogenic and sulphatducing conditions at pH 11.0 (n=2).

ISA Rate (day?') Standard Deviation
Alpha 7.7x102 1.4x10?

Beta 1.0x10! 3.5x103

Xylo 1.5x10! 1.0x10?

Figure 8.1. Bulk liquid pH of CDC biofilm reactors. Shows CDC biofilm reactor bulk pH
values under methanogenic and sulpftatkicing conditions, alongside abiotic control
reactors.
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Figure 8.2. CDC biofilm reactor bulk chemistry under sulphatereducing and methanogenic conditions at pH 11.8howing ISA
concentration (A), headspace gas quantities (B), acetate concentration (C) and dissolved sulpligtetsudgintration (D) under
methanogenic-6Qy) and sulphateeducing (+S@) conditions. The final 2 weeks of then®nth incubation period are shown. Error bars
represent standard deviation (n=2).
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8.2.2 Biofilm Micro-profiling

8.2.2.1 pH Profiles

In order to determine the internal pH of the sulphraticing biofilm formed on the steel
FRXSRQV DIWHU PRQWKVY LQFXEDWLRQ WULSO-pHEDWH S+
electrode (Dia. 1um) connected to a motorised miamanipulator. The mfiling revealed a

range of lowpH microsites within the internal surface of the biofilm (Figure 8.3). At the time

of sampling the bulk liquid pH within sulphateducing reactors and abiotic control reactors
was 11.17%0.02) and 11.0640.002) respectivg. The significant pH changes observed in the
biotic experimentss the electrode neared the steel surfaa® assumed to be a result of the
micro-electrode entering the biofilm matrigubstantiated by the fact that no significant shifts

in pH were obseed in abiotic controls or in the bulk liquid of the biotic experiments. The pH
values within the internal surface of the biofilm fluctuated significantly across the replicate
profiles, suggesting the biofilms were heterogeneous. The pH reached a minatuenof

9.70, 10.26 and 10.24 in triplicate profiles, equating to a reduction of 1.47, 0.91 and 0.93 pH
units respectively. However the pH did not continually drop at increasing depth through the
biofilm, possibly due to external bulk liquid entering thiefilm matrix due to damage caused

by the electrode during profiling. Nevertheless, the pH always remained lower in the biofilm
compared to the bulk fluid in all replicate profiles. This large drop in pH could be attributed to
the generation of metabolacids, such as acetate, via fermentation, or could be due to the
properties of the EPS componer{865). Previous work developing biofilms on silicate
surfaces using soil bacteria have measured pH changes between the biofilm and bulk fluid as
high as 1.2 pH units using micedectrodes(366) The bacterial specieBurkholderia
brasiliensishas been shown to produce acidic exopolysacchai3é&$ indicating a potential

route for the development of low pH microsites within the biofilms studied hereoWee pH

sites detected in the biofilm offer a niche site for improved microbial activity compared to bulk

fluid conditions.
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Figure 8.3 pH profiles of sulphatereducing biofilm at pH 11.0.Shows triplicate pH profiles
(A-C) in 10 um increments of the bkilliquid and solid biofilm materials formed on steel
surfaces after 3 months incubation under sulphedecing conditions. Abiotic control

surfaces are also shown.
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8.2.2.2 b Profiles

Hydrogen profiles of both sulphateducing and methanogenimofilms were undertaken
using a H micro-sensor. Under both conditions no dissolved hydrogen could be detected
within the bulk fluid (lower detection limits >3uM), however H was detected within the
internal surface oboththe methanogenic and sulphidagc biofilms (Figure 8.4 Hydrogen
concentrations increased sharply within the upper layers of the methanogenic, lbgzfdmng
highest values of 5.6M and 21.1M in duplicate profiles. However Hconcentrations
decreased in the lower layers of thetima@ogenic biofilm and became undetectable at the steel
surface. The detection obkithin the biofilm could be a marker for fermentation and suggests
the majority of the microbial activity was present within the upper layers of biofilm in the
methanogem systems. In contrastldoncentrations continued to increase at depth within the
sulphatereducing biofilms, with highest concentratio(i51.8 uM) detectedwithin close
proximity to the steel surfac®revious studies detected comparable hydrogen ctvatiens
within hypersaline microbial mats using miesensors(368) The high H concentrations
observedat thebiofilm/steel interface urer sulphateeducing conditionsould be a result of

anaerobic corrosiowia the following reactions:

3Fe +4H2 : )EDs; 9

Fe+2n2 : )H 2# 29 ref  (369)

3Fe(OH} : )HOs4; O+ H9

SRB are capable of producing hydrogen sulphide via the oxidation of molecular hydrogen:
4H,+SO; ' 1 46"+ 3 H0 + OH ref  (370)

The generation of sulphide results in the precipitation of free iron to form iron (1) sulphide:
Fe*+HS' : FeS;+H* ref  (371)

Fe*+S* : FeS;

The equilibrium concentration of iron ions can taculated from the solubility product
constants (i&). The production of &5 leads to the formation ¢S’ and $ ions in alkali
solution resulting in a decrease of free iron due to the precipitation of FeS. The production of
FeS results in further dissmion of iron from the passive layer until the equilibrium

concentration is reached, resulting in corrosion of the steel surface.
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Hydrogen produced via fermentation or anaerobic corragipearso diffuseimmediately to

the headspace tfie reactorsstudied here, since nid2 could be detected in the bulk liquid
phase of the reactors. The production of EPS limited the diffusion of hydrogen and allowed for
its detection within the biofilm matrix. It is important to note that thertitro-sensor used in

this study is sensitive toJ3 (368) and therefore sulphide produced in the sulphatiicing
systems could be obscuring the hydrogen pofileasured here. Future work employing the

sulphide micresensors could corroborate this further.
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Figure 8.4 H2 profiles of sulphatereducing and methanogenic biofilm at pH 11.0Shows sulphate reducing and methamogelissolved

hydrogen profiles of the bulk liquid and solid biofilm materials formed on steel surfaces after 3 months incubation.
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8.2.2.3 Redox Profiles

The reduction potential of bulk liquid and biofilms within sulphagducing and methanogenic
systemswvas determined using a redox mi@iectrode (Figure 8.5). Both biotic and abiotic
profiles revealed the reactors were under chemically reducing conditions heitvérage
redox potential within the bulk fluid for abiotic, sulphaslucng and methanampic systems
was-358.6mV (£3.61n=100, -377.5mV (x0.76n=100 and 378.3mV (x1.53n=100
respectively. Within the sulphateducing and methanogenic biofilms the average redox was
-378.9mV (£0.76n=50 and-377.0mV (x1.53n=50 respectivelyindicaing the differences

in redox potentiabetween bulk flul and biofilms was negligible (<2 mV). The development

of chemically reducing conditions is an important factor in anaerobic respiratory processes,
with methanogens reportedly requiring a redox piébetween-200 mV to-400 mV for
growth(372), suggesting the conditions imposed in this study were favourable. The generation
of hydrogen via fermentation or through anaerobic corrosion could account for the differences

in redox potential between abiotic and biotic systems, withdggdr acting as a reducing agent.
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Figure 8.5 Redox profiles of sulphatereducing and methanogenic biofilm at pH 11.0Shows sulphate reducing and methanogenic redox

profiles of bulk liquid and biofilms alongside abmtontrols after incubation for 3 months.
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8.2.3 Biofilm Characterisation

8.2.3.1 Scanning Electron Microscopy

The morphologynd coveragef the sulphateeducing and methanogenic biofilms formed on
steel surfacewas investigated via SEMUnder both onditions nicrographs revealed cocci

and bacilli shaped microbial cells embedded in HikRSstructures (Figures 8.6 and 8.7). The
steel coupons were not completely colonised by biofilm and discs retrieved from methanogenic
reactors were particulargparse (Figure 8.7C), potentially suggesting cells were surviving in
close proximity to bulk fluid conditions. &ed on the SEM images microbial cells were
relatively low in number and the EPS appeared to account for the majority of biomass
particularly wthin the sulphateeducing experiments (Figure 8.6[Pyevious work has shown

that microorganisms develop biofilm at a higher rate on grade 304 stainless steel compared to
grade 316(373) The biofilms studied here had a similar appearance to previous work

investigating biofilms on carbon ste@74)
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Figure 8.6 SEM investigation of sulphatereducing biofilm. Shows scanning electron
micrographs of biofilm formed on grade 304-(A and 316 (BF) steel surfaces after 3 month

incubation period under sulphateducing conditions at pH 11.0.
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Figure 8.7. SEM investigation of methangenic biofilm. Shows scanning electron
micrograpls of biofilm formed on grade 304 {B) and 316 (€D) steel surfaces after 3 month

incubation period undenethanogeniconditions at pH 11.0 (x£0.2).
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8.2.3.2 Confocal Laser Scanning Microscopy

In order to visualise the individual EPS componentpldur CLSM imaging was undertaken

and revealed biofilms to be comprised of a range of extracellular polymers, including
polysaccharides, protensugars, lipids and eDNAlongside a cellular compone(itigures

8.8 & 8.9). Lipids and protein were the predominant polymers detected within both the
sulphatereducing and methanogenic biofilms (Figure 8.10) which will contribute to their
hydrophobicity and limit the diffusionfachemical species. The high lipid content and the
buffering capacity of the protein compon€B875) could account for the lower pH micgites
detected within the bfilm matrix (Figure 8.3). Polysaccharides were detected predominantly
at the interface between the biofilm/steel surface and could be providing cells with a
mechanism of adhesion and attachment as shown previ@&y The sulphateedudng
biofilms appeared to be relatively heterogeneous (Figure 8.11), which could account for the
variability observed across replicate pH profiles in Section 8.2.2.1. Biofilm matrix proteins
have also been shown to provide cells with a mechanism of adl§@girand a thin layer of
protein was observed on the steel surfaces taken from methanogenic reactors (Figure 8.12). In
contrast steel coupons retrieved from sulpiatkicing reactors had a thin layer of
polysacchedes coating the surface (Figure 8.13), with these differences likely to be a result of

the microbial community composition.
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Figure 8.8.5-colour CLSM investigation of sulphatereducing biofilm. Shows individual

EPS components of sulphatducingbiofilm formed on steel after 3 months incubation,
including SEM image (A) and fluorescence imagingB Polysaccharides (blue), eDNA and
cells (pink), lipids (yellow), protein (green) and sugars (red). Images shown are
polysaccharides together with eBMnd cells (B). Protein, together with lipids and sugars (C).
Combined image (D).
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Figure 8.9 5-colour CLSM investigation of methanogenicbiofilm. Shows individuaEPS
components omethanogenidiofilm formed on steel after 3 months incubation, inatgd

SEM image (A) and fluorescence imaging-[DB. Polysaccharides (blue), eDNA and cells
(pink), lipids (yellow), protein (green) and sugars (red). Images shown are polysaccharides
together withsugars and lipid¢B). Protein, together witleells and eDNA(C). Combined
image (D).
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Figure 8.10. 5colour CLSM investigation of sulphatereducing and methanogenic biofilms.Shows 5colour 2.5D image of biofilm formed
on steel surface after 3 morihcubation period undesulphatereducing (A) andnethanogeni¢B) conditions at pH 11.0. X and Y axis
represents the steel surface and peak height represents distance from the steel surfacglipiédiplblue +polysaccharides, greefprotein,

red tsugars, pinktcells and eDIA. Combined image is also shown (top left).
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Figure 8.11. 5colour CLSM investigation of sulphatereducing biofilm. Shows 5colour
Z-stack 3D fluorescence image of biofilm formed on steel surface after incubation for 3 months
under sulphateeducing conditions at pH 11.0. Yellowlipids, blue tpolysaccharides, green
tprotein, redtsugars, pinktcells and eDNA.
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Figure 8.12.5-cdour CLSM investigation of methanogenidiofilm . Shows 5colour zstack
image of biofilm formed on steel surface after 3 month incubation under suhgldateEng
conditions at pH 11.0+0.2). (A) steel surface, (Bl) increasing height abovseel surface.

Yellow lipids, blue tpolysaccharides, greefprotein, redtsugars, pinktcells and eDNA.
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Figure 8.13.5-colour CLSM investigation of sulphate-reducing biofilm . Shows 5colour
Z-stack image of biofilm formed on steel surface afteradith incubation under methanogenic
conditions at pH 11.0+0.2). (A) steel surface, (B) increasing height above steel surface.

Yellow ipids, blue tpolysaccharides, greefprotein, redtsugars, pinktcells and eDNA.
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8.2.4 Microbial Community Analysis

8.2.4.1 163RNA GeneSequencing

DNA was extracted and sequenced from the bulk liquid of methanogenic and suéphatieg
systems, along with biofilms formed on grade 304 and 316 steel in order to analyse the
microbial community. Members ofélFirmicutes and Proteobacteria were the dominant phyla
within all communities analysed, however the proportion of reads attributed to these varied
across biofilm and bulk microbiomes (Figure 8.14). Bulk liquid communities were similar at
the Phylumlevel under both methanogenic and sulph@@ucing conditions, with Firmicutes
representing 81% and 79% of the total reads respectively. However the proportion of
Firmicutes reads reduced significantly in the biofilm community under both conditions and

gave wayto an increase in Proteobacteria, Bacteroidetes and Actinobacteria (Figure 8.14).

Actinobacteria were only detected within the sulptratiucing biofilms and represented 13%

and 14% of the community on grade 304 and 316 steel respectively, howeypbythmn was

absent from the bulk microbiome, possibly due to the more extreme conditions. Actinobacteria
species have demonstrated the ability to generate extracellular polysaccharides previously
(378), which could explain the detection of polysaccharides on the steel surfaces under
sulphatereducing conditions explained in Section 8.2.3.2. Actinobacteria have been detected
in extreme environments previous($79), however the lack of this phylum within the
methanogenic biofilms could only be explained by their tolerance to high sulphide
concentrations. Previous work has shown that marine bacteria demongiiedike vasponses

to high sulphide concentratiot380), which could account for the differences seen between

methanogenic and sulphateducing communities profiles in this study.

Although SRB are found irseveral phylogenetic lines, including the Firmicu{@81),
Nitrospirae (382), Thermodesulfobacteri&383) and Euryarchaeota92), all of the SRB
identified in this study were members of the Proteobacteria phylum, Deltaproteobacteria class
and Desulfonatronungenus, suggesting their partance in alkaline systems, with selection
pressures possibly resulting in the absence of SRB from other lineages. All identified species
within theDesulfonatronungenus are alkaliphili€384-388)and many of these are capable of
utilising hydrogen as electron dor(886-388)and have even demonstrated autotrophic growth
(384)which verifies the consumption of:ivithin sulphatereducing reactors and explains the

inhibition of methanogenesis. This also confirms the assertion that methanogenesis was
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proceeding via the hydrogenotrophic pathway. Furthermore, pure cultibeswfonatronum
zhilinaehave demonstrated growth at pH 1(BB7), eliminating the possibility that sulphate
reduction above pH 10.0 will not be viable within the Aig&ld of an ILW-GDF. A small
proportion of 16S rRNA gene reads were attributed to SRB under methanogenic conditions,
with 0.14%, 0.51% and 0.16% of reads comprising the 304 biofilm, 316 biofilm and bulk liquid
respectively. However the percentage of SRB reads increased significantly in reactors amended
with sulphate to 18.0%, 18.4% and 10.1% of the 304 biofilm, 316 biofilm afidliguid
respectively (Figure 8.15). The detection of SRB within the methanogenic reactors could be
attributed to their ability to act as ferment€s89). Furthermore, DNA sequencing does not
represeh an active community profile and therefore the SRB reads detected within
methanogenic reactors could be a result of eaver from the inoculating reactors.
Preliminary attempts to extract RNA from the biofilms in order to generate cDNA and
demonstrateraactive community profile were unsuccessful. The significant increase in SRB
reads under sulphateducing conditions does however verify the presence of classical

dissimilatory sulphateeducing pathways in the sulphateended reactors.

Methanogens werdetected within reactors lacking sulphate and represented 0.17%, 4.39%
and 0.12% of the total community in 304 biofilms, 316 biofilms and bulk liquid respectively
(Figure 8.15). However using the same primers, no methanogens were detected within
sulphateamended reactor biofilms or bulk liquid, further confirming the absence of
methanogenesis in the presence of sulphate. Hydrogenotrophic methanogens dominated the
archaeal 16S reads and the strictly acetoclastic getatsanosaetavas absent from the
community, which is in line with the bulk chemistry outlined in Section 8.2.1 where acetate
concentrations increased and hydrogen was consumed. The metabolically diverse genus
Methanosarcinavas the dominant methanogen within the biofilm formed on grade 346 ste
(Figure 8.15), however the strictly hydrogenotropiethanobacteriundominated the biofilm

on grade 304 steel and the bulk liquid microbiome. The large increase in methanogen reads
detected within the biofilm formed on grade 316 steel either indidaigfims were
heterogeneous or that grade 316 steel provided a more amenable surface for biofilm formation.
Grade 316 stainless steel contains a higher proportion of nickel and molybdenum than grade
304(390), which could account for the variation seen across biofilm communities in this study.
Previous studies have suggested that nickel can enhance biofilm for(3&iqgn

Rarefaction curves (Figure 8.16A) showed that sampling reached saturation and rank

abundance curves (Figure 8.16B) indicated a diverse microbial community in both biofilms
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and bulk liquid. The number of valid reads@n278fV LQFUHDVHG ZLWKLQ WKH
both methanogenic and sulphagglucing conditions (Table 8.2), with the Shannon index
correspondingly revealing an increase in diversity. Goods Coverage values showed that >99%
RI 2780V ZHUH GHW &hB @hddd valled\also fnllicating an increase in microbial
diversity within the bulk liquid (Table 8.2). Principle components analysis showed that both
biofilm and bulk communities under sulphazlucing conditions clustered closely together
(Figure 8.1A), however methanogenic communities were highly dissimilar, with-imegis
suggesting these variations were due to Proteobacteria, Bacteroidet&urgacchaeota
(Figure 8.17B). Independenttdsts confirmed the variation in communities between
methanogeic and sulphateeducing conditions (Figure S8.1) and between biofilms and bulk
phases (Figure S8.2). Independetesis revealed Proteobacteria (P=0.023), Actinobacteria
(P=0.017),Synergistete$P=0.016) andEuryarchaeotédP=0.016) were significantlyitfierent

when comparing methanogenic and sulptiatkicing communities, with no differences in
Firmicutes (P=0.168) and Bacteroidetes (P=0.055). The differences between bulk liquid and
biofilm communities was due to variation in the phyla ActinobacteRa0(000) and
Bacteroidetes (P=0.009).
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Figure 8.14 Phylumlevel community analysis of methanogenic and sulphateducing
biofilms and bulk liquid at pH 11.0. Showing phylurdevel composition of methanogenic
biofilms on grade 304 steel (A), 316 std&) and bulk liquid (C), along with sulphate
reducing biofilms on grade 304 steel (D), 316 steel (E) and bulk liqui@ETE).group
signifies anything representing < 1.0% of the total 16S rRNA gene reads.
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Figure 8.15. Genudevel community analysisof methanogenic and sulphateeducing
biofilms and bulk liquid at pH 11.0. Showing genugevel composition of archaea (A) and
sulphatereducing bacteria (B) of biofilms and bulk liquid under methanogenic and sulphate

reducing conditions.
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Figure 8.16. Rarefation and rank abundance curves of biofilms and bulk communities
under sulphatereducing and methanogenic conditions(A) Rarefaction curves showed
samples reached saturation. (B) Rank abundance indicates microbial communities were

diverse.
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Table 8.2. Alpha diversity statistics of biofilms and bulk communities under sulphate
reducing and methanogenic conditionsSpecies richness and biodiversity increased within
the bulk liquid community under both methanogenic and sulpleatiéecing conditios.

Goods
Valid reads OTUs Ace Chaol Shannon Lib.
Coverage

304SD CDP 46115 1010 1017.9 1010.4 2.96 99.9

316SD CDP 44709 2087 2109.4 2088.7 4.75 99.7

Bulk CDP 59099 2385 23955 2385.3 5.10 99.9

304SD 40865 1585 1590.4  1585.2 4.10 99.9
CDP+S0O4

316SD 37086 1441 1447.3 1441.4 3.99 99.9
CDP+S04

Bulk 49824 2467 2476.5 2467.4 4.66 99.9
CDP+S0O4
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Figure 8.17. Principle components analysis and heatap of steel disk biofilm and bulk
liquid communities.
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8.2.4.2Fluorescence Insitu Hybridisation

FISH was carried out on sulphaeducing biofilms to confirm the presence of SRB and to
determine the community structure. The probes used to visualise the individual phyla were
specific for the Firmicutes, Bacteroidetes and Deltaproteobacteria class tls#se lineages

were all detected within the sulphatducing biofilms as described in Section 8.2.4.1. All
65%fV GHWHFWHG LQ WKH FRPPXQLW\ DQDO\VLY ZHUH PHPE
Desulfonatronungenus.Furthermore a general Eubaciat probe was used to visualise the

SRB growing in association with the other phyla present. Visualisation of the
Deltaproteobacteria revealed rskaped cells growing individually and in chains within the
biofilm matrix, alongside Eubacteria (Figure 8.1H32). SRB appeared to be growing in close
association with the Firmicutes (Figure 8.17) which are likely candidates for fermentation
processes within the biofilf23). The growth of SRB in close proximity with fermentative
species would give them easy access to electron donors (i.e. hydrogen and acetate) for
respiration. Furthermore, the detection of fermentative bacteria within the internal biofilm
architecture furthe supports the assumption that acetate production is resulting in the
generation of low pH sites mentioned in Section 8.2.2.1 and the SRB were growing in
association with these lower pH niches. Interestingly, the Bacteroidetes appeared to be
concentratedmothe periphery of the biofilm (Figure 8.17), with Proteobacteria and Firmicutes
focused within the centre, suggesting a syntrophic community structure was present. Since the
majority of SRB were detected within the centre of the biofilm surrounded by darsters

of cells, this will provide an additional barrier to the more extreme bulk fluid conditions and

facilitate their survival at high pH.
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Figure 8.16. FISH investigation of sulphateeducing biofilms. Showing distribution of

DeltaproteobacteriéBlue) and Eubacteria (Red) throughout the sulphedecing biofilm.

(A) Deltaproteobacteria only, (B) zoomed image ofsbeped Deltaproteobacteria chains,
(C) Deltaproteobacteria and Eubacteria together.
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Figure 8.17 FISH investigation of sulphatereducing biofilms. Shows Bacteroidetes
(Red), Proteobacteria (Blue) and Firmicutes (Green) within biofilms grown on steel surfaces
under sulphateeducing conditions at pH 11.0.
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8.2.5 Steel Surface Characterisation

8.2.5.1 Scanning Electron Microscopy

Theability of the sulphat@éeducing and methanogenic biofilms to corrode grade 304 and 316
steel was analysed. The biofilm materials were removed from the steel coupons via a nitric acid
wash for surface characterisation via SEM, with abiotic control diskengoing the same
washing step to eliminate bias. Morphological characterisation of surfaces via SEM revealed
significant differences between biotic coupons incubated under sulgtteing conditions

and abiotic controls (Figure 8.18). Abiotic couponsubated under the same conditions as
biotic experiments had an identical morphology to disks received on shipment (Figure
8.18AB), with smooth surfaces and no evidence of pitting corrosion, suggesting the
experimental conditions did not solely impact aagf morphology. Abiotic coupons incubated
under high sulphide concentrations (10X greater than suhpbdiring reactors) for the same

time period showed evidence of corrosion (Figure 8.18CD), signified by the porous nature of
the surface and by the prese of small (dia<5 pm) pits. Interestingly, dark pitted areas were

also detected on the surfaces of biotic coupons incubated under sugzhatig conditions
(Figure 8.18EF), however the quantity and diameter of pits was significantly reduced compared
to positive controls, presumably due the difference in sulphide concentration. The pits observed
in this study had a similar morphology to previous work investigating MIC of grade 304 and
316 stainless steel usiBgcillusandGeobacillusspecies as bidfn formers(392) Grade 304

steel appeared to have a larger number of pits compared to 316 steel (Figure 8.18EF), with
these differences likely to a result of the composition of steel. Previous work has datednstr
that steel corrosion resistance increases due to the presence of molybdenum (893loy
which could explain the reduced number of pits formed on grade 316 steel compared to grade
304 in this study. The morphology of disks retrieved fromhaebdgenic reactors were
comparable with negative controls (Figure S8.3), suggesting the corrosion observed in this

study was due to the production of sulphide.

250



Figure 8.18 Steel surface characterisationScanning electron micrographs of steel sudace
after incubation under sulphateducing at pH 11.0 for 3 months. Shown are negative control
abiotic coupons grade 304 (A) and 316 (B), positive control abiotic coupons grade 304 (C) and
316 (D) exposed to high sulphide concentrations and biotic coaftensemoval of sulphate

reducing biofilm materials grade 304 (E) and 316 (F).
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8.2.5.2 Atomic Force Microscopy

To supplement the surface characterisation, AFM of the steel coupons was undertaken on
abiotic controls and disks retrieved from sulph@&gucing reactors. In similar fashion to the
SEM images (Figure 8.18), the morphology of negative controls, posditeots and biotic

disks were significantly different (Figure 8.19). Negative control surfaces (Figure 8.19AB) had

a smooth gentle downward slope compared to positive controls (Figure 8.19CD) which had a
rougher surface with a large number of peaks angjtre indicative of pitting corrosion. Biotic
surfaces taken from sulphateducing reactors were comparable with positive controls and
previous work using AFM to detect corrosion pii99), which validates the SEM imaging
undertaken in Section 8.2.5.1. Furthermore the pits detected via AFM had a similar diameter
to those detected via SEM (giBn). Although a number of previous studies have shown that
SRB are capable of localised corrosion attack on carbon and stainlessusi@ets under
neutratpH conditiong109, 394, 395)bio-corrosion under alkaline conditions has never been
demonstrated. Coupons incubated under methanogenic conditions could not be sampled due to
time constraints, however future watould investigate the ability of norsellphate reducing

communities at corroding steel.
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Figure 8.19 Steel surfacecharacterisation. Atomic force micrographs of abiotic negative
control coupons grade 304 (A) and 316 (B) stainless steel. Grad€BaAd 316 (D) positive
control steel coupons after incubation under high sulphide concentrations for the same time
period as biotic experiments. Biotic steel surfaces after removal of suljgldlateing biofilms

grade 304 (E) and 316 (F).
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8.2.5.3 Alicona

A high resolution replication material (Microset) was used to replicate the steel surface
followed by visualisation via an Alicona 3D metrology instrument. In agreement with the SEM
and AFM investigation mentioned in Section 8.2.5.1 and 8.2.5.2, repficafidhe steel
surfaces revealed potential pits on disks removed from sulpddueing reactors (Figures 8.20

& 8.21) and positive control coupons (Figures 8.22 & 8.23), however no pitting was discovered
on negative controls (Figures 8.24 & 8.25). Théasies of negative controls did have a gradual
downward slope, however this appeared to be the natural slope of the steel surface, with the
morphology of pits within positive controls being more characteristic of those observed via
SEM and AFM. The largegiits present on grade 304 and 316 disks taken from the sulphate
reducing reactors had a diameter éf@Bum and depth of 862200nm (Figures 8.20 & 8.21).

In contrast pits detected on positive controls were wig0 |im) and deeper (>6m) (Figures

8.22 & 8.23). The replicating material used here may be unable to discern the full extent of
corrosion, since the diameter of the pits observed via SEM wegarsSherefore only the
widest pits will be visible using this technique. The fact that no pits wdliaraeter of >fm

could be seen on the SEM images in Section 8.2.5.1 does however raise doubt as to whether
pits observed in the Microset replicates were valid. Nevertheless, significant differences were
observed between controls and biotic coupons in ainidshion to the SEM and AFM

investigations.
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Figure 8.2Q Steel surface characterisation of grad804 biotic steel surfaces via Aliconasrade 304 steel surfaces after removal of sulphate
reducing biofilm materials.
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Figure 8.21 Steel surface characterisation of grad816 biotic steel surfaces via AliconaGrade 316 steel surfaces after removal of sulphate
reducing biofilm materials.
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Figure 8.22 Steel surface characterisation of grad804 abiotic positive controls via AliconaGrade 304 positive control steel surfaces
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Figure 8.23 Steel surface characterisation of grad816 abiotic positive controls via AliconaGrade 316 positive control steel surfaces
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Figure 8.24 Steel surface characterisation of grad804 abiotic ne@tive controls via Alicona.Grade 304 negative control steel surfaces
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Figure 8.25 Steel surface characterisation of grad816 abiotic negative controls via AliconaGrade 316 negative control steel surfaces
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8.3 Conclusions

As biofilms develop and grow over time mieeovironments are able to form that have
different physical and chemical conditions than that of the bulk fluid phase. The formation of
these micreniches is a result of consumption and production of metabolic prodogéether

with the limited diffusion of chemical species due to the production of EPS. Within the present
study microorganisms harvested from an anthropogenic alkaline site in the UK were capable
of degrading ISA at pH 11.0 under methanogenic and sulpbdteing conditions in biofilm
systems. The fermentation of ISA provided electron donors (hydrogen and acetate) for
downstream anaerobic respiratory processes, including sulmtatetion and
methanogenesis. The addition of sulphate as TEA inhibited noggeaasis and resulted in the
generation of sulphide, suggesting dissimilatory pathways were active and SRB were
outcompeting methanogens for fermentation-pratiucts. The reduced abundance of SRB
detected in the bulk fluid suggests the majority of susheducing activity was present in the
biofilm, where low pH microsites were detected. Only geausof SRB was detected with

any significance, namely the alkaliphilesulfonatronumsuggesting its importance within
alkaline systems. The high concentratof H, at the interface between the steel surface and
sulphatereducing biofilm is an indicator of anaerobic corrosion and could provide SRB with a
constant source of hydrogen for further metaboliShe high proportion of lipids and gtein

within thebiofilms contributes to their hydrophobicity andllows for the development of low

pH micro-niches and blgradients within the biofilm matrix. FISH of the biofilms revealed a
syntrophic community structure where SRB were growing in association with fetment
bacteria within the centre of the biofilm, where conditions were more favourable for growth.
The morphology of the steel surfaces changed markedly after incubation under sulphate
reducing conditions for 3 months, with surfaces showing evidence tofgpitorrosion as
detected by SEM, AFM and Alicona. This is the first study to demonstrateoliosion of
stainless steel due to sulphageluction at pH 11.0 and indicates a potential route for the

corrosion of steel surfaces within an I[L@BDF.
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9.0 Concluding Remarks
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Microorganisms have successfully colonised every environment on earth where water can be
found and therefore an ILM&DF could provide a niche site for a range of specialist organisms.
AnILW-*') LV HISHFWHG WR EH RSHUDW L RcobBute aiiithe/dlkliR/X VD Q G
to predict the evolution of such a facility requires extensive research fromearange of
scientific disciplinesOne important aspect when trying to prediat evolution of an ILW

GDF over long timdrames is determining the potential for microbial activity. The colonisation

of a GDF by microorganisms is possible, either during the facilities construction phase or from
the subterranean biosphere via growater flowing into the facility(396) The organic carbon
sources produced from the alkaline hydrolysis of cellulose represent a potential substrate for
microbial activty and the generation of gases from these substrates may impact the
performance of a GDH, 6, 7)(Figure 9.1). The high bulk pH values of the nBald may

inhibit microbial activity by neutrophilic organisms, however a variety of micrgh@tesses

have been observed in other alkaline environments, such as soda lakes or legacy lime working
sites, suggesting alkaliphilic microbial processes have the potential to develop givérbtine

397) The metabolism of cellulose degradation products by microorganisnes neakfield
conditions has been extensively stud{@@-25), however very few of these studies have
provided information regarding the generation oétihane or sulphide under ILAGDF
conditions. The data outlined in this thesis could help to better predict the potential for methane

generation and sulphide production within an H&DF.
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Figure 9.1. The disposal otellulose within the nearfield of an ILW-*') ZLOO UHVXOW LQ WKH JHQHUDWLRQ RI ,6%
alkaline hydrolysis pathways. The fermentation of these cellulose degradation products provides the substrates for downstream
methanogenic and sulphategeducing processes. Sulphatdach inflowing ground -water could saturate the facility postclosure, leading to

the development of sulphateeducing and methanogenic conditions within the neafield.
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Conclusion 1la: Anthropogenic alkaline sites with analogous aditions to

an ILW -GDF harbour active methanogenic and sulphate reducing
communities.

The aim of the first section of work described in Chapter 5 was to characterise tanfeae

(~1 m deep) anaerobic microbial communities within a range of anthrapagkaline sites

that demonstrated bulk pH values similar to those likely to be experienced within a@ WV

(pH 11.0 £13.0). The incubation of cellulose within these sites for 3 months provided a
substrate for microbial colonisation and allowed foedircomparisons to be made between
the different sampling sites. The extraction of RNA from these extreme environmental samples
followed by the generation of cDNA and sequencing of the 16S rRNA gene was employed to
provide an activén situ community profie, primarily focused on the microbial pathways that
result from cellulose degradation, i.e. sulph&@uction and methanogenesis. The ability of
cellulosic materials to provide the substrates for sulpteatection and methanogenesis in

these environmestindicates the potential for these processes to occur within atGIDR/

Not only was biofilm able to formonthe incubated celluloséut a diverse and active microbial
population was present, capabbf anaerobic processes includingllulose degradain,
sulphate reduction and methanogenesis, despite the harsh environmental coAdiitiongh
cellulose is susceptible to alkaline chemical hydrolysis in these (@ths a significant
proportion of the RNA extracted from the incubated samples had 16S sequence homology to
cellulosedegrading bacteria, including members of the farkilyrobacteraceaeand genus
Fibrobacter, suggesting microbial activity played a significant role in the dkdien of
cellulose in these environments. The majority of cellulose within an@D¥ is expected to
degrade through abiotic alkaline hydrolysis pathw@&yshowever biotic cellulose degradation
within the neaffield could stimulate downstream methanogenic and sulpkdiecing
processes though the productionf@imentation engbroducts. The detection of fermentative
Clostridia lineages on the cellulose samples, including the gRuwmsinococcusndicates a
further route for cellulose degradation and potentially ISA fermentatisitu. Clostridiahave
been idetified as potential ISAdegrading bacteria in microcosms employing sediments from
some of the limeontaminated sites studied hé2d) and the removal of ISA within an ILW

GDF could influence the mobility of radioelements.
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Hydrogen appeared to be an important-pratluct of cellulose degradation in these sites,
evidenced by an archaeal community almost exclusively dependent on hydrogkito
methanogenesis, with the gendviethanoregula Methanoculleusand Methanospirillium
dominating. The ubiquitous nature of hydrogemsuming bacteria of the genus
Hydrogenophagahroughout these sites further underlines the importance; afitHin an
ILW-GDF. Within the younger sulphateeh and organigich steel slag sites that demonstrated
lower bulk pH values (~11.0), dissimilatory sulphate reduction played an important terminal
role in the complete mineralisation of organic matter, where aemteti@bolising SRB of the

genus Desulfobacterwere abundant, a process which appeared to be competing with
acetoclastic methanogenesis and resulting in a methanogen community dominated by
hydrogenotrophic species. This could suggest that an®@D¥ saturaté with sulphateich
groundwaters could result in a decreased contribution of acetoclastic methanogenesis under
alkaline conditions through competition with SRB. It has been theorised that airdtate
sulphate reduction becomes more favourable undiatimé conditiong(398). Even though
sulphate was detected in the sites that demonstrated the highest bulk pH values (~13.0), SRB
were largely absent from these environments, even though meémn@gchaea were still

able to maintain a population wrdthese conditions. Thisuggest under environmental

conditions the upper pH limits is higher for methanogenesis than for sulphate reduction.

Although the active methanogen population on the losls samples were strictly
hydrogenotrophic, methanogens capable of all three pathways were detected in the sediments
of the organierich steel slag sites and acetoclastic methanogens dominated the-pidutral
canal sediments, however this was based on Diher than cDNA) sequencing and so does

not account for dormant microbial populations. The pH appeared to be an important driver of
microbial community composition in these sites, with comparisons betweerontaminated
background sediments and contaated alkaline sediments showing significant differences at

the phylum level based on principal components analysis. However, these differences could
also be due to factors other than pH, for example organic carbon content appeared to play a
small role inshaping the methanogen communities in these environments, where an increase
in acetoclastic lineages was observed in the sites with higher organic carbon cohtent (R
0.4247). Fermentative lineages of the phylum Firmicutes tended to increase in abundance

within the alkalinedisturbed zones of these sites, potentially due to their ability to form spores
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(280), which could be advantageous to their survival withinlla¥-GDF. Sporeforming
bacteria could be important within the early pdsisure period when microbial activity will
be limited by bulk pH values of >13.0. As the pH of the ffedd evolves towards more
agreeable values (pH 10812.5) (Figure 9.2), nlee sites may develop that enable dormant

populations to become active and result in the colonisation of a GDF.

Overall the data shown in Chapter 5 suggests the products of alkaline and microbial cellulose
degradation can support hydrogenotrophic metharmegie in neasurface sediment
communities up to pH ~13.0 under environmental conditions. Within sulpichteand
organicrich nearsurface sediments, these cellulose degradation products can also stimulate
sulphate reduction up to pH ~11.0 under envirental conditions. This data suggests the
upper pH limits for methanogenesis is higher than sulphate reduction under environmental
conditions, which reduces the potential for sulphide production within the earlglpssate

period of an ILWGDF-.

Figure 9.2. Evolution of pH within the nearfield of an ILW -GDF. Initial pH values of
>12.5 are expected within the early poktsure period, however these values are expected to
drop to 10.012.5 during the late postosure period. Taken frof).
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Conclusion 1b: Microbial activity within anthropogenic alkaline sites is

facilitated by the formation of low pH microsites

A significant amount of microbial activity was detected within the sampling sites using eulture
independent molecular methods, even when bulk pH values of ~13.0 were observed. However,
a considerable amount of microbial activity could be ongoing undentemrsimuch milder

than this. For example, sediment pH values were always lower thawptaevalues and the
detection of fermentation eratoducts (e.g. acetate) within these sites suggests low pH niches
could be formed through the production of metabatids. A range of EPS materials were
detected on the cellulose samples, suggesting biofilm was feemgdin situwhich could be
relieving the environmental stresses associated with higfilp2l 125) The dominance of
Pseudomonmalineages on many of the cellulose samples suggests they were contributing to
biofilm formation in these environments, with many strains of this genus capable of EPS
production and growth under anaerobic conditions using nitrate as electron a3@{td00)

The EPS components were primarily composed of protein and lipid biopolymers, which is
likely to be reducing the impact of the high pevater pH through hydrophobic interactions.

The formation of biofilm could negatively impact a GDF not only through facilitating microbial
survival, but also through the corrosion of materials and the blocking of pore throats leading to
MEFRORJJLQJY D@resssrRatiad 3siidgD1, 402) Therefore, the ability of these
alkali-adapted neasurface communities to form biofilm, even when bulk pH values of ~13.0
are observed, underlines their ability to survive under 4GF conditions. Biofilms have
beenshown to offer microorganisms limited (<2 weeks) survival up to pH 13.0 in recent studies
(125), and numesus authors have detected low pH niches within the internal surfaces of
biofilms compared with the external environm6, 403) The upper pH limits for microbial
activity can differ greatly between planktonic and biofilm systems and betweearmlneixed
cultures(112, 404) Therefore, the detection of active sulphaducing and methanogenic
communities within these sites based on molecular methods does not guarantzeivei

within a GDF, where a pH of >12.5 is expected for thousands of (@aksowever, if low pH
microsites develop within the neBeld through the production of biofilm and metabolic acids
then the data shown in Chapter 5 suggests a range of microbial processes are available and
active under bulk pH values of 13.0, which coluiétve a significant impact on the evolution of

an ILW-GDF.
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Conclusion 2: Hydrogenotrophic methanogenesis dominates under ILW

GDF conditions in mixed culture planktonic systems.

The next section of work outlined in Chapter 6 aimed to develop acetoclastic an
hydrogenotrophic methanogen enrichment cultures under fermentative afermentative
conditions over a range of pH values (7412.0) using neasurface sediments from the
anthropogenic alkaline sites described in Chapter 5. Preliminary experiniésési uneutra

pH canal sediments as a reference for the alkaline sites. Both acetoclastic and hydrogenotrophic
HQULFKPHQW FXOWXUHV ZHUH VXFFHVVIXOO\ GHYHORSHG I
pH conditions. These cultures demonstrated higieée and hydrogen consumption rates and
were dominated by the acetatilising lineagesMethanosarcinaand hydrogeftonsuming
Methanobacteriungenera. However, after gradually increasing the pH of these microcosms
through sukculturing, the rate of acdgmconsumption decreased significantly at pH 9.0 and
became undetectable at pH 10.0, which resulted in a loss of the acetoclastic population
(Methanosarcinafrom the cultures. However, under the same conditions hydrogenotrophic
methanogenesis was still lab to proceed, with the hydrog@onsuming genus
Methanobacteriumable to maintain an active population up to pH 10.0. Methyl fluoride
inhibited methane production rates in pH 7.0 microcosms, however the inhibitor had little effect
on pH 10.0 microcosms dnsuggested ~73 % of the methane formed under ngukiral
conditions was derived from acetate and only ~13 % at pH 10.0. The enrichment cultures
GHYHORSHG IURP WKH p&RQWUROY VHGLPHQWYV GHPRQVW
community composition anflinctioning towards hydrogenotrophic methanogenesis at high
pH, which could suggest under néaid conditions methane generation within an K&DF

will be reliant on the presence of hydrogen and carbon dioxide. A number of other

environments were incledl in the study to determine whether this trend was ubiquitous.

7KH DONDOLQH VHGLPHQWYV UHWULHYHG IURP WKH pl1HZ /LP
ZzD\ DV WKH p&RQWUROY VHGLPHQWY KRZHYHU HQULFKPH
Methanogeasis was stimulated in these cultures when supplied witb@®d compared to un

amended controls, however at this pH acetoclastic cultures were negative for methane
generation and acetate consumption. All of the microcosms developed from the lime sites were
dominated by strictly hydrogenotrophic methanogens of the gevWlethanoculleusand

Methanobacteriumeven when acetate was available. After gradually decreasing the pH of
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these microcosms through sablturing, low levels of acetate consumption were plesk at

pH 7.0 and 8.0, which resulted in low methane production rates, however the community was
again dominated by hydrogenotropHitetharobacterium species which suggested SAO
played a role in these systems. The addition of methyl fluoride had no ionptet ability of

these cultures to generate methane at pH 7.0 or 10.0, which confirmed the presence of SAO
pathways under neutraH conditions. The inhibitor studies suggested 100 % of the methane
formed at pH 7.0 and 10.0 was derived fro/GD, when eP SOR\LQJ WKH plHZ /L
sediments. The alkaline sediments were capable of methanogenesis fot» tp to pH

11.0, one pH unit higher than the canal sediments, suggesting the populations within these sites
have adapted mechanisms to grow under conditibhgher alkalinity. However, no methane
production was observed at pH 12.0, suggesting methanogenesis within the earlgquost

period of an ILWGDF will be reliant on the formation of low pH niches if planktonic systems
develop. This also suggestsetupper pH limits for methanogenesis decreases in planktonic
culture compared to under environmental conditions, since methanogen RNA was obtained
from the cellulose samples incubated within the sites where bulk pH values of ~13.0 were
observed (Chapten 5Since the growth conditions imposed on these samples were identical to
WKH p&RQWUROY PLFURFRVPV ZKLFK ZHUH SRVLWLYH IRU D
acetateconsuming methanogens were absent from the inoculating samples. It is possible the
high pH porewaters of the lime sites are selecting against acetoclastic species, as observed
within the microcosms employing the canal sediments. The use of the lime sediments added
confidence to the hypothesis tigtdrogenotrophic methanogenesis cdmités to the majority

of methane producadhder neafield conditions (Figure 9.3).
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Figure 9.3. Hydrogen and acetate consumption rates under fdreld and near-field
conditions when employing canal sediments or alkakdapted lime sedimentsUnder
nearfield conditions (pH+10.0) methane production was reliant on hydrogenotrophic

metabolism.

7KH p20G /LPHY /. DQG p6WHHOY &: &6 5& 6& VHGLPHQV
further by developing acetoclastic and hydrogenotrophic methanogen enrishah@ht 7.0

and 10.0 to compare the community composition and functioning unefegléhand neafield

conditions. Again the addition of HCO, stimulated methanogenesis in pH 10.0 cultures
compared to wiamended controls, with acetdesl cultures negative for methane production

under these conditions. However, high acetate consumption and methane generation rates were
observed at pH 7.0, part’¢cODUO\ IURP WKH p6WHHOY VHGLPHQWYV ZKLF
community dominated by the acetoclastic geMethanosarcinaHowever, at pH 10.0 the
microcosms were dominated by hydrogenotrophic methanogens of the genera
Methanobacterium(Steel) andMethanoculleugOIld Lime). The ubiquitous nature of the

strictly hydrogenotrophidethanoculleusnd Methanobacteriunspecies within microcosms

operating under nedield conditions indicates their importance within an K®DF.

Although methanogenesis abope 11.0 was unable to proceed in planktonic culture using
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defined mixed cultures, future work could determine whether the upper pH limits for

methanogenesis changes in pure cultures or biofilm systems.

Overall the data shown in Chapter 6 suggests that under the alkalirfeelteaonditions of

an ILW-GDF (pH <10.0), biological methane generation will be dependent on the
hydrogenotrophic pathway. However, under-fiald conditions (neutrapH) acetoclatsc
methanogenesis becomes more important. This data could have a significant impact on gas

generation modelling studies used to evaluate -lGF performance.

Conclusion 3: Calcium carbonate provides a substrate for

hydrogenotrophic methanogenesis underllW -GDF conditions.

Carbon dioxide speciation is highly dependent on pH and anyp@@uced within an ILW

GDF is expected to precipitate out of solution as insoluble calcium carbonates through
interactions with the cemebtased backfill (NRVB)6). These alkaline carbonation reactions
could result in hydrogenotrbc methanogenesis being inaccessible under -(ERF
conditions through the removal of @@om the liquid and gas phases of the Aesld.
Methanogenesis from calcium and magnesium carbonates has been demonstrated previously
under neutrapH conditions(236), however the ability of methanogens to access precipitated
carbonates under the conditions expected of an@BW have never been validated. The next
section of work discussed in Chapter 7 aimed to determine whetheukutes of the
methanogenic microcosms developed from the alkaline sediments in Chapter 6 that were
operating at pH 10.0 and fed with/80; as the sole carbon and energy source, were instead
able to utilise precipitated forms of calcium carbonate for hydrogenotrophi@nugenesis

at this pH. This was achieved by supplying the-sultures with either a solid calcium
carbonate powder or ground pieces of marble in replace of an external source. @oCO
supplement the study, NRVB was prepared in the laboratory anchtecubnder Cexo allow

for the carbonation of the materials surface. Thecaréonated NRVB was also tested as a

potential carbon source for hydrogenotrophic metabolism.

All cultures supplied only with FHand precipitated carbonates demonstrated meteaesc
compared with wamended controls lacking either carbonates nHydrogen was actively
UHPRYHG IURP WKHVH PLFURFRVPV GHVSLWH WKH ODFN RI
positive controls where GOwas supplied. Highest rates of metabolism were observed in

microcosms supplemented with NRVB, which was attributed to the high surface area of this
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material, with lowest hydrogen consumption rates coming from marbnded microcosms.
Geochemical modehig suggested under the conditions of these experimentavaability

will be extremely limited after equilibration with calcite (Figure 9.4), however the formation

of biofilm materials on the NRVB surfaces could be resulting in increased levels,adn@O

HCOs through the production of low pH microsites. Both Cfhd HCQ are consumable
substrates for autotrophic speci&8), although the direct utilisath of CQ* or CaCQ by
methanogens has never been authenticated. The detection of archaea within the biofilm
materials via FISH suggested the methanogens were growing in close association with the
carbonate minerals, which were detected on the NRVB ssfasing SEM, SENEDS, XRD

and phenolphthalein staining. Alongside hydrogenotrophic methanogenesis, these microcosms
also showed evidence of homoacetogenesis, suggesting that methanogens and homoacetogens
were competing for hydrogen and calcium carboridte.archaeal community was dominated

by hydrogenotrophic methanogens of the gerdethanobacteriumand Methanoculleus
however within a small number of these microcosms (2 out of 27) the strictly acetoclastic genus
Methanosaetawas also present in low ahdance, suggesting homoacetogenesis was
stimulating the production of methane from acetate. This is contrary to the findings in Chapter
6 where acetoclastic lineages were absent from pH 10.0 microcosms, however the lack of
carbonate buffers applied to tleesystems resulted in a significant reduction in pH during the
incubation period which could have stimulated the growth of acetatguming methanogens.

No acetate consumption was detected within these microcosms however, and the discovery of
genes for tB H/CO, pathway in Methanosaetacould suggest these organisms were
contributing to hydrogenotrophic methane production in these culi4®&§ The production

of hydrogen from abiotic corrosion procesg€$ or from the fermentation of cellulose
degradation product(23, 24)(Figure 9.1) and the likely abundance of precipitated carbonates

in the neaffield (6) suggests all the substrates for hydrogenotrophic megieaesis will be
available during the evolution of an ILMBDF. Future work could determine whether this
process is available at pH 11.0, where the accessibility efa@® HCQ" will be even more
restricted and could provide further evidence that methansogee able to utilise precipitate

forms of inorganic carbodirectly for ATP synthesis.

Overall the data shown in Chapter 7 suggests methanogens are able to utilise precipitated
carbonates for hydrogenotrophic methanogenesis at pH 10.0 in the absenderélly
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supplied CQ. This could have a significant impact on gas generation within thefiehof
an ILW-GDF, where precipitated carbonates will be abundant anda@@lability will be

limited. This is the first study to demonstrate methane fraleite under alkaline conditions.

Figure 9.4. CQ availability under far -field and near-field conditions within a closed

system as determined through geochemical modelling using PHREEQC.

Conclusion 4a: Biofilms facilitate sulphate reduction under ILW-GDF

conditions.

Previous studies employing sediments from a proposed®D¥ analogue site in Buxton,

UK showed little to no sulphateducing activity at pH<10.0 in planktonic culture when
supplied with acetate, lactate or ISA as electron donors, and ibden theorised that this
process is not likely to proceed under riéald conditions(25, 115) However, as discussed
previously the upper pH limits for microbial activity can increase with the formation of biofilm
(112, 125) The final section of work outlined in Chapter 8 sought to grow methanogenic and
sulphate reducing biofilms on stainless steel surfaces within CDC biofilm reactors at pH 11.0
using the products of alkaline cellulose degtaxh (CDP) as the sole carbon and energy
source. The biofilm reactors were seeded with fluid from a microcosm that had been developed
SUHYLRXVO\ IURP WKH plHZ /LPHY VLWH % VHGLPHQWYV ZK

sulphate reducing conditions and f&dh CDP. Following a Zveekly waste/feed cycle for 3
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months, biofilm was successfully formed on the steel coupons at pH 11.0 under both
methanogenic (CDP only) and sulphate reducing (amended with sulphate) conditions. Under
both conditions, all three fors of ISA showed evidence of microbial degradation via
fermentation pathways compared to abiotic control reactors, with ISA degradation resulting in
the generation of hydrogen and acetate aspeoducts. Hydrogen was consumed which
resulted in the producin of methane in reactors lacking sulphate, however methanogenesis
was inhibited in reactors amended with sulphate, suggesting dissimilatory sulphate reduction
pathways were ottompeting methanogenesis for fermentation-prodiucts. This suggests

the addtion of sulphate as electron acceptor played a role in minimising methanogenesis from
CDP and its fermentation esptoducts and therefore an ILX§DF saturated with sulphate

rich groundwaters could result in a lower contribution of methane generation.

Consistent with findings in the previous chapters of work, hydrogen was consumed and acetate
accumulated in methanogenic reactors and the archaeal bulk liquid community was dominated
by hydrogenotrophic methanogens of the gerMdsthanobacterium However, the
metabolically diverse genudethanosarcinaappeared to dominate the biofilm communities
formed on grade 316 steel, wilethanobacteriundominating the grade 304 biofilm. All
sulphate reducing biofilms were dominated by the alkaliphilic $RBulfonatronm, most

strains of which have a maximum growth pH of 10.5 in pure cu{@®), suggesting biofilm
formation was increasing the upper pH limits for this organism. This was substantiated by the
development of low pH mrosites within the internal biofilm surface as analysed with the use

of micro-pH probes (dia. 1(um), where a difference of between 0.91.47 pH units was
observed between bulk fluid and biofilms. The pH profiles suggested under bulk fluid
conditions ofpH ~11.0, the internal biofilm pH was between 910.3 at its lowest values.
These low pH microsites within the biofilms could also be offeNeghanosarcinaspecies

with improved growth rates as seen in Chapter 6. The detection of fermentative liofethges
phylum Firmicutes within the biofilm matrix via FISH suggested metabolic acids were being
produced that resulted in the formation of these lower pH niches. The fact that SRB were
growing in close association with the fermenters not only suggesist@phic community
structure was present, but also that SRB were surviving in close proximity to fermentation end

products and the associated low pH microsites. The detection of Bacteroidetes lineages on the
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periphery of these communities could be offgrSRB with further protection from the external

environment and resulting in their survival under the conditions imposed here.

Conclusion 4b: Alkaliphilic sulphate-reducing biofilms are capable of

corroding stainless steel surfaces under ILMGDF conditions.

Although steel materials within an ILM@DF are predicted to corrode naturally through abiotic
processef6), microbial activity could enhance the rate of these corrosion kinetics and thereby
have a significant impact on GDF performance. Especially when considering that €BDEW

is required to be operatiorfalr extended time frames to ensure ldivgd radionuclides, such

as carborll4 (haltlife 5,730 years) do not reach the biosphere. The integrity of the engineered
barriers (e.g. steel waste canisters) for long time frames is therefore critical to thegeck®

of a GDF. Microscopic techniques (SEM, AFM and Alicona) were used to characterise the
steel surfaces after removal of the biofilm materials. The presence of localised corrosion pits
on the steel surfaces incubated under sulptemtecing conditionscompared with
methanogenic surfaces and negative controls suggested the production of sulphide was
facilitating biocorrosion processes in these systems (Figure 9.5). The detection ofzhigh H
concentrations at the steel surface using rsenesors withintte sulphate reducing biofilms
provides further evidence that anaerobic corrosion processes were ongoing, despite the alkaline

conditions imposed.

The data outlined in Chapter 8 is the first report of-dmaosion due to alkaliphilic
Desulfonatronumsulphatereducing biofilms at pH 11.0. A number of studies have
demonstrated this process under netikdlconditions(109, 110) however the ability of
sulphate reducing biofilms to corrode stainless steel at pH 11.0 usinghe products of
alkaline cellulose degradation as substrate could have important implications on the corrosion
of steel naterials within the nedreld of an ILW-GDF.
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Figure 9.5. Characterisation of abiotic control stainless steel surfaces, together with
biotic surfaces before and after removal of biofilm materialsThe removal of sulphate
reducing biofilms revealed thegsence of localised pitting corrosion on the stainless steel

surfaces compared with negative controls.
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9.1 Synopsis

X Methanogenic and sulphateducing communities were detected via DNA and cDNA
sequencing technologies within a range of anthropegdkaline sites where pH
values of 11.613.0 were encountered. This provides evidence that methanogenic and
sulphatereducing microbial processes coulddresent under the alkaline conditions
of anlLW -GDF.

X Methanogen enrichment cultures were develdpau the sediments within these
alkaline sites, where methanogenesis was capable of proceeding up to pH 11.0 under
laboratory conditions when supplied witl/80,. None of these cultures were
capable of acetoclastic methanogenesis under alkaline condgigygestin@gcetate
dependent methanogenesidl be unavailablaunder the alkaline conditions of an
ILW-GDF.

X The methanogen enrichment cultures showed evidence of utilising calcium carbonate
as a carbon source for hydrogenotrophic methanogenesisl&t.@kalcium
carbonate will be readily available within an 1L@DF and therefore could provide a
substrate for methanogens and impact gas generation within the facility.

x Dissimilatory sulphateeducing biofilms were capable of corroding stainless steel
surfaces within 3 months at pH 11.0 using CDP as the sole carbon and energy source.
This provides evidence that microbial processes could impact the integrity of stainless
steel waste canisters within an IL@DF if sulphate is available within the
groundwaer.
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Supplementary Information

Figure S5.1. Thermal analysis of sediment samples from anthropogenic alkaline sitps:B] Site SC thermograms, [C] Duplicate
thermograms of site RC sediments, [D] Triplicate thermograms of site T sediments.
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Figure S5.2. Thermal analysis of sediment sanigs from anthropogenic alkaline sites[A-B] Site RC thermograms, [O] Site T
thermograms.
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Figure S5.3. Thermal analysis of sediment samples from anthropogenic alkaline sitgs.and C] Site T thermograms, [B and D] Site H
thermograms.
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Figure S5.4. Thermal analysis of sediment samples from anthropogenic alkaline sitg5] Site B thermograms, [8] Site CW
thermograms.
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Table S51. Dominant genuslevel taxon within alkaline contaminated sediments from
the New Lime siteB.

Site B
Genus/Taxon 1D 16S rRNA Gene
Reads (%)

Terrimicrobium 2.63267
Bradyrhizobium 1.81118
FM253654 g 1.67223
Mycobacterium 1.50403
Bradyrhizobiaceae_u 1.50403
CP015136_f uc 1.38946
Mesorhizobium 1.36753
GQ396871 g 1.3334
AF370880 g 1.32121
Sphingomonas 1.23589
Methyloceanibacter 1.22858
llumatobacter 1.20664
Gaiella 1.03357

Table S52. Dominant genuslevel taxonwithin alkaline contaminated seliments from
the New Lime site H

Site H
Genus/Taxon ID 16S rRNA Gene

Reads (%)

Geofilum 20.59095

ML635340 f uc 10.59146
Hydrogenophaga 3.9183
Flavobacterium 3.80811
Marinilabiliaceae_uc 3.67741
Bacteroidales_uc_g 2.6011
ASKU g 1.93737
Rhodocyclaceae uc 1.8938
Paludibacter 1.84255
FJ439862 g 1.76567
Ruminococcaceae_uc 1.71698
Comamonadaceae_uc 1.69904
Azonexus 1.56835
JN398066 g 1.48634
CP011215 f uc 1.41971
AB237727 ¢ 1.34539
Flavitalea 1.31208
EU801574 ¢ 1.26852
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Mobilitalea 1.26595
Fusibacter 1.20701
Porphyromonadaceae_ 1.09682

Table S53. Dominant genuslevel taxon within alkaline contaminated sdiments from
the New Lime site T

Site T
Genus/Taxon ID 16S rRNA Gene
Reads (%)

CP015136_f uc 2.29861
Cytophagaceae_uc 1.66093
EU786132_f uc 1.51857
HQ190410 ¢ 1.42069
EU786132 ¢ 1.37917
Mycobacterium 1.2279
AF370880_¢g 1.07664
Bradyrhizobiaceae u 1.05884
Sphingosinicella 1.03808
Polyangiaceae_uc 1.01732

Table S54. Dominant genuslevel taxon within alkaline contaminated sdiments from
the Steel site CW

Site CW
Genus/Taxon ID 16S rRNA Gene
Reads (%)

Pseudomonas 9.16922
Hydrogenophage 4.21544
Thiobacillus 3.84626
Exiguobacterium 3.83482
Flavobacterium 3.63449
Arthrobacter 3.43416
Algoriphagus 3.41413
Rhizobium 3.38265
Cavicella 3.17088
Proteiniclasticum 2.67865
Rheinheimera 2.23793
Rhodoferax 2.17211
GU454901 ¢ 1.60261
Paenisporosarcin 1.34219
AB237727 g 1.23058
Intrasporangium 1.15045
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Aeromonas 1.02166
GQ396959 ¢ 1.01022

Table S55. Dominant genuslevel taxon within alkaline contaminated sdiments from
the Steel site CS

Site CS
Genus/Taxon ID 16S rRNA Gene
Reads (%)

Silanimonas 8.14716
Hydrogenophaga 5.55251
Malikia 5.5107
Rhodobacter 3.23483
GQ396871 ¢ 2.51104
AM778010 g 1.96232
Tabrizicola 1.84213
AP014683 g 1.74022
AB237727_¢g 1.70887
HM141892 ¢ 1.6357
ML635340 f uc 1.48415
Georgfuchsia 1.36396
Methylotenera 1.3117
Aquiflexum 1.19412
AM777983 ¢ 1.1497
DQ395705 g 1.11311
Novosphingobium 1.09482
AY093455 ¢ 1.0295
Porticoccus 1.00076

Table S56. Dominant genuslevel taxon within alkaline contaminated sdiments from
the Steelsite RC.

Site RC
Genus/Taxon 1D 16S rRNA Gene

Reads (%)

Shewanella 10.73175
Rhizobium 9.35791
Clostridium 5.33689
Pseudomonas 47746
Methylobacter 4.55046
Herbaspirillum 4.11957
Bacillus 3.81041
Actinotalea 2.94282
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AB533980 f uc 2.80757
GQ396959 ¢ 2.43271
Paenibacillus 2.1506

Psychrobacillus 2.00761
Sulfuricella 1.75835
Paenisporosarcinal 1.47045
Ferribacterium 1.44533
Accumulibacter 1.35644
AJ229237_¢g 1.25597
Ercella 1.25017
Marinilabiliaceae_ug 1.21539
EF632712 ¢ 1.19607

EU181507_f uc 1.11878

EF559174 ¢ 1.09945

Table S57. Dominant genuslevel taxon within alkaline contaminated sdiments from
the Steel site SC

Site SC
Genus/Taxon ID 16S rRNA Gene
Reads (%)
Thiobacillus 11.71736
Rhodocyclaceae uc 7.26494
Dethiobacter 5.79378
AB237727 ¢ 4.50435
Azospira 3.9981
Pseudomonas 3.8856
Lentimicrobium 3.38367
BBZD g 3.2279
Azoarcus 3.19761
Desulfuromonas_g2 2.82549
Hydrogenophaga 2.37982
ML635340_f uc 1.72645
Thiobacillus_f uc 1.58366
Prolixibacteraceae_u 1.31106
Comamonadaceae_ 1.28943
DQ677001 g 1.28078
Desulfomicrobium 1.2202
HQ183936 g 1.19856
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ANOVA tBackground soils £Control vs New Lime vs Old Lime vs Steel

Sum of Squares df Mean Square F Sig.
Proteobacteria Between Groups 643.439 3 214.480 11.273 .000
Within Groups 380.535 20 19.027
Total 1023.974 23
Firmicutes Between Groups 63.438 3 21.146 72.865 .000
Within Groups 5.804 20 .290
Total 69.242 23
Bacteroidetes Between Groups 231.104 3 77.035 8.005 .001
Within Groups 192.457 20 9.623
Total 423.561 23
Actinobacteria Between Groups 863.459 3 287.820 26.405 .000
Within Groups 218.003 20 10.900
Total 1081.462 23
Euryarchaeota Between Groups .218 3 .073 1.852 .170
Within Groups .783 20 .039
Total 1.001 23
Acidobacteria Between Groups 276.956 3 92.319 10.078 .000
Within Groups 183.215 20 9.161
Total 460.171 23
Fibrobacteres Between Groups .082 3 .027 214 .886
Within Groups 2.561 20 .128
Total 2.643 23
Verrucomicrobia Between Groups 22.272 3 7.424 4.868 .011
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Within Groups 30.502 20 1.525
Total 52.774 23

Chlorobi Between Groups 3.682 3 1.227 3.382 .038
Within Groups 7.258 20 .363
Total 10.941 23

Chloroflexi Between Groups 63.276 3 21.092 8.327 .001
Within Groups 50.658 20 2.533
Total 113.934 23

Gemmatimonadetes Between Groups 3.436 3 1.145 1991 417
Within Groups 23.104 20 1.155
Total 26.540 23

Latescibacteria Between Groups 22.256 3 7.419 11.153 .000
Within Groups 13.303 20 .665
Total 35.559 23

Lentisphaerae BetweenGroups .000 3 .000
Within Groups .000 20 .000
Total .000 23

Nitrospirae Between Groups 1.895 3 .632 .239 .868
Within Groups 52.960 20 2.648
Total 54.855 23

Omnitrophica Between Groups .000 3 .000
Within Groups .000 20 .000
Total .000 23

Parcubacteria Between Groups 2.938 3 .979 1.823 .175
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Within Groups 10.745 20 537

Total 13.683 23
Planctomycetes Between Groups 20.943 3 6.981 3.897 .024
Within Groups 35.824 20 1.791
Total 56.767 23
Saccharibacteria Between Groups .000 3 .000
Within Groups .000 20 .000
Total .000 23
Spirochaetes Between Groups 2.363 3 .788 4.891 .010
Within Groups 3.222 20 161
Total 5.585 23

Figure S5.5. ANOVA of background soils at Phylum taxonomic levelComparing Control, New Lime, Old Lime and Steel background soil
communities at the Phylum level.
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ANOVA z*Contaminated soils #New Lime vs Old Lime vs Steel

Sum of Squares df Mean Square F Sig.
Proteobacteria Between Groups 452.253 2 226.126 2.191 .138
Within Groups 2064.607 20 103.230
Total 2516.860 22
Firmicutes Between Groups 1144.742 2 572.371 2.325 124
Within Groups 4923.320 20 246.166
Total 6068.062 22
Bacteroidetes Between Groups 689.714 2 344.857 3.209 .062
Within Groups 2149.228 20 107.461
Total 2838.941 22
Actinobacteria Between Groups 138.816 2 69.408 1.638 .219
Within Groups 847.451 20 42.373
Total 986.266 22
Euryarchaeota Between Groups 4.530 2 2.265 .646 .535
Within Groups 70.112 20 3.506
Total 74.642 22
Acidobacteria Between Groups 155.780 2 77.890 6.985 .005
Within Groups 223.014 20 11.151
Total 378.794 22
Fibrobacteres Between Groups .837 2 418 4.348 .027
Within Groups 1.924 20 .096
Total 2.761 22
Verrucomicrobia Between Groups 18.215 2 9.108 1.953 .168
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Within Groups 93.264 20 4.663
Total 111.480 22

Synergistetes Between Groups .000 2 .000
Within Groups .000 20 .000
Total .000 22

Aminicenantes Between Groups .000 2 .000
Within Groups .000 20 .000
Total .000 22

Bacillariophyta Between Groups .621 2 311 .248 .782
Within Groups 25.012 20 1.251
Total 25.634 22

Bathyarchaeota Between Groups .035 2 .017 .248 .782
Within Groups 1.391 20 .070
Total 1.425 22

Chlamydiae Between Groups .066 2 .033 .248 .782
Within Groups 2.641 20 132
Total 2.706 22

Chlorobi Between Groups .509 2 .255 484 .623
Within Groups 10.519 20 .526
Total 11.028 22

Chloroflexi Between Groups 2.226 2 1.113 .167 .847
Within Groups 133.073 20 6.654
Total 135.299 22

Cyanobacteria Between Groups 479 2 .239 .248 .782
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Within Groups 19.261 20 .963
Total 19.740 22

Deinococcus BetweenGroups 416 2 .208 424 .660
Within Groups 9.802 20 .490
Total 10.218 22

Fusobacteria Between Groups .144 2 .072 .248 .782
Within Groups 5.788 20 .289
Total 5.932 22

Gemmatimonadetes Between Groups 12.936 2 6.468 4.394 .026
Within Groups 29.440 20 1.472
Total 42.376 22

Latescibacteria Between Groups .607 2 .304 1.957 .167
Within Groups 3.103 20 .155
Total 3.710 22

Nitrospirae Between Groups .614 2 .307 .764 479
Within Groups 8.031 20 .402
Total 8.645 22

Omnitrophica Between Groups .034 2 .017 .248 .782
Within Groups 1.352 20 .068
Total 1.385 22

Parcubacteria Between Groups 13.043 2 6.521 1.012 .382
Within Groups 128.940 20 6.447
Total 141.982 22

Planctomycetes Between Groups 20.999 2 10.500 3.513 .049
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Within Groups 59.773 20 2.989

Total 80.772 22

Saccharibacteria Between Groups 417 2 .209 .215 .809
Within Groups 19.429 20 971
Total 19.847 22

Spirochaetes Between Groups 4.433 2 2.216 1.027 .376
Within Groups 43.155 20 2.158
Total 47.587 22

Tenericutes Between Groups .152 2 .076 .534 .594
Within Groups 2.839 20 142
Total 2.991 22

TM6 Between Groups .854 2 427 1.115 .347
Within Groups 7.656 20 .383
Total 8.510 22

Figure S5.6. ANOVA of contaminated soils at Phylum taxonomic levelComparing Control, New Lime, Old Lime and Steel contaminated
soil communities at the Phylum level.
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Independent Samples TesttCotton +New Lime vs Steel

Levene's Test for Equality &fariances t-test for Equality of Means

F Sig. t df Sig. (2tailed) Mean Difference Std. Error Difference

Proteobacteria Equal variances assumed 4.373 .058 -.122 12 .905 -2.705 22.087
Equal variances not assumed -.145 4.164 .892 -2.705 18.692

Firmicutes Equal variances assumed 1.053 .325 1.198 12 .254 10.122 8.452
Equal variances not assumed .937 2.510 .430 10.122 10.808

Bacteroidetes Equal variances assumed 7.111 .021 -1.525 12 .153 -9.500 6.230
Equal variances not assumed -2.738 11.983 .018 -9.500 3.469

Actinobacteria Equal variances assumed 113 .743 .587 12 .568 1.835 3.123
Equal variances not assumed .515 2.758 .645 1.835 3.564

Euryarchaeota Equal variances assumed 2.210 .163 -.666 12 .518 -1.527 2.292
Equal variances not assumed -1.314 10.000 .218 -1.527 1.162

Acidobacteria Equal variances assumed 13.255 .003 4.020 12 .002 6.579 1.637
Equal variances not assumed 1.948 2.025 .189 6.579 3.377

Fibrobacteres Equal variances assumed 5.279 .040 -1.287 12 .222 -6.684 5.193
Equal variances not assumed -2.262 11.778 .043 -6.684 2.955

Verrucomicrobia Equal variances assumed 3.327 .093 -.730 12 479 -1.880 2.576
Equal variances not assumed -1.184 9.828 .264 -1.880 1.588

Synergistetes Equal variances assumed 1.270 .282 -.507 12 .621 -.223 441
Equal variances not assumed -1.000 10.000 .341 -.223 .223

Chlorobi Equal variances assumed 2.882 .115 -.712 12 490 -.271 .380
Equalvariances not assumed -1.405 10.000 .190 =271 .193
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-.623
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.093

1.595
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Figure S5.7. Independent samplestest of cotton communities at Phylum taxonomic levelComparing New Lime and Steel cotton
communities at the Phylum level.
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Table S5.8. Alphadiversity statistics of background soil samples.

Goods

Site Valid OTUs Ace Chaol Shannon Lib.

reads Coverage

Ci 13956 2871 3133.9 2970.6 7.22 96.59
C2 15479 2928 3297.6 3100.7 7.19 96.21
C3 9182 1797 2172.9 1996.3 6.60 94.70
C4 15470 2862 3124.3 2972.2 7.16 96.91
Bl 59995 5069 5331.8 5152.9 7.33 98.90
B2 8310 1219 1524.9 1381.1 6.56 90.95
B3 45908 5010 5223.6 5061.9 7.51 98.74
B4 54004 5150 5453.1 5254.6 7.44 98.66
H1 37966 4778 5057.1 4854.0 7.49 98.10
H2 48477 4324 4601.6 4425.1 7.07 98.71
H3 48115 5288 5551.2 5365.6 7.49 98.61
H4 39413 4426 4667.8 4495.1 7.37 98.34
T1 29888 3772 4002.8 3844.8 71.27 97.96
T2 43674 4759 5005.9 4822.6 7.40 98.61
T3 36236 4603 4856.8 4671.8 7.50 98.16
T4 30593 4377 4634.8 4456.5 7.55 97.72
T5 51633 5221 5532.2 5318.5 7.45 98.55
T6 40495 4205 4499.6 4306.9 7.07 98.31
LK1 13799 2150 2891.4 2637.9 6.64 93.07
LK2 14875 2103 2727.0 2506.8 6.58 94.28
CW 138910 16150 16273.2  16162.6 8.35 99.69
CS 123256 10830 10952.4 10847.5 7.90 99.68
RC 117368 10406 10528.3 10425.6 7.77 99.65
SC 39885 4462 4916.2 4639.4 7.44 97.22
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Table S5.9 Alpha-diversity statistics of contaminated soil samples.

Site
C1
c2
C3
C4

LK1
LK2
LK3
LK4
LKS
CW1u
CW1L
CW2
CW3
CS1
CS2
CS3
RC1U
RC1L
RC2U
RC2L
RC3
SC1
SC2
SC3

Valid
reads
17635

22405
21910
13527
41023
39022
33716
42343
42756
40253
42465
58163
65666
34870
48119
63485
62779
38259
53569
57452
93041
78931
51753
37820
23045
44327
25676

OTUs

3928
4679
4764
3026
3446
1675
2845
3445
3348
3353
514
641
4062
1977
2041
6865
5012
2039
3450
1472
2027
1799
1488
1152
2060
2263
2975

Ace

4126.8
4802.0
4912.6
3179.5
3831.3
1722.9
3147.7
3737.2
3648.9
3573.4
523.7
645.7
4158.3
2086.8
2150.2
7024.8
5215.3
2174.7
3809.6
1593.6
2138.5
1894.8
1611.3
1230.6
2098.2
2345.2
3015.1
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Chaol

3980.7
4704.8
4796.7
3069.8
3578.5
1682.6
2951.7
3530.8
3446.9
3410.6
515.1
641.2
4078.3
2031.1
2095.7
6888.7
5062.4
2106.3
3601.4
1530.7
2082.1
1839.1
1535.2
1192.7
2066.6
2279.7
2979.1

Shannon

7.55
7.69
7.76
7.34
7.12
4.81
7.26
6.98
6.97
7.16
2.09
1.93
6.29
5.65
5.45
7.55
6.40
5.69
5.60
4.76
4.59
4.76
4.62
4.83
5.40
5.49
6.25

Goods
Lib.
Coverage
97.49

98.48
98.25
97.41
96.40
99.52
95.42
96.97
96.91
97.49
99.91
99.96
99.53
99.31
99.50
99.11
99.01
99.28
98.56
99.62
99.74
99.74
99.50
99.59
99.46
99.43
99.48



Figure S6.1. Acetate quantities within pH 7.011.0 CDRfed microcosms employing the
lime sediments (B, H, T)
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Figure S6.2. Acetate quantities within pH 7.000.0 CDRfed microcosms employing the
control sediments.
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Figure S6.3. ISA concentrations within CDPfed microcosms employing the control
sediments between pH -10.
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Figure S6.3. ISA concentrations within CDPfed microcosms employing the sitd
sediments between pH-21.
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Figure S6.4. ISA concentrations within CDPfed microcosms employing the sitéd
sediments between pH41.
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Figure S6.5. ISA concentrations within CDPfed microcosms employing the sitd
sediments between pH-20.
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Figure S6.6. Methaneguantities within CDP-fed microcosms employing the control
sediments between pH-20.
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Figure S6.7.Raw chromatogram output from GC-TCD showing retention times for
different gases[A] H2/COx-fed microcosms begin with hydrogen gas and carbon dioxide in
the headspace, [B] following the incubation hydrogen is consumed and is replaced with

methane.
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Figure S8.1. Independent samplestest output comparing differences between communities under methanogenic and sulphaéslucing

conditions at the phylumlevel.

330



Figure S8.2. Independent samplestest output comparing differences between bulk and biofilm communities at the phyludevel.
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Figure S8.3. SEM investigation of steel surfaces incubated under methagenic
conditions. Shows steel surfaces after removal of methanogenic biofilms incubated for 3
months at pH 11.0.
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Figure S8.4. 5colour CLSM investigation of sulphatereducing biofilm. Visualisation of
individual EPS components that comprise the sulptetacing biofilm formed on steel
surface after 3 months incubation. The combineedimpn image is shown. Colours represent
protein (Green), lipids (Yellow), sugars (Red), polysacchar{@ue) and eDNA with cells
(Pink).
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Figure S8.5. 5colour CLSM investigation of sulphatereducing biofilm. Visualisation of
individual EPS components that comprise the sulptetacing biofilm formed on steel
surface after 3 months incubation. Thelitspiew image is shown. (A) Lipids, (B)

Polysaccharides, (C) Protein, (D) Sugars, (E) eDNA and cells, (F) Combined image.
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Figure S8.6. 5colour CLSM investigation of sulphatereducing biofilm. Visualisation of
individual EPS components that comprise tulphateeducing biofilm formed on steel
surface after 3 months incubatiofd) steel surface, (B1) increasing height above steel
surface. Yellowdlipids, blue tpolysaccharides, greetprotein, red+sugars, pinktcells and
eDNA.
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Figure S8.7. 5colour CLSM investigation of auto-fluorescent controls. Visualisation of

individual EPS components on biofilms not exposed to stains foiflagt@scence testing.
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Table S8.1.Micro -electrode pH profiles of sulphatereducing biofilms and abiotic

controls.
Abiotic Profile 1 Profile 2 Profile 3
dept | pH std dept | pH std dept | pH std dept | pH std
h h h h
- 11.06 | 0.0041 | - 11.203 | 0.0045 | - 11.148 | 0.0045 | - 11.16 | 7.11E
100 | 22 42 100 | 6 83 100 | 7 83 100 15
0 0 0 0
-990 | 11.06 | 3.55E |-990| 11.191 | 8.88E | -990| 11.149 | 8.88E | -990| 11.162 | 0.004
15 6 15 15
-980 | 11.06 | 3.55E |-980| 11.195 | 8.88E | -980 | 11.145 | 8.88E | -980| 11.161 | 0.003
15 4 15 15
-970| 11.06 | 0.0041 | -970| 11.198 | 0.004 -970 | 11.148 | 0.004 | -970| 11.161 | 0.0048
22 42 8 6 99
-960 | 11.06 | 3.55E | -960| 11.202 | 8.88E | -960 | 11.15 8.88E |-960| 11.16 |O
15 2 15 15
-950| 11.06 | 3.55E | -950| 11.2 0.0032 | -950| 11.148 | 0.0032 | -950 | 11.16 | O
15 5 12 5
-940| 11.06 | 3.55E | -940| 11.191 | 0.0014 | -940| 11.149 | 0.0014 | -940| 11.16 0
15 8
-930| 11.06 | 3.55k | -930| 11.199 | 0.0071 | -930| 11.147 | 0.0071 | -930| 11.16 | O
15 67 08 67
-920| 11.06 | 3.55E | -920| 11.2 0.0032 | -920| 11.148 | 0.0032 | -920| 11.16 | O
15 5 8 5
-910| 11.06 | 3.55E | -910| 11.199 | 0.0023 | -910| 11.149 | 0.0023 | -910| 11.16 |O
15 75 4 75
-900 | 11.06 | 3.55E | -900| 11.2 3.55E | -900| 11.147 | 3.55E |-900| 11.16 |O
15 15 15
-890 | 11.06 | 3.55E | -890| 11.2 0.003 |-890| 11.147 | 0.003 |-890| 11.16 |O
15 1
-880| 11.06 | 3.55Fk | -880]| 11.2 0.0041 | -880| 11.147 | 0.0041 | -880| 11.16 | O
15 42 8 42
-870| 11.06 | 3.55Fk | -870| 11.2 0.0045 | -870| 11.147 | 0.0045 | -870 | 11.16 0
15 83 83
-860| 11.06 | 3.55E | -860| 11.204 | 0.0047 | -860 | 11.146 | 0.0047 | -860 | 11.16 | O
15 2 37 6 37
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-850 | 11.06 | 3.55E | -850 11.198 | 0.0041 | -850 | 11.147 | 0.0041 | -850| 11.16 | O
15 4 42 8 42

-840 | 11.06 | 3.55E | -840 11.2 0.0047 | -840 | 11.146 | 0.0047 | -840 | 11.16 | O
15 37 6 37

-830 | 11.06 | 3.55E | -830| 11.199 | 8.88E | -830| 11.149 | 8.88Ek | -830| 11.16 | O
15 15 15

-820 | 11.06 | 3.55E | -820| 11.2 8.88E | -820| 11.149 | 8.88k | -820| 11.16 |O
15 15 15

-810 | 11.05 | 0.0023 | -810| 11.199 | 8.88E | -810| 11.149 | 8.88Ek | -810| 11.16 | O

94 75 15 15

-800 | 11.06 | 3.55E | -800| 11.197 | 8.88E | -800 | 11.149 | 8.88E | -800| 11.159 | 0.003
15 8 15 15

-790| 11.06 | 3.55E | -790| 11.2 8.88E | -790| 11.149 | 8.88E | -790 | 11.157 | 0.0041
15 15 15 8 42

-780| 11.06 | 3.55E | -780| 11.192 | 8.88E | -780| 11.149 | 8.88E | -780| 11.163 | 0.0045
15 8 15 15 83

-770 | 11.06 | 3.55E | -770| 11.199 | 8.88E | -770| 11.149 | 8.88E | -770| 11.160 | 0.0014
15 15 15 98

-760 | 11.06 | 3.55E | -760| 11.2 8.88E | -760| 11.149 | 8.88k | -760| 11.16 |O
15 15 15

-750 | 11.06 | 3.55E | -750| 11.2 8.88E | -750| 11.149 | 8.88k | -750| 11.16 |O
15 15 15

-740| 11.06 | 3.55E | -740|11.2 8.88E | -740| 11.149 | 8.88E | -740 | 11.162 | 0.004
15 15 15

-730| 11.06 | 3.55E | -730| 11.2 8.88E | -730| 11.149 | 8.88 |-730|11.16 |O
15 15 15

-720| 11.06 | 3.55E | -720| 11.2 8.88E | -720| 11.149 | 8.88E |-720|11.16 | O
15 15 15

-710 | 11.06 | 3.55E | -710]| 11.2 0.003 |-710| 11.149 | 0.003 |-710|11.16 |O
15

-700 | 11.06 | 3.55E | -700]| 11.2 0.0045 | -700 | 11.143 | 0.0045 | -700 | 11.16 | O
15 83 83

-690 | 11.06 | 3.55E | -690| 11.199 | 0.003 | -690| 11.144 | 0.003 | -690| 11.16 |O
15 1

-680 | 11.06 | 3.55E | -680| 11.2 0.0019 | -680| 11.144 | 0.0019 | -680| 11.16 | O
15 6 04 6
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-670 | 11.06 | 3.55E | -670| 11.2 8.88k | -670|11.15 |888E |-670|11.16 |O
15 15 15
-660 | 11.06 | 3.55E | -660| 11.2 0.003 | -660| 11.149 | 0.003 | -660|11.16 |O
15
-650 | 11.06 | 3.55E | -650| 11.2 0.0032 | -650 | 11.148 | 0.0032 | -650 | 11.16 | O
15 5 8 5
-640 | 11.06 | 3.55E | -640| 11.2 8.88E | -640| 11.15 | 8.88k |-640|11.16 |O
15 15 15
-630 | 11.05 | 0.0027 | -630| 11.2 8.88k | -630|11.15 | 888k |-630|11.16 |O
92 13 15 15
-620| 11.06 | 3.55E | -620| 11.2 8.88E | -620| 11.15 | 8.88E |-620|11.16 | O
15 15 15
-610| 11.06 | 3.55E | -610| 11.2 8.88E | -610| 11.15 | 8.88E |-610|11.16 |O
15 15 15
-600 | 11.06 | 3.55E | -600| 11.2 8.88E | -600| 11.15 | 8.88t |-600|11.16 |O
15 15 15
-590 | 11.06 | 3.55E | -590| 11.199 | 8.88E | -590| 11.15 | 8.88E |-590| 11.16 | O
15 15 15
-580 | 11.06 | 3.55E | -580| 11.201 | 8.88& | -580| 11.15 | 8.88E | -580| 11.16 | O
15 4 15 15
-570 | 11.06 | 3.55E | -570| 11.197 | 8.88& | -570| 11.15 | 8.88k |-570|11.16 | O
15 6 15 15
-560 | 11.06 | 3.55E | -560| 11.199 | 8.88E | -560| 11.15 | 8.88E |-560| 11.16 |O
15 15 15
-550| 11.06 | 3.55E | -550| 11.2 8.88E | -550| 11.15 | 8.88E | -550| 11.164 | 0.0048
15 15 15 99
-540| 11.05 | 0.0044 | -540| 11.2 8.88E | -540| 11.15 | 8.88E | -540| 11.164 | 0.0048
72 9 15 15 99
-530 | 11.05 | 0.0049 | -530| 11.197 | 0.003 | -530| 11.149 | 0.003 | -530| 11.163 | 0.0047
58 36 2 4 37
-520 | 11.05 | 0.0042 | -520| 11.197 | 8.88E | -520| 11.15 | 8.88E | -520| 11.16 | O
24 71 15 15
-510| 11.05 | 0.003 | -510| 11.196 | 0.0023 | -510 | 11.149 | 0.0023 | -510| 11.159 | 0.0023
9 75 4 75 4 75
-500 | 11.05 | 0.0023 | -500 | 11.2 8.88E | -500| 11.15 | 8.88E | -500 | 11.155 | 0.0049
94 75 15 15 4 84
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490 11.06 | 3.55E | -490| 11.2 | 8.88E | -490| 11.15 | 8.88E | -490] 11.16
15 15 15
-480 | 11.05 | 0.0019 | -480 | 11.198 | 8.88E | -480 | 11.15 | 8.88E | -480 | 11.16
96 6 15 15
-470| 11.05 | 0.0045 | -470 | 11.199 | 8.88E | -470 | 11.15 | 8.88E | -470| 11.16
7 83 2 15 15
-460 | 11.05 | 0.0036 | -460 | 11.2 | 8.88E | -460| 11.15 | 8.88E | -460 | 11.16
84 66 15 15
-450 | 11.06 | 3.55E | -450 | 11.192 | 8.88E | -450 | 11.15 | 8.88E | -450| 11.16
15 2 15 15
-440 | 11.05 | 0.003 | -440| 11.197 | 8.88E | -440 | 11.15 | 8.88E | -440 | 11.16
9 15 15
-430 | 11.05 | 0.004 | -430| 11.193 | 8.88E | -430| 11.15 | 8.88E | -430| 11.16
8 2 15 15
-420 [ 11.05 | 0.0038 | -420 | 11.199 | 8.88E | -420 | 11.15 | 8.88E | -420| 11.16
18 42 15 15
-410| 11.06 | 3.55E | -410| 11.197 | 0.003 | -410 | 11.149 | 0.003 | -410]| 11.16
15 8
-400 | 11.05 | 0.0041 | -400 | 11.19 | 0.0038 | -400 | 11.148 | 0.0038 | -400 | 11.16
78 42 42 2 42
-390 | 11.05 | 0.004 |-390| 11.19 | 8.88E |-390| 11.15 | 8.88E | -390 11.16
8 15 15
380 11.06 | 3.55E | -380| 11.19 | 8.88E |-380| 11.15 | 8.88E | -380| 11.16
15 15 15
370 | 11.06 | 3.55E | -370| 11.192 | 8.88E | -370| 11.15 | 8.88E | -370| 11.16
15 2 15 15
-360 | 11.06 | 3.55E | -360 | 11.198 | 8.88E | -360 | 11.15 | 8.88E | -360| 11.16
15 8 15 15
-350 | 11.06 | 3.55E | -350| 11.2 | 8.88E | -350| 11.15 | 8.88E | -350| 11.16
15 15 15
-340| 11.06 | 3.55E | -340| 11.197 | 8.88E | -340 | 11.15 | 8.88E | -340| 11.16
15 15 15
330 11.05 | 0.004 | -330| 11.196 | 8.88E | -330| 11.15 | 8.88E | -330] 11.16
8 4 15 15
320 | 11.05 | 0.0048 | -320| 11.2 | 8.88E |-320| 11.15 | 8.88E | -320| 11.16
64 15 15
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-310 | 11.06 | 3.55E | -310| 11.198 | 8.88E | -310| 11.15 | 8.88E | -310| 11.161 | 0.0038
15 8 15 15 8 42
-300 | 11.05 | 0.0049 | -300 | 11.2 8.88E | -300| 11.15 | 8.88E | -300| 11.167 | 0.0041
48 96 15 15 8 42
-290 | 11.06 | 3.55E | -290]| 11.2 8.88E | -290| 11.15 | 8.88E | -290| 11.164 | 0.0048
15 15 15 99
-280 | 11.06 | 3.55E | -280]| 11.2 0.0087 | -280 | 11.152 | 0.0087 | -280 | 11.165 | 0.0049
15 18 18 8 36
-270 | 11.06 | 3.55E | -270| 11.199 | 8.88& | -270| 11.15 | 8.88E | -270| 11.168 | 0.0038
15 4 15 15 2 42
-260 | 11.06 | 3.55E | -260| 11.199 | 8.88E | -260| 11.15 | 8.88E | -260| 11.161 | 0.0038
15 2 15 15 8 42
-250 | 11.05 | 0.0041 | -250| 11.195 | 0.0047 | -250 | 11.149 | 0.0047 | -250| 11.17 | O
78 42 4 37 57 37
-240| 11.06 | 3.55E | -240| 11.2 0.003 | -240| 11.151 | 0.003 | -240| 11.169 | 0.003
15
-230 | 11.05 | 0.0049 | -230| 11.197 | 0.0019 | -230 | 11.150 | 0.0019 | -230| 11.168 | 0.0036
58 36 2 6 4 6 4 66
-220 | 11.06 | 3.55E | -220| 11.198 | 0.003 | -220| 11.151 | 0.003 | -220| 11.164 | 0.0049
15 2 2 36
-210 | 11.05 | 0.0045 | -210| 11.195 | 0.0049 | -210| 11.150 | 0.0049 | -210| 11.17 | O
7 83 8 84 54 84
-200 | 11.06 | 3.55E | -200| 11.2 0.0032 | -200| 11.151 | 0.0032 | -200 | 11.17 | O
15 5 2 5
-190| 11.06 | 3.55E | -190| 11.2 0.0049 | -190| 11.151 | 0.0049 | -190| 11.17 | O
15 36 58 36
-180| 11.06 | 3.55E | -180| 11.2 0.004 |-180| 11.152 | 0.004 |-180|11.17 |O
15
-170 | 11.06 | 3.55E | -170| 11.2 0.0049 | -170| 11.151 | 0.0049 | -170| 11.17 | O
15 36 58 36
-160 | 11.05 | 0.0027 | -160| 11.2 0.003 | -160| 11.150 | 0.003 | -160|11.17 |O
92 13 9
-150 | 11.05 | 0.0046 | -150 | 11.2 0.0047 | -150| 11.151 | 0.0047 | -150 | 11.168 | 0.006
68 65 37 34 37
-140| 11.05 | 0.0044 | -140| 11.2 0.0038 | -140| 11.151 | 0.0038 | -140| 11.17 | O
28 9 42 8 42
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-130 | 11.06 | 3.55E | -130]| 11.2 0.0027 | -130 | 11.150 | 0.0027 | -130 | 11.17 | O
15 13 92 13
-120| 11.06 | 3.55E | -120| 11.2 0.0048 | -120| 11.151 | 0.0048 | -120| 11.17 | O
15 99 6 99
-110 | 11.05 | 0.0049 | -110| 11.2 0.003 | -110| 11.150 | 0.003 | -110| 11.172 | 0.004
46 84 9
-100 | 11.05 | 0.0038 | -100| 11.2 0.0036 | -100 | 11.151 | 0.0036 | -100 | 11.17 | O
82 42 66 16 66
-90 | 11.05 | 0.0049 | -90 | 11.201 | 0.0047 | -90 | 11.151 | 0.0047 | -90 | 11.172 | 0.004
56 64 37 34 37
-80 | 11.05 | 0.0045 | -80 | 11.2 0.0048 | -80 | 11.151 | 0.0048 | -80 | 11.175 | 0.0049
3 83 36 2 96
-70 | 11.05 | 0.0048 | -70 | 11.201 | 0.004 | -70 | 11.152 | 0.004 |-70 | 11.18 | 5.33E
62 54 15
-60 | 11.05 | 0.0044 | -60 | 11.203 | 0.0046 | -60 | 11.151 | 0.0046 | -60 | 11.178 | 0.0034
28 9 8 65 68 65 6 7
-50 | 11.05 | 3.55E | -50 | 11.205 | 0.004 | -50 | 11.151 | 0.004 | -50 | 11.176 | 0.0048
15 8 2 54
-40 | 11.05 | 0.0032 | -40 | 11.199 | 7.11E& | -40 | 11.151 | 7.11E | -40 | 11.179 | 0.003
88 5 6 15 15
-30 | 11.05 | 0.0045 | -30 | 11.202 | 7.11& | -30 | 11.151 | 7.11E& | -30 | 11.18 | 5.33E
7 83 18 15 15 15
-20 | 11.05 | 3.55E |-20 | 11.202 | 0.003 |-20 | 11.150 | 0.003 |-20 | 11.180 | 0.0393
15 37 9 71 22
-10 | 11.05 | 0.0038 | -10 | 11.202 | 0.003 | -10 | 11.150 | 0.003 |-10 | 11.181 | 0.0071
82 42 56 9 65 81
0 11.05 | 0.0032 | O 11.203 | 3.55E | O 11.150 | 3.55E | O 11.183 | 0.0048
88 5 15 98 15 33
10 11.05 | 0.0041 | 10 11.203 | 0.0049 | 10 11.150 | 0.0049 | 10 11.184 | 0.0043
78 42 23 84 92 84 42 86
20 11.05 | 0.0032 | 20 10.524 | 0.0048 | 20 10.96 | 0.0048 | 20 10.537 | 0.0097
12 5 6 54 54 6 24
30 11.05 | 0.0049 | 30 10.298 | 1.24E | 30 10.845 | 1.24E | 30 10.246 | 0.0048
48 96 74 14 4 14 2 99
40 11.05 | 0.0049 | 40 9.9598 | 0.0034 | 40 10.733 | 0.0034 | 40 10.376 | 0.0048
46 84 53 7 8 7 4 54
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50 11.05 | 3.55E | 50 9.8164 | 5.33E | 50 10.72 | 5.33E | 50 10.407 | 7.11E
15 15 15 4 15
60 11.05 | 0.0048 | 60 9.7512 | 0.004 | 60 10.718 | 0.004 | 60 10.491 | 0.0049
62 54 6 2 64
70 11.05 | 0.0044 | 70 9.6972 | 3.55E | 70 10.71 | 3.55E | 70 10.436 | 5.33E
72 9 15 15 15
80 11.05 | 0.0027 | 80 9.8124 | 0.0049 | 80 10.708 | 0.0049 | 80 10.436 | 0.0049
92 13 96 96 2 96
90 11.05 | 0.0045 | 90 9.9732 | 0.0047 | 90 10.7 0.0047 | 90 10.48 | 0.0044
7 83 37 37 9
100 | 11.05 | 0.0041 | 100 | 10.047 | 3.55E | 100 | 10.695 | 3.55E | 100 | 10.475 | 0.004
78 42 4 15 2 15 6
110 | 11.06 | 3.55E | 110 | 10.136 | 3.55E | 110 | 10.696 | 3.55E | 110 | 10.45 | 0.0038
15 6 15 6 15 42
120 | 11.06 | 3.55E | 120 | 9.7504 | 0.0050 | 120 | 10.69 | 0.0050 | 120 | 10.444 | 7.11E
15 16 16 8 15
130 | 11.06 | 3.55E | 130 | 9.9772 | 0.0056 | 130 | 10.69 | 0.0056 | 130 | 10.457 | 0.0046
15 57 57 2 65
140 | 11.06 | 3.55E | 140 | 10.137 | 0.0044 | 140 | 10.407 | 0.0044 | 140 | 10.462 | 0.0027
15 8 13
150 | 11.06 | 3.55E | 150 | 9.813 | 1.24E | 150 | 10.45 | 1.24E | 150 | 10.468 | 5.33E
15 14 14 2 15
160 | 11.06 | 3.55E | 160 | 9.983 | 0.0032 | 160 | 10.490 | 0.0032 | 160 | 10.46 | 0.0052
15 5 8 5 76
170 | 11.06 | 3.55E | 170 | 10.086 | 8.88E | 170 | 10.53 | 8.88E | 170 | 10.453 | 7.11E
15 8 15 15 2 15
180 | 11.06 | 3.55E | 180 | 10.148 | 0.0048 | 180 | 10.588 | 0.0048 | 180 | 10.440 | 7.11E
15 6 8 8 15
190 | 11.06 | 3.55E | 190 | 10.358 | 0.0060 | 190 | 10.6 0.0060 | 190 | 10.45 | 7.11E
15 6 96 96 15
200 | 11.06 | 3.55E | 200 | 9.8548 | 0.0038 | 200 | 10.603 | 0.0038 | 200 | 10.459 | 0.0019
15 42 6 42 6 6
210 | 11.05 | 0.003 | 210 | 9.9398 | 0.003 | 210 | 10.302 | 0.003 | 210 | 1046 | 1.24E
9 2 14
220 | 11.05 | 0.0049 | 220 | 10.096 | 0.0048 | 220 | 10.368 | 0.0048 | 220 | 10.46 | 0.0038
48 96 8 99 2 99 42
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230 [ 11.06 | 3.55E | 230 [ 10.198 [ 0.0048 | 230 | 10.419 | 0.0048 | 230 [ 10.46 [ 0.0120
15 4 99 99 73
240 | 11.06 | 3.55E | 240 | 10.543 | 7.11E | 240 | 10.466 | 7.11E | 240 | 10.460 | 7.11E
15 6 15 15 4 15
250 | 11.06 | 3.55E | 250 | 10.695 | 0 250 | 10514 | 0 250 | 10.47 | 0.0027
15 2 13
260 | 11.06 | 3.55E | 260 | 10.717 | 0.0051 | 260 | 10.54 | 0.0051 | 260 | 10.468 | 0.003
15 8 42 42 2
270 | 11.06 | 3.55E | 270 | 10.767 | 0.0048 | 270 | 10.31 | 0.0048 | 270 | 10.463 | 0.0042
15 8 2 71
280 | 11.06 | 3.55E | 280 | 10.795 | 7.11E | 280 | 10.356 | 7.11E | 280 | 10.46 | 8.88E
15 6 15 6 15 15
290 | 11.05 | 0.0047 | 290 | 10.805 | 0.0034 | 290 | 10.426 | 0.0034 | 290 | 10.460 | 8.88E
66 37 2 7 4 7 8 15
300 | 11.05 | 0.0032 | 300 | 10.829 | 0.0034 | 300 | 10.46 | 0.0034 | 300 | 10.329 | 0.003
88 5 8 7 7
310 | 11.06 | 3.55E | 310 | 10.869 | 0.0032 | 310 | 10.261 | 0.0032 | 310 | 10.372 | 0.003
15 5 4 5 4
320 | 11.05 | 0.0027 | 320 | 9.8196 | 0.0048 | 320 | 10.311 | 0.0048 | 320 | 10.39 | 0.003
92 13 4
330 | 11.05 | 0.0049 | 330 | 10.154 | 8.88E | 330 | 10.331 | 8.88E | 330 | 10.4 | 0.0043
48 96 15 2 15 86
340 | 11.06 | 3.55E | 340 | 10.394 | 0.0048 | 340 | 10.363 | 0.0048 | 340 | 10.411 | 8.88E
15 54 6 54 15
350 | 11.05 | 0.0019 | 350 | 10.467 | 0.0023 | 350 | 10.35 | 0.0023 | 350 | 10.339 | 0.0038
96 6 6 75 75 42
360 | 11.05 | 0.0048 | 360 | 10.629 | 1.07E | 360 | 10.373 | 1.07E | 360 | 10.361 | 5.33E
6 99 4 14 8 14 15
370 | 11.06 | 3.55E | 370 | 10.647 | 0.0038 | 370 | 10.390 | 0.0038 | 370 | 10.387 | 5.33E
15 4 42 6 42 4 15
380 | 11.06 | 3.55E | 380 | 10.674 | 8.88E | 380 | 10.41 [ 8.88E | 380 | 10.4 | 0.0014
15 15 15
390 | 11.05 [ 0.003 | 390 | 10.719 | 3.55E | 390 | 10.338 | 3.55E | 390 | 10.411 | 0.003
9 8 15 2 15 8
400 | 11.06 | 3.55E | 400 | 10.735 | 0.003 | 400 | 10.36 | 0.003 | 400 | 10.42 | 0.0049
15 64
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410 | 11.05 | 0.0038 | 410 | 10.74 | 8.88E | 410 | 10.37 | 8.88E | 410 | 10.43 | 0.0041
82 42 15 15 42
420 | 11.05 | 0.0045 | 420 | 10.743 | 8.88E | 420 | 10.381 | 8.88E | 420 | 10.439 | O
7 83 15 15 8
430 | 11.05 | 0.0048 | 430 | 10.774 | 0.0048 | 430 | 10.39 | 0.0048 | 430 | 10.349 | 5.33E
64 99 99 15
440 | 11.05 | 0.0044 | 440 | 10.779 | 0.0027 | 440 | 10.4 0.0027 | 440 | 10.395 | 0.007
28 9 13 13 6
450 | 11.05 | 0.0046 | 450 | 10.78 | 0.0049 | 450 | 10.404 | 0.0049 | 450 | 10.422 | 0.0032
68 65 84 84 2 5
460 | 11.05 | 0.0027 | 460 | 10.790 | 0.003 | 460 | 10.419 | 0.003 | 460 | 10.44 | 5.33E
92 13 2 2 15
470 | 11.05 | 0.0041 | 470 | 10.79 | 0.0038 | 470 | 10.474 | 0.0038 | 470 | 10.45 | 0.0048
78 42 42 6 42 54
480 | 11.05 | 0.005 | 480 | 10.79 | 8.88E | 480 | 10.339 | 8.88E | 480 | 10.359 | 0.0069
5 15 15 17
490 | 11.05 | 0.0049 | 490 | 10.796 | 8.88E | 490 | 10.368 | 8.88E | 490 | 10.408 | 5.33E
58 36 8 15 2 15 8 15
500 | 11.05 | 0.004 | 500 | 10.802 | 0.0049 | 500 | 10.35 | 0.0049 | 500 | 10.43 | 0.0045
8 2 84 84 83

Table S8.2. Microelectrode hydrogen profiles of methanogenic and sulphate reducing

biofilms

Sulphate Methanogenic 1| Methanogenic 2

reducing
Depth H2 Depth H2 Depth H2
-500 0 -500 0 -500 0
-490 0 -490 0 -490 0
-480 0 -480 0 -480 0
-470 0 -470 0 -470 0
-460 0 -460 0 -460 0
-450 0 -450 0 -450 0
-440 0 -440 0 -440 0
-430 0 -430 0 -430 0
-420 0 -420 0 -420 0
-410 0 -410 0 -410 0
-400 0 -400 0 -400 0
-390 0 -390 0 -390 0
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40 0 40 0 40 0
50 0 50 0.7868 | 50 0
60 0 60 2.0042 | 60 0
70 0 70 29876 | 70 0
80 7.6814 80 4.1244| 80 0
90 7.736 90 5.6064 | 90 0
100 | 3.4396 | 100 | 5.3592| 100 0
110 | 15.748 | 110 | 5.4362| 110 0
120 | 15.8672| 120 | 5.0754 | 120 0
130 | 14.9168| 130 | 4.9444 | 130 0
140 | 14.4578| 140 | 4.1642| 140 0
150 | 20.8912| 150 | 3.9894 | 150 0
160 | 20.992 | 160 3.683 | 160 0
170 | 20.8548| 170 | 1.0202| 170 0
180 | 21.741 | 180 | 0.1082| 180 0
190 | 25.9114| 190 | 0.0858 | 190 0
200 | 29.9834| 200 | 0.2154| 200 0
210 | 33.7264| 210 | 0.2714| 210 0
220 | 29.5994| 220 0 220 0
230 | 32.5606| 230 0 230 0
240 | 37.2584| 240 0 240 0
250 | 38.3178| 250 0 250 0
260 | 43.0898| 260 0 260 0
270 | 42.8102| 270 0 270 0
280 | 48.5446| 280 0 280 0
290 | 50.9812| 290 0 290 0
300 | 56.932 | 300 0 300 0
310 | 46.6878| 310 0 310 0
320 | 44.7664| 320 0 320 0
330 | 55.4828| 330 0 330 0
340 | 43.4936| 340 0 340 0
350 | 53.015 | 350 0 350 0
360 | 68.0732| 360 0 360 0
370 | 69.4234| 370 0 370 0
380 | 69.7724| 380 0 380 | 5.9148
390 | 69.8428| 390 0 390 | 6.7474
400 | 69.1862| 400 0 400 | 7.3484
410 | 69.2014| 410 0 410 | 8.6388
420 | 71.7788| 420 0 420 | 12.3122
430 | 70.4318| 430 0 430 | 21.0736
440 | 68.9336| 440 0 440 | 16.0024
450 | 70.2326| 450 0 450 | 13.4896
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460 | 69.1842| 460 0 460 | 20.0468
470 | 68.7222| 470 0 470 0
480 | 68.2934| 480 0 480 0
490 | 69.996 | 490 0 490 0
500 | 68.8428| 500 0 500 0

Table S8.3. Microelectrode redox profiles of sulphate reducing and methanogenic
biofilms together with abiotic controls.

Abiotic Sulphate Methanogenic
reducing
Depth| Redox | Depth| Redox | Depth| Redox

-500 | -358.945| -500 | -376.561| -500 | -379.929
-490 | -358.127| -490 | -376.602| -490 | -379.859
-480 | -357.991| -480 | -376.694| -480 | -379.85

-470 | -358.111| -470 | -376.709| -470 | -379.836
-460 | -358.022| -460 | -376.706| -460 | -379.77

-450 | -357.593| -450 | -376.723| -450 | -379.721
-440 | -357.421| -440 | -376.812| -440 | -379.626
-430 | -357.081| -430 | -376.882| -430 | -379.612
-420 | -357.282| -420 | -376.901| -420 | -379.56

-410 | -357.446| -410 | -376.962| -410 | -379.585
-400 | -357.452| -400 | -376.991| -400 | -379.598
-390 | -357.915| -390 | -377.062| -390 | -379.518
-380 | -358.278| -380 | -377.138| -380 | -379.475
-370 | -358.487| -370 | -377.2 | -370 | -379.387
-360 | -358.308| -360 | -377.247| -360 | -379.166
-350 | -358.503| -350 | -377.301| -350 | -378.958
-340 | -358.669| -340 | -377.295| -340 | -378.707
-330 | -358.686| -330 | -377.339| -330 | -378.576
-320 | -358.636| -320 | -377.365| -320 | -378.505
-310 | -359.147| -310 | -377.365| -310 | -378.429
-300 | -359.501| -300 | -377.412| -300 | -378.336
-290 | -359.905| -290 | -377.451| -290 | -378.288
-280 | -360.517| -280 | -377.503| -280 | -378.219
-270 | -360.829| -270 | -377.579| -270 | -378.079
-260 | -361.167| -260 | -377.603| -260 | -377.989
-250 | -361.741| -250 | -377.692| -250 | -377.969
-240 | -361.722| -240 | -377.702| -240 | -377.941
-230 | -361.707| -230 | -377.757| -230 | -377.957
-220 | -361.713| -220 | -377.809| -220 | -378.008
-210 | -361.697| -210 | -377.859| -210 | -378.081
-200 | -361.775| -200 | -377.903| -200 | -378.054
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-190 | -361.935| -190 | -377.955| -190 | -378.026
-180 | -361.766| -180 | -377.985| -180 | -378.031
-170 | -361.809| -170 | -378.007| -170 | -377.973
-160 | -362.082| -160 | -378.074| -160 | -377.929
-150 | -362.196| -150 | -378.131| -150 | -377.909
-140 | -362.163| -140 | -378.147| -140 | -377.766
-130 | -362.124| -130 | -378.181| -130 | -377.593
-120 | -361.998| -120 | -378.258| -120 | -377.329
-110 | -361.979| -110 | -378.336| -110 | -377.076
-100 | -361.728| -100 | -378.458| -100 | -376.799
-90 | -361.436| -90 | -378.539| -90 | -376.564
-80 | -361.27 | -80 | -378.682| -80 | -376.349
-70 | -361.056| -70 | -378.706| -70 | -376.211
-60 | -360.805| -60 | -378.768| -60 | -376.125
-50 | -360.122| -50 | -378.84 | -50 | -376.011
-40 | -360.102| -40 | -378.881| -40 | -375.959
-30 | -359.543| -30 | -378.876| -30 | -375.93
-20 | -358.775| -20 | -378.948| -20 | -375.945
-10 | -358.042| -10 | -378.943| -10 | -375.984
0 -356.786| O -379.007| O -376.078
10 | -355.457| 10 | -379.002| 10 | -376.202
20 | -354.132| 20 -379.08 | 20 | -376.365
30 | -353.237| 30 | -379.043| 30 | -376.502
40 | -352.761| 40 | -379.063| 40 | -376.605
50 -352.62 | 50 |-379.074| 50 | -376.722
60 | -352.874| 60 | -379.122| 60 | -376.915
70 -353.44 | 70 | -379.061] 70 | -377.161
80 -354.27 | 80 | -379.055| 80 | -377.397
90 | -355.042| 90 | -379.035| 90 -377.59
100 | -355.531| 100 | -378.987| 100 | -377.785
110 | -355.622| 110 | -378.959| 110 | -377.824
120 | -355.775| 120 | -378.973| 120 | -377.834
130 | -355.743| 130 | -379.005| 130 | -377.697
140 | -355.539| 140 | -378.96 | 140 | -377.403
150 | -355.164| 150 | -378.948| 150 | -377.12
160 | -354.582| 160 | -378.975| 160 | -376.739
170 | -353.898| 170 | -378.921| 170 | -376.583
180 | -353.373| 180 | -378.92 | 180 | -376.487
190 | -353.089| 190 | -378.926| 190 | -376.485
200 | -353.029| 200 | -378.934| 200 | -376.506
210 | -352.878| 210 | -378.94 | 210 | -376.606
220 | -353.12 | 220 | -378.892| 220 | -376.634
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230 | -353.389| 230 | -378.905| 230 | -376.625
240 | -353.581| 240 | -378.885| 240 | -376.565
250 | -353.757| 250 | -378.855| 250 | -376.444
260 | -354.217| 260 | -378.822| 260 | -376.364
270 | -354.33 | 270 | -378.787| 270 | -376.454
280 | -355.24 | 280 | -378.799| 280 | -376.545
290 | -356.063| 290 | -378.785| 290 | -376.659
300 | -356.549| 300 | -378.77 | 300 | -376.754
310 | -356.864| 310 | -378.86 | 310 | -376.879
320 | -356.938| 320 | -378.883| 320 | -376.958
330 | -356.641| 330 | -378.804| 330 | -376.935
340 | -356.892| 340 | -378.787| 340 | -376.906
350 | -356.623| 350 | -378.759| 350 | -376.947
360 | -356.26 | 360 | -378.743| 360 | -376.879
370 | -355.929| 370 | -378.713| 370 | -376.867
380 | -355.464| 380 | -378.768| 380 | -376.924
390 | -355.656| 390 | -378.81 | 390 | -376.961
400 | -354.839| 400 | -378.792| 400 | -376.965
410 | -354.377| 410 | -378.749| 410 | -376.962
420 | -353.932| 420 | -378.758| 420 | -377.032
430 | -354.466| 430 | -378.772| 430 | -377.088
440 | -353.803| 440 | -378.677| 440 | -377.158
450 | -353.521| 450 | -378.699| 450 | -377.266
460 | -353.621| 460 | -378.682| 460 | -377.384
470 | -354.029| 470 | -378.687| 470 | -377.479
480 | -354.558| 480 | -378.659| 480 | -377.573
490 | -353.158| 490 | -378.634| 490 | -377.782
500 | -352.72 | 500 | -378.656| 500 | -377.965
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