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ABSTRACT

The poorly controlled disposal of chromium ore processing residue (COPR) is a
globally widespread problem due to its potential to form chromium contaminated
hyperalkaline (pH > 12) leachates. These highly oxidising leachates typically contain
chromium in the Cr(V1) oxidation state as its chromate anion (CrO,%). This anion is
highly mobile, toxic, carcinogenic, and exhibits a high degree of bioavailability.
Under reducing conditions chromium exists in the non-toxic and poorly soluble
Cr(11) oxidation state. Thus, the reduction of Cr(\V1) to Cr(lll) is often the goal of
remediative strategies. In anaerobic subsurface environments where reducing
conditions are established by the indigenous microbial population, chromium
reduction can occur naturally. The microbial transformation of Cr(V1) to Cr(lll) can
be both a result of its direct use in microbial metabolism, or through its indirect
reaction with microbially produced reduced species, e.g. Fe(ll). This study has used a
multidisciplinary approach to investigate the biogeochemical influences on the fate
and stability of Cr(VI1) leaching from a site of COPR in the north of England.
Reducing sediments encountered directly beneath the COPR waste were found
contain elevated concentrations of chromium. These sediments were shown to be
able to remove aqueous Cr(VI) from solution when incubated with contaminated site
groundwater in microcosm incubation experiments. This removal is likely a result of
the abiotic reduction by soil associated microbially produced Fe(ll), followed by
precipitation as insoluble Cr(I11) hydroxides. X-ray absorption spectroscopy (XAS)
and electron microscopy confirms the association of chromium as Cr(111) with iron in
these soils, hosted as a mixed Cr(lll)-Fe(lll) oxyhydroxide phase. Upon air
oxidation, only minor amounts of chromium was remobilised from these sediments
as Cr(VI). A diverse population of alkaliphilic microorganisms are indigenous to this
horizon, capable of successful metabolism despite elevated pH values. This
population was found to contain a consortium of microorganisms capable of iron
reduction when incubated at pH 9 to 9.5. Microbial community analysis found
taxonomic similarity to several known metal reducing alkaliphiles from the phylum
Firmicutes. These results suggest that the novel action of iron reducing alkaliphiles
indigenous to reducing sediments beneath COPR sites may provide zones of natural
chromium attenuation via microbially mediated mechanisms of Cr(VI)

transformation.
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Chapter 1 Project context, significance and structure

1.1 Project context and significance

Chromium is among the most extensively used heavy metals in both the chemical
and alloy industries (Wang, 2000). Its use is included in leather tanning, wood
preservation, chrome metal finishing, and the manufacturing of dyes, paints,
pigments, and stainless steel (Morales-Barrera and Cristiani-Urbina, 2008; Rehman
and Shakoori, 2001; Thacker et al., 2007; Yewalkar et al., 2007). The high demand
for chromium means that world production from its ore, chromite (FeCr,Q,), is of the
order of 107 tons per year (Cervantes et al., 2001). Chromite typically exhibits a
spinel structure (Cr, Fe, Al),O3(Fe, Mg)O, and has a chromium oxide content of
between 15 and 65% (Darrie, 2001; Farmer et al., 1999). In order to obtain
chromium from this ore, it is first oxidised to facilitate extraction with water due to
the greater solubility of its oxidised hexavalent form. Traditionally this was achieved
using the “high lime” method of chromium ore processing. During this process,
chromite ore is first roasted at 1150°C in the presence of lime (CaO) and alkali
carbonate for several hours to oxidise Cr(lll) to Cr(\VI) (Farmer et al., 1999). The
Cr(VI) compounds produced (either potassium or sodium chromate), are then
extracted with water and further reacted with sulphuric acid to yield dichromate
(Eqn. 1 - 2).
4FeCr,04 + 8Na,CO3z + 70, — 8Na,CrO4 + 2Fe,03 + 8CO,
(1)

2N02Cf'04 + H2504 —> N02CI'207 + N02504 + H,0
(2)



As its name suggests, lime was added to the smelting process to act a catalyst for
chromium oxidation through improved O, penetration and by helping to prevent the
reactants from fusing (Darrie, 2001; Farmer et al., 1999). It was eventually replaced
by dolomite or limestone fillers which, although cheaper, produced huge volumes of
waste material (Darrie, 2001; Hillier et al., 2003; Wang et al., 2007). Despite being
no longer used in Europe or the USA, this high lime method is still responsible for up
to 40% of world chromium production today, producing approximately 600,000
tonnes of waste in 2001 (Darrie, 2001; Walawska and Kowalski, 2000). The
inefficiencies of the process mean that this waste, termed chromite ore processing
residue (COPR), contains substantial amounts of residual chromium. While this is
predominantly present in the relatively benign and immobile Cr(l11) form, significant
concentrations are also found in the toxic, carcinogenic and highly mobile Cr(VI)

form.

The disposal of COPR material has traditionally been achieved by landfill,
commonly in or around urban areas (Wang et al., 2007). Historically these sites have
been poorly managed, and as a result contamination from the formation of hazardous
Cr(VI) bearing hyperalkaline plumes is considered a globally widespread problem
(Geelhoed et al., 2002; Higgins et al., 1998; Stewart et al., 2007). The high mobility
of Cr(VI) allows it to migrate substantial distances from the source of contamination
within these leachates, posing a significant danger to surrounding ecosystems and
water sources. Indeed, cases of aquifer contamination by hexavalent chromium as a
result of its use in industry can become nationally significant, and cost companies
millions in compensation payments. One such example that highlights the need to

understand the behaviour of Cr(VI) within the subsurface was the poisoning of the



entire water supply for the town of Hinkley, California. Here, Cr(\V1) was used by a
gas and electric firm between 1952 and 1966 to fight corrosion of cooling towers,
before being discharged directly into unlined ponds. The high mobility of Cr(VI)
subsequently enabled it to percolate into the surrounding groundwater, contaminating
a wide area. This case was eventually settled in 1996 for $333 million, and was such
high profile that it has subsequently formed the basis of the Hollywood film “Erin

Brockovich”, released in the year 2000.

In addition to the hazards associated with contaminated aqueous systems, Cr(VI)
bearing dusts have also been identified as a human carcinogen through inhalation
(Nurminen, 2006). This complicates remediation efforts as dig and dump strategies at
sites of Cr(VI) contamination are inadvisable due to the risk of forming these
carcinogenic dusts. As environmental awareness continues to grow, pressure is
mounting on companies responsible for contaminated environments to not only
produce successful remediation strategies, but also to perform them in an
environmentally conscious manner. Traditional remediation of COPR sites has
focused on the hazardous relocation of the waste, and/or the implementation of a
variety of costly chemical treatments (Bewley, 2007; Geelhoed et al., 2003; Su and
Ludwig, 2005; Wazne et al., 2007). There is therefore a clear need to develop in-situ
remediation technologies for COPR contaminated environments that do not require
large volumes of chemical treatments or the disturbance of the waste itself. Such
remediation strategies need to be successful at a relatively low cost to both the

investing company, and the environment.



Bioremediation is a technique that can be applied in-situ which is increasingly being
employed as a sustainable remediation solution to a variety of contaminated
environments. It is defined by Andrews et al. (2004) as “The elimination, attenuation
or transformation of polluting or contaminating substances by the use of biological
processes, to minimize the risk to human health and the environment”. The
successful implementation of bioremediation therefore relies on the exploitation of
natural biological processes, to either directly or indirectly transform or immobilise a
contaminant (Hazen and Tabak, 2005; Krishna and Philip, 2005; NABIR, 2003). The
ability of soil microorganisms to couple the oxidation of soil organic matter to the
reduction of transition metals in a process known as dissimilatory metabolism is
widely known in a variety of subsurface environments (Lovley, 1993). Soil
microorganisms can therefore influence the fate of metal contaminants within the
subsurface because oxidation state often plays a significant role in metal mobility.
The reduced Cr(lll) form of chromium is considered substantially less toxic and
environmentally mobile compared to Cr(VI), due to its decreased solubility and
increased retention within the solid phase (Lin, 2002). Its reduction is therefore
desirable. Microbial reducing environments occur naturally within the subsurface,
and provide potential reactive zones for the natural transformation of redox active
contaminants. Such microbially active zones have previously been encountered
under COPR contaminated sites in New Jersey, and were appearing to facilitate the

accumulation of chromium (Higgins et al., 1998; Martello et al., 2007).

Harnessing the ability of soil microorganisms to directly or indirectly bio-reduce
Cr(VI1) therefore provides a potential mechanism of remediation that could be

enhanced through the stimulation of the influential microbial population. The



stimulation of bio-reduction is usually achieved through the addition of nutrients to
nutrient starved systems, or the altering of subsurface conditions to favour the
development of reducing conditions. However, the toxicity of Cr(VI) and high pH
characteristic of COPR contaminated environments puts significant stress on
microbial metabolism, making these challenging environments for successful
bioremediation. Detailed multidisciplinary investigations are therefore crucial at
COPR sites in order develop an understanding of the fate of Cr(VI) in the
environment, and determine the extent of chromium contamination. This
subsequently allows for the feasibility of in-situ ecologically favourable remediation

strategies, such as bioremediation, to be assessed.

1.2 Thesis structure

This thesis begins with an overview of chromium chemistry and the processes that
govern its fate in the environment. This is followed by an introduction to the COPR
landfill site that is the focus of this research, detailed project aims and objectives, and
the approaches adopted to achieve them. Results in the form of four working
chapters, three of which have been prepared for publication, are then presented. The
thesis is concluded with a summary chapter, detailing the project findings. This
summary chapter concludes with suggestions for additional work and considerations
for future remediation strategies. In addition, comprehensive appendices are
included, providing detailed descriptions of the methods employed throughout,

additional results, and associated publications.
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Chapter 2 Background information and site processes

This chapter provides an overview of chromium chemistry and toxicity, sources of
environmental pollution, and fate in the environment. The potential of soil
microorganisms to influence trace metal behaviour within the subsurface is

discussed, and a detailed introduction to the study site also provided.

2.1 Overview

Chromium is the 7" most abundant element on earth, and the 21% in crustal rocks
which contain concentrations ranging from 100 to 300 pg.g™ (Cervantes et al., 2001).
Chromium concentrations within soils are more variable, and typically range
between 1 and 2000 mg.kg™ dependent on the composition and source of the parent
material (Shewry and Peterson, 1976; USGS, 1984). Background concentrations in
the air can range from <10 ng.m® in rural environments to between 0 and 30 ng.m? in
urban areas (ATSDR, 2008). It can exist in nine valence states ranging from +6 to -2,
but under natural environmental conditions it is the tri (Cr(l1l)) and hexavalent
(Cr(VI) forms which dominate due to their superior thermodynamic stability
(Krishna and Philip, 2005; Nurminen, 2006; Richard and Bourg, 1991). While Cr(l11)
occurs naturally in the environment, Cr(V1) is primarily sourced anthropogenically
(Stewart et al., 2003). These two forms exhibit significantly differing geochemical
and ecotoxicological characteristics, with Cr(l11) widely regarded as non-toxic and
poorly mobile (James, 2001, 2002; Martello et al., 2007). In contrast Cr(VI) is
considered a priority pollutant by the US Environmental Protection Agency due to its
toxic, carcinogenic, and mutagenic properties (Nurminen, 2006; Rowbotham et al.,

2000; USEPA, 2005b; Wielinga et al., 2001). In addition, Cr(\V1) is also considered



10

much more soluble than Cr(lll) under normal environmental conditions. It is these
characteristics that result in Cr(VI) posing a significant hazard within the
environment, complicated by its ability to migrate away from sources of
contamination (Lin, 2002; Richard and Bourg, 1991). Cr(VI) species are also
considered to have a high bioavailability due to the ease at which it is absorbed into
cells. This occurs via the sulphate transport system as its dominant anion, chromate
(CrO4%), exhibits similar structural characteristics to the sulphate anion (SO4%)
(Cervantes et al., 2001; Daulton et al., 2007). As a result, the accumulation of
chromium in crops due to uptake in the rhizosphere has led to food being a major
concern as a source of exposure (Hullebusch et al., 2005). The estimated oral intake
for children and adults ranges from 123-171 and 246-343 ug per day respectively
(Rowbotham et al., 2000). However, James (2002) explains that Cr(VI) uptake by
roots is normally limited due to the coupled process of reduction to Cr(Ill) as a
detoxification mechanism followed by its organic complexation onto the root
surface. Early studies by Breeze (1973) identified high alkalinity and Cr(VI)
concentrations associated with chromate manufacture as directly responsible for

reduced vegetation diversity, as a consequence of this high bioavailability.

2.2 Exposure and health effects

The widespread use of chromium in industry has meant that areas with the highest
levels of contamination primarily result from anthropogenic sources (Breeze, 1973;
Levy et al., 2001). Cr(VI) is classified by the American Conference of Industrial
Hygienists (ACGIH) as a confirmed human carcinogen in both water soluble and
insoluble forms (Nurminen, 2006). Elevated Cr(VI) concentrations in air and water
systems can be the result of close proximity to industries that use or manufacture

chromium, hazardous waste facilities, and cigarette smoke. Those deemed most at
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risk of exposure to airborne Cr(VI) are workers in the metallurgy or tanning
industries (ATSDR, 2008). Recent mortality estimates among workers at several
industrial sites are reported at 6 deaths per 1000 persons at 1 pg.m* Cr(VI) and ~1
per 1000 persons at 0.2 pg.m® Cr(VI) (NIOSH, 2008). The toxicity of Cr(VI) is
mainly due to its ability to act as an oxidising agent in living cells (James, 2002).
Independent experiments exposing human bronchial (BEAS-2B) and skin cells to
Cr(VI) have demonstrated its genotoxic nature through direct oxidative DNA
damage, and supported its link with lung cancer and skin irritation (Bagchi et al.,
1997; Cavallo et al., 2008; Rudolf et al., 2008). The dangers associated with airborne
Cr(VI) have led the Occupational Safety and Health Administration (OSHA) to set a
Permissible Exposure Limit (PEL) of 5 pg.m® in air averaged over an 8-hour
working day (OSHA, 2006). The risk associated with Cr(\V1) ingestion is considered
much less than that of inhalation, in part due to the reduction of Cr(VI) to the less
toxic Cr(111) within the digestive system. However, excessive ingestion of Cr(VI) has
been found to result in irritation or ulcer formation in the stomach and small
intestine, as well as causing blood anaemia (ATSDR, 2008). Although these risks
posed by ingestion are considered small, a significantly elevated mortality rate due to
stomach cancer has been observed in areas exposed to Cr(V1) contaminated drinking
water (Beaumont et al.,, 2008). The World Health Organisation has therefore

established 0.05 mg.I™ total Cr guideline for drinking water (WHO, 2008).

In contrast to the dangers associated with its hexavalent form, trivalent chromium,
Cr(11), is regarded as an essential plant and animal nutrient in trace amounts. It is
required for successful amino and nucleic acid synthesis, correct insulin function and

fat and glucose metabolism creating improved lean body mass (Jain et al., 2007,
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Krishna and Philip, 2005; Pechova and Pavlata, 2007; Richard and Bourg, 1991).
Cr(111) has also been shown to reduce blood cholesterol levels, and is suggested to
help decrease the risk of cardio-vascular disease (Jain et al., 2007). An early study
investigating the different mutagenic properties of Cr(l1l) and Cr(VI) on salmonella
typhimurium found a Cr(lll) concentration 1000 times greater than that of Cr(VI)
was required to produce the same levels of mutation (Lofroth and Ames, 1978). As
Cr(1) toxicity is considered much lower than that of Cr(V1), intake via ingestion has
a large safety range with no detrimental effects observed up to 1 mg per day. Cr(l1l)
therefore has a suggested adequate minimum daily intake of 50 pg (Anderson, 1996).
Despite this, most diets have been found to contain less than 60% of the
recommended minimum intake of Cr(I11), therefore increasing the risk of developing

symptoms similar to diabetes or cardiovascular disease (Anderson, 1996).

2.3 Chromite ore processing residue (COPR)

The poor management of COPR legacy disposal sites has led to contamination
derived from these wastes becoming a globally widespread problem. The impurities
within chromite ore (e.g. Mg, Fe, Al), and the inefficiency of the high lime process
leaves up to 70% (w/w) chromite ore discarded, with ~30% by weight converted to
chromate (Deakin et al., 2001). The use of alkali carbonates (K,CO3 until ¢.1880,
Na,CO3 thereafter) and lime (eventually replaced by cheaper dolomite or limestone)
in the smelting process create highly alkaline wastes, dominated by alkaline and
alkali earth oxides (Farmer et al., 1999; Geelhoed et al., 2003; Stewart et al., 2007).
During the process, the reaction of lime with water forms calcium hydroxides, and as
a result COPR and surrounding porewaters have characteristically high pH values of
between 9 and 12 (Geelhoed et al., 2003; Stewart et al., 2007). Stoichiometric

dissolution studies on common COPR mineral phases have found that hydroxide and
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carbonate phases cannot solely be responsible for maintaining such high pH values
as their equilibrium pH values are too low (Geelhoed et al., 2002). Instead, the
dissolution of other COPR minerals such as hydrogarnet and hydrocalumite, is
considered an important factor as they are shown to produce equilibrium pH’s
between 11 and 12 (Farmer et al., 2006; Geelhoed et al., 2002; Hillier et al., 2003;
Tinjum et al., 2008). The diverse mineralogical makeup of COPR creates a huge
buffering capacity. A study into the acid neutralising capacity (ANC) of COPR by
Tinjum et al. (2008) found nearly 8 moles of HNOj3 per kg of waste was required to
reduce its pH from 11.3 to 7.5. This has important implications on the feasibility of
Cr(VI) remediation strategies through further in-situ acid extraction due to the large

volumes of chemicals that would be required.

Quantative information on the solid mineral phases present within COPR has been
acquired using a variety of analytical techniques, including X-ray Powder Diffraction
(XRD), Scanning Electron Microscopy (SEM), and Energy Dispersive X-ray
detection (EDX). These phases can be subdivided into four categories: unreacted
chromite ore; high temperature phases formed during the extraction process
(brownmillerite, periclase and portlandite); minerals produced by in-situ weathering
(brucite, hydrocalumite, hydrogarnet, ettringite and calcite derived from the addition
of lime and dolomite); and cementing agents e.g. tricalcium aluminate (Geelhoed et
al., 2002; Geelhoed et al., 2003; Sreeram and Ramasami, 2001; Tinjum et al., 2008;
Walawska and Kowalski, 2000). Reports of total residual chromium within COPR by
oxide weight vary considerably between landfill sites but typically fall between 2-8%
Cr (w/w), although it has been reported to be as high as 15% (Deakin et al., 2001;

Tinjum et al., 2008). This is probably in part due to its heterogeneous makeup, and
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commonly relates to residual concentrations ranging from 2000-40,000 mg.kg™
(Tinjum et al., 2008), although it can reach as much as 70,000 mg.kg™ (Higgins et
al., 1998). Most of this residual chromium is present in the relatively insoluble
Cr(1ll) form. For example, a COPR site in south-east Glasgow was reported to
contain up to 80% of the total chromium present in the reduced Cr(lll) form, as
unreacted chromite ore and Cr(l1l) containing brownmillerite (Farmer et al., 2006;
Hillier et al., 2003; James, 1994; Tinjum et al., 2008). However, the inefficiency of
the extraction process has also led to COPR containing significant amounts of highly
mobile Cr(VI). The amount again varies dependant on site, with concentrations
measured from XANES analysis of bulk material ranging from 1-35% of total
chromium (Geelhoed et al., 2002; Tinjum et al., 2008). At the COPR site in south-
eastern Glasgow, Cr(V1) accounted for the remaining 20% of residual chromium
(Hillier et al., 2003). Cr(VI) is primarily hosted within COPR minerals such as
Cr(VI)-hydrocalumite (CasAl2(OH)12CrO4-6H,0), Cr(VI)-substituted hydrogarnet
(CazAly((Cr/Si/H4)04)3) and  Cr(VI)-ettringite  (CagAlx(OH)12(CrO,)3-26H,0)
(Geelhoed et al., 2002; Hillier et al., 2003). Of these minerals, hydrogarnet is
considered to be the most significant hosting phase and is a primary constituent of
COPR, existing at up to 25% (w/w) (Hillier et al., 2007). It is calculated that this
phase is responsible for hosting up to 50% of the total residual Cr(\V1) present in
some COPR samples (Hillier et al., 2003). Ettringite is a secondary precipitate phase
formed when hydrocalumite dissolves. It is considered to only be a minor Cr(VI)
host phase, accounting for as little as 1-3% of total residual Cr(VI) within COPR
(Farmer et al., 2006). The high stability of these hosting minerals at high pH is
responsible for the residual Cr(VI) concentrations within COPR following the

extraction process.
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Batch studies by Geelhoed, Meeussen et al. (2002) have indicated that the
subsequent dissolution of these minerals is likely to be the key process responsible
for Cr(V1) leaching to groundwaters. Their models were able to accurately predict
Cr(VI) concentrations in solution between pH 10-12. Hydrocalumite and hydrogarnet
were again identified as the most important solid phases existing in COPR that
control Cr(VI) solubility above pH 11, with Cr(VI)-ettringite reported to become
increasingly influential at pH values between 9.5 and 11. Cr(VI) hosted within
hydrogarnet and hydrocalumite exists in its anionic CrO,* form, substituted within
the mineral structure (Geelhoed et al., 2002; Geelhoed et al., 2003). As this anion is
readily exchangeable with other anions such as SO,* in hydrocalumite, and SiO4™ in
hydrogarnet, it is readily leached into surrounding porewaters (Farmer et al., 2002).
Despite the stability of these phases at high pH leaching studies have shown that only
a slight lowering of the pH is required to promote their partial dissolution, and result
in a significant release of Cr(V1) to solution (Hillier et al., 2003). As a result of this
and the buffering effect of the dissolution of calcite minerals, COPR affected
aqueous systems at sites of landfill are often hyperalkaline and contaminated with
high concentrations of Cr(VI). These concentrations have been reported as up to 1.6
mmol.I"" Cr(VI1), nearly 1000 times greater than environmental health standards

(Geelhoed et al., 2002; Whittleston et al., 2011).

Concern has grown in recent years over the treatment of Cr(VI) contaminated
residues as understanding of the leaching behaviour and detrimental health effects

improves (Wang et al., 2007). Once Cr(VI) is leached from COPR, understanding the



16

geochemical controls on its mobility is considered paramount in order to mitigate

resulting environmental hazards.
2.4 Chromium fate in the environment

2.4.1 Geochemical behaviour

The aqueous chemistry of chromium is complex as its mobility is highly variable
depending on its existence in the cationic Cr(ll1), or anionic Cr(V1) state (Chen and
Hao, 1998; Richard and Bourg, 1991). The principle dissolved species of Cr(lll) are
Cr(OH)*" and Cr(OH)3°, with HCrO,™ and CrO,* the most common Cr(V1) species
found in natural waters (Mohan and Pittman, 2006). The prevailing phase existing in
aqueous systems is initially governed by the Eh and pH of the environment (Mohan
and Pittman, 2006). Figure 2.1 gives the stability fields for common aqueous
chromium species, with the red and blue boarders indicating +6 and +3 valence states

respectively.
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Figure 2.1 Eh-pH diagram for aqueous chromium species, red boarder = Cr(V1) species, blue boarder
= Cr(111) species. Redrawn from Mohan and Pittman (2006)



17

Cr(1I1) species are found to be most stable at low pH values, or under reducing
conditions. At pH values >3.5 the progressive hydrolysis of Cr(111) produces Cr(l1)-
hydroxyl species CrOH?*, Cr(OH),", Cr(OH)s° and Cr(OH)s (Mohan and Pittman,
2006; Rai et al., 1987). Although the hydrolysis of Cr(lll) is very complex, under
aqueous conditions with environmentally relevant pH’s of between 6 and 12 it is
considered highly insoluble and will readily precipitate as the amorphous Cr(l1I)
hydroxide, Cr(OH)s° (Spiccia, 1988). Despite this, the solubility of Cr(111) increases
slightly at pH values greater than 8 (as Cr(OH)3), and significantly below pH 5.5
(Lide, 1995). Chromium in aqueous systems is therefore predominantly present as
Cr(V1), and exists as either bichromate (HCrO4) or chromate (CrO,%), formed from
the acid dissociation of chromic acid (H,CrO.°) (Eqn. 3 - 4) (Palmer and Wittbrodit,
1991). At chromium concentrations above 1 g.I*, this may further become

polymerised to form dichromate (Eqn. 5) (Cr.0+*) (Mohan and Pittman, 2006).

H,CrO° <> H' + HCrog
(3)
HCrO; <> H' + Cro,*
(4)
HCrO4 + HCrO,- <> Cr,07°
(5)

The prevailing form of Cr(VI) within solutions is therefore further governed by its
concentration (Figure 2.2). Bichromate is considered to be the stable Cr(\V1) species
at pH values 1-6 and at concentrations less that 1 g.I", with dichromate formation
beginning at concentrations above 1 g.I™. Solutions with pH values >6.5 are shown
to have an affinity to Cr(V1) in the chromate form. (Richard and Bourg, 1991; Tokala

et al., 2008).
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Figure 2.2 Effect of concentration and pH on Cr(V1) speciation, redrawn from Mohan and Pittman
(2006)

In practice, chromium speciation and subsequent mobility, bioavailability and
toxicity in sub-surface aqueous-sediment systems does not behave ideally, and is
influenced by a number of environmental factors (Table 2.1). For example, although
Cr(1) is considered immobile in the pH range 6-12, primarily existing as insoluble
Cr(OH)3, the formation of several organic and inorganic complexes has been shown
to increase its solubility (Geelhoed et al., 2002). It is therefore important to consider
these influences when investigating the potentially hazardous migration of Cr(VI),
sourced from desorption of sorbed Cr(VI), oxidation of Cr(lll), and dissolution of

Cr(VI)-containing solid phases (Martello et al., 2007).



Table 2.1 Factors affecting chromium speciation and subsequent mobility in sediment-water systems (taken from Andrews et al., (2004) and Krauskopf and Bird (1995))

Factor Influence

AVS (acid volatile sulphide) Cr(V1) is rapidly reduced to Cr(Ill) in the presence of AVS.

Fe(ll) Similar to AVS, Fe(ll) is an important reducing agent mediating the transformation of Cr(VI) to Cr(lll).

Mn(l11,1V) (hydr)oxides Mn-oxides are widely known as strong metal sorbents, scavengers, and oxidizers. Mn-oxides have been shown to oxidize Cr(lll) to Cr(VI) under laboratory conditions.
Dissolved Oxygen (DO) Reducing agents for chromium (AVS and Fe(ll)) are typically abundant in anaerobic sediments (i.e., in the absence of DO). DO can vary with temperature and season.

Eh affects the dissolution or precipitation of various metals. Cr(Ill) is stable, even under oxidizing conditions, whereas Cr(VI) is unstable under reducing or even mildly oxidizing
Eh
conditions.

Metals can form complexes with organic material; therefore, metals will be less bioavailable at higher concentrations of TOC. Organic ligands also can serve as reducing
Total Organic Carbon (TOC)
agents for chromium transformation, although the reduction kinetics are slower than for AVS or Fe(ll).

Chromium has been shown to form complexes with dissolved organic carbon, which may increase the apparent solubility of Cr(ll) but likewise decreases its bioavailability and
Dissolved organic carbon (DOC)
oxidation potential.

Cr(Il) solubility increases at low pH; such low pH levels occur in acidic soils but are rarely encountered in sediments. Chromium speciation is affected by both Eh and pH, such
pH
that Cr(VI) is stable under moderately oxidizing conditions at high pH.

Grain size Grain size can affect metal bioavailability both directly and as it is correlated with TOC. Generally, increased fines content is associated with decreased bioavailability.
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2.4.2 Sorption

Sorption is defined as the accumulation of ions, complexes or molecules to a mineral
surface or structure. This occurs as two main phenomena; adsorption (sorption of
aqueous species to a surface, without the formation of three-dimensional molecular
arrangement), and absorption (incorporation into a mineral structure, e.g. ion
exchange mediated Cr(VI) hosting in COPR) (Appelo and Postma, 2005). Surface
precipitation is another form of sorption, where insoluble precipitates form on the
surface of solid phases, often as a result of chemical transformations. The adsorption
of trace metals in solution occurs on the charge surfaces of solid oxides and organic
matter, and varies dependent on the pH of a system (Richard and Bourg, 1991).
Cr(111) sorption is typical of cationic species with adsorption increasing with pH, but
decreasing with competing cations. In contrast, Cr(VI) exhibits typical anionic
sorption behaviour with adsorption decreasing with increasing pH and in the
presence of competing anions (Wielinga et al., 2001). As a result Cr(VI) is weakly
retained by solids in soils at circumneutral to alkaline pH values, largely accounting
for the high mobility of Cr(VI) within sediment-water systems (Schmieman et al.,
1998). Cr(I1l) however exhibits strong affinity to negatively charged surfaces such as
hydroxyl and carboxyl groups on sediment minerals and solid phase organic ligands
and is strongly retained in the solid phase. The extent of chromium adsorption is
therefore controlled by the concentration of clay minerals and inorganic carbon, as
well as the pH value and cation exchange capacity of a system (Loyaux-Lawniczak
et al., 2001; Pagilla and Canter, 1999; Raghu and Hsieh, 1989). Studies have
demonstrated the preferential precipitation of Cr(lll) hydroxides on clay grains
(<2um), highlighting its importance as a contributor to the immobilisation of Cr(I11)

within sediments (Loyaux-Lawniczak et al., 2001; Stewart et al., 2003). It is also
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suggested that this retention could be a result of Cr(l11) binding to iron oxides, found
in naturally high concentrations within the fine sediment fraction (Onyancha et al.,

2008).

Biosorption is another important sorption process in subsurface environments where
metal cations are sequested by natural organic compounds, both living and dead, on
the functional groups of the biopolymers (Han et al., 2007; Onyancha et al., 2008).
For Cr(Ill), this adsorption primarily occurs on the carboxylate (-COO") and
hydroxide (-OH") groups, with amino groups (NH;) believed to be important sites of
Cr(VI) affinity (Han et al., 2006; Han et al., 2007, 2008; Onyancha et al., 2008). The
capacity of microalgal isolates such as Spirogyra condensate, Rhizoclonium
hieroglyphicum and Chlorella miniata to immobilise Cr(Ill) through complexation
with cell carboxyl groups has been reported (Han et al., 2007, 2008). Notably in the
case of Chlorella miniata Cr(lll) in its hydroxide form appears to more readily
complex directly to the cell surface. Biosorption onto algal biomass also has the
ability to indirectly sequest Cr(VI). This occurs through the initial biosorption (onto
amino groups), followed by bioreduction to Cr(I1l) and subsequent biosorption onto

oxidised biomass (Egn. 6) (Han et al., 2008).

HCrO, + H* + biomass <> HCrO, - H* - biomass — Cr** + H,0 + biomass (oxidised)

(6)

Cr(111) is also able to adsorb directly to the surface of humic acids through ion
exchange, binding with electronegative carboxyl groups formed during their

dissociation (Eqgn. 7) (Li et al., 2008). The dissociation of humic acid also releases
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electrons that can facilitate the bioreduction of Cr(VI) to Cr(111) (Egn. 8) (Han et al.,

2007; Onyancha et al., 2008)

3R-COOH + Cr’*— (R—CO0)3Cr + 3H"

(7)
2H' +R—OH + CrO,>— ROCrOsH + H,0

(8)

Aqueous Cr(I11) and Cr(VI) biosorption by both microalgal isolates and humic acids
has been shown to be most efficient at low pH values, and at low concentrations of
competing metal ions (Erdem et al., 2004; Farmer et al., 1999). As discussed, Cr(l1I)
is less soluble, more easily retained through sorption mechanisms, and has a lower
affinity to remobilisation through ion exchange than Cr(VI). This, along with the
much lower health risks associated with Cr(I1l) means that the reduction of Cr(V1) to
Cr(lll) is often the aim of remediation strategies (Pagilla and Canter, 1999;
Schroeder and Lee, 1975). The reduction of Cr(\V1) within sediment-water systems is
predominantly governed by redox pathways with both organic and inorganic species

(Housecroft and Sharpe, 2005).

2.4.3 Redox interactions

Redox reactions in metals release energy as electrons flow from one substance to
another in an effort to reach chemical equilibrium (USEPA, 2005b). In doing so one
species will be reduced, gaining electrons, and the other oxidised, losing electrons
(Hazen and Tabak, 2005). Thus, the valence state of a metal species is dependent on
its ability to lose or gain electrons within the environment, termed its “redox

potential”.
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Cr(VI) is thermodynamically unstable in anoxic sediment-water systems (Katz and
Salem, 1994; Palmer and Wittbrodt, 1991). This instability is a result of its strongly
oxidising nature allowing it to be readily reduced in the presence of naturally
occurring reductants (Lin, 2002). In contrast, Cr(lll) is considered much more
thermodynamically stable due to its resistance to oxidation by to O,. Under anoxic
conditions, the presence of high concentrations of manganese oxides can catalyse the
oxidation of Cr(lll) to Cr(VI) through direct sorption onto the active sites of the
oxide (Schroeder and Lee, 1975). However, in natural environments competition
from other metal cations was found to significantly inhibit this reaction. Natural
aqueous systems are therefore predominantly reductive environments for Cr(VI)
under normal conditions, due to the presence of natural reductants and the slow
oxidation kinetics of Cr(lll) (Deakin et al., 2001; Lin, 2002). Although there are a
number of potential chemical reductants of Cr(VI), rate expressions indicate that
ferrous iron (Fe(ll)) and reduced sulphur species will be the dominant reducers in
natural subsurface aqueous environments (Palmer and Wittbrodt, 1991). This
reduction can be expressed by the reactions below (Eqn. 9 - 10) (Buerge and Hug,

1997).

3Fe(OH), + Cr(VI) — 3Fe(OH)** + Cr(Ill)
(9)
4HSO5 + 2Cr(VI) + 6H' — 2Cr(lll) + 2504° + S,05” + 6H,0
(10)

Model studies of natural waters by Lin (2002) found that the primary reductant of
Cr(VI) is dependent on pH, with low values (<5) favouring sulphite (S(IV)), and

high values (>6) favouring ferrous iron (Fe(Il)). It has also been found that reduction
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becomes increasingly more difficult as the pH of a system increases (Wielinga et al.,
2001). The rate of Cr(VI) reduction by Fe(ll) is shown by Erdem and Tumen (2004b)
to follow first-order reaction Kkinetics, with faster removal observed with lower initial
Cr(VI) concentration. The practical application of these redox pathways has been
used to produce Cr(l11) bearing species with ferrous sulphate and sodium sulphite as
reductants (Eqn. 11 - 12). The pH was also lowered during these reactions using

sulphuric acid to increase the solubility of the reagents (Erdem and Tumen, 2004a).

KsCr(V1);07 + 6Fe(1l)SO4 + 7H2504 —> Cr(ll1)5(SO4)3 + 3Fe(lll)2(SO4)3 + 7H20 + K,SO,
(11)

KsCr(V1);07 + 3Na;S(1V)Os + 4H,50, — Cr(111)5(SO4)3 + 3NasS(VI)O4 + K2SO4+ 4H,0
(12)

Where aqueous Cr(V1) is reduced by Fe(ll), the resulting Cr(I11) species can become
both incorporated into the Fe(l1l) crystal structure as Cr(ll1)-substituted iron oxides,
and precipitated on the surface as Cr(I11)-hydroxide due to its lower solubility. Using
Fe(Il) as a reductant has been applied successfully in the remediation of a variety of
Cr(VI) contaminated environments, including municipal landfill leachate. Here the
ability of microorganisms to re-reduce Fe(lll) produced during its abiotic reaction
with Cr(VI) was also observed (Li et al., 2009). This highlights the importance of
biogeochemical processes occurring within the subsurface, as the indigenous
microbial population may directly or indirectly influence the transformation of

contaminants.

2.5 Soil microorganisms

Prokaryote microorganisms have evolved over 3.8 billion years to survive in every

ecological niche on the planet. In soils the diversity of indigenous microorganisms is



25

huge, and is estimated to exceed that of vegetation by several orders of magnitude
(Torsvik et al., 2002). The existence of these vast populations is crucial to
maintaining all life as they are the primary driving force behind every
biogeochemical cycle on earth. As a result of such a long period of evolution, many
microorganisms display adaptations that allow them to thrive in extreme
environments where no other forms of life could survive. Such microorganisms are
broadly termed extremophiles. These include environments with natural extremes of
temperature (e.g. hydrothermal vents), pH (e.g. soda lakes), and pressure (e.g. deep
sea sediments). Microorganisms adapted to survive such conditions are deemed
thermophiles, alkaliphiles, and piezophiles respectively. In more recent times, these
natural adaptations have also allowed microorganisms to populate areas of
anthropogenic pollution where extremes of pH, heavy metal contamination,
radiation, and temperature exist. Indeed, some of these adaptations may prove useful
in developing methods to remediate polluted environments, due to the ability of
many microorganisms to influence their surrounding as a mechanism of survival.
Sites of COPR characteristically portray both high pH and Cr(VI) metal toxicity, and

therefore provide significantly challenging environments to microbial metabolism.

2.6 Alkaliphiles

A broad range of microbial taxa can grow optimally and robustly in high pH
environments like those found at COPR disposal sites, or natural soda lakes (Pollock
et al., 2007; Roadcap et al., 2006; Stewart et al., 2007; Wani et al., 2006). These
microbes have evolved adaptations to this challenging environment and consist of
two main groups, alkaliphiles and haloalkaliphiles. True alkaliphiles are reported to
require a pH > 9 to grow with an optimal growth pH of between 9 and 10.

Haloalkaliphiles require similar pH conditions but also high salt concentrations of up
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to 33% NaCl (w/v) (Horikoshi, 2004). Alkaliphiles are found in both aerobic and
anaerobic environments, and display a variety of physiological features that set them
apart from microorganisms adapted to live in circumneutral pH environments.
Although alkaliphiles commonly have optimal growth pH values of between 9 and
10, the optimal pH of intracellular enzymes critical for microbial metabolism is often
lower. As a result, many alkaliphiles have adapted mechanisms to regulate
cytoplasmic pH in order to keep them as close as possible to the optimal functional
values of internal enzymes. This can produce a difference of several pH units
between the cytoplasmic and external pH values. These pH gradients have been
observed in numerous alkaliphiles and haloalkaliphies including Bacillus halodurans
where intracellular values were measured at up to 2 pH units lower than the

surrounding medium (Horikoshi, 1999; Muntyan et al., 2005)

In order to maintain this pH homeostasis, it has been suggested that many
alkaliphiles utilise the Na'/H® and K'/H® antiporter systems across plasma
membranes. These are traditionally are used to establish an electrochemical gradient
during respiration. Cells utilising the Na® antiporter can respond to chances in
external pH by exchanging Na" ions from within the cell with external H* ions across
its plasma membranes, effectively increasing acidity within the cell (Horikoshi,
1999; Krulwich et al., 1997). This is also thought to result in an increase in solute
uptake and motility (Detkova and Pusheva, 2006; Horikoshi, 1999; Krulwich et al.,
2001). In effect this ability increases the cytoplasmic buffering capacity within the
cells, and explains why the majority of alkaliphiles require environments containing
NaCl for growth. Adaptations to cell external walls also have been found to provide

additional passive protection to microorganisms in high pH environments. Acidic
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cell wall macro molecules produced via fermentation are believed to create a partial
barrier to certain ion flux (Krulwich and Guffanti, 1989; Krulwich et al., 1997). In
the case of the alkaliphile Bacillus sp. these acidic polymers, phosphoric,
galacturonic, glutamic and aspartic acid, are believed help make the surface of the
cell negatively charged (Aono et al., 1997). This in turn helps repel negatively
charged hydroxide ions, as well as aiding in the uptake of Na* ions essential for the
maintenance of internal pH homeostasis (Horikoshi, 1999). Alkaliphiles are also able
to influence the pH of their surroundings through the production of organic acids
such as acetic acids, as observed in various alkaliphilic Bacillus species when grown
on carbohydrates (Paavilainen et al., 1994). This reduces the pH of the environment
immediately adjacent to the microorganism and will aid in solute uptake and

motility.

In addition to these pH regulatory mechanisms, a wide range of enzymes within
alkaliphiles have been found to be specifically adapted to function optimally at a
higher pH. The first alkaliphilic enzyme was reported to be an alkali protease
recovered from Bacillus bacterium in 1971 (Horikosh.K, 1971a). This was found to
have an optimum operational pH of 11.5, and was able to function at 75% efficiency
even at pH 13. Since then, many others have been isolated from alkaliphiles
including further proteases, cellulases, lipases, pectinases, xylanases, catalase and
starch degrading enzymes including amylases (Horikosh.K, 1971a, b, 1972; Kurono
and Horikosh.K, 1973). These enzymes are of particular commercial interest due to

their potential applications within biotechnology (Horikoshi, 1999).
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2.7 Microbial metal reduction

Soil microorganisms obtain energy for growth through the respiration of organic
molecules present in the soil. This energy is released when organic matter is oxidised
and coupled to the reduction of a terminal electron accepting species. Oxygen is the
primary terminal electron accepting species as its reduction coupled to the oxidation
of an organic compound releases the most amount of energy during metabolism. In
subsurface environments where sufficient organic matter is available for oxidation,
progressively more anoxic conditions develop as oxygen is consumed. This produces
a cascade of terminal-electron-accepting processes (TEAPS) occurring in sequence as
microorganisms utilise other oxidised species present (Froelich et al., 1979).
Reactions releasing most energy are favoured, so the sequence in which electron
acceptors are used typically follows the decreasing order of redox potentials shown

in Table 2.2.

The ability of indigenous soil microorganisms to couple simple organic matter
oxidation to the reduction of heavy metals such as iron, manganese, selenium,
chromium, and the radionuclide uranium, during metabolism, is no longer a new
concept (Burke et al., 2005). Numerous bacteria have now been identified which are
able to gain energy from the transfer of electrons from an organic compound to metal
species where the ultimate electron acceptor, oxygen, is absent. In anaerobic
environments the reduced metal formed during this process often displays more
favourable properties compared to that of its oxidised form, for example Cr(lll)
compared with Cr(VI). Reduced species are formed as electrons are “dumped” to it
following use in the respiratory electron transport train. Thus, the utilisation of this

process can be advantageous at sites of heavy metal and radionuclide contamination.



Table 2.2 Microbially significant half-reaction reduction potentials: Standard Reduction Potential, E°, and redox potential, Eh, at pH 7 and 10.5 (at 25°C and atmospheric

pressure)

Transformation Reaction Eq (V) Eh@pH7 (V) Eh @ pH 10.5 (V) Assumptions

0, Depletion” 0O, + 4H" + 4e” = 2H,0 1.23 0.805 0.598 Po, = 0.2 bar
Denitrification* NOs~ + 6H" + 5e~ = 1/2N, + 3H,0 1.24 0.713 0.464 g:?iéz t;:mo' Lt
g (ii?)ugi?:?;m) CrO,2 +5H* + 3¢™ = Cr(OH); + H,0 1.198 0.508 0.163 [CrO,2]=250 uM

m: (rﬁf)”f;i,‘\’/l”nzu) MnsO, + 2H* + 2H,0 + 26~ = 3Mn(OH), 0.480 0.066 -0.140 -

Ez (rlel’f)”t";i;’z(*”) Fe(OH)s + H' + &~ = Fe(OH), + H,0 0.257 -0.157 -0.364 -

EE (r::j)“gigzgu) Fe(OH); + HCO; + 2H" + &= FeCO; + 3H,0 1.078 - :g:ggi’ Eﬂggg : iommmrzf:_gl
gl(l\';?)tioresd(”ﬁt)'on SO, + 10H" + 86~ = HyS + 4H,0 0.301 0217 -0.476 [SO.27 = [H,S]
Bicarbonate reduction to acetate™ 2HCO, + 9H" + 86~ = CHyCOO" + 4H,0 0.187 0292 0525 [HCO;] = [CH3COOT]

C(VI) to C(0)

=20 mmol L

* after Langmuir (1997)

* calculated using thermodynamic data from Stumm and Morgan (1996)
* calculated using thermodynamic data from Thauer (1977)
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Numerous studies have demonstrated the potential for the biostimulation of
microbial metal reducing populations within contaminated systems, through the
addition of different electron donors including acetate, glucose, yeast extract, lactate,
and H, (Higgins et al., 1998; Lovley, 1993b; McLean et al., 2006; NABIR, 2003;
Stucki et al., 2007; Vrionis et al., 2005). The practical in-situ application of such a
process for site remediation is known as bioremediation, and is increasingly being
favoured over traditional, more environmentally and financially costly remediation
strategies (NABIR, 2003). According to Torsvik et al. (2002) only a fraction of the
total diversity of soil bacteria has so far been characterised (about 4500 species). As
a result, the potential for utilising microbial processes in remediation strategies in the

future is likely to continue to grow.

2.8 Microbial iron reduction

The ability of soil microorganisms to reduce metals, specifically iron, has been
known since the 19" century. However, it wasn’t until 1987 that this ability was first
attributed to the action of a specific microorganism, Geobacter metallireducens
(Lovley et al., 1987). Since then the ability to reduce iron has been described in
numerous microbial taxa from a broad range of environments including some iron
reducing alkaliphiles isolated from natural high pH environments, such as Bacillus
sp. Alkaliphilius peptidofermentans and Geoalkalibacter ferrihydriticus (Pollock et
al., 2007; Zavarzina et al., 2006; Zhilina et al., 2009). As iron is the most abundant
redox-active metal in soils, the establishment of microbial Fe(lll) reducing
conditions has been described as the most important to develop during the
development of anaerobic soils due to its influence on trace metal behaviour (Lovley,

1991, 1997; Pollock et al., 2007; Zavarzina et al., 2006).
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Alkaliphilius peptidofermentans and geoalkalibacter ferrihydriticus are two high pH
iron reduces, isolated from an alkaline soda lake environment, capable of using
amorphous Fe(l11) hydroxides as electron acceptors during growth (Zavarzina et al.,
2006; Zhilina et al., 2009). The biomineral formed as a result of microbial iron
reduction is dependent on the metabolic pathway utilised and growth conditions. The
obligate anaerobic alkaliphile geoalkalibacter ferrihydriticus has been reported to
produce siderite (ferrous carbonate) or magnetite dependent on concentration of
amorphous Fe(lll) hydroxide available (Fredrickson et al., 1998). Other
biominerisation products of amorphous Fe(l11) hydroxide reduction include vivianite
and green rust type compounds. These were found to be produced along with
magnetite and siderite when schewanella putrefaciens was incubated under a variety
of conditions (Ona-Nguema et al., 2000). The stability of the iron phase existing in
soil systems have been reported to be governed by pH, rate, and type of microbial
Fe(IN)/Fe(111) cycling occurring in-situ. Metastable iron oxyhydroxides such as
ferrihydrite (FesHOg-4H,0) (Hansel et al., 2005) are considered important sinks for
metals due to their reactive nature, high surface area, and high bioavailability
(Cudennec and Lecerf, 2006; Schwertmann et al., 1999). This amorphous, poorly
crystalline phase is often the first product of Fe(lll) precipitation and over time has
been reported to transform into more thermodynamically stable phases such as
hematite at circumneutral pH, and goethite at low and high (10-14) pH (Liu et al.,
2007). Fe(Il) adsorbed to ferrihydrite was also found to increase the rate of its
transformation, as well as to lead to the production of lepidocrocite (y-FeOOH) at

low pH values (Chistyakova et al., 2007; Zhilina et al., 2009).
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Iron phase formation and stability is further complicated where intermediate iron
phases such as lepidocrocite are subsequently involved in bioreduction. This
produces different products dependent on reduction rate. For schewanella
putrefaciens a high rate of lepidocrocite reduction results in the formation of
magnetite, whereas slower rates yield hydroxycarbonate green rusts
([Fe."Fe,"(OH)g]**-[CO5*T1%) (Ona-Nguema et al., 2002). Green rust compounds are
metastable in environmental mixtures that contain lepidocrocite and magnetite as
they exist in equilibrium with Fe®* ions. Thus, the adsorption of Fe(Il) onto
lepidocrocite during its bioreduction induces dissolution of green rust to magnetite
(Chistyakova et al., 2007). Iron biominerals are also altered in the presence of metal
ions able to fill vacancies on the mineral structure, such as Magnesoferrite
(MgFe,0,) formed from Mg addition into magnetite during the stationary phase of
microbial incubation (Stucki et al., 2007). An increase in the Fe(ll):Fe(lll) ratio of
aluminosilicate clay minerals has been reported as a result of Fe(lll) bioreduction.
This suggests the Fe(lll) content of such minerals can also be utilised as an electron
sink during microbial metabolism (Lovley, 1993b, 1997; Lovley et al., 2004; Tebo

and Obraztsova, 1998)

2.9 Microbial chromium reduction

Microbial reduction of Cr(VI) was first observed with Pseudomonas dechromaticans
in 1977 by Romanenko and Koren’kov. Since then, Cr(VI) reduction has been
reported for a number of other gram negative genera including Desulfovibro and
Shewanella, and members of the gram positive Bacillus and Cellulomonas genera
(Table 2.3) (Francis et al., 2000; Lovley, 1993a; Romanenko and Koren'kov, 1977;

Sani et al., 2002; Sau et al., 2008). Microbial reduction of Cr(\VI1) results in the
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subsequent precipitation of insoluble Cr(l111) hydroxides at neutral pH, and can

generally be described by the reaction below (Eqgn. 13), and (Chen and Hao, 1998).

Cro/” + H' + 3% — Cr’* + 4H,0 — Cr(OH)35) + 3H" + H,0
(13)

Microbial Cr(VI) reduction has been attributed to both the reaction of Cr(VI) with
chromium reductase enzymes, and through its use as the sole electron acceptor
during microbial respiration within mitochondrial membranes (Chen and Hao, 1998).
Enzymatic reduction of Cr(VI) is a complex process and occurs both in cell
cytoplasmic membranes and the soluble fraction depending on mechanism and
species present (Chen and Hao, 1998; Laxman and More, 2002). Intracellular Cr(V1)
reduction in the soluble fraction of the cell is attributed to enzymatic reaction with
soluble proteins, and has been observed in many Cr(VI) reducing microorganisms
e.g. Desulfovibrio vulgaris and Pseudomonas putida (Daulton et al., 2007; Ishibashi
et al., 1990; Lovley et al., 1993). Other cases of enzymatic Cr(VI) reduction have
been found to be associated with membrane bound Cr(VI) reductases e.g.
Pseudomonas fluorescens and Enterobacter cloacae (Bopp and Ehrlich, 1988; Wang

etal., 1989).



Table 2.3 Summary of Cr(VI) reducing microorganisms (developed from Chen and Hao (1998))

Organism

Confirmed carbon source

Reduction conditions

Reference

Shewanella putrefaciens
Halomonas sp.

Microbacterium sp. MP30
Leucobacter sp. CRB1
Pseudomonas stutzeri CMG462
Pseudomonas stutzeri CMG463
Pseudomonas synxantha K2
Pseudomonas aeruginosa
Pseudomonas dechromaticans
Pseudomonas chromatophila
Pseudomonas ambigua G-1

Pseudomonas fluorescens LB 300
Pseudomonas putida PRS 2000
Achromobacter eurydice

Aeromonas dechromatica

Agrobacterium radiobacter
Bacillus sp.

Bacillus subtilis

Desulfovibrio vulgaris
Enterobacter cloacae
Escherichia coli

Escherichia coli ATCC 33456
Micrococcus roseus

Pantoea agglomerans
Desulfotomaculum reducens
Pannonibacter phragmitetus
Streptomyces griseus

Cellulomonas flavigena

Lactate

Acetate

Acetate

Yeast extract, glucose or lactate
Acetate

Acetate

Acetate

Acetate or glucose

Peptone or glucose

Ribose, fructose, fumarate, lactate, acetate, succinate, butyrate, glycerol, or ethylene glycol.

Nutrient broth
Glucose, NAD(P)H or citrate
NAD(P)H

Acetate or glucose

Galactose, mannose, melibiose, sucrose, fructose, lactose, cellobiose, arabinose, mannitol dulcitol,

sorbitol, or glycerol
Glucose, fructose, maltose, lactose, mannitol or glycerol

NAD(P)H, citrate, acetate
Glucose or acetate
Hydrogen, citrate

Acetate, glycerol or glucose
Acetate

Glucose, acetate or propionate
Acetate or glucose

Acetate, hydrogen or lactate
Lactate

Yeast extract and acetate
Glucose and yeast extract

Lactate

Anaerobic
Anaerobic
Anaerobic
Aerobic
Anaerobic
Anaerobic
Anaerobic
Anaerobic
Anaerobic
Anaerobic
Aerobic
Aerobic
Aerobic
Aerobic
Anaerobic

Aerobic and Anaerobic
Aerobic

Anaerobic

Anaerobic

Anaerobic

Anaerobic

Aerobic and anaerobic
Anaerobic

Anaerobic

Anaerobic

Aerobic

Anaerobic

Anaerobic. Nongrowth.

(Liu et al., 2002)

(VanEngelen et al., 2008)
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Direct microbial reduction of Cr(V1) has been observed during aerobic (Ishibashi et
al., 1990) and anaerobic respiration (Daulton et al., 2007; Suzuki et al., 1992). Only a
few studies have clearly demonstrated anaerobic growth dependent on the use of
Cr(VI) as the sole electron acceptor, although it is suggested for a number of
organisms including Desulfotomaculum reducens and Pantoea agglomerans (Francis
et al., 2000; Tebo and Obraztsova, 1998). Anaerobic enzymatic Cr(V1) reduction has
been found associated with both membrane bound or soluble internal Cr(VI)
reductases (Cervantes et al., 2001) as Cr(VI) is readily able to cross cell membranes
by utilising the sulphate transport system (Daulton et al., 2007). Cr(V1) reduction has
also been observed in the growth phase by fermentation in Cellulomonas sp, where it
is hypothesised that Cr(VI) acts as an external electron dump, receiving electrons
outside of the cell via metabolite shuttles (such as cytochromes, and glucose) (Chai
et al.,, 2009; VanEngelen et al., 2008; Zhu et al., 2008). Even fewer studies have
demonstrated direct microbial Cr(VI) reduction at high pH although this ability has
been reported for Pannonibacter phragmitetus, leucobacter sp (aerobic), and
halomonas maura (anaerobic) at pH 9.8, 11.0 and 9.0 respectively (Chai et al., 2009;
VanEngelen et al., 2008; Zhu et al., 2008). It is therefore suggested that microbially
mediated Cr(V1) reduction in alkaline, chromium contaminated environments will
usually occur by an indirect pathway involving extracellular reaction with reduced
species, e.g. Fe(ll) produced by microbial respiration (Lloyd et al., 1998). This iron
promoted reduction of Cr(VI) via a coupled biotic-abiotic mechanism has been
demonstrated in laboratory experiments for the dissimilatory iron reducer Shewenella

sp under anaerobic conditions (Wielinga et al., 2001).



36

2.9.1 Cr(VI) resistance mechanisms

The toxicity of heavy metals provides further challenges for microbial taxa. Cr(VI) is
particularly hazardous to microorganisms as it is readily able to cross cell
membranes by utilising the sulphate transport system. Environments with an influx
of Cr(VI), such as those surrounding sites of COPR, therefore put significant stress
on microbial metabolism as a build-up of Cr(VI) would ultimately destroy the cell
(Cervantes et al., 2001; Daulton et al., 2007). Cr(VI) is also known to cause direct
oxidative DNA degradation via the production of hydroxyl free radicals (Bagchi et
al., 1997; Cavallo et al., 2008). As a result, bacterial tolerance to Cr(VI) may indicate
an evolutionary response to Cr(VI) toxicity. Indeed many microorganisms have
demonstrated tolerance to Cr(VI) including Pannonibacter phragmitetus, which
showed no evidence of cell degradation at 500 mg.I* Cr(VI), and Leucobacter sp
which could tolerate up to 4,000 mg.I"* Cr(VI) (Chai et al., 2009; Chen and Hao,

1998; Rehman et al., 2008; Zhu et al., 2008).

One possible resistance mechanism to Cr(VI) toxicity expressed by several bacteria
is their ability to either internally or externally reduce Cr(VI) to Cr(lll). It has been
suggested that the terminal microbial reduction step in internal Cr(VI) reduction is
Cr(1l), which is subsequently expelled from the cell and oxidises to Cr(l11) on the cell
surface (Chai et al., 2009; Chen and Hao, 1998; Rehman et al., 2008; Zhu et al.,
2008). It is hypothesised that this, along with extracellular Cr(\V1) reduction, may
therefore provide physical barrier to further Cr(\VI1) toxicity by forming a protective

layer of insoluble Cr(l11) hydroxides.
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The combination of high Cr(VI) concentration and high pH commonly found at sites
of COPR disposal therefore provide a testing environment for microbial metabolism.
As a result, it is likely that adaptations to these extreme conditions exist within the
indigenous microbial populations at COPR affected sites to enable successful

metabolism.

2.10 Study site

Contamination at sites of COPR disposal provide a challenging environment for
successful remediation due to the environmental mobility of Cr(V1) contained in high
pH leachates, and the dangers associated with the disturbance of the waste itself. The
focus of this research project was the impact that one such COPR disposal site,
located in the north of England, is having on the adjacent environment. The total area
of the site, known locally as “old tip” is approximately 2.2 hectares in size, and is
made up of two landforms situated within a glacial valley between a canal to its
northern boundary and river to its south-western edge (Figure 2.3). The canal itself is
approximately 7 metres above the level of the river, with landform 1 approximately
1.5 meters above the level of the canal towpath at its highest point. A drainage ditch
runs along the southern edge of the site, flowing east to west parallel to the railway
viaduct, and feeds directly into the river (Stewart et al., 2010; Whittleston et al.,
2007). Vegetation on site is dominated by grasses and sparse small trees, with
erosion as a result of recreational activity leaving several steeper areas of the waste

bare and exposed. Some of these areas have subsequently been fenced off.

As the site is located in an urban area publicity of its existence could have harmful
socioeconomic impacts. As a result, it was requested by those now responsible for

site maintenance that its precise location remains confidential.
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Figure 2.3 Professional plan of the "old tip" showing the location of two distinct landforms, and boreholes produced during professional site investigations (From WYG
report 2005, edited to remove proprietary information)

38



39

2.10.1 Site history

Landform 1 (Figure 2.3) first appeared on historical OS maps in the late 19" century
(see Appendix B.1). It is plausible that the waste may have been tipped here as a way
of supporting the canal bank, and/or transported by barge to this location from
nearby industrial works. Indeed, the appearance of a dye works roughly half a
kilometre to the south east during the same period is interesting as chromium was
widely used in the dying and leather tanning industries. Although it cannot be said
with any confidence that this dye-works is responsible for the source of the COPR, it
Is a good indication that industries existed within the area that would have required
chromium. Therefore it would be reasonable to assume that chromium ore processing
plants are likely to be located nearby. A second landform (Landform 2, Figure 2.3)
approximately 0.3 hectares in size appears to the west of the COPR tip on historical
OS maps by 1922 (see Figure B.2). Landform 1 has subsequently been identified
during professional site investigations as made ground consisting of chromite ore
processing residue, the extent of which is highlighted in yellow in Figure 2.4. In
contrast, landform 2 is recorded in a professional report compiled in 2005 to consist

of canal dredging’s, and is not COPR material.
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Figure 2.4 Sketch map showing the extent of the COPR material. Red arrows indicate the location and orientation of the photographs taken presented below. Dotted section
highlights the area of recent geotechnical investigations in March 2009.
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2.10.2 Site investigations

Since 1993 the site has been subject to a series of professional investigations
including the production of numerous boreholes (see Figure 2.3). As well as these,
ground investigations were conducted for the sole purpose of gathering material for
this research project in March 2009, and focused on the south western edge of the

COPR material (see Figure 2.4, dotted selection).

1. Surface investigations

A preliminary report at the site by the Environment Agency into the state of the
drainage ditch in March 2000 found chromium concentrations of 24 mg.I™ and a pH
value of 11.7. It concluded that the presence of this contaminated surface leachate
meant the area could be determined a Special Site under Part 1IA of the
Environmental Protection Act 1990. To date no such official designation has been
made, despite surface chromium contamination continuing to be clearly evident on
site. The drainage ditch is visibly yellow in colour (Figure 2.5), with Cr(VI)
concentrations measured over the course of this investigation to vary seasonally
between 5 and 16 mg.I™ (100-300 pM), well above the 0.05 mg.I"* WHO guideline.
Zana Tilt an MSc student from The University of Leeds demonstrated that the
greatest source of Cr(VI) flux into this drainage ditch are adjacent surface seeps
located at the base of the waste between the viaduct arches to the south of the site
(Tilt, 2009). These surface seeps are also visibly contaminated with Cr(VI) (Figure
2.6). The pH value of the drainage ditch remains elevated, most notably downstream

of the contaminated seeps, and ranges from pH 10.50 — 12.55.
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This drainage ditch discharges directly into the river to the west of the site and could
therefore potentially become a source of wider pollution. However, the rate of
discharge from the drainage ditch is very small, and therefore once dispersed it is
unlikely that Cr(V1) concentration and hyperalkalinity will pose significant danger to
the aquatic ecosystem. In addition, the drainage ditch can easily be monitored, and
has already been isolated from the public having recently been fenced off. In
contrast, behaviour of Cr(\VI) contaminated leachates that may be migrating away

from the COPR within the subsurface is more difficult to assess.

2. Professional geotechnical investigations

Initial borehole logs from professional investigations describe much of the site to be
covered in a layer of topsoil that varies in thickness between 0.5 and 2.1 meters. The
COPR material itself is described as made ground, comprising of grey, bright green,
yellow sandy silts, and was present beneath the thin topsoil layer to a maximum
depth of approximately 10 meters below ground level. This in turn overlies a dark
grey and brown silty clay layer that varies in thickness and composition. Professional
reports postulate that these grey and brown clay layers encountered directly beneath
the COPR represents the original topsoil layer that existed prior to the placement of
the waste. Geological maps and borehole logs further indicate the entire site is
underlain by alluvial material including gravels. Taken together, this information was
used to construct a simplified geological cross section providing a preliminary

assessment of the waste position, shown in Figure 2.7
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Figure 2.5 Chromium contaminated site drainage ditch.

Figure 2.6 Chromium contaminated surface seeps.
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Figure 2.7 Simplified geological cross section showing waste position, constructed from borehole logs produced during professional site investigations
(Whittleston et al., 2007)
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2.10.3 Geochemical characterisation

Geochemical analysis of COPR material recovered during a professional site
investigation in November 2003 found a maximum total chromium concentration of
19,000 mg.kg™. 380 mg.kg™ (2%) of this chromium was reported to be present in the
hexavalent form. As a result, soil leach tests of this material were able to remobilise
up to 33 mg.I™ of soluble Cr(VI1). A hydrogeology study in April 2009 conducted by
James Atkins, an MSc student at the University of Leeds, revealed the presence of a
perched water table within the waste. This was located roughly 2 meters above the
underlying groundwater, which is inferred to be flowing in an approximately south
westerly direction within the alluvial gravels underlying the site (Figure B.3) (Atkins,
2009). This perched water table is highly contaminated with Cr(\VI1) as a result of
being in direct contact with the COPR waste. Water from this perched water table
was retrieved for this project in March 2009 from BH5 (Figure 2.4), and was found
to contain 51 mg.I™ Cr(VI) and have a pH value of 12.2. These concentrations are up
to ten times that of the contaminated surface waters, demonstrating a clear hazard to
of potential subsurface migration. Geochemical analysis of groundwater within the
underlying alluvial gravels undertaken by previous professional site investigations
reported Cr(V1) concentrations of up to 42 mg.I"* and pH values in excess of 12.
Cr(VI) is therefore clearly mobile within subsurface waters at this site, and poses a

significant hazard to the adjacent environment.
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Chapter 3 Project aims, objectives and approach

3.1 Objectives and research hypotheses

This thesis reports the findings of a detailed investigation into the fate and stability of
Cr(VI) within COPR derived hyperalkaline leachates, as it percolates into the
underlying soil horizon. Its primary objective was to develop a thorough
understanding of the extent of chromium contamination within the subsurface, and
the implications this could have on the design of future remediation strategies. The
biogeochemical processes influencing Cr(VI) mobility within the subsurface were
investigated, and the stability of the resulting host phase assessed. Emphasis was
placed on characterising the diversity of the indigenous microbial population, and

their influence on the biogeochemical processes occurring in-situ.

The following research hypotheses were used as a guide to this investigation:

e COPR waste will be a source for the spread of toxic, carcinogenic Cr(VI) into
adjacent environments.

e The main mode of Cr(VI) migration will be via leaching within
hyperalkaline, Cr(VI) contaminated liquors into soils below the waste.

e Itis possible to intervene beneath the waste to attenuate this soluble transport
mechanism through implementing in-situ remediation strategies.

e Soil microorganisms indigenous to the soils beneath the waste will have
adapted to survive in a COPR contaminated environment.

¢ Indigenous soil microorganisms may be able to respire anaerobically using

organic matter coupled to the reduction of Fe(lll), to produce Fe(ll) in-situ,
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therefore providing a natural reactive zone for redox active metals such as
Cr(VI).

e Reducing soil pH to approximately 9 to 9.5 may enhance Fe(l11) reduction by
reducing the metabolic stresses associated with hyperalkalinity, and aid the
activity of indigenous alkaliphilic microorganisms.

e The addition of exogenic electron donors, such as acetate, can further induce
bioreduction, despite the elevated pH.

e The reduction of Cr(VI) within the high pH soil systems will result in the
precipitation of insoluble Cr(I1l) hydroxide phases, resistant to reoxidation to
Cr(VI), thus providing a method of natural attenuation.

e The stability of chromium hosted within the sediments beneath the waste will
be largely determined by the speciation in which it is found.

e That understanding the influence of novel indigenous alkaliphilic microbial
populations on contaminant fate will be important in predicting the limiting

factors for bioreduction at hyperalkaline, metal containing waste sites.

3.2 Approach

To test these hypotheses, a multidisciplinary approach was taken. This was essential
in order to produce a coherent and comprehensive understanding of the processes
occurring on site. To this end, research methods and analytical techniques from a
variety of scientific disciplines including geochemistry, molecular biology,

biogeochemistry, and geotechnical engineering were employed.

Although numerous site investigations have occurred in the past, little spatial
analysis existed between the samples recovered. For the purpose of this investigation

a series of boreholes were produced in March 2009 leading away from the COPR in
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the direction of inferred groundwater flow. These boreholes encountered a variety of
topsoil, waste and clay horizons depending on location, and were periodically
sampled as both disturbed and undisturbed samples for analysis. Additional soil
samples were recovered from previous professional investigations. Samples were
stored carefully before being characterised using a variety of geochemical and
analytical techniques including XRD and XRF. The resulting vertical geochemical
profiles (see Appendix B.3) were compared and provided an indication of the extent
of vertical and horizontal influence of a hyperalkaline, Cr(VI) contaminated plume.
Material from the clay horizon immediately beneath the waste assumed to be the
original top soil layer was collected for the detailed investigation into in-situ
biogeochemical processes controlling the fate and stability of Cr(VI) entering this

horizon leached from the COPR immediately above.

The influence of microorganisms indigenous to this former topsoil layer on
biogeochemical processes controlling Cr(VI1) solubility was investigated using
microcosm incubation experiments. COPR contaminated leachates and underlying
soils were mixed and sampled periodically for a range of redox indicators including
nitrate, nitrite, Fe(ll) Cr(\VI1), Eh and pH. This enabled the production of a time series
of geochemical response during the development of microbial anoxia. These
experiments were also conducted under pH amendment and with the addition of an
exogenic carbon source, acetate, to investigate their effect on community
development. At points of key interest, 16s rRNA gene fragments were recovered in
order to determine the microbial community present. The quality of each sequence
was assessed and non-chimeric sequences uploaded to the EMBL GenBank database.

A combination of the Ribosomal Database Project (RDP) Naive Bayesian classifier
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(Wang et al., 2007), construction of phylogenetic trees, MOTHUR analysis, and
Multidimensional Scaling analysis (MDS) was then used to assign these sequences to
taxonomy and investigate community structure. This enabled comparisons to be

made to the original soil population as well as to known microbial type species.

The solid phase speciation and association of chromium contained within borehole
and experimental samples was determined using a combination of Cr-XAS, TEM
and SEM techniques. As the two prevailing oxidation states of chromium within the
environment (+3 and +6) exhibit significantly different geochemical behaviour,
determination of its speciation is crucial to understanding its fate in the environment.
Chromium K-edge XANES spectra were therefore collected as the existence of a
characteristic pre-edge feature at 5994 eV is indicative of Cr(VI) compounds
(Parsons et al., 2007). Information on the hosting environment for chromium within
these samples was obtained from chromium K-edge EXAFS modelling of the
backscatter bond distances from nearest neighbour atoms, and TEM analysis

including STEM elemental mapping.

As Cr(VI) is much more mobile in the environment, oxidation of any Cr(l1l) phases
is a potential source of secondary leaching. Therefore, to investigate the stability of
chromium phases accumulating within soils beneath the COPR waste against
remobilisation via this method, air reoxidation experiments were established. These
experiments used air oxygenated deionised H,O as a proxy for rainwater to represent
the possible impact of relocation on the waste and subsequent exposure of the
underlying soils to the atmosphere. The percentage of total chromium remobilised

was measured over time.
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In an attempt to produce viable cultures and isolates of iron reducing microorganisms
that are indigenous to the former topsoil horizon beneath the COPR, a variety of
culturing techniques were employed. These included the development of an iron
reducing alkaline growth media (pH 9.2), serial dilution and plate incubation
techniques. Successful cultures were subsequently profiled using 16s rRNA gene

sequence analysis and the phylogenetic assignment techniques listed above.
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Chapter 4 Chromate reduction in Fe(ll)-containing soil
affected by hyperalkaline leachate from chromite ore

processing residue

Abstract

Highly alkaline (pH 12.2) chromate contaminated leachate (990 pmol L™) has been
entering soils below a chromite ore processing residue disposal (COPR) site for over
100 years. The soil immediately beneath the waste has a pH of 11—-12.5, contains
0.3—0.5% (w/w) chromium, and 45—75% of the microbially available iron is Fe(ll).
Despite elevated pH, a viable microbial consortium of Firmicutes dominated iron
reducers was isolated from this COPR affected soil. Soil pH and Cr concentration
decrease with distance from the waste. XAS analysis of soil samples indicated that
Cr is present as a mixed Cr(l1l)-Fe(lll) oxy-hydroxide phase, suggesting that the
elevated soil Cr content is due to reductive precipitation of Cr(\VI) by Fe(ll).
Microcosm results demonstrate the capacity of COPR affected soil to abiotically
remove all Cr(VI) from the leachate within 40 days. In air oxidation experiments less
than 2% of the total Cr in the soil was remobilised despite significant Fe(ll)
oxidation. XAS analysis after air oxidation showed no change in Cr-speciation,
indicating the Cr(ll1)-containing phase is a stable long term host for Cr. This work
suggests that reductive precipitation of Cr(VI1) is an effective method of contaminant

immobilisation in soils where microbially produced Fe(ll) is present.
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4.1 Introduction

Chromium is a widely used industrial metal extracted commercially from the mineral
chromite. Chromite ore is processed by roasting with an alkali-carbonate at 1150 °C
to oxidise insoluble Cr(l11) to soluble Cr(VI) which is extracted with water upon
cooling. Traditionally, limestone was added to the reaction to improve air
penetration, and this “high-lime” process was the primary commercial method of
chromium production up to the 1960s (Darrie, 2001). Although now superseded by
lime-free processes, high-lime Cr extraction recently accounted for 40% of Cr
production worldwide (Darrie, 2001). The process is inefficient, and is responsible
for producing large quantities of waste (600,000 t.yr™ in 2001 (Darrie, 2001)) known
as chromite ore processing residue (COPR). COPR from the high-lime process is
highly alkaline and typically contains 2—7% total chromium by weight (Deakin et al.,
2001; Geelhoed et al., 2002; Geelhoed et al., 2003), and although much is unreacted
insoluble chromite ore (i.e. Cr(l1l)), up to 30% can be in the oxidised Cr(VI) form
(Geelhoed et al., 2003). Water in contact with COPR has a pH of 1112, and can
contain up to 1.6 mmol L™ Cr(VI) as the highly mobile and toxic anion chromate

(Geelhoed et al., 2003).

Poorly controlled landfilling of COPR is a global problem (Darrie, 2001; Geelhoed et
al., 2002), and locally such sites can be major sources of pollution. Remediation of
COPR legacy sites is challenging because they are often in urban areas and date from
times when COPR disposal was poorly managed (Stewart et al., 2007). Traditional
“dig and dump” remediation strategies are costly due to the large volumes involved,
and inadvisable due to the risk of forming carcinogenic Cr(VI1) bearing dusts

(Broadway et al., 2010; USEPA, 1998). In contrast to the harmful properties of
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Cr(VI), the reduced Cr(I1l) form is an essential trace nutrient in plants and animals
(Pechova and Pavlata, 2007; Richard and Bourg, 1991), readily sorbs to soil
minerals, and (co)-precipitates as insoluble Cr(I11) hydroxides in neutral and alkaline

environments (Rai et al., 1987; Richard and Bourg, 1991).

In natural environments a number of chemical species are known to reduce Cr(VI),
including Fe(Il), organic matter and sulphide (Lin, 2002). In anaerobic soils Fe(ll) is
probably the most important, as iron is abundant and microbial reduction of Fe(l1l)
occurs as anoxia develops (Lovley, 1991, 1997; Pollock et al., 2007; Zavarzina et al.,
2006). Cr(VI) is readily reduced by oxidation of Fe(ll) (Richard and Bourg, 1991),
and as Cr(lll) can substitute for Fe(lll), the resulting Cr(lll) is likely to be
incorporated into iron(111) oxyhydroxides (Fendorf, 1995). However, such metastable
iron oxyhydroxides can exhibit high bioavailability (Hansel et al., 2005) and thus
Fe(I1)/Fe(111) cycling may continue in environments where microbial iron reduction
can occur. Iron cycling is likely to be important at COPR sites as a broad range of
microbes have adapted to allow them to respire and grow in high pH and metal
contaminated environments (Horikoshi, 2004; Rehman and Shakoori, 2001; Rehman

et al., 2008; Zavarzina et al., 2006).

This chapter describes a site in the North of England where COPR has been
deposited next to a canal on the side of a valley and close to a river in the bottom
(Stewart et al., 2010). It is of environmental concern because water emerging from
the waste pile, which enters both the groundwater and the surface water systems, has
an elevated Cr(V1) concentration (Stewart et al., 2010). Previous investigations have

found that the anoxic soils beneath the waste have accumulated Cr (Stewart et al.,
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2010; Whittleston et al., 2011). These studies suggest that microbially mediated
reduction of COPR derived chromate is naturally attenuating contaminant transport.
Here a combination of field investigation, microcosm experiments, microbial
community analysis and X-ray absorption spectroscopy are used to investigate the
controls on geochemical transformation of Cr(V1) in COPR contaminated water as it

enters underlying anoxic soil horizons.
4.2 Materials and methods

4.2.1 Field sampling and sample handling

A 19" century COPR tip is located in the North of England. It is in a glacial valley,
through undifferentiated siltstone and mudstone, in-filled with alluvial deposits
(Figure 4.1a; see also (Stewart et al., 2010; Whittleston et al., 2011)). A thin layer of
topsoil covers much of the tip, however to date no chemical remediation strategy has
been employed at the site. Soil samples were collected in March 2009 from six
boreholes in a line away from the tip using a hand auger and 1m core sampler
(Figure 4.1b and c). Water was taken from a standpipe in BH5 screened into the
COPR using a PVC bailer (BH5 dates from a 2002 commercial site investigation,
Figure 4.1b). Samples were stored at 4°C in the dark in sealed polythene containers
(XAS samples were stored at —80°C in glass vials). Sealed containers with samples
for microbial community analysis were stored anaerobically using Anaerogen™

sachets.

4.2.2 Sample characterisation
Soil samples were characterised using X-ray powder diffraction (XRD), X-ray
fluorescence (XRF), total organic carbon analysis, pH analysis, deionised water

(DIW) soluble Cr(VI) content, scanning electron microscopy (SEM) and scanning
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transmission electron microscopy (STEM) using standard protocols (ASTM, 2006;
Schumacher, 2002; Vitale et al., 1997) (see Appendix A.2). Water chemistry was

determined using the standard methods below.

4.2.3 Reduction microcosm experiments

Triplicate microcosms were prepared using 10g of homogenised soil from sample
B2-310 and 100ml of COPR leachate in 120ml glass serum bottles (Whittleston et
al., 2011). After sealing, the headspace was purged with nitrogen. A sterilised control
was prepared by autoclaving soil with a nitrogen purged headspace (120°C, 20min)
and filter sterilised COPR leachate added upon cooling. Bottles (incubated in the
dark at 21°C) were periodically sampled aseptically for geochemical analysis. During
sampling microcosms were shaken and 3ml soil slurry extracted. Samples were
centrifuged (3min, 16,000 x g) and the water analysed for, pH, Eh and Cr(VI), and

soil for acid extractable Fe(ll).

4.2.4 Geochemical methods

Eh and pH were measured using an Orion meter (pH calibrated at 7 and 10). UV/VIS
spectroscopy methods based on reactions with diphenycarbazide and ferrozine were
used to determine aqueous Cr(VI) and Fe concentrations using a Cecil CE3021
UV/VIS Spectrophotometer (USEPA, 1992; Viollier et al., 2000), with standard
calibrations performed regularly. As a proxy for microbial available Fe (Burke et al.,
2006; Weber et al., 2001), the percentage Fe(ll) in the soil was determined after
extraction by 0.5N HCI and reaction with ferrozine (Lovley and Phillips, 1986). See

Appendix A.3 for detail descriptions of methods.
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4.2.5 Oxidation experiments

DIW equilibrated with atmospheric O, and CO, was used as a proxy for rain water in
leaching tests that evaluated the potential for Cr remobilisation. 500ml conical flasks
containing 10g B2-310 soil and 100ml DIW were left open to the atmosphere using a
foam bung, placed on an orbital shaker (150rpm), and incubated in the dark at 21°C.
Duplicate experiments were sampled periodically over 60 days. At each sample
point, 1.5ml soil slurry was extracted using a sterile syringe, and centrifuged (3min
16,000 x g). The supernatant was then analysed for pH, Eh aqueous Cr(VI)

concentration, and the soil pellet analysed for Fe(ll) in solids, as described above.

4.2.6 X-ray absorption spectroscopy (XAS)

XANES and EXAFS spectra were collected on station 118 at Diamond Light Source,
UK, from seven soil samples from below the local water table and the B2-310
oxidation sample. Spectra were compared to standard laboratory chemicals, natural
chromite ore, and amorphous Cr-hydroxide (precipitated by dropwise neutralisation
of CrCl; solution using NaOH (Saraswat and Vajpei, 1984)). XANES and EXAFS
spectra were summed and normalised using Athena v0.8.056. Background subtracted
EXAFS spectra were prepared for selected B2 and B3 samples using PySpline v1.1,
and were modelled using DLexcurv v1.0 with improvement in R value used to

measure fit (see Appendix A.2.7).

4.2.7 Culturing of iron reducers

An alkaline (pH 9.2) growth media was used to culture a consortium of Fe(ll)-
reducing anaerobes. Fe(lll) citrate and yeast extract were used as sole electron
acceptors and donors (See Appendix A.4.1). 5SmL of B2-310 soil in sterile growth

media (20g L™) was sealed into 10mL glass serum bottles with nitrogen headspace.
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The resulting culture was progressed repeatedly to obtain a viable consortium.
Precipitate colour change from orange to black indicating Fe(ll) production was

confirmed using the method described above.

4.2.8 Microbial community analysis

Microbial DNA was extracted from B2-310 and the Fe(lll)-reducing culture. A 16S
rRNA gene fragment (~500bp) was amplified from each sample by polymerase chain
reaction (PCR) using broad specificity primers. The PCR product was ligated into a
standard cloning vector, and transformed into E. coli competent cells to isolate
plasmids containing the insert, which were sent for sequencing (see Appendix A.5.2).
The quality of each gene sequence was evaluated, and non-chimeric sequences were
classified using the Ribosomal Database Project (RDP) naive Bayesian Classifier
(Wang et al., 2007) in August 2010 (GenBank accession numbers FR695903-

FR695964, and FR820910-FR820956).
4.3 Results

4.3.1 Ground investigation

Borehole B1 (Figure 4.1c) penetrated a topsoil layer and encountered COPR waste at
55cm but did not enter the underlying soil. B2 penetrated a thicker topsoil layer
before entering COPR waste at 190cm, grey sandy clay at 310cm, and terminated in
a gravel layer at 365cm. Subsequent boreholes B3—B6 (in order of distance from the
waste edge), did not go through the COPR waste, but revealed a sequence of topsoil
over brown sandy clay, then grey sandy clay, and terminated in the gravel layer. The
pH of water in the COPR (BH5) was 12.2 and the Cr(VI) concentration was 990

umol L (51.5 mg I™* as CrO,%).
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Figure 4.1 COPR site ground investigation; (a) Sketch map of the site indicating the study area and
the borehole locations from commercial site investigations undertaken in 2002 and 2007, (b) the study
area on the south western edge of the waste showing new borehole locations, and (c) conceptual
ground model along line of pseudo-section
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4.3.2 Sample characterisation

The properties of COPR and soil samples are shown in Table 4.1, and full XRF
analysis is presented in Table 4.2. The COPR sample (B2 190-210) contained 1.27%
(w/w) chromium, and 119.1 mg.kg™ of Cr(V1) was leachable with DIW (see Stewart
et al. (2010) for full characterisation COPR leachate). The soil samples from closest
to the COPR contained between 0.3 and 0.5% (w/w) chromium (samples B2-310 and
B2 320-340 from the grey clay immediately beneath the COPR, and B3 150-200 and
B3 200-240 from the topsoil immediately next to the COPR). Backscatter SEM
images of grey clay sample (B2-310) show it to consist of a largely fine grained
matrix, interspaced with angular quartz grains (Figure 4.2). The mean Cr-
concentration within fine matrix determined by SEM microprobe was 0.46% =
0.29% (w/w), consistent with the bulk XRF analysis (0.34% w/w) for this sample.
The amount of chromium in the soil samples shows a rough trend of decreasing with
depth in B2 and B3, and of decreasing with horizontal distance from the waste pile
(B3>B4>B6). These trends are reflected in pH, with the samples closest to the COPR
having the highest values, which were above pH 12 immediately below the waste in
B2. The percentages of iron extracted by 0.5 N HCI present as Fe(ll) in B2 soils from
immediately below the waste were 45—75%, and values were similar throughout the
grey clay layer. In the overlying brown clay and topsoil layers percentages of iron
extracted by 0.5N HCI present as Fe(ll) were more variable but generally increased
with depth. This suggests that Fe(lll) reducing conditions develop rapidly under

saturated conditions.
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Figure 4.2 Backscatter SEM images from B2-310 soil sample, resin embedded thin section, showing
(A) low magnification view of angular quartz grains in a fine grained matrix (scale bar 1000 pM); (B)
higher magnification view (from white arrow, frame A) of fine grained clay-like matrix material

(scale bar 10 uM)

Table 4.1 Soil composition.

Leachable % Acid . .
Borehole I?Cerp:]t)h Soil type ;rrgt?(l C1; Cr(VI1) pH extractable Ma]grr::;rr:f rals \SA:?itlfe: -E‘E/)og:
9kg (mgkg™) iron as Fe(ll)
COPR

B2 190-210 Waste 12716 119.10 12.51 - Portlandite No 0.26

Quartz, Kaolinite,
310 Grey clay 3436 6.65 12.16 53 Albite Yes 0.96
320-340 Grey grey 3946 4.54 12.51 45 Quartz, Kaolinite Yes 0.96

Quartz, Kaolinite,
365 Grey clay 846 5.80 11.2 75 Ilite Yes 0.50
B3 150-200 Topsoil 4890 8.76 431 4 - No 13.38
200-240 Topsoil 4321 1.45 7.03 5 - No 14.47

Quartz, Kaolinite,
240-250  Brown clay 1431 0.89 7.96 5 Ilite Yes 1.86
280-335  Brown clay 1511 0.46 7.76 37 Quartz, Kaolinite Yes 0.54
360-365 Grey clay 1379 0.46 7.83 31 - Yes 0.23
B4 240-270 Grey clay 336 0.60 6.58 68 Quartz, Kaolinite Yes 1.16
270-280 Grey clay 847 0.60 6.59 92 - Yes 0.25
B5 190-200  Brown clay 1599 0.74 7.2 60 - No 0.23
220-230 Grey clay 1278 0.89 6.62 89 - No 0.36
B6 220 Brown clay 162 1.59 5.64 N.d Quartz, Kaolinite No 0.14

- Not determined
N.d. Not detected



Table 4.2 Selected XRF major and trace elemental composition of soil samples reported as component oxide weight percent and parts per million (ppm) respectively. Major
element data corrected for loss on ignition.

Borehole  Depth (cm) Soil type Si0, MgO CaO Fe,0, Cr As Ba Cu Ni Pb Sn Zn Zr

B2 190-210 COPR Waste 2.25 6.31  46.63 5.54 12716 3315 481 176 5121 219 2.9 100.8 5.8

B2 310 Grey clay 58.79 121  6.12 5.70 3436 86.3 5013 673 781 56 432  167.7 3239
B2 320-340 Grey grey 56.81 1.39 4.23 6.13 3946 415 5522 26.7 67.1 445 15.8 123.3 278.6
B2 365 Grey clay 7861 0.36 0.69 4.39 846 171 3489 235 288 212 9.9 76.6  393.2
B3 150-200 Topsoil 5337 0.7 0.47 5.71 4890 432.6 6315 655.1 35 596.9 1242.6 1521 200.2
B3 200-240 Topsoil 5492 0.73 0.96 6.08 4321 3747 5112 5374 70.2 529 14124 7105 201.9
B3 240-250 Brown clay 63.95 0.82 141 5.30 1431 1095 5283 387 449 69 68.6 1554 3227
B3 280-333 Brown clay 59.54 0.98 1.65 7.48 1511 289 4485 317 46.8 28.3 2.1 140.2 290.9
B3 360-365 Grey clay 76.64 0.65 0.88 3.66 1379 262 3717 224 25.2 25.2 12.8 64.5 401.7
B4 240-270 Grey clay 5729 0.89 0.73 8.88 336 16.8 4478 65.2 49.3 56.7 48.2 252.7 279.2
B4 270-280 Grey clay 8157 0.39 0.19 3.61 847 6 361.6 176 40.6 27.2 10 652.6 308.9
B5 190-200 Brown clay 61.75 0.84 0.23 5.82 1599 6.7 4676 1385 1036 422 1.3 984.2 298

B5 220-230 Grey clay 60.52 0.81 0.44 7.58 1278 6.6 491.6 226.6 1283 474 15 2215 287.3
B6 220 Brown clay 81.1 0.4 0.16 3.97 162 6.2 341.2 36 38.7 21 45 4916 3394
BH402 8.8-9.0m Brown clay 53.43 0.98 3.02 8.71 8846 159 499.2 405 60 81 4.6 186.1 2274
BH402 9.5-10.8 m Grey clay 58.35 0.89 14 7.94 868 29.9 420 39.1 37.3 62.5 24 1185 2705

70
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XANES spectra from a selection of grey and brown clay samples taken from
boreholes with increasing distance from the COPR all lacked the characteristic pre-
edge feature associated with Cr(VI) at 5994 eV (Parsons et al., 2007) (Figure 4.3).
All XANES spectra indicate that Cr is present predominately in the reduced Cr(l1)
form although minor amounts of Cr(VI) (up to 3-5% of the total Cr depending on
sample concentration) may not be detected in XANES spectra (Peterson et al., 1996).
The amount of DIW leachable Cr(V1) in the soil samples (Table 4.1) falls below this
detection limit, thus XANES and DIW leaching tests bracket the amount of Cr(VI)
within these soils at approximately 0.5-3% of the total Cr. Due to the suspected
presence of freshly precipitated Cr(l111) hydroxides in these soils, estimates of Cr(VI)
content from alkaline extractions were excluded as significant method induced
oxidation of Cr(lll) was observed in these samples (Vitale et al., 1997). Although
XANES spectra from many Cr(111) compounds are superficially similar, the chromite
ore spectrum has a distinct shoulder at approximately 6003 eV which is absent in the
less crystalline Cr(l11) hydroxide spectrum. The spectra from the soil samples do not

have this shoulder.

EXAFS spectra from selected samples were fitted with a shell of 6 oxygen atoms at
1.97—1.99 A and refined to minimise R. The spectral features beyond 2A were fitted
with a further 3 shells of Fe(Cr) backscatters at 3.06—3.07A, 3.30—3.34A and
3.93—4.02A, and further refined (Table 4.3), n.b. Fe and Cr backscatters are

indistinguishable in EXAFS modelling (He et al., 2004)). EXAFS and Fourier

transformed EXAFS spectra are shown on Figure 4.4.
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Figure 4.3 Normalised chromium K-edge XANES of soil samples and synthetic standards. Arrow
indicates a distinctive curve inflection present at 6003 eV in the chromite ore spectra.
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Table 4.3 EXAFS model fitting parameters where n is the occupancy (x25%), r is the interatomic
distance (+0.02A for the first shell, + 0.05A for outer shells),26? is the Debye-Waller factor (+25%),
and R is the least squares residual.

Sample Shell n R (A) 26° (A?) R % gain

B2 310-320 (0] 6 1.99 0.011 49.2

Fe(Cr) 2.9 3.06 0.013

Fe(Cr) 3.3 3.34 0.010

Fe(Cr) 3.3 3.99 0.014 30.1 38.7
B2 320-340 (0] 6 1.98 0.011 42.9

Fe(Cr) 3.1 3.07 0.017

Fe(Cr) 3.1 3.33 0.020

Fe(Cr) 3.1 3.97 0.022 28.1 345
B2 310 oxidised (0] 6 1.98 0.010 42.9

Fe(Cr) 3.1 3.06 0.014

Fe(Cr) 3 3.33 0.020

Fe(Cr) 3.4 3.99 0.022 28.2 34.2
B3 200-240 (0] 6 1.97 0.010 43.3

Fe(Cr) 3 3.07 0.018

Fe(Cr) 2.9 3.32 0.012

Fe(Cr) 3.1 3.93 0.016 30.4 29.9
B3 240-250 (0] 6 1.99 0.010 40.9

Fe(Cr) 3 3.07 0.011

Fe(Cr) 3 3.30 0.011

Fe(Cr) 3 4.02 0.026 30.6 25.1
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Figure 4.4 Chromium K-edge EXAFS spectra collected from selected soil samples (left) and
corresponding Fourier transformations (right). Dashed lines represent model fits produced in
DLexcurv v1.0 using the parameters listed in
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To further investigate the co-localisation of Cr at the nano-scale, STEM analysis was
carried out on sample B2-310. Dark field STEM imaging identified fine-grained
aggregates amongst coarser grained material (Figure 4.5). EDX point analysis shows
Cr and Fe co-localization in the fine-grained region (Figure 4.5A, point 1; EDX
spectrum 1 in Figure 4.6). Bright field TEM imaging (Figure 4.5B) confirms that the
Fe and Cr containing material consists of 5-10nm sized particles. STEM-EDX
elemental mapping of this area (Figure 4.5) shows Cr (Ko X-rays) localised with Fe
in the fine grained region, Al and Si are localised in the surrounding larger particles.
EDX point analysis of a crystalline Fe-rich particle (Figure 4.5A, point 2; EDX
spectrum 2 Figure 4.6) and a Si and Al rich particle (Figure 4.5A, point 3; EDX

spectrum 3 Figure 4.6) confirmed the lack of Cr in these regions.
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Figure 4.5 TEM images and corresponding STEM-EDX elemental maps of B2-310 soil. (A)
Darkfield TEM image with locations of point EDX measurements, marked 1-3 (scale bar 500nm); (B)
Higher magnification bright field TEM image of fine-grained area highlighted in (A), rotated 90°
(scale bar 100nm). STEM-EDX maps of elemental distribution of aluminium (K« X-ray energy), iron
(Kay), silicon (Ke) and chromium (Ka).
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Figure 4.6 Point EDX spectra (10-20 nm probe diameter) from the 3 localities identified by STEM
imaging (see Figure 4.5): Point 1, Fe-rich, Cr containing oxide hotspot (red); Point 2 Fe-rich oxide
particle (black); Particle 3 Si and Al rich oxide particle.

4.3.3 Reduction microcosm experiments

The microcosm experiments investigated the interaction of COPR leachate with
Fe(Il)-containing grey clay from below the waste pile (sample B2-310). The initial
pH value of microcosms was 12.2, while the corresponding sterile control had an
initial pH value of 12. The pH in all microcosms decreased over about 20 days
before levelling off at 11.7 (Figure 4.7). At the first sample point (~1hr) the aqueous
Cr(VI) concentration had dropped from the leachate value of 990 to 788 £14 umol L
! and Cr(VI1) was subsequently removed from solution over the first 30 days in all
microcosm bottles. The concentration of Cr(VI) in the corresponding sterile control
was 822 umol L™ at 1 hour and Cr(V1) was also completely removed from solution
by 14 days. At the first sample point 36% of the 0.5N HCI extractable iron in the
microcosms was present as Fe(ll), and by day 4 this had dropped to 30% at the same

time as most of the Cr(V1) was removed (788—>257 umol L™). Percentage 0.5N HCI
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extractable Fe as Fe(ll) then remains within error of the 4 day value. The percentage
of the 0.5N HCI extractable iron in the sterile control as Fe(ll) was 45% with no
significant change during the experiments. Eh values at the first sampling point were
-77 + 10 and -65 mV for the active microcosms and sterile control, respectively and
decreased very slowly to -135 * 40 and -185mV at 83 days. Aqueous Fe remained at

between 2 and 10 pmol L™ in all microcosms throughout the duration of the

incubations.
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Figure 4.7 Microcosm experiment geochemical profiles; (m) aqueous Cr(VI); () pH; (o) % of 0.5N
HCI extractable Fe as Fe(ll) in soils. Error bars are one standard deviation from the mean of triplicate
experiments.

4.3.4 Microbial community analysis

The 62 16s rRNA gene sequences obtained from B2-310 soil were assigned to 9
different bacterial phyla (confidence threshold >98%) with approximately left 10%
unassigned. Three phyla were dominant, with 52%, 19%, and 16% of sequences
assigned to Proteobacteria, Firmicutes and Bacteriodetes, respectively (Table B.1).
When this soil was incubated in an alkaline Fe-reducing media a microbial

consortium was cultured that survived repeated progressions. The 16s rRNA gene
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sequences recovered from this consortium were dominated by the phylum Firmicutes
(91% of the 47 sequences), with just 2% assigned to Proteobacteria and 7% left
unassigned (Table B.4). Of the Firmicutes sequences in this consortium, all were
found to be members of the Clostridiales order with representatives identified to
genus level that were also found in the original soil sample, such as Anaerobranca

and Tissierella.

4.3.5 Oxidation experiments

An aqueous suspension of soil sample B2-310 was oxidised for 60 days with
deionised water in equilibrium with atmospheric O,. After 14 days of oxidation 1.5%
of the total Cr within the soil was remobilised as Cr(VI) and no further
remobilisation occurred for the remainder of the 60 days experiment (Figure 4.8).
The % of 0.5N HCI extractable iron that was Fe(ll) decreased, the Eh increased from
-37 £ 15 mV to +202 + 33 mV, and aqueous Fe decreased from 31 + 23 umol Lto
11 + 2 umol L™ over the course of the experiment. The pH dropped rapidly from an
initial value of 11 to just above 8 after 4 days, and then remained steady about this

value.
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Figure 4.8 Air oxidation experiments; remobilisation of Cr to solution as a percentage of total Cr (m);
pH (®); % of 0.5N HCI extractable iron as Fe(Il) (o). Error bars are the range of the duplicate
experiments.

4.4 Discussion

4.4.1 Ground model

Data from the six boreholes advanced during this project were used to further
develop the existing ground model for the site (Figure 4.1c). They confirm COPR
waste has been placed directly over the alluvial soils and then covered with topsoil.
The relationship between the brown clay and the COPR indicates that it is made
ground that was placed after COPR tipping. The grey clay, which was absent in B6
closest to the river, is thought to have been the surface layer prior to COPR tipping.
The gravel layer is part of the alluvial deposits that underlie the entire site. Data from
a confidential commercial site investigation conducted in 2007 (locations shown in
Figure 4.1a) support the proposed ground model, and reveal that the alluvial deposits
are ~8m thick. A hydrogeology study in April 2009 (Atkins, 2009) revealed that
there is a perched water table in the waste just over 2 m above the underlying water

table in the alluvial deposits, and that the underlying flow in the alluvial deposits is
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roughly south-westerly from the valley side towards the river. Together, the local
lithology, the perched water table and the direction of underlying flow indicated that
water flow from the COPR tip is initially downward and then towards the river

roughly along the pseudo-section in Figure 4.1b.

4.4.2 Distribution and speciation of Cr in soils

The general trend in the borehole data (Table 4.1) is that the Cr concentration in the
soil decreases with distance from the waste. The variation in the Cr content of
samples from B4 and B5 is counter to the general trend, but this may be attributed to
non-uniform flow of contaminated water as it migrates away from the tip.
Furthermore, B4 and B5 are slightly offset laterally in opposite directions from the
line of the pseudo section (Figure 4.1b), and thus may have received slightly
different influent water. The trend can be explained either by transport of waste
particles into the soil or by interaction with a plume of Cr(VI) containing leachate.
Cr(lll) in COPR is found predominately in unreacted chromite ore particles
(Geelhoed et al., 2003; Stewart et al., 2010; Tinjum et al., 2008). However, XANES
analysis suggest that Cr is present in the soil predominately as a poorly crystalline
Cr(I11) phase (Figure 4.3). EXAFS spectra from samples close to the waste also lack
the spectral features characteristic of chromite samples (there are no sub peaks at
K=5.1 and 8A™, Figure 4.9) and the coordination environment is inconsistent with
chromite Cr-Fe bond distances (Derbyshire and Yearian, 1958; Doelsch et al., 2006;

Peterson et al., 1997) (Table 4.4).



82

| | | |
R
Q c
L
c 2
VAV
o QO
Z <
I I I I

4 6 8 10
k(A™)

Figure 4.9 Chromite ore Cr K-edge EXAFS spectra. Arrows highlight the characteristic sub peak
features at k=5.1 and 8 A, redrawn from Doelsch et al. (2006).

Table 4.4 ldealised Cr molecular co-ordination environment in the chromite structure where n is the
number of atoms in each shell and R is the bond distance. Calculated from structural information
presented in Derbyshire et al. (1958).

Structure Shell n R (A
Chromite o 6 1.99
Cr-Cr 6 2.97

Cr-Fe 6 3.47

The Cr(111) coordination environment in all samples with EXAFS analysis was fitted
with 6 oxygen atoms at 1.97—1.99A, indicating octahedral Cr-O coordination.
Further shells of Fe(Cr) atoms at distances of 3.06—3.07 and 3.30—3.34A from the
central Cr atom are characteristic of the edge and double corner octahedral sharing
geometries present in Cr(l11) substituted iron oxy-hydroxides (Charlet and Manceau,
1992; Frommer et al., 2010; Hansel et al., 2005; He et al., 2004). The presence of an

additional shell of backscatters at 3.93—4.02A could indicate that single corner
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sharing geometries are present in surface precipitation of y-CrOOH on hydrous ferric
oxides (Charlet and Manceau, 1992). y-CrOOH also has a Cr-Cr edge sharing bond
distance of 3.06A (Charlet and Manceau, 1992). Therefore the Cr(lIl) coordination
resolved by EXAFS analysis of soil samples can be best described as that of a poorly
ordered Cr-Fe-OOH precipitate containing both incorporated and surface precipitated
Cr(111). This interpretation is supported by the STEM analysis of B2-310 soil (Figure
4.5), which found that Cr was associated with 5-10nm sized Fe-rich particles.
Identification of this mixed Cr(lll)-Fe(lll) oxy-hydroxide phase indicates that
chromium in soils receiving water from the COPR waste is not the result of transport
of chromite particles from the waste, and therefore, is most likely the result of in situ

reduction of Cr(VI1) from the contaminated groundwater by reaction with Fe(ll).

4.4.3 Reduction of Cr(VI) in microcosms

The microcosm experiments show that soil from B2-310 is capable of removing
Cr(VI) from the COPR leachate. Cr(VI) reduction was observed in both sterile and
non-sterile microcosms indicating that the reaction was abiotic (Figure 4.7). At pH
values greater than 6 the most likely abiotic removal mechanism is reduction to
Cr(ll) by soil associated Fe(ll) followed by precipitation (Lin, 2002). The
percentage of Fe(ll) in the 0.5N HCI extractions reduced slightly during the
incubation which is compatible with Fe(ll) being consumed by reaction with the
Cr(VI), although the overall change is within the measurement error. This minor
reduction in Fe(ll) during Cr(V1) removal is consistent with the calculated Fe(ll) :

Cr(V1) ratio of 20-30:1 present in these experiments.
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4.4.4 Capacity for Fe(ll)-reduction in alkaline soils

Bioreduction of Fe(lll) oxides is commonplace in water saturated soils containing
organic matter. The elevated pH and Cr(VI) conditions existing at this site provide
additional challenges to microbial respiration. Despite this, a relatively diverse
microbial community was characterised from soil B2 310. Many of the sequences in
this community are best database matches to bacteria isolated from studies of high
pH tufa and soda lake environments (Stougaard et al., 2002; Tiago et al., 2004), as
well as unidentified sequences from other COPR affected environments (Stewart et

al., 2010; Stewart et al., 2007).

The isolation of a community of microorganisms capable of Fe(lll) reduction from
B2-310 soil clearly shows that this soil contains indigenous microorganisms capable
of iron reduction. Around 40% of the 0.5N HCI extractable Fe present in B2-310 soil
is Fe(ll), despite the constant exposure to a Cr(VI) flux for over 100 years, which
indicates that there must be a mechanism for replenishing Fe(ll) within this soil.
Taken together, these facts strongly suggest microbial iron reduction is responsible
for the Fe(ll) present in the soil and, by implication, is indirectly responsible for the
reductive precipitation of Cr(VI). The relative dominance of the Firmicutes
sequences in the consortium extracted by growth in alkaline Fe(lll)-citrate media
(Table B.4), when compared to the population from the original soil, suggests that
members of this phylum are responsible for the Fe(lll) reducing capacity. The
indigenous population of B2-310 soil did not induce Fe(ll) accumulation in soil
microcosms at pH 12 where soil organic matter was available as an electron donor

(~1% TOC, Table 4.1), indicating that the microbial mechanism for producing the
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Fe(Il) at high pH is either slow or was not reproduced successfully in these

homogenised systems.

4.4.5 Soil oxidation experiments

During oxidation of B2-310 soil only a small amount of Cr(VI) was remobilised
(Figure 4.8) despite the increase in Eh and decrease in the percentage of 0.5N HCI
extractable iron as Fe(ll) indicating that soil oxidation occurred. This minor
remobilisation may be attributable to either desorption of Cr(VI) or oxidation of
Cr(Il1). The pH drop observed during soil oxidation can be attributed to both the
oxidation and the hydrolysis of Fe minerals, which consume OH" (Cornell and
Schwertmann, 2003), and the development of a carbonate buffered system due to
dissolution of atmospheric CO,. As CrO,* adsorbs strongly to surfaces at pH values
below 8 (Langmuir, 1997), measurement of the concentration in the aqueous phase
will have slightly underestimated the amount of Cr(V1) in the system. However the
amount of Cr(VI) present in the soil after oxidation for 60 days is too low to be
detected by XAS (Figure 4.3). Also the EXAFS spectra from the oxidised
experimental sample is fitted best by the same 3 shell Fe(Cr) model as the other soil
samples. This indicates that the majority of the Cr remains in the same coordination
environment in the solid phase. This is consistent with the work of others who have
shown that Cr(lI1l) is not readily reoxidised in air alone (Schroeder and Lee, 1975).
Mn oxides are known to be more effective oxidising agents for Cr(l1l) (Kim et al.,
2002), but this is not an immediate concern at the study site as any Mn-oxides
present would probably have been reduced during the development of microbial
anoxia that resulted in Fe(ll) accumulation in soils (Lovley, 1991). The lack of
reactivity suggests that once Cr has accumulated in the soils beneath the waste, it is

in a form that is resistant to remobilisation via air oxidation.
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4.4.6 Implications for managing legacy COPR waste sites

For the site reported here, the presence of a layer of Fe(ll)-containing sandy clay
beneath the waste seems to have two beneficial outcomes. Firstly, it acts as an
aquitard reducing the water flux from the waste into the aquifer below. Instead,
contaminated water at this site is directed to surface discharge, where there is at least
an opportunity to intercept and treat it (currently much of the water from the COPR
drains into a ditch along the southern boundary; Figure 4.1a). Secondly, reaction of
Cr(VI) with soil associated Fe(Il) within the clay layer produces a Cr(l111)-Fe(lll)
oxy-hydroxide precipitate that is resistant to oxic remobilisation, significantly

reducing the downward migration of Cr(V1).

The presence of a Fe(ll)-containing soil beneath the waste may seem fortuitous and
site specific in nature, but it appears to be the result of a common metabolic process
in soil microorganisms and is driven by natural soil organic matter. At a COPR site
in New Jersey (Higgins et al., 1998) it was observed that a anoxic, organic-rich soil
horizon directly beneath the waste also prevented Cr(VI) migration from the COPR
into underlying aquifers. It therefore seems likely that reductive precipitation of
Cr(VI1) by soil associated Fe(ll) also occurred at that site. Site investigations of
COPR contaminated land should therefore determine the redox state of the
subsurface below the waste and assess if Fe(ll)-containing soils are present and can
act as natural “reactive barriers” for Cr(VI) contaminated water. In addition, even
where unfavourable oxidising conditions exist, populations of alkali and Cr(VI)
tolerant Fe(lll)-reducing bacteria are often present (Whittleston et al., 2011) and it
may be possible to induce in situ microbial Fe(lll)-reduction (e.g. by addition of

electron donors) to produce Fe(ll) in the soil, and thus attenuate Cr(\V1) migration.
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45 Conclusions

Cr(VI) is migrating with water from the legacy COPR tip into the underlying soil
layers. Chromium is accumulating in these soils predominately in its reduced Cr(l11)
form within a mixed Cr(l11)-Fe(lll) oxy-hydroxide phase which is resistant to air
oxidation. The soil directly beneath the waste is sub-oxic, with a substantial
proportion of the microbial available iron as Fe(ll), and it contains an indigenous
microbial population capable of reducing iron from Fe(lll) to Fe(ll). Thus these
results suggest that Cr(\V1) derived from the highly alkaline COPR can be effectively
sequestered in the soil beneath the waste through reduction by microbially produced
soil associated Fe(ll), and this results in co-precipitation as Cr(l1ll) within a stable

Fe(Il) oxide host phase.
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Chapter 5 Effect of microbially induced anoxia on Cr(VI)
mobility at a site contaminated with hyperalkaline

residue from chromite ore processing

Abstract

This paper reports an investigation of microbially mediated Cr(VI) reduction in a
hyper alkaline, chromium contaminated soil-water system representative of the
conditions at a chromite ore processing residue (COPR) site. Soil from the former
surface layer that has been buried beneath a COPR tip for over 100 years was shown
to have an active microbial population despite a pH value of 10.5. This microbial
population was able to reduce nitrate using an electron donor(s) that was probably
derived from the soil organic matter. With the addition of acetate, nitrate reduction
was followed in turn by removal of aqueous Cr(VI) from solution, and then iron
reduction. Removal of ~300uM aqueous Cr(VI) from solution was microbially
mediated, probably by reductive precipitation, and occurred over a few months.
Thus, in soil that has had time to acclimatize to the prevailing pH value and Cr(VI)
concentration, microbially mediated Cr(VI) reduction can be stimulated at a pH of
10.5 on a time scale compatible with engineering intervention at COPR contaminated

sites.
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5.1 Introduction

Chromium is among the most extensively used transition metals in the chemical and
metal alloy industries, including leather tanning, wood preservation, chrome metal
finishing, and manufacture of dyes, paints, pigments, and stainless steel (Morales-
Barrera and Cristiani-Urbina, 2008; Wang, 2000). In order to obtain chromium from
chromite (FeCr,0,), the ore is roasted with an alkali-carbonate at 1150°C, to oxidise
the relatively insoluble Cr(l11) to soluble chromate (Cr(V1)), which is then extracted
with water as sodium chromate upon cooling. Lime (CaO) was traditionally added as
a diluent to increase air penetration and provide sufficient O, for chromite oxidation
in a practice known as the “high-lime” process (Farmer et al., 1999). Lime was
replaced by cheaper alternatives of limestone (CaCOg3) and dolomite (CaMg(COs3),)
around the turn of the 20" century, and this variant of the high-lime process
remained the dominant method of chromium extraction until the early 1960’s when it

was superseded by lime free processes (Darrie, 2001).

Economically developed nations no longer use the high-lime process to extract
chromium, but until recently it still accounted for 40% of chromium production
worldwide (Darrie, 2001). Due to its inefficient use of raw materials the high-lime
process produces up to 4 tonnes of waste per ton of product (Walawska and
Kowalski, 2000). Thus it is still responsible for producing large quantities of
chromium containing waste (600,000 t.yr-1 in 2001; Darrie, (2001)). This waste,
known as chromite ore processing residue (COPR), is highly alkaline due to the
calcium hydroxide (CaOH) produced from the limestone, and typically contains
between 2-8% chromium (w/w) (Geelhoed et al., 2003; Sreeram and Ramasami,

2001; Tinjum et al., 2008; Walawska and Kowalski, 2000). Of this, up to 35% can be
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in the form of the toxic, carcinogenic and environmentally mobile chromate anion
(CrO4*) (Farmer et al., 2006; James, 1994; Tinjum et al., 2008). As a result, water in
contact with COPR has a characteristically high pH of 9-12 (Geelhoed et al., 2003;
Stewart et al., 2007), and can contain up to 1.6 mM Cr(VI) as chromate (Farmer et

al., 2002).

Remediation of legacy sites contaminated with COPR is challenging, particularly
because these sites are often in urban areas and date from times when COPR disposal
was quite poorly managed (Stewart et al., 2007). Traditional “dig and dump”
remediation strategies are not only financially costly due to the large volumes of
waste involved, but also inadvisable due to the risk of forming Cr(VI1) bearing dusts
during large scale manipulation. Such an approach would create a pathway to human
exposure, as Cr(VI) bearing dust is a confirmed human carcinogen through

inhalation (USEPA, 1998).

In contrast to the harmful properties of Cr(VI), the reduced form Cr(lll) is an
essential trace nutrient in plants and animals, required for fat and glucose
metabolism, amino and nucleic acid synthesis, and correct insulin function (Pechova
and Pavlata, 2007; Richard and Bourg, 1991). Also the Cr(lIll) cation is much less
mobile in the subsurface environment than the CrO,* anion as it readily sorbs to soil
minerals, and (co)-precipitates as insoluble Cr(111) hydroxides in neutral and alkaline
environments (Fonseca, 2009; Han et al., 2006; Lee et al., 2003; Rai et al., 1987,
Richard and Bourg, 1991). Thus the reduction of Cr(VI) to Cr(lll) in-situ would

significantly reduce the hazard posed by chromium contaminated groundwater.
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The ability of indigenous soil microorganisms to couple organic matter oxidation to
the reduction of transition metals, such as iron and manganese, during dissimilatory
metabolism is well documented (Lovley, 1993b). Where sufficient organic matter is
available for oxidation, progressively more anoxic conditions develop and a cascade
of terminal-electron-accepting processes (TEAPS) occur in sequence (Froelich et al.,
1979). Microbial processes releasing most energy are favoured, so the sequence in
which electron acceptors are used typically follows the decreasing order of redox

potentials shown in Table 2.2.

Iron is by far the most abundant redox-active metal in soils, and cycling between
Fe(Il) and Fe(l11) is a prominent factor affecting other chemical processes (Stucki et
al., 2007). Fe(l11) is relatively insoluble except in acidic solutions and precipitation
usually proceeds via intermediates, Fe,(OH),*" and ferrihydrite, which are metastable
with regard to goethite (a-FeO(OH) and hematite (a-Fe;O3); goethite being favoured
in alkaline conditions (Cudennec and Lecerf, 2006; Schwertmann et al., 1999).
Aqueous Fe(ll) is stable in acidic and neutral conditions, but can precipitate as
siderite (FeCO3) if carbonate is present and will precipitate as Fe(OH), at high pH
values (Langmuir, 1997). Fe(I1)/Fe(111) cycling occurs naturally in soils particularly
where there are periodic changes in water content (Stucki et al., 2007), and iron
cycling can be important where there is a redox active contaminant flux (Lovley,
1993b). For example Cr(VI) is readily reduced to Cr(lll) by Fe(ll) oxidation to
Fe(ll) (Richard and Bourg, 1991). As Cr(l11) can substitute for Fe(l1l) in many iron
minerals, any Cr(VI) that is reduced by Fe(ll) is likely to be incorporated into
iron(111) oxyhydroxides (Fendorf, 1995). Such metastable iron oxyhydroxides exhibit

high bioavailability (Hansel et al., 2005) and thus Fe(I1)/Fe(lI1) cycling continues.
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A broad range of microbial taxa can grow optimally and robustly in high pH
environments like those found at COPR disposal sites (Roadcap et al., 2006). These
microbes, called alkaliphiles, have adapted to this challenging environment with
mechanisms for regulating cytoplasmic pH and by producing surface layer enzymes
that function at high pH. For example many alkaliphiles use a Na* electrochemical
gradient to maintain pH homeostasis and to energize solute uptake and motility
(Detkova and Pusheva, 2006; Krulwich et al., 2001). Similarly many microorganisms
have demonstrated tolerance to Cr(V1) including Pannonibacter phragmitetus, which
showed no evidence of cell degradation at 500 mg I"* Cr(V1) (Chai et al., 2009; Chen
and Hao, 1998; Rehman et al., 2008; Zhu et al., 2008). As Cr(VI) is readily able to
cross cell membranes by utilising the sulphate transport system (Cervantes et al.,

2001), tolerance to Cr(VI) may indicate an evolutionary response to Cr(V1) toxicity.

Microbial reduction of Cr(VI) was first observed with Pseudomonas dechromaticans
(Romanenko and Koren'kov, 1977), and has since been reported in a number of
Gram negative genera including Pseudomonas, Desulfovibro and Shewanella, and
members of the Gram positive Bacillus and Cellulomonas (Francis et al., 2000;
Lovley, 1993a; Sani et al., 2002; Sau et al., 2008). Direct microbial Cr(\V1) reduction
has been observed during aerobic (Bopp and Ehrlich, 1988; Ishibashi et al., 1990)
and anaerobic respiration (Daulton et al., 2007; Neal et al., 2002; Suzuki et al.,
1992), but only a few studies have clearly demonstrated anaerobic growth dependent
solely on the use of Cr(VI) as an electron acceptor (e.g. Pantoea agglomerans,
Francis et al., 2000). Even fewer studies have demonstrated direct microbial Cr(VI)

reduction at high pH (although notable examples are reported by Chai et al., 2009;
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VanEngelen et al., 2008; Zhu et al., 2008). Thus it has been suggested that
microbially mediated Cr(VI) reduction in alkaline, chromium contaminated
environments usually occurs by an indirect pathway involving extracellular reaction

with reduced species, e.g. Fe(ll) produced by respiration (Lloyd et al., 1998).

This chapter reports an investigation of microbially mediated Cr(\V1) reduction in
hyper alkaline soils (pH >10) from a COPR contaminated site in the north of
England. It uses a multidisciplinary approach to gain an understanding into
microbially induced anoxia at high pH, the microbial communities that develop, and

their influence on Cr(VI) geochemistry in closed systems.
5.2 Materials and methods

5.2.1 Site description

The study site is in a glacial valley in-filled with alluvial deposits, which is located in
the north of England (Figure 5.1). COPR waste has been tipped against the valley
side between a canal and a river (the canal follows the valley side and locally is ~7
metres above the level of the river). The waste tip is approximately 2.2 hectares in
area with a relatively flat top surface ~1.5m above the canal bank and steep side-
slopes down to the valley floor (Stewart et al., 2010; Whittleston et al., 2007). This
landform first appeared on historical maps in the late 19™ century. Currently there is
a thin soil cover on the waste with vegetation dominated by grasses and occasional
small trees; however erosion has left the waste exposed on steeper slopes. A drainage
ditch along the southern waste boundary frequently contains water that is alkaline,

visibly yellow in colour, and has elevated Cr(\VI) concentrations.
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5.2.2 Site sampling

Several exploratory boreholes were advanced in March 2007 using cable percussion
drilling. The soil sample used in this study was taken from ~1m below the waste, at a
depth 7 metres below ground level (the soil sampling location is shown in Figure
5.1). It consisted of grey silty clay that is representative of the alluvial soils that
would have been the surface layer prior to waste tipping. A water sample was
collected from the leachate drainage ditch in February 2008 from a location close to
where it enters the river. Samples were placed in sealed polythene containers at time
of sampling and were stored at 4°C in the dark within 4 hours of collection. Sample
manipulations were kept to a minimum until they were required for experiments in

March 2008. The soil sample was homogenised prior to use.

5.2.3 Sample characterisation

X-ray powder diffraction (XRD) analysis of the alluvial soil (ground to < 75 pm)
was performed on a Philips PW1050 Goniometer, and X-ray fluorescence (XRF)
analysis was undertaken using a fused sample on a Philips PW2404 wavelength
dispersive sequential X-ray spectrometer (data were corrected for loss on ignition).
Approximately 25g of homogenised soil was oven dried at 105°C and disaggregated
with a mortar and pestle for carbon content determination. A portion of each sample
was pre-treated with 10% HCI to remove any carbonates present (Schumacher,
2002). The total organic and inorganic carbon content of oven dried and HCI treated

subsamples was measured using Carlo-Erba 1106 elemental analyser.
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5.2.4 Reduction microcosm experiments

Microcosms were prepared using 10g of homogenised soil and 100 ml of ditch water
in 120 ml glass serum bottles and sealed with butyl rubber stoppers and aluminium
crimps. After sealing, the headspace was purged with nitrogen to displace oxygen
present. Two different experimental conditions were established in triplicate
microcosms. Unamended microcosms contained only the soil and ditch water.
Acetate amended microcosms also contained sodium acetate to a final concentration
of 20 mM. A control was prepared for each experiment in which the soil, sealed in
the bottle with a nitrogen purged headspace, was heat sterilised at 120°C for 20
minutes in an autoclave before filter sterilized ditch water and, in one case, sodium
acetate were added. The microcosms and controls were periodically sub-sampled for
geochemical and microbiological analysis to produce a progressive time series. At
each sample point, microcosms were shaken and 3 ml soil slurry extracted using
aseptic technique with sterile syringes and needles (Burke et al., 2006). Samples
were centrifuged (5 min, 16,0009) and soil and water were analysed for a range of

redox indicators, Cr(VI) and microbiology.

5.2.5 Geochemical methods

The pH was measured using an Orion bench top meter and calibrated electrodes (the
pH electrode was calibrated between 4 and 10 using standard buffer solutions). The
soil pH was measured using a 1:1 suspension in deionised water (ASTM, 2006).
Sulfate, nitrate and chloride concentrations were determined by ion chromatography
on a Dionex DX-600 with AS50 autosampler using a 2mm AS16 analytical column,
with suppressed conductivity detection and gradient elution to 15 mM potassium

hydroxide over 10 minutes. Samples were loaded in a random order to avoid
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systematic errors. Standards covering the anticipated range of analyte concentrations
were prepared with the addition of 25 uM Cr(VI) as potassium chromate. Between

loading samples, the column was flushed with deionised water for 1.5 minutes.

Standard UV/VIS spectroscopy methods based on reactions with diphenycarbazide
and ferrozine were used to determine aqueous Cr(VI) and Fe concentrations,
respectively, using a Cecil CE3021 UV/VIS Spectrophotometer (USEPA, 1992;
Viollier et al., 2000). Fe(ll) in solids was determined after extraction by 0.5 N HCI
and reaction with ferrozine (Lovley and Phillips, 1986). Standards for each analyte

were used regularly. Calibration graphs exhibited good linearity (typically r>>0.99).

5.2.6 DNA extraction

Soil samples from the triplicate microcosms at a single time point (day 68) were
combined (typically ~0.25 g of soil) and microbial DNA was extracted using a
FastDNA spin kit (Qbiogene, Inc.) and FastPREP instrument (unless explicitly
stated, the manufacturer’s protocols supplied with all kits employed were followed
precisely). DNA fragments in the size range 3 kb ~20 kb were isolated on a 1% “1x”
Tris-borate-EDTA (TBE) gel stained with ethidium bromide to enable viewing under
UV light (10x TBE solution from Invitrogen Ltd., UK). The DNA was extracted
from the gel using a QIAquick gel extraction kit (QIAGEN Ltd., UK.). This purified

DNA was used for subsequent analysis.

5.2.7 16S rRNA gene sequencing

A fragment of the 16S rRNA gene of approximately ~500 bp was PCR amplified
using broad-specificity bacterial primers 8f (5"-AGAGTTTGATCCTGGCTCAG-3")

(Eden et al., 1991) and 519r (5"-GWATTACCGCGGCKGCTG-3") where K = G or
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T, W=AorT (Lane et al., 1985). Each PCR reaction mixture contained 20 pul of
purified DNA solution, GoTag DNA polymerase (5 units), 1x PCR reaction buffer,
MgCl;, (1.5mM), PCR nucleotide mix (0.2 mM), T4 Gene 32 Protein (100 ng/ul) and
8f and 519r primers (0.6 uM each) in a final volume of 50 pl. The reaction mixtures
were incubated at 95°C for 2 min, and then cycled 30 times through three steps:
denaturing (95°C, 30 s), annealing (50°C, 30s), primer extension (72°C, 45 s). This
was followed by a final extension step at 72°C for 7min. The PCR products were
purified using a QIAquick PCR Purification Kit. Amplification product sizes were
verified by electrophoresis of 10 pl samples in a 1.0% agarose TBE gel with

ethidium bromide straining.

The PCR product was ligated into the standard cloning vector pGEM-T Easy
(Promega Corp., USA), and transformed into E. coli XL1-Blue supercompetent
(Stratagene). Transformed cells were grown on LB-agar plates containing ampicillin
(100 pg.ml™) at 37°C for 17 hours. The plates were surfaced dressed with IPTG and
X-gal (as per Stratagene protocol) for blue-white colour screening. For each sample,
48 colonies containing an insert were restreaked on LB-ampicillin agar plates and
incubated at 37°C. Single colonies from these plates were incubated overnight in
liquid LB-ampicillin. Plasmid DNA was extracted using a QlAprep Spin miniprep
kit (QIAGEN Ltd., UK) or PureYield Plasmid Miniprep System (Promega, UK) and
sent for automated DNA sequencing on an ABI 3100xI Capillary Sequencer using
the T7P primer. Sequences were analysed against the EMBL release nucleotide
database in April 2009 using the NCBI-BLAST2 program (version 2.2.19 November
2009) and matched to known 16S rRNA gene sequences. Default BLAST parameters

were used (match/mismatch scores 2, -3, open gap penalty 5, gap extension penalty
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2). The nucleotide sequences described in this study were deposited in the GenBank

database (accession numbers FN706451 - FN706510).

5.2.8 Phylogenetic tree building

The EMBOSS needle pairwise alignment program was used to assign similar gene
sequences into clades based on sequence homology, using default parameters (open
gap penalty 10, gap extension penalty 0.5). Selected sequences were then aligned
with known bacterial 16S rRNA gene sequences from the EMBL database using the
ClustalX software package (version 2.0.11), and a phylogenetic trees were
constructed from the distance matrix by neighbour joining. Bootstrap analysis was
performed with 1000 replicates, and resulting phylograms drawn using the TreeView

(version 1.6.6) software package.
5.3 Results

5.3.1 Soil characterisation

XRD and XRF analysis of the alluvial soil showed that the major mineral was quartz
with small amounts of kaolinite and muscovite. The XRF analysis indicated a
concentration of chromium of 3020 mg.kg™ in the solid phase (see Table 5.1). The
soil had a pH of 10.5. The total organic carbon (TOC) and total inorganic carbon
(TIC) of the soil were found to be 3.6 and 0.2%, respectively. Water from the ditch
along the southern edge of the waste had a pH of 11.4, and a Cr(VI), nitrate and
sulphate concentrations of 293 pM (15.2 mg.I™), 163 pM (10.1 mg.I™), and 3.29 mM

(316 mg.I™), respectively.
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Table 5.1 Major elements in fused samples (%) measured by XRF (corrected for loss on ignition at
1000°C).

SIOZ Aleg CaO MgO Fe,O3 Cr,03 TIOZ Mn30, Na,O K,O SO; LOI

Greysilty 714 973 229 0.35 3.47 0.45 0.56 0.12 0.56 1.56 0.03 9.30

clay
284

COPR 3.61 427 40.29 5.85 7.04 4.93 0.05 0.07 n.d. 0.03 5.10
waste 0

5.3.2 Reduction microcosm experiments

The initial pH values of the unamended and acetate-amended microcosms were both
10.9, whereas the pH values of sterile controls were both 10.8. The active microcosm
experiments had an initial aqueous Cr(V1), nitrate and sulphate concentration of 279
+ 2 UM, 96.5 £ 4.87 uM, and 3.01 + 0.10 mM, respectively (Figure 5.2). The sterile
controls had slightly higher initial agueous Cr(\V1) and sulphate concentrations of 287
+ 4 uM and 3.26 £ 0.06 mM, respectively. The acetate-amended sterile control had
an initial nitrate concentration of 89.7 £ 9 uM. The nitrate concentration of the
unamended sterile control was not measured due to technical difficulties (there was
insufficient sample to repeat measurement). Initially the percentage of the total 0.5 N
HCI extractable iron present as Fe(ll) was 13.7 £ 1.1% in the active experiments

whereas it was 10.0 + 0.6% the heat treated controls.

In the microbially active unamended microcosms the pH of the active microcosms
decreased from 10.9 to 9.9 over 175 days of incubation, whereas the pH of the sterile
control decreased from 10.8 to 10.4 in the same time period (Figure 5.2). Nitrate
removal from aqueous solution commenced shortly after the start of the test, with the
concentration dropping by two-thirds by day 5, and was not detected on day 15. Over

the test period, we noted very little change in aqueous Cr(V1) concentration in either
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the active unamended or the control microcosms. Similarly we noted little change in
the amount of total Fe(ll) extractable by 0.5 N HCI and no discernable change in
aqueous sulphate concentration in either the active or the control microcosms (see
Figure 5.2). In the active acetate-amended microcosms the pH decreased from an
initial value of 10.9 to a value of 10.1 on day 175, whereas the pH value of the sterile
control decreased from 10.8 to 10.5. The trend in nitrate data was similar to that in
the unamended microcosms, with nitrate removal commencing shortly after the start
of the test and becoming undetectable by day 5. No nitrate removal was observed in
the corresponding sterile control. The aqueous Cr(V1) concentration decreased in all
three replicates once nitrate was below detection limits, but at different rates. In
replicate 1l in which the aqueous chromate concentration decreased most rapidly,
Cr(VI) was not detected on day 118. In replicate Il where aqueous chromate
concentration decreased least rapidly the concentration on day 175 was two-thirds of
the initial value. No change in Cr(VI1) concentration occurred in the corresponding
controls. The trends in the proportion of the acid extractable iron present as Fe(ll)
also differed between the three replicates. In the early stages of all three acetate-
amended microcosms about 20% of the 0.5 N HCI extractable iron was in the Fe(ll)
oxidation state, and this did not change significantly with time in replicates I and III.
However in replicate 11 there was a significant increase in the proportion of the acid
extractable iron present as Fe(Il) shortly after Cr(\VI) was completely removed from
solution. In the acetate-amended sterile control (like the unamended sterile control),
roughly 10% of the 0.5 N HCI extractable iron was present as Fe(ll), which did not
change with time. There was no discernable change in the aqueous sulphate
concentration in either the active acetate-amended microcosms or corresponding

control.
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Figure 5.2 Geochemical response of the unamended (m) and acetate-amended (4) microcosms: (a)
pH, (b) porewater NO5;~ concentration, (c) porewater Cr(VI) concentration (d) % of 0.5 N HCI
extractable Fe as Fe(ll) in soils, () porewater SO,* concentration. Response in individual acetate-
amended microcosms from triplicate series (I-111) are shown in (c) and (d). Error bars shown are one
standard deviation from the mean of triplicate experiments. NO;~ and SO,* data were corrected using
CI™ variability to account for instrument variability. Data from sterile controls are shown using open

symbols.
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5.3.3 Microbiological community analysis

Geochemical analysis indicated aqueous chromate removal was underway by day 68
in the acetate amended microcosms, but the behaviour of the three replicate
microcosms had not diverged significantly. Therefore, on day 68, we pooled soil
from each of the three unamended microcosms into one combined sample and from
each of the three acetate-amended microcosms into a second combined sample.
These two combined samples were then used to compare the microbial communities
in each with respect to chromate removal from the liquid phase. Thirty 16S rRNA

gene sequences recovered from each of the two samples were analyzed.

Initially sequences were assigned to a phylum (or class in the case of proteobacteria)
using the NCBI-BLAST?2 program, based on >95% identity over a sequence length
of >400 bp to a known sequence in the EMBL release database. However, less than a
third of sequences could be assigned in this way, although many sequences were
more than >95% homologous to sequences from unidentified bacteria recovered
from alkaline environments. Sequences that were >95% homologous to the same
sequence in the database were further analysed using EMBOSS and grouped based
on >98% mutual homology. ClustalX analysis and neighbour joining tree
construction of these groups indicated there were four distinct clades amongst the
initially unidentified sequences, subsequently called clades A, B, C and E. Further
ClustalX analysis and NJ tree construction using characteristic members of each
clade was used to assign clade members to a phylum. Members of clade A have been
thus assigned to the Comamonadaceae family of -proteobacteria that appear to be
most closely related to the genera Rhodoferax, Hydrogenophaga and Malikia (Figure

5.3). Clade B were members of the Flexibacteraceae family of Bacteroidetes that
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appeared to be most closely related to the genera Aquiflexum (Figure 5.4). Clade C
were members of the Xanthomonadaceae family of y-proteobacteria that appeared to
be most closely related to the genera Lysobacter (Figure 5.5). Clade E were members
of the Sphingomonadaceae family of o-proteobacteria that appeared to be most

closely related to the genera Sphingomonas (Figure 5.6).

Of the thirty clones isolated from the unamended microcosms on day 68, 14
sequences (46%) were B-proteobacteria including 11 (36%) from clade A, 5 (17%)
were o-proteobacteria including 4 (13%) from clade E, 5 (17%) were bacteroidetes
including 3 (10%) from clade B, 4 (13%) were y-proteobacteria all from clade C (see
Figure 5.7a). Thus B-proteobacteria are an important component of the bacterial
population of the unamended microcosms on day 68 and, overall, two-thirds of
sequences isolated were from one of four bacterial clades. Of the thirty clones
isolated from the acetate-amended microcosms on day 68, 28 (93%) were B-
proteobacteria including 23 sequences (77%) from clade A, the remaining 2
sequences (7%) being unidentified (see Figure 5.7b). Thus [-proteobacteria,
particularly those from clade A, dominated the bacterial population of the acetate-

amended microcosms on day 68.
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Figure 5.3 Phylogenetic tree showing the relationship between a representative sequence from clade
A and 16S rRNA gene sequences of previously described bacteria. Geobacter metallireducens was
included as an out-group. The scale bar corresponds to 0.1 nucleotide substitutions per site. Bootstrap
values (from 1000 replications) are shown at branch points.
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Figure 5.4 Phylogenetic tree showing the relationship between a representative sequence from clade
B and 16S rRNA gene sequences of previously described bacteria. Geobacter metallireducens was
included as an out-group. The scale bar corresponds to 0.1 nucleotide substitutions per site. Bootstrap
values (from 1000 replications) are shown at branch paints.
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Figure 5.5 Phylogenetic tree showing the relationship between a representative sequence from clade
C and 16S rRNA gene sequences of previously described bacteria. Geobacter metallireducens was
included as an out-group. The scale bar corresponds to 0.1 nucleotide substitutions per site. Bootstrap
values (from 1000 replications) are shown at branch points.
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Figure 5.6 Phylogenetic tree showing the relationship between a representative sequence from clade E
and 16S rRNA gene sequences of previously described bacteria. Geobacter metallireducens was
included as an out-group. The scale bar corresponds to 0.1 nucleotide substitutions per site. Bootstrap
values (from 1000 replications) are shown at branch points.
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Figure 5.7 Microbial communities of (a) the unamended microcosms (30 clones) and (b) the acetate-
amended microcosms (30 clones) after incubation under anaerobic conditions for 68 days. Charts
show phylogenetic affiliation of the 16S rRNA gene sequences
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5.4 Discussion

Currently there is a perched water table in the waste pile and downward seepage
through the clayey former surface layer into the underlying alluvium where the water
table is controlled by the river. Observation of the site over a period of four years
suggests these conditions are typical of the site (Studds, pers. comm.). Thus, alkaline,
highly oxidising and oxygenated Cr(VI) containing leachate from the tip has been
percolating through, and interacting with the former surface soil for over 100 years.
Therefore any microorganisms in this soil have had a long time to adapt to the local

geochemical environment.

As the leachate from the waste pile seeps downwards it will undergo geochemical
changes as it interacts with both the soil and its microbial population. Flow through
natural soils can vary greatly spatially and tends to follow preferential paths. These
temporal and spatial variations in the flow, and the development of increasingly more
reducing conditions down the flow-path, have resulted in the highly variable redox
conditions in the clayey former surface soil beneath the waste. For example the
percentage of 0.5 N HCI extractable Fe(ll) in soils found beneath the waste ranges
from less than 5% Fe(ll) to more than 90% Fe(ll) on a centimetre scale (Tilt, 2009).
This distribution probably reflects the balance between the rate of ingress of initially
highly oxidising oxygenated Cr(V1)-containing groundwater, and the rate of in situ

bioreduction at particular locations.

The initial solution composition in the microcosm experiments reflects the
composition of the ditch water, which is a reasonable proxy for the waste leachate

(leachate emerging from the waste pile is the main flux into the ditch). The



114

percentage of 0.5 N HCI extractable solid phase iron as Fe(ll) determined when
microcosms were established was between 10-20 % Fe(ll). Thus the initial
conditions in the microcosms are representative of the more oxidised end of the
range of conditions observed in-situ. Such starting material is likely to have low
numbers of obligate anaerobes, whose presence would be anticipated in the more

reducing soils on site.

The initial behaviour of the two microcosm systems (unamended and acetate-
amended) was similar. Nitrate was removed rapidly from solution (this occurred
slightly more quickly in the acetate-amended system but the difference was small).
There was no noticeable change in the nitrate concentration in acetate-amended
sterile control. Thus it is inferred that nitrate removal from the active microcosms is
likely to have been microbially mediated, and probably due to the action of nitrate
reducing bacteria. It used to be a widely held belief that microbial nitrate reduction is
optimal at pH 7 — 8 (Knowles, 1982; Wang et al., 1995). However there is how
ample evidence that microbial nitrate reduction can occur at high pH when the
microbial community has adapted to the ambient pH (Dhamole et al., 2008; Glass
and Silverstein, 1998). Indeed the rate of nitrate reduction to nitrite can increase with
increasing pH, although the time taken for complete denitrification at high pH tends
to be unaffected as nitrite reduction to N, tends to lag behind nitrate reduction to
nitrite in alkaline systems (Glass and Silverstein, 1998). Also, as Fe(ll) is present in
these soils it is possible that nitrate dependant Fe(ll) oxidation (Straub et al., 1996)
processes may have contributed to nitrate reduction in these experiments, however,
we did not observe a reduction in % Fe(ll) concurrent with nitrate reduction.

Therefore, is not possible to report whether such reduction processes occurred in



115

these experiments. Once the nitrate was removed from solution the unamended
system exhibited little further geochemical change. It is unclear from these
experiments whether these microcosms had reached a long-term steady-state, or
whether further microbially mediated reactions were merely slow in the absence of a

readily metabolizable electron donor.

It is likely that bacterial reduction of nitrate in the unamended system was coupled to
oxidation of soil organic matter (the soil contained 3.6% organic carbon and no
exogenic carbon source was added). The complete oxidation of organic matter
requires the cooperative activity of a community of microorganisms collectively
exhibiting several different metabolic pathways (e.g. hydrolysis of complex organic
matter, fermentation of sugars, and oxidation of fatty acids, lactate, acetate and Hy;
(Lovley, 1993b). The soil used in the microcosm experiments was covered with
COPR waste for over 100 years, and thus it is likely that the labile organic
components present prior to burial was already consumed by microorganisms,
leaving behind the less labile components such as lignin and cellulose. Anaerobic
respiration cannot be supported directly by these polymeric substrates (Stumm and
Morgan, 1996), so nitrate reduction in the microcosm experiments suggests that the
microbial diversity reported in Figure 5.7a represents a community capable of the
complete oxidation of complex organic matter. Thus it is likely that further
microbially mediated geochemical reactions would have eventually followed in time,

as they did in the acetate-amended microcosms.

In acetate-amended system Cr(VI) removal followed nitrate removal, however the

three replicates responded at different rates and Cr(VI) removal only reached
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completion in one microcosm (replicate 11). In this replicate there was a significant
increase in the proportion of the acid extractable iron present as Fe(ll) once Cr(VI)
had been removed from solution. In the other two replicates the proportion of the
acid extractable iron present as Fe(ll) was generally higher than in the unamended
microcosms or the sterile control, but there was no noticeable increasing trend with
time. Comparison with the sterile control, which showed no major change in Cr(VI)
concentration with time, suggests that Cr(VI) removal from solution is microbially
mediated. Because iron reduction began after Cr(VI) removal ceased, the overall
response of the acetate-amended system was indicative of a cascade of terminal
respiratory processes, which occurred in the normal sequence expected during the

progression of microbially induced anoxia (NABIR, 2003).

Because Cr(VI) removal in the acetate-amended microcosms occurred as part of a
redox cascade, it is likely that it occurred by reduction and precipitation since Cr(l1I)
has very low solubility at high pH (Fendorf, 1995; Fendorf and Zasoski, 1992).
However, it is not possible to determine whether Cr(VI) reduction was a direct
enzymatic process, or indirect microbially mediated process involving other redox
active species (e.g. Fe(lID/Fe(ll) cycling). The slightly higher proportion of acid
extractable iron in the form of Fe(ll) during Cr(VI) reduction may be indicative of
iron cycling and thus indicative of the latter mechanism. It is therefore speculated
that Cr(VI) reduction in acetate-amended microcosms was mediated by reaction with
Fe(Il) from microbial Fe(lll)-reduction. Accumulation of Fe(ll) in solids, however,
would not be expected in these microcosms until all Cr(VI) was removed from
solution. The different response rates of the three replicates may indicate this was a

rather marginal environment for bacteria and, as a result, the rate of response was
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sensitive to subtle differences in microbiology and geochemistry (e.g. micro-

environments).

Addition of acetate to this soil-water system will have preferentially supported the
growth of alkaliphilic Cr(VI) tolerant bacteria within the soil that can respire
anaerobically on acetate (acetate cannot support fermentative growth). On day 68
these appear to have been predominantly B-proteobacteria, with a single group of
closely related bacteria within the family Comamonadaceae dominating (clade A). At
this time point Cr(VI) was being removed from all three replicates, probably by
reductive precipitation associated with Fe(l11)/Fe(Il) cycling. Thus it appears likely
that members of clade A were able to couple acetate oxidation to iron reduction. At a
pH value of 10.5 the coupling of acetate oxidation to the reduction of Fe(lll) to Fe(ll)
is thermodynamically favourable (see Table 2.2), and thus can support energy
metabolism by microorganisms. It has been observed that closely related members of
the Comamonadaceae family can couple acetate oxidation to Fe(lll) reduction (e.g.
Rhodoferax ferrireducens; Finneran et al.,, 2003). However genera in the
Comamonadaceae family are phenotypically highly diverse, even when they are
phylogenetically closely related (Spring et al., 2005) so the apparent similarity to

clade A is not evidence that clade A will have similar metabolism.

Over the period of observation the pH value of both sterile controls decreased
slightly with time, reaching a value around 10.5, the measured pH of the soil sample,
suggesting the ditch water pH value was chemically buffered by contact with the

soil. The pH values of both active microcosms decreased to a value 0.5 pH units
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below the measured pH of the soil. This difference is small but was probably due to

microbial activity (e.g. the release of metabolic products such as CO; by bacteria).

Whilst similarity of the 16S rRNA gene is not evidence that organisms share other
genes (e.g. those associated with adaptation to a particular environment) it may
nevertheless be significant that each of the four bacterial clades identified in this
study appeared to be closely related to genera that are adapted to similar harsh
environments. For example the sequences in clade A have >97% identity with
sequence AM778004 found in a non-saline alkaline environment, and >96% identity
to sequence AM884728 found in an alkaline, chromium contaminated soil from a
COPR disposal site (Stewart et al., 2007). Both these alkali tolerant species are
shown for comparative purposes on the phylogenetic tree constructed for p-
proteobacteria (Figure 5.3). Sequences within clade B appeared to be closely related
to members of the Aquiflexum genus (Figure 5.4) and had >94% identity to
Aquiflexum clone EU283506 isolated from sediment from a brackish alkaline lake.
Sequences within clade C (Figure 5.5) had >98% identity to sequence AM884695
isolated from an alkaline, chromium contaminated soil from a COPR disposal site
(Stewart et al., 2007). Members of clade E appeared to be members of the
Sphingomonas genus (Figure 5.6), which contains hardy species capable of uranium
reduction in alkaline solutions (Nilgiriwala et al., 2008). More detailed investigation

of these species may provide interesting insights into life in harsh environments.

The findings of this study will have a major impact on the long-term management of
the COPR waste site from which the samples were obtained, and offer a potential

solution to the downward leaching of chromate at many other COPR legacy sites.
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Environmentally sound management of such sites is very unlikely to involve removal
of the waste, as industrial scale excavation will almost certainly generate chromate
bearing dusts that will act as a pathway to human exposure. Thus remediation of
COPR disposal sites will almost always involve three elements:

e Better separation of the waste from the surface environment

e Measures to reduce water infiltration into the waste

e Measures to treat leachate emerging from the waste
The first two elements will usually involve placement of a capillary barrier and a low
permeability cover layer over the waste. However such a capping layer is unlikely to
reduce the rainwater influx to zero, and thus there will always be the risk that
contaminated water from the waste will leach downwards and contaminate

underlying water resources.

This study has shown that the microbial community in soil, given time, can adapt to
life at high pH. If that community is provided with a suitable electron donor, then
progressive anoxia develops and chromium accumulates in the soil by reduction and
precipitation at the point in the redox cascade just before iron reduction becomes
fully established. Creating such a reductive zone in the soil will act as a barrier to the
migration of chromium, which should reduce the impact of the waste on the wider
environment. It is not clear from the current study whether the residual organic
matter still remaining in the former surface layer can support iron reduction, or if it
now needs augmenting with an organic substrate such as acetate, however the
widespread presence of Fe(ll) and the amount of chromium that has accumulated in

that soil layer is evidence that it has done so the past.



120

5.5 Conclusions

A former surface soil that has been buried beneath a COPR tip for over 100 years has
an active microbial population despite it having a pH value of 10.5. Without the
addition of an exogenic electron donor this microbial population is able to reduce
nitrate using an electron donor(s) that is probably derived from the soil organic
matter. With the addition of acetate as a more readily available electron donor,
Cr(VI) removal occurred after nitrate reduction, to be followed by iron reduction. It
is proposed that Cr(VI) removal from solution was by microbially mediated
reductive precipitation. This was either a direct enzymatic process with Cr(V1) being
used as an electron acceptor, or more likely an indirect process involving an abiotic

reaction with Fe(Il) produced by microbial Fe(l1l) reduction.
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Chapter 6 Enhancing microbial reduction in hyperalkaline,

chromium contaminated sediments by pH amendment

Abstract

Soil found beneath a chromite ore processing residue (COPR) disposal site contains a
diverse population of anaerobic alkaliphiles, despite the continuous influx of a
Cr(VI) contaminated, hyperalkaline leachate (pH12.2). Chromium is accumulating in
this soil as a result of an abiotic reaction of Cr(VI) with microbially produced Fe(l1).
Sodium bicarbonate was added to this soil to investigate whether bioreduction of iron
in hyperalkaline, chromium contaminated soils can be enhanced by pH amendment.
In anaerobic microcosm experiments without pH amendment soil microorganisms
were able to reduce nitrate at pH 11.2 coupled to the oxidation of electron donors
derived from the original soil organic matter, but progressive anoxia did not develop
to the point of iron reduction over a period of 9 months. The addition of sodium
bicarbonate produced a well buffered system with a pH of ~9.3, and promoted the
development of iron reducing conditions within 1 month once complete
denitrification had occurred. This was also coupled to the oxidation of electron
donors derived from the original soil organic matter, and appears to be controlled by
members of the phylum Firmicutes. Therefore, pH amendment using bicarbonate
may provide a suitable strategy for stimulating the bioremediation of COPR
contaminated groundwater, where the microbial community have adapted to the

alkaline conditions.
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6.1 Introduction

Disposal of chromium ore processing residue (COPR) is a globally widespread
concern due to the risks associated with potentially harmful Cr(VI) contaminated
hyperalkaline liquors leaching into the wider environment (Deakin et al., 2001;
Stewart et al., 2010; Weng et al., 2000). Chromium is extracted from its ore,
chromite, by roasting it in the presence of air and an alkali carbonate to oxidise
Cr(lll) to Cr(VI) which can then be extracted with water due to its increased
solubility. Originally lime (CaO), and then limestone, was added to the kiln to
increase air penetration and thus provide sufficient O, for chromite oxidation in a
practice known as the ‘“high-lime” process (Farmer et al., 1999). Although
technologically superseded by lime-free processing in the 1960s, the high-lime
process, until recently, still accounted for 40% of chromium production worldwide
(Darrie 2001). The high-lime process is notoriously inefficient and produces large
volumes of hyperalkaline wastes with pH> 12 (Higgins et al., 1998). Residual Cr
concentrations within COPR typically range from 2000-40,000 mg.kg™, with up to
35% present in the oxidised Cr(V1) (Geelhoed et al., 2002; Tinjum et al., 2008). This
can easily become mobile in water as the toxic and carcinogenic chromate anion
(CrO4%) (Farmer et al., 2006; James, 1994; Tinjum et al., 2008). Remediation of
legacy sites contaminated with COPR is challenging, particularly because these sites
are often in urban areas and date from times when COPR disposal was quite poorly
managed (Breeze, 1973; Geelhoed et al., 2002; Higgins et al., 1998; Jeyasingh and
Philip, 2005; Stewart et al., 2007). Traditional “dig and dump” remediation strategies
are not only costly due to the large volumes involved, but also inadvisable due to the
risk of forming carcinogenic Cr(V1) bearing dusts (USEPA, 1998). In contrast to the

harmful properties of Cr(VI1), the reduced form Cr(lI11) is an essential trace nutrient in
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plants and animals (Richard and Bourg, 1991), readily sorbs to soil minerals, and
(co)-precipitates as insoluble Cr(I11) hydroxides in neutral and alkaline environments
(Rai et al., 1987; Richard and Bourg, 1991). Thus the reduction of Cr(\V1) to Cr(ll)

in-situ significantly reduces the hazard posed by Cr contaminated groundwater.

Soil microorganisms can couple the oxidation of soil organic matter to the reduction
of transition metals, such as iron and manganese, in a process known as dissimilatory
metabolism (Lovley, 1993b). Iron is the most abundant redox-active metal in soils,
and as a result microbial Fe(lll) reducing conditions have been described as the most
important to develop during the development of anaerobic soils due to its influence
on trace metal behaviour (Lovley, 1991, 1997; Pollock et al., 2007; Zavarzina et al.,
2006). Numerous iron reducing microorganisms from a range of microbial taxa have
been isolated from a broad range of environments, including some alkaliphilic
bacteria such as Bacillus sp and Geoalkalibacter ferrihydriticus (Pollock et al., 2007;
Zavarzina et al., 2006). During dissimilative reduction bacteria transfer electrons
from organic carbon to Fe(lll) and use the energy released from these coupled
reactions to translocate protons from the cytoplasm to the periplasm. This produces
an electrochemical gradient (or proton motive force) across the cytoplasmic
membrane that drives adenosine triphosphate (ATP) synthesis via oxidative
phosphorylation of adenosine diphosphate (ATP is the unit used for intracellular
energy transfer). In contrast, fermentative bacteria synthesise ATP from the action of
internal cytoplasmic enzymes which catalyse the transfer of a phosphate group from
the substrate to adenosine diphosphate in a process known as substrate-level
phosphorylation (Nelson and Cox, 2005). High pH is a challenging environment for

bacteria as it is difficult to maintain a proton motive force when the external pH
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exceeds that of the cytoplasm, thus highly alkaline conditions may favour
fermentative metabolism over respiration. Some fermentative alkaliphiles in the
order Clostridiales been demonstrated to indirectly reduce iron in soils and sediments
through the external dumping of electrons to Fe(lll) as a method of maintaining
internal redox balance within cells (e.g. Tindallia magadii (1998); Clostridium
beirjerinckii (1999); Anoxynatronum sibiricum (2003); Anaerobranca californiensis
(2004)). Soil microorganisms can also reduce contaminant metals, such as
chromium, during dissimilatory metabolism. Microbial reduction of Cr(VI) has been
reported in a number of Gram negative genera including Desulfovibro and
Shewanella, and members of the Gram positive Bacillus and Cellulomonas genera
(Francis et al., 2000; Lovley, 1993a; Romanenko and Koren'kov, 1977; Sani et al.,
2002; Sau et al., 2008), however only a few studies have demonstrated direct
microbial Cr(V1) reduction at high pH (Chai et al., 2009; VanEngelen et al., 2008;
Zhu et al., 2008). Thus it has been suggested that microbially mediated Cr(VI)
reduction in alkaline, chromium contaminated environments usually occurs by an
indirect pathway involving extracellular reaction with reduced species (Higgins et
al., 1998), for example Fe(Il) produced during dissimilative iron reduction coupled to

oxidation of soil organic matter(Lovley and Phillips, 1986b).

Bioreduction to achieve a remediation goal is usually induced by addition of an
electron donor to environments where the growth of Fe(lll)-reducing bacteria is
limited by lack of organic matter. However, at high pH and in the presence of
Cr(V1), it may be these harsh conditions that limit growth. This chapter investigates a
soil recovered from beneath a COPR tip which contains organic matter and acid

extractable Fe(Il). A previous study suggests that reduction of Fe(lll) is probably
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occurring in-situ but, at pH 11.5, at a rate too slow to prevent the spread of Cr(VI)
(Whittleston et al., 2011b). Here the feasibility of enhancing microbial reduction by
buffering the soil pH down to about 9.5 (close to the optimum pH value for many
alkaliphilic micro-organisms) is investigated. Differences in the microbial
community and the rate of development of Fe(lll) reducing conditions that occur

with and without pH buffering are reported.
6.2 Materials and methods

6.2.1 Field sampling and sample handling

Samples were obtained from a 19" century COPR tip in the north of England (see
Whittleston et al. (2011a)). A soil sample (B2-310) was collected from a grey-clay
horizon immediately beneath the COPR waste using a hand auger and 1m core
sampler in March 2009. Water from within the COPR waste was collected at the
same time from a near-by monitoring well using disposable PVC bailers (there is a
perched water table within the waste, and this water is percolating downwards into
the underlying soil horizons (Atkins, 2009)). Samples were stored in sealed

polythene containers with as little headspace as possible, and kept in the dark at 4°C.

6.2.2 Sample characterisation

Soil pH was measured following the ASTM standard method (ASTM, 2006). The
total organic carbon content of oven dried and HCI treated subsamples were
measured using Carlo-Erba 1106 elemental analyser (Schumacher, 2002). The acid
neutralisation capacity was determined with both 1 M HCI and 1 M NaHCOg. Freeze
dried soil (10g) was suspended in deionised water (100 ml) in a sealed flask stirred
by magnetic flea (to limit CO, in-gassing). The titrating solution was added in

increments (1 ml) and allowed to equilibrate (4 hrs).
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6.2.3 Reduction microcosm experiments

A pH amended microcosm series was established in triplicate with corresponding
sterile controls. Each microcosm consisted of 10g of homogenised B2-310 soil and
100ml of COPR water in a 120ml glass serum bottles (Whittleston et al., 2011a).
After sealing these were buffered to pH 9 using 1 M sodium bicarbonate solution,
and the headspace purged with nitrogen. Sterile controls were prepared by
autoclaving soil with a nitrogen purged headspace (120°C, 20min) and adding filter
sterilised COPR leachate upon cooling. An active unamended control microcosm
series was prepared using only the soil and COPR water. Bottles (incubated in the
dark at 21°C) were periodically sampled aseptically for geochemical analysis. During
sampling microcosms were shaken and 3ml soil slurry extracted. Samples were
centrifuged (3min, 16,0009) and the water analysed for pH, Eh and Cr(V1), and soil
for acid extractable Fe(ll). Soil pellets were retained for microbiological community

analysis.

6.2.4 Geochemical methods

Eh and pH were measured using an Orion meter (pH calibrated at 7 and 10). Nitrate
concentrations were determined by ion chromatography on a Dionex DX-600 with
AS50 autosampler using a 2mm AS16 analytical column, with suppressed
conductivity detection and gradient elution to 15 mM potassium hydroxide over 10
minutes. Samples were loaded in a random order to avoid systematic errors, and the
column was flushed between samples with deionised water for 1.5 minutes. UV/VIS
spectroscopy methods were used to determine aqueous Cr(VI) concentrations based
on reaction with diphenycarbazide (USEPA, 1992) and aqueous nitrite
concentrations  following  reaction  with  sulphanilaminde (SAN) and

naphthylethylenediamine dihydrochloride (Harris and Mortimer, 2002). lron was
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extracted from solids using 0.5N HCI (a proxy for microbial available iron (Burke et
al., 2006; Weber et al., 2001)), and the percentage Fe(ll) was determined by reaction
with ferrozine (Lovley and Phillips, 1986a). UV/VIS spectroscopy methods were
performed on a Cecil CE3021 UV/VIS Spectrophotometer; calibration standards

were used regularly.

6.2.5 X-ray absorption spectroscopy (XAS)

XANES spectra were collected from soil recovered from the pH 9 amended
microcosms on day 153 on station 118 at the Diamond Light Source, UK. Spectra
were also collected from potassium chromate and amorphous Cr-hydroxide
(precipitated by drop-wise neutralisation of CrCl; solution using 10M NaOH
(Saraswat and Vajpei, 1984)). XANES spectra were summed and normalised using

Athena v0.8.056 (see Appendix A.2.7).

6.2.6 Microbial community analysis

Microbial DNA was extracted from a sample of B2-310 soil, and the pH amended
microcosms on day 153 and unamended control microcosms on day 270. A 16S
rRNA gene fragment (~500 bp) was amplified from each sample by polymerase
chain reaction (PCR) using broad specificity primers. The PCR product was ligated
into a standing cloning vector, and transformed into E. coli competent cells to isolate
plasmids containing the insert, which were sent for sequencing. The quality of each
gene sequence was evaluated, and non-chimeric sequences were classified using the
Ribosomal Database Project (RDP) naive Bayesian Classifier (Wang et al., 2007) in
August 2010 (see Appendix A.5). Sequences were grouped into operational
taxonomic units (OTUs) using the MOTHUR software (Schloss et al., 2009) (>98%

nearest neighbour sequence similarity cut-off). Rarefaction curves were constructed
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to characterize the diversity of each clone library using the Shannon Index (H’)
(Krebs, 1999). Phylogenetic trees were constructed using representative sequences
from selected OTUs, aligned with type species from the EMBL database using
ClustalX (version 2.0.11), and drawn with TreeView (version 1.6.6). Trees were
constructed from the distance matrix by neighbour joining, with bootstrap analysis
performed with 1000 replicates Sequences were submitted to the EMBL Nucleotide
Sequence Database (accession numbers: FR695903-FR696047 and HE573872-

HE573888).

6.2.7 Multidimensional scaling analysis

Multidimensional Scaling Analysis (MDS), which is also known as principle
coordinate analysis, configures the position of objects in Euclidean space based on
their pair-wise dissimilarity, and is used in a number scientific fields to visualize
datasets (Son et al., 2011). Here it is used to investigate changes in initial B2-310
microbial community after incubation in the microcosm experiments (unamended
and pH amended). Sequences were aligned using  Clustalw?2
(http://www.ebi.ac.uk/Tools/msa/clustalw2/) and the distance matrix (a matrix of
pair-wise dissimilarity scores) was downloaded into NewMDSX (Coxon, 2004;
Roskam et al., 2005). Basic non-metric MDS was undertaken using the Minissa-N

algorithm within NewMDSX.

6.3 Results

6.3.1 Sample recovery

Borehole B2 was located near the south-western edge of the COPR tip. It
encountered a topsoil layer then entered COPR waste at 190cm, grey sandy clay at

310cm, and terminated in a gravel layer at 365cm. Soil sample B2-310 was collected
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from the grey clay just below the soil-waste interface (sample depth 310 — 320 cm).
This layer was probably the original surface deposit before the waste was tipped

approximately 100 years ago (Stewart et al., 2010).

6.3.2 Sample geochemistry

Soil sample B2-310 has been described in detail by Whittleston et al (2011b).
Briefly, it had a pH value of 12.2, contained 1.0% TOC and 53% of 0.5 N HCI
extractable iron was present as Fe(ll). XRD and XRF measurements showed the
major minerals were quartz, kaolinite and albite. The chromium concentration was
approximately 3400 mg.kg™, which the chromium K-edge XANES spectra showed
was predominately present in Cr(Ill) oxidation state and EXAFS analysis showed
was within a mixed Cr(lI1)-Fe(lll) oxy-hydroxide phase. Tilt (2009) studied the
heterogeneity of this soil layer at a cm-scale and found that the proportion of 0.5N
HCI acid extractable iron in the Fe(ll) oxidation state can vary at this scale from 5%

to 90%.
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Figure 6.1 ANC titration curves obtained from the acid neutralisation test on freeze dried soil B2-310.
Diamond symbol — addition of HCI, Square symbol — HCO; addition.

The water from within the COPR has a pH of 12.2, Eh of +90 mV, and a Cr(VI)
concentration of 990 pM (51.5 mg.L™). The acid neutralisation capacity of B2-310
soil determined using HCI was approximately 1 mole H* per kg of soil (Figure 6.1).
The addition of NaHCO3™ produced a slower decline in pH, with 0.6 moles HCO3
per kg of soil required to reach pH 9.5. However, this then remained stable about this

value for the remainder of the experiment, up to 1.2 moles HCO3" per kg of soil.

6.3.3 Reduction microcosms

The initial pH of the pH amended microcosm series was 8.9, while the corresponding
sterile control had a slightly lower initial value of 8.6 (see Figure 6.2). In contrast the

initial pH of the unamended control microcosm series was 12.2. The pH value of pH
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amended microcosms increased slightly over the first 5 days before levelling off at
9.3, and remained steady about this value until the tests were sampled for microbial
community analysis on day 153. The pH value of the sterile control increased from
8.6 — 9.2 over the first 15 days, and remained steady about this value for the
duration of the experiment. The pH value of the unamended control decreased from
12.2 — 11.7 over the first 20 days before remaining steady about this value until the

tests were terminated for microbial community analysis on day 270.

At the first sample point (~1 hr) the aqueous Cr(VI) concentration in the pH
amended microcosms had dropped from the initial leachate value of 990 — 656 * 4
umol L™, with complete removal observed by 20 days. Similar removal rates were
observed in the corresponding sterile and unamended controls. Aqueous nitrate
concentrations decreased rapidly in the pH amended active experiments from an
initial value of 144 + 13 pmol L™ — 0 by day 5, with concentrations decreasing at a
similar rate in the unamended control. Nitrate was also removed from the sterile
control, but this occurred very slowly over 137 days (nitrate was not detected in
either backup control when they were sampled on day 137). Aqueous nitrite
concentration in pH amended microcosms increased slightly over the first 5 days,
before decreasing over the next 15 days. In contrast, nitrite concentration in the
corresponding sterile control increased slightly over the duration of testing
(confirmed by both backup sterile experiments). Nitrite concentrations also behaved
differently in the unamended control, increasing from 66 + 2 — 296 + 26 umol L™

by day 41 before decreasing steadily over the remainder of the test.
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(<) microcosms. Top to bottom; pH; pore water Cr(VI) concentration; pore water NOj
concentration; pore water NO,™ concentration; % of 0.5 N HCI extractable Fe as Fe(ll) in soils. Error
bars shown are one standard deviation from the mean of triplicate experiments.
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The percentage of 0.5 N HCI extractable iron present as Fe(ll) in the pH amended
microcosms decreased slightly before recovering to its initial value by day 20,
although this change is less than the measurement error. Beyond day 20, the
percentage acid extractable iron present as Fe(ll) increased steadily from 43 — 96%
on day 137. No significant increase in Fe(ll) percentage was observed in the

corresponding sterile and unamended controls over the duration of the experiment.

6.3.4 X-ray absorption spectroscopy
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Figure 6.3 Normalised chromium K-edge XANES spectra for soil from the pH 9 amended
microcosms on day 153 and for the standards.

The chromium XANES spectra from soil recovered from the pH 9 amended
microcosms on day 153 (Figure 6.3) indicated that all the Cr associated with the solid
phase was in the Cr(lll) oxidation state (i.e. all the Cr(\V1) initially present in the

COPR water had been reduced to Cr(l11)).
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Table 6.1 Summary of phylogenetic and OTU assignment from RDP and MOTHUR analysis using
95 and 98% confidence threshold and similarity cut off respectively

B2-310 pH9 amended Unamended control
Sequences OTUs Sequences OTUs Sequences OTUs

Deinococcus-Thermus - - 34 1
Acidobacteria 1 1 - -
Verrucomicrobia 2 2 - -
Planctomycetes 2 2 - -
Nitrospirae 3 2 - -
Actinobacteria 6 6 - -
Bacteriodetes 9 7 - -
Proteobacteria

o class 2 2 1 1 -

B class 12 5 2 2 -

y class 1 1 - -

3 class 1 1 - -

Not assigned to class 3 2 2 2
Firmicutes 13 9 39 15 5 4
Bacteria incertae sedis 1 1 - -
Unassigned 6 5 13 9 4 2
Total 62 46 57 29 43 6

A total of 62 rRNA gene sequences were obtained from B2-310. These were

assigned to 9 different bacterial

phyla (confidence threshold >98%), with

approximately 10% of sequences remaining unassigned (see Table 6.1). Three phyla

were dominant, with 31%, 19%, and 16% of sequences assigned to Proteobacteria,

Firmicutes and Bacteriodetes, respectively. The 57 sequences from the pH amended

microcosms on day 153 were assigned to just two bacterial phyla, Firmicutes and

Proteobacteria (68% and 9% of sequences, respectively), with the remaining 23% of

sequences unassigned. In contrast the 43 sequences obtained from the unamended

control microcosms on day 270 were also assigned to just two bacterial phyla,

Deinococcus-Thermus and Firmicutes (79% and 12% of sequences, respectively),

with 9% of sequences unassigned (see Appendix B.5 for full assignment details).
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Figure 6.4 Rarefaction curves from MOTHUR analysis using nearest neighbour assignment with 98%
similarity cut-off

Rarefaction analysis of the three populations (Figure 6.4) indicates that species
richness is highest in the B2-310 sample prior to incubation in microcosm systems
(Shannon Index, H’ =3.64 + 0.24). Species richness was slightly lower after 153 days
incubation in the pH amended microcosm (H’ = 3.07 £ 0.25), and lowest in the
unamended control microcosm on day 270 (H” = 0.62 + 0.36). The two dimensional
MDS representation of the sequence dissimilarity scores (Figure 6.5) largely reflects
this species diversity. The sequences recovered from the B2-310 population are
scattered widely across the whole area of the MDS plot, demonstrating relatively
wide diversity. In contrast the sequences recovered from the pH amended microcosm
population are grouped more closely together on the plot, with only a small degree of
scattering, reflecting that the species present were from significantly fewer phyla

(Table 6.1). The sequences from the unamended control population show the least
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degree of spread across the plot, with most confined to a single area, demonstrating

the very limited diversity recovered from this population.
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Figure 6.5 Two-dimensional configuration from the MDS analysis of the pair-wise sequence
dissimilarity scores: (X) B2-310 population, (<) pH amended microcosm, (+) and unamended
microcosm (distance scale within this Euclidean space is an arbitrary function of dissimilarity). The
“stress” (a measure of lack of fit) associated with this two dimensional representation decreased
marginally from 0.20 to 0.17 when the number of dimensions was increased to three, which suggest
that two dimensions adequately represent the dissimilaries in the data.

Firmicutes species represented 21% of the initial (B2-310) population, 68% of the
pH-amended microcosm population on day 153, and just 12% of the unamended
control microcosm population on day 270. Two genera were common to all three
populations. About 6% of the B2-310 population were Dethiobacter-like species (4

sequences), as were 5% of the unamended control population (2 sequences) and 42%
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of the pH amended population (24 sequences). Similarly, about 3% of the B2-310
population were Anaerobranca-like species (2 sequences), as were 2% of the
unamended control microcosm population on day 270 (1 sequence) and 4% of the
pH9-amended microcosm population on day 153 (2 sequences). A phylogenetic tree
showing characteristic members of the Dethiobacter-like and Anaerobranca-like
OTUs is shown in Figure 6.6 (the characteristic sequence is the sequence that is the
minimum distance from the other members of the OTU (Schloss et al., 2009)). In
contrast to the other two populations, the bacterial population of the unamended
control microcosms on day 270 was dominated by a single OTU (37 of the 43
sequences). This was a Truepera-like specie within the phylum Deinococcus-
Thermus. A phylogenetic tree showing a characteristic member of the Truepera-like

OTU is shown in Figure 6.7.
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Figure 6.6 Phylogenetic tree showing the relationship between representative sequences from major
OTU’s recovered from each population and other members of the orders Clostridiales and
Natranaerobiales of Firmicutes. Geobacter metallireducens (3-proteobacteria) is included as an out-
group. The scale bar corresponds to 0.1 nucleotide substitutions per site. Bootstrap values (from 1000
replications) are shown at branch points.
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Figure 6.7 Phylogenetic tree showing the relationship between a representative sequence from the
major OTU recovered from the unamended microcosm series day 270 and other members of the
orders Deinococcales and Thermales of the phylum Deinococcus-Thermus. Geobacter
metallireducens (3-proteobacteria) is included as an out-group. The scale bar corresponds to 0.1
nucleotide substitutions per site. Bootstrap values (from 1000 replications) are shown at branch

points.
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6.4 Discussion

The soil immediately beneath the COPR tip is thought to have been the surface layer
prior to waste tipping at the end of the 19" century. Cr(V1) bearing leachate from the
COPR waste has probably been entering this soil for over 100 years (Stewart et al.,
2010). Despite this flux the soil contains a population of bacteria which is relatively
diverse (46 different OTUs from 9 different phyla were identified within a clone
library of 62 gene sequences). The soil has accumulated ~3400 mg.kg™® Cr,
predominately present as Cr(l11). As the Cr(Ill) is within a stable Fe(l1l) oxide host
phase, it has been suggested that it has been reduced by microbially produced Fe(ll)

(Whittleston et al., 2011b).

When this soil is incubated in microcosm experiments with water from within the
waste pile under pH amended conditions, the microbial diversity decreases slightly.
In contrast, microbial diversity decreases significantly when there is no pH buffering
in the unamended control. Initially it might seem surprising that there is loss of
diversity in the unamended control microcosm experiments, which appear to
replicate the conditions in-situ. However geochemical conditions vary rapidly in the
former topsoil layer as the relatively oxic (Eh +90 mV) COPR water seeps into a
reducing environment. Undisturbed the soil would have had fabric that affects
seepage at a local scale, and it contains a variety of minerals that would buffer the pH
of the COPR water. Together these will have produced a range of geochemical
micro-environments within individual soil pores. Different micro-environments
within the soil pores would have favoured different bacteria, which would produce a
diverse clone library when the sample size is very much larger than the particle size.

In contrast the microcosm experiments were prepared from a homogenised soil
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sample, and were shaken to produce a soil suspension as part of microcosm
sampling. This would have produced more uniform geochemical conditions, which
would have put a selective pressure on the microbial population, favouring a sub-set
of the initial population to produce a less diverse population under essentially the

same bulk average geochemical conditions as those observed in-situ.

Aqueous Cr(VI) was completely removed from solution at similar rates in all
microcosm experiments, including the sterile pH amended control. XANES spectra
indicated that soil-associated chromium in the pH-amended microcosms was
predominately present in Cr(lll) oxidation state. Thus, Cr(VI) removal must have
been an abiotic process and was probably the result of a reduction reaction with
amorphous Fe(ll) in the soil. Cr(VI) readily reacts abiotically with Fe(ll) to produce
Cr(111) and Fe(111) (Lin, 2002). Indeed the capacity of these soils to remove aqueous
Cr(VIl) from COPR leachate via reductive precipitation as Cr(llI)-Fe(lll)
oxyhydroxides has previously been reported (Whittleston et al., 2011b). A small
decrease in the percentage acid extractable iron in the Fe(ll) oxidation state
concurrent with Cr(VI) removal was also observed in all experiments, but this was
less than the measurement error and therefore not significant. However this minor
reduction in Fe(Il) during Cr(\VI1) removal is consistent with the calculated Fe(ll) :

Cr(V1) ratio of 20-30 : 1 present in these experiments.

In the pH amended microcosms, aqueous nitrate was removed from the active
experiments at least an order of magnitude more quickly than in the corresponding
sterile control. In the microbially active experiments, aqueous nitrite concentration

increased slightly during nitrate removal but decreased again once the nitrate was
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gone. The removal of nitrite was then rapidly followed by an increase in the
proportion of acid extractable iron present as Fe(ll). The rate of nitrate removal in the
active microcosms (in comparison with the control) and subsequent depletion of
nitrite and Fe(l11) suggests that the reactions are microbially mediated and part of a
cascade of terminal electron-accepting processes. The gradual removal of nitrate in
the pH-amended sterile control was most likely an abiotic process as nitrate was also
removed from both backup controls (i.e. if nitrate removal was due to loss of sterility
in the sampled control then it is unlikely to have occurred in both back-up controls as
these were not sampled until day 137). The reduction of nitrate by Fe®'(aq) is
thermodynamically very favourable (even at high pH), but a direct reaction between
these ions in solution is kinetically inhibited (Choe et al., 2004; Hansen et al., 1996;
Ottley et al., 1997). However, the reaction can be surface catalysed by transition
metals and freshly formed Fe(lll) precipitates (Fanning, 2000; Ottley et al., 1997;
Postma, 1990). Fe(ll) oxyhydroxides are still sparingly soluble around pH 9, where
Fe?* is the main aqueous species (Langmuir, 1997). It therefore seems reasonable
that nitrate reduction by Fe**(aq) in a surface catalysed reaction was the mechanism

by which nitrate was removed from the pH amended sterile microcosms.

The biogeochemical behaviour of the unamended control microcosms differed from
the pH amended microcosms. Nitrate removal was observed over the first 2-3 weeks
concurrent with a significant increase in nitrite concentration. Subsequently the
nitrite concentration decreased steadily over the remainder of the experiment,
suggesting that nitrite reduction was following-on from nitrate reduction. Nitrate
reduction has been widely reported in high pH systems where the microbial

community has adapted to the ambient pH (Dhamole et al., 2008; Glass and
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Silverstein, 1998; Whittleston et al., 2011a), and in such systems it has been
observed that nitrite reduction to N, tends to lag behind nitrate reduction to nitrite
(Glass and Silverstein, 1998). Furthermore, the abiotic reduction of nitrate by
Fe?*(aq) is limited by its solubility minima around pH 11 (Smith, 2007), above which
Fe(OH)3™ is the dominant aqueous species (Langmuir, 1997). Thus it seems that
nitrate and nitrite reduction in the unamended (pH ~11.7) control microcosms were
microbially mediated processes, albeit occurring more slowly than with pH
amendment. However, the absence of a significant increase in the proportion of acid
extractable iron present as Fe(ll) over the duration of the unamended control
experiments suggests that microbial metabolism linked to Fe(lll) reduction was

inhibited at the unamended pH value.

The microbial community of the pH-amended microcosms was sampled when iron
reduction was the predominant biogeochemical process. Amendment of the pH to ~9
and the subsequent development of iron reducing conditions favoured bacteria from
the phylum Firmicutes. Two species, Dethiobacter and Anaerobranca, were also
found in B2-310 soil and unamended microcosms. The Dethiobacter-like sequences
are closely related to a clone, AJ431345, recovered from an alkaline tufa
environment (Stougaard et al., 2002) and also to the type species for this genus,
Dethiobacter alkaliphilus (EF422412), an obligate anaerobic alkaliphile isolated
from an soda lake environment (Sorokin et al., 2008). D. alkaliphilus is reported to
be involved in the reductive sulphur cycle, and is capable of reducing elemental
sulphur (Sorokin et al., 2008), but to date no capacity for iron reduction has been
reported. Dethiobacter-like species were a minor constituent of the original

population but clearly thrived when the pH was buffered to 9.3, however it must be
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noted that there is no direct evidence that they were responsible for the Fe(lll)

reduction observed.

The Anaerobranca-like species from B2-310 soil and the two actives microcosm
series form a distinct clade within the Clostridiales Incertae Sedis XIV, but are
closely related to several species of Anaerobranca, a genus containing fermentative
anaerobic extremophiles (see Figure 6.6). Whilst similarity of the 16S rRNA gene is
not evidence that organisms share other genes (e.g. those associated with adaptation
to a particular environment) it is nevertheless interesting that A. californiensis, A.
gottschalkii, and A. zavarzinii are all alkaliphilic thermophilic anaerobes (Gorlenko
et al., 2004; Kevbrin et al., 2008; Prowe and Antranikian, 2001). Similarly A.
horikoshii is an alkali-tolerant thermophilic anaerobe (Engle et al., 1995). A.
californiensis, A. gottschalkii and A. horikoshii are able to reduce iron and sulphur in
the presence of organic matter (Gorlenko et al., 2004). There is also evidence that A.
zavarzinii can reduce Fe(lll) to Fe(ll) but this is less conclusive (Kevbrin et al.,

2008).

The microbial community of the unamended microcosms was sampled when nitrite
reduction was the predominant biogeochemical process. This population was
dominated by a single OTU (37 of the 43 sequences), which is assigned to the order
Deinococcales and were most probably a Truepera species. The phylogenetic tree
constructed (Figure 6.7) confirms this classification. The only Truepera specie that
has been studied in detail is Truepera Radiovictrix, the type genus of the family
Trueperaceae, which is a radiation resistant, alkaliphilic, slightly halophilic aerobe

(Albuquerqgue et al., 2005).
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No exogenic carbon source was added to the microcosm experiments, so microbial
metabolism is supported by electron donors derived from the soil organic matter (the
soil contains 1% total organic carbon). In anaerobic systems the complete oxidation
of organic matter requires the cooperative activity of a community of
microorganisms collectively exhibiting several different metabolic pathways (e.g.
hydrolysis of complex organic matter, fermentation of sugars, and oxidation of fatty
acids, lactate, acetate and H, (1995; 1993a)). As processes such as dissimilative
nitrate and iron reduction require labile organic carbon (Gottschalk, 1986; Kim and
Gadd, 2008) the soil must contain consortium of bacteria capable of the continued
breakdown of less labile organic substrates (without replenishment, labile substrates
would have been consumed years ago). The development of a cascade of terminal
electron accepting processes in the pH-amended system suggests that it retained this
capability despite the slight decrease in microbial diversity. However, the failure of
the unamended control microcosms to progress beyond nitrate reduction after 270
days may be due in part to loss of microbial diversity impacting the community’s

ability to breakdown soil organic matter.

6.5 Engineering implications

Promoting in-situ bioreduction to Cr(Ill) is a promising way of stopping Cr(VI)
leached from legacy COPR disposal sites contaminating groundwater or damaging
aquatic ecosystems. However the very high pH of COPR leachate produces an
extremely challenging environment to microorganisms capable of dissimilative metal
reduction, and thus metabolic rates are slow even where the microbial community
has adapted to high pH. This study shows that reducing the pH to closer to the
optimum for many alkaliphiles (~pH9) using sodium bicarbonate promoted microbial

nitrate and iron reduction coupled to oxidation of electron donors derived from the
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soil organic matter. Amendment of pH by this method could therefore enhance the
immobilisation of chromium as Cr(V1) is reduced to Cr(l1l) by microbially reduced
Fe(ll). The advantage of pH amendment is that supplementing natural groundwater
ions such as Na® and HCO; may be more acceptable to regulating authorities
responsible for groundwater quality than the addition of either nutrients (bio-
stimulation) or non-native microorganisms (bio-augmentation). It required about five
times more HCOg3 than acid to buffer the soil pH to pH 9.5 (Figure 6.1). This is
because equilibrium is established between COs* and HCOs as this pH value is
approached, reducing the effect of further HCOj3 addition. However, despite the
higher addition rate, HCOs is probably the better pH buffer for promoting
bioremediation as the pH stability of the COs*/HCO3 buffered system will be better

for bacterial growth.

6.6 Conclusions

A diverse population of novel anaerobic alkaliphiles exists in the former topsoil layer
beneath a COPR tip, despite long-term exposure to oxidising Cr(\V1) contaminated
hyperalkaline leachate. This population contains taxa capable of coupling the
oxidation of soil organic matter to the biogeochemical cycling of nitrate and iron
during the progression of microbial anoxia. Addition of HCO3' to this soil produces a
system with a high buffering capacity at pH values close to the growth optima of
many alkaliphiles (Horikoshi, 2004). This promotes bio-reduction of Fe(lll), with
phylogenetic community analysis indicating that bacteria in the phylum Firmicutes
are most likely responsible. Bicarbonate amendment of pH is a promising method of
stimulating bioremediation of Cr(\V1) contaminated groundwater where the microbial

community have adapted to alkaline conditions.
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Chapter 7 Isolation of microbial iron reducers

This chapter reports results from several attempts made at obtaining viable single
specie isolates of the iron reducing alkaliphiles indigenous to the reducing zone
beneath the COPR (sample B2-310). It begins with an overview of the bioenergetics

of microbial iron reduction.

7.1 Introduction

The process of iron metabolism by microorganisms has been around for billions of
years, and is believed to have driven the global carbon cycle in the early earth’s
anaerobic atmosphere (Canfield et al., 2006). This method of metabolism is carried
out by a broad range of bacterial phyla, and is still widespread today in many
anaerobic niches. Examples of iron metabolising communities have been found in
deep sea environments, deep mines, and a broad range of subsurface soils and

sediments (Konig et al., 1997; Templeton, 2011; Zavarzina et al., 2006).

As discussed in Chapter 6, microbial reduction of iron is a result of the transfer of
electrons from the oxidation of organic carbon (or H,) to Fe(lll) species to obtain
energy for growth, in the absence of oxygen. This occurs either directly by use as an
terminal electron acceptor in place of oxygen during dissimilatory iron reduction
(respiration), or indirectly via the external dumping of electrons from a cell to
maintain a suitable redox balance as a consequence of the enzymatic transformation
of organic substrates (fermentation) (Nelson and Cox, 2005). In both processes
electrons are eventually transferred from the cell outer membrane to Fe(l11) by either

the direct transfer of c-type cytochromes, indirect transfer via electron shuttles, or
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indirect transfer to solubilised Fe(lll) species produced by organic chelators
(Newman, 2001). The use of each mechanism is not mutually exclusive, and is
dependent on the form of iron available and the physiology of the microorganism

present (Bird et al., 2011).

Complex soil organic matter is a primary source of organic carbon for
microorganisms in subsurface soils and sediments. Its complete breakdown by
microorganisms occurs with the production of a series of organic intermediates. The
initial hydrolysis of complex organic matter by bacterial hydrolytic enzymes yields
macronutrients such as proteins (amino acids), carbohydrates and long chain fatty
acids (Lovley, 1993). These in turn are broken down by microorganisms into simpler
organic molecules or H, which are then further oxidised by bacteria to eventually
form CO,. For example, fermentative bacteria gain energy through the fermentation
of complex sugars and proteins, with the reduction of Fe(ll1) reported in a wide range
of bacteria including Bacillus sp. (Pollock et al., 2007), Clostridium beirjerinckii
(Dobbin et al., 1999), Anoxynatronum sibiricum (Garnova et al., 2003) and
Anaerobranca californiensis (Gorlenko et al., 2004). The products of fermentation
include simpler organic compounds such as short chained fatty acids e.g. lactate and
acetate and H,. These in turn can be respired by dissimilatory Fe(lll) reducers, for
example acetate by Geobacter metalireducens (Lovley et al., 1993), lactate by
Cellulomonas flavigena (Sani et al., 2002) and H, by Geobacter sulfurreducens
(Caccavo et al., 1994). Simplified microbial dissimilatory iron reducing reactions

with acetate and H, are described below (Egn. 14 - 15) (Lovley, 1993);
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Acetate” + 8Fe(lll) + 4H,0 — 2HCO3 + 8Fe(ll) + 9H"
(14)
H, + 2Fe(lll) — 2Fe(ll) + 2H*
(15)

Bacteria respiring on these simpler organic substrates are reliant on the continued
breakdown of larger organic components by the action of fermentative bacteria to
provide substrates for their metabolism. The complete breakdown of complex soil
organic matter in-situ therefore requires the collaborative action of a community of
microorganisms utilising different metabolic pathways, which in anoxic

environments can be coupled to the reduction of iron.

The ability of microorganisms to reduce iron has been known since the 19" century.
However, it was not until more recently that the transformation of Fe(lll) to Fe(ll)
has become regarded as the most important chemical change that occurs in the
development of anaerobic soils, due to its influence on trace metal behaviour (Bird et
al., 2011; Lovley, 1991, 1997; Pollock et al., 2007; Zavarzina et al., 2006). The
production of Fe(ll) species by iron metabolising microorganisms has therefore been
suggested as a useful mechanism for the remediation of metal contaminated
subsurface environments, as well as other decontamination processes such as
dechlorination (Lovley, 1997). In COPR effected environments where pH values
easily can exceed 6.0 ferrous iron, Fe(ll), is regarded as the most important reductant
of Cr(VI) (Lin, 2002). The microbial transformation of iron can therefore catalyse
the reduction of chromium by providing a source of Fe(ll) for the abiotic reduction
of Cr(VI). If iron reducing conditions are maintained, the Fe(lIl) produced via this

reaction may subsequently be re-reduced, effectively replenishing the supply of
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Fe(Il) in the soils available for the abiotic reduction of Cr(VI). This has been
suggested as a possible mechanism for the remediation of Cr(VI) contaminated
environments in both laboratory studies (Wielinga et al., 2001), and during field

study’s where Cr(VI) enters an organic rich reducing zone (Higgins et al., 1998).

For this COPR site the results presented in chapter’s 4-6 strongly suggest that this
biotic-abiotic coupling is responsible for the natural attenuation of Cr(\V1) as Cr(lI)
in-situ. It appears that this mechanism is controlled by a community of indigenous
microorganisms containing anaerobic alkaliphiles, capable of iron reduction in
microhabitats where the pH is lower than the bulk soil value. Although the capacity
of this community to directly reduce Cr(VI1) cannot be ruled out, it is impossible to
distinguish from the Cr(V1) removal observed in microcosm experiments due to the
presence of significant proportions of Fe(ll). This is because the abiotic reduction of
Cr(VI) by Fe(ll) is reported to occur at a much faster rate than biological Cr(VI)

reduction (Wielinga et al., 2001).

The biostimulation method of bioremediation would involve the in-situ addition of
nutrients to nutrient starved systems or altering of conditions that is known to
stimulate the growth of the desired microbial community. The stimulation of these
indigenous iron reducing microorganisms in-situ could therefore increase the Fe(ll)
content in sediments and theoretically result in the increased attenuation of
chromium. For this study site, it has been demonstrated that soil organic matter
present in the horizon beneath the COPR waste is providing a supply of nutrients to
the indigenous microorganisms, allowing them to respire successfully. The results

from Chapter 6 show that pH amendment favours the development of microbial iron
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metabolism by the indigenous alkaliphilic population. This suggests that pH
amendment of the soil horizon in-situ as may provide a suitable bioremediation

strategy through the enhancement of iron bioreduction by indigenous alkaliphiles.

Due to the numerous metabolic pathways employed by microorganisms outlined
above, it is important to characterise the bioenergetics of the organisms responsible
for iron reduction at this site. This includes the organic substrates used and
mechanism of electron transfer to Fe(lll). This ensures that when implementing
biostimulation the correct amendments can be made that will have the best chance at
successfully stimulating the iron metabolising population in-situ. To do this, pure
single specie cultures capable of iron reduction are required. This chapter reports the
results of several methods employed in an attempt to produce such an isolate from

the soils beneath the COPR at this site.

7.2 Methods

7.2.1 Iron reducing consortium

It was identified in Chapter 4 that a consortium of iron reducing alkaliphiles could be
successfully cultured at pH 9.2 from soil B2-310 when incubated in the presence of
Fe(Il) citrate and yeast extract as the sole electron acceptor and donor respectively
(full details see Appendix A.4.1). This population was dominated by members of the
phylum Firmicutes, which accounted for 43 of the 44 clones successfully classified
to phylum level based on >95% similarity using the RDP classifier (Wang et al.,
2007). It is therefore reasonable to assume that members of this phylum are capable
of Fe(lll) reduction. The remaining clone was classified as a p-proteobacterium. A

detailed breakdown of the structure of the Firmicutes population recovered based on
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>95% similarity cut-off using the RDP classifier is shown in (Figure 7.1). Full clone

libraries for this population can be found in Table B.4.

Peptococcaceae Ur.ncla.ssmed
2% Firmicutes

5%

Unclassified
Clostridia
2%

Unclassified
Incertae Sedis XI
2%

Natronicola
2%
Alkaliphilus
2%

Figure 7.1 Microbial community structure of the Firmicutes population (43 clones) recovered
from the iron reducing consortium.

It was clear from the structure of the Firmicutes population recovered (Figure 7.1)
that the population remains relatively diverse, with genera from a range of families
including Peptococcaceae, Clostridiaceae, Incertae Sedis Xl and Incertae Sedis XIV
represented. A number of different experiments were subsequently designed to try

and isolate individual species from this initial consortium.

7.2.2 Iron reducing agar plates

In an attempt to produce isolates from the growth of individual microbial colonies,

2% agar plates composed of sterile iron reducing pH 9.2 media were produced and
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poured using aseptic technique (for full protocol see Appendix A.4.2). Once

solidified they were prepared from the iron consortium following two methods:

1. Streak plating
To produce streaked plates; 100 ul aliquots of iron reducing consortium exhibiting
successful growth were extracted using needles and aseptic technique. These were
transferred into 8 sterile 1.5 ml centrifuge tubes containing 400 pl sterile iron
reducing media and mixed. Immediately, a sterile loop was immersed into the
centrifuge tubes and used to streak across the surface of a pre-prepared agar plate.
This was repeated for the remaining 7 aliquots. All 8 streaked plates were then
transferred into a sealed plastic container and incubated in an anaerobic atmosphere

produced using Anaerogen™ sachets, at 21°C.

2. Dilution spreading
Plates were also prepared from a series of dilutions from the original iron reducing
consortium. Briefly, 5, 10, 20, 40 and 50 pl of the iron reducing consortium was
pipetted into a pool of sterile iron reducing media on the surface of the pre-prepared
agar plates, to a final volume of 100 pl. Each dilution was then spread across the
entire surface of the plates using aseptic technique. These were immediately
transferred into a sealed plastic container and incubated in an anaerobic atmosphere

produced using Anaerogen™ sachets, at 21°C.

During preparation, all steps were progressed as quickly as possible to reduce the
impact of exposure to atmospheric O, as excessive exposure may harm obligate
anaerobic microorganisms. Successful growth was indicated by the clearing of the

agar and/or appearance of colonies. Where a colony could be identified it was
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transferred into a 1.5ml centrifuge tube containing sterile growth media using a
sterile needle. This was then mixed and injected into sterile growth media bottles

using aseptic technique and incubated in the dark at 21°C.

7.2.3 Serial dilution

The second method employed in an attempt to produce an isolate culture was the
serial dilution of the iron reducing consortium into fresh growth media. This method
is based on the theory of most probable number (MPN) analysis that suggests
successive dilutions of a population will eventually produce a system where the
population is absent or consist of a single individual. In microbiology this therefore
gives the potential for a dilution of an initially mixed culture to consist of a single
cell which can therefore grow into a culture containing a single species. The iron
reducing consortium was repeatedly progressed into fresh sterile iron reducing media
bottles, producing a series of 10* — 10% dilutions (for full protocol see Appendix

A.4.3). These were then incubated in the dark at 21°C.

7.2.4 DNA extraction

Successful growth in media bottles from methods was indicated by precipitate colour
change from orange to black, and confirmed using the ferrozine method (for full
protocol see appendix A.3.2). Any successful growth was then progressed to fresh
media bottles to confirm a viable iron reducing culture had been obtained. DNA was
then extracted from the viable cultures and prepared for 16s rRNA sequence analysis
(for full protocol see Appendix A.5.2). Sequencing was performed by GATC biotech

Ltd.
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7.2.5 Phylogenetic assignment

The sequences recovered from each culture were classified using the Ribosomal
Database Project (RDP) naive Bayesian Classifier with a confidence threshold of
95%. A full description of the RDP Classifier can be found in Wang et al. (2007).
The sequences were also grouped into operational taxonomic units (OTUSs) using the
MOTHUR software (Schloss et al., 2009) with a >98% nearest neighbour sequence
similarity cut-off value (see Appendix B.5 for full clone libraries detailing
phylogenetic assignment from each culture). Representative sequences from selected
OTUs from each culture were aligned with known 16S rRNA gene type sequences of
the phylum Firmicutes retrieved from the EMBL database, using the ClustalX
software package (version 2.0.11). Phylogenetic trees were constructed from the
distance matrix by neighbour joining, with bootstrap analysis performed with 1000
replicates. Resulting phylograms were drawn using the TreeView (version 1.6.6)
software package, and rooted to Geobacter Metallireducens (L07834), included as an

out-group.

7.3 Results

7.3.1 Streaked plating

The agar plates began to clear where they had been streaked after approximately 1
week of incubation (Figure 7.2). Despite this, individual colonies could not easily be
identified. Instead, several media bottles were inoculated from needles touched into
the plate at the edge of the cleared area. Two viable iron reducing cultures were

obtained from these inoculations, P-2-3 and P-2-9.



Figure 7.2 Clearing of iron reducing agar plates after 1 week of streaked incubation with iron
reducing consortium

A total of 11 rRNA gene sequences were obtained from culture P-2-3, and all were
assigned to the order Clostridiales within the phylum Firmicutes (confidence
threshold of >95%). Within this order, 7 of the 11 sequences were assigned to the
family Incertae Sedis XI, specifically the genera Tissierella (6), with the final 4
sequences remaining unassigned. MOTHUR analysis assigned this population to 4
distinct operational taxonomic units (OTUs), with 45% of the sequences recovered (5
of 11) contained within the largest OTU (E1). Sequences within OTU E1 were

assigned to the genus Tissierella.

A total of 12 rRNA sequences were obtained from culture P-2-9, and all were
assigned to the phylum Firmicutes. All but one of these sequences were assigned to
the order Clostridiales (confidence threshold of >95%). The remaining sequence was
assigned to the order Bacillus. Within the order Clostridiales, 9 of the 11 sequences

were assigned to the family Incertae Sedis XIV, specifically the genera
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Anaerovirgula (7) and Anaerobranca (2). The remaining 3 Clostridiales sequences
were assigned to the genus Tissierella. MOTHUR analysis assigned this population
to 4 OTUs, with 58% of the sequences recovered (7 of 12) contained within the
largest OTU (F1). Sequences within OTU F1 were assigned to the genus

Anaerovirgula.

7.3.2 Dilution spreading

The plates that had been spread with different concentrations of the initial iron
reducing consortium began to clear after approximately 3 days incubation, starting
with the plates that had received the highest concentration. After 2 weeks incubation
all plates had cleared. Unfortunately these plates cleared in a uniform manner
without the appearance of distinct individual colonies clearing the area of agar
around them. It was therefore again difficult to identify individual colonies under a
microscope and transfer to fresh media bottles using a needle. Despite this, one
viable culture was obtained, PD-2-9. A total of 18 rRNA sequences were recovered
from this culture, with 17 assigned to the order Clostridiales within the phylum
Firmicutes (confidence threshold of >95%). The final sequence remained assigned as
an unclassified bacterium. Within the order Clostridiales, 13 sequences were
assigned to the family Incertae Sedis XIV, specifically the genera Anaerovirgula (6)
and Anaerobranca (6), and 3 sequences assigned to the genus Tissierella within the
family Incertae Sedis XI. MOTHUR analysis assigned this population to 5 OTUs,
with 39% of the sequences recovered (7 of 18) contained within the largest OTU

(G3). Sequences within OTU G3 were assigned to the genus Anaerobranca.
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7.3.3 Serial dilution

Iron reducing conditions were established in all the dilutions produced, and
developed in series with the highest dilution, 10', taking the longest period of
incubation, approximately 1 month, before growth was observed. A total of 17 rRNA
sequences were therefore recovered from the culture produced from the highest
dilution, SD-10. All 17 sequences were assigned to the order Clostridiales within the
phylum Firmicutes (confidence threshold of >95%), with 15 assigned to the family
Incertae Sedis XI, specifically the genus Tissierella (14). The remaining 2 sequences
were assigned to the genera Anaerobranca and Anaerovirgula within the family
Incertae Sedis XIV. MOTHUR analysis assigned this population to 3 OTUs, with
88% of the sequences recovered (15 of 17) contained within the largest OTU (H1).

Sequences within OTU H1 were assigned to the genus Tissierella.

Table 7.1 Summary of phylogenetic assignment from RDP classifier (95% confidence threshold) and
MOTHUR analysis (>98% nearest neighbour similarity cut-off). Full sequence assignments can be
found in Appendix B.5.

Source: Streaked plate | Streaked plate | Plate spreading | Serial dilution
Culture: P-2-3 P-2-9 PD-2-9 SD10
Number of sequences: 11 12 18 17
Firmicutes 100% 100% 94% 100%
Clostridiales 100% 92% 94% 100%
Incertae Sedis XI 64% 17% 17% 88%
Tissierella 55% 17% 17% 82%
Unclassified XI 9% - - 6%
Incertae Sedis X1V - 75% 2% 12%
Anaerovirgula - 58% 33% 6%
Anaerobranca - 17% 33% 6%
Unclassified XIV - 6% -
Unclassified Clostridiales 36% - 6% -
Bacillales - 8% - -
Bacillaceae - 8% - -
Unclassified - 8% - -
Unclassified - - 6% -
Number of OTUs 4 4 5 3
Number in largest OTU 45% 58% 39% 88%

7.4 Discussion

It is clear that despite multiple attempts, a single specie culture was not isolated from

the original iron reducing consortium. Each of the 4 populations characterised from
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the isolation attempts were found to contain multiple OTUs, and were assigned to a
variety of genera. A successful experiment was expected to only contain sequences
from a single species, indistinguishable from one other with the distances between
them easily within the 98% nearest neighbour threshold applied during MOTHUR
analysis. Therefore 100% of these sequences would be expected to be contained
within a single large operational taxonomic unit. Several factors may have attributed
to the failings of these methods. Distinct colonies were not observed during the plate
methods as were expected, and instead cleared in a uniform manner. This made it
impossible to be certain that individual colonies were transferred to the media bottles
for incubation, and may account for the range in species observed if more than one
species was carried on the needle. In addition it was noted that microbial growth
progressed downward into the gel, which made it difficult to be precise in
transferring individual colonies without disturbing a wider area and increasing the

risk of carrying multiple species.

Although no viable isolate was produced, the vast majority of the sequences
recovered from each population were assigned using the RDP classifier to just 3
microbial genera within the Firmicutes phylum, Anaerobranca, Anaerovirgula and
Tissierella. These populations were found to contain 3-5 OTUs, with the amount of
sequences contained within the largest OTU ranging from 39% in the viable culture
obtained from dilution spreading, to 88% of the population recovered from 10*° serial
dilution. As the phylogenetic identity of the largest OTU also varied between
samples, this suggests that the methods used had varying degrees of success in
reducing the initial consortiums diversity, and/or favoured the growth of a particular

OTU. For example, the major OTUs recovered from P-2-3 and SD10 (E1 and H1
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respectively) were both assigned to the genera Tissierella. However, OTU H1
contained 88% of the sequences recovered compared to E1 which contained only
45%. The largest OTUs in the remaining two populations P-2-9 (F1) and PD-2-9
(G3) accounted for 58% and 39% of the sequences recovered, and were assigned to
the genera Anaerovirgula and Anaerobranca respectively. Each of these three genera
were represented in the original iron reducing consortium (Figure 7.1).
Anaerobranca and Tissierella like sequences were also recovered from the initial B2-
310 population (clone FR695956 and FR695962 respectively). The lack of
Anaerovirgula like sequences in the original soil is likely due to it being a very minor

constituent of the original population.

A phylogenetic tree was constructed to show the relationship between representative
sequences from the largest OTU in each population to known Firmicutes type
species, and to other sequences recovered from the initial soil and microcosm
populations (Figure 7.3). This tree confirms the RDP classification of the dominant
OTUs E1 and H1 as most likely members of the genus Tissierella, and OTU G3 as
most likely members of the genus Anaerobranca. OTU G3 forms a clade with other
Anaerobranca-like species recovered from the initial population and microcosm
experiments, and share the closest type species Anaerobranca gottschalkii (Prowe
and Antranikian, 2001), Anaerobranca californiesis (Gorlenko et al., 2004) and
Anaerobranca zavarzinii (Kevbrin et al., 2008). These anaerobic extremophiles,
discussed in detail in Chapter 6, are reported to be metabolise via fermentation on a
variety of organic substrates, including yeast extract, and are capable of reducing
iron (Gorlenko et al., 2004; Kevbrin et al., 2008; Prowe and Antranikian, 2001). The

nearest type species to OTU E1 and H1, Tissierella creatinophila and Tissierella
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praeacuta, are also fermentative anaerobes capable of metabolism with a variety of
organic substrates, including yeast extract. However, their growth optima of pH of
~7.5 is lower than that of the reported Anaerobranca sp. and to date any ability to
reduce Fe(ll1) has not been reported (Farrow et al., 1995; Harms et al., 1998). These
two OTUs appear to form a distinct clade separate from their nearest type specie and
original soil clone B2-3101-62, suggesting they may represent a different species

within the same genus.

The position and high bootstrap value of OTU F1 to the closest type specie
Anaerovirgula multivorans confirms its RDP classification as most likely a member
of this genus. Anaerovirgula multivorans is an obligate anaerobic, alkaliphilic
bacterium isolated from a soda lake environment (Pikuta et al., 2006). It is capable of
growth at a pH value up to 10 by fermentation on a number of substrates including
sugars, amino acids, and cellulose in the presence of yeast extract, but is not reported
to reduce Fe(lll) (Pikuta et al., 2006). Although the RDP classifier assigns this genus
to the family Incertae Sedis X1V, its actual family classification appears to be poorly
understood. The authors who isolated A. Multivorans suggest it belongs to the
clostridial cluster X1, however the phylogenetic tree constructed for this study places
this sequence distant from both cluster XI and XIV, closest to members of the family
Clostridiaceae. The presence of relatively low bootstrap values amongst this family
highlights the uncertainty of its classification to family level, and is likely due to the

lack of other known Anaerovirgula type species.
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Figure 7.3 Phylogenetic tree showing the relationship between representative sequences from
major OTU’s recovered from each population, other members of the orders Clostridiales and
Natranaerobiales of Firmicutes and representative sequences from major OTU’s recovered from
previously reported populations. Geobacter metallireducens (3-proteobacteria) is included as an
out-group. The scale bar corresponds to 0.1 nucleotide substitutions per site. Bootstrap values (from
1000 replications) are shown at branch points.
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In-situ microbial populations will frequently rely on each other to break down
complex organic matter to liberate the substrates required for various metabolic
pathways, existing in symbiotic relationships. Yeast extract was used in these
experiments as it is a broad specificity electron donor, providing many different
substrates required for fermentative metabolism in anaerobic environments. The
fermentation of yeast extract also yields acetate, H, and CO, (Lovley, 1993), which
may further act as substrates for microbial respiration. The complexity of yeast
extract as a carbon source could therefore mean that some organisms in these
cultures are reliant on its break it down into simpler substrates required for their
metabolism. This could also explain the difficulties encountered in producing an
isolated culture as symbiotic relationships may be essential for the survival of an
organism. However, whilst similarity of the 16S rRNA gene is not evidence that
organisms share genes (such as those controlling metabolic pathway) the closest type
species to the dominant OTU’s recovered from these populations are all reported to
metabolise via fermentation on multiple substrates, including yeast extract (Gorlenko
et al., 2004; Harms et al., 1998; Kevbrin et al., 2008; Pikuta et al., 2006; Prowe and

Antranikian, 2001).

7.5 Conclusions and future considerations

Although a number of viable cultures were recovered from the experiments, the
methods employed were unsuccessful at isolating a single species from the original
iron reducing consortium for extensive characterisation. This may be due to the
microorganisms, specifically Anaerobranca, Anaerovirgula and Tissierella-like
clones, reliant on symbiotic relationships for successful metabolism. Failure may

also be the result of the difficulties encountered with the methods used. It would
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therefore be prudent to make the following considerations when attempting to isolate

species from the iron reducing consortium in the future:

Plate incubation techniques appear to be unsuitable due to the growth
characteristics of the microorganisms contained within the iron reducing
consortium.

The presence of the fewest OTUs (3) and relative proportion contained within
the largest OTU (H1 88%) suggests that the serial dilution method has been
most successful at reducing the diversity from the initial consortium.
Producing serial dilutions with dilution factors beyond 10 is therefore an
obvious adaptation to this method.

Research into the metabolism of the nearest type species may identify a more
specific fermentative substrate that may be unique to the metabolism of a
single species. Use of this substrate in the place of yeast extract may therefore

aid in the isolation of a single species.

Despite the lack of an isolated culture, the sequences recovered displayed clear

similarity to known iron reducing species, to genera recovered from the original iron

reducing consortium, and to members of the original soil population. The use of a

variety of isolation techniques produced similar populations dominated by one or

more of just three clostridia species within the Anaerobranca, Anaerovirgula and

Tissierella genera. It can therefore be said with some confidence that these

microorganisms will at least in part be responsible for iron reduction within in-situ

microhabitats, and should be the target of future characterisation studies. This

population of iron metabolising microorganisms are therefore responsible for
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mediating the subsequent abiotic attenuation of chromium. It is likely that the
collaborative action of multiple microorganisms capable of iron reduction is
responsible for producing Fe(ll) in-situ. Thus, it may be more applicable for the
purposes of this research to characterise the iron reducing consortium as a whole. For
example, the susceptibility of the consortium to pH change and Cr(VI) toxicity
would provide more useful information in order to advise future bioremediation

strategies for this site, than the response of a single microorganism.
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Chapter 8 Summary and future considerations

8.1 Summary

The significant financial costs and hazards associated with the relocation of COPR
waste mean there is a clear need to develop in-situ remediation strategies for these
environments. The success of these strategies is reliant on the detailed assessment of
chromium mobility at COPR sites due to the high mobility of Cr(VI) contained
within contaminated subsurface hyperalkaline leachates. It was therefore the
objective of this project to develop a thorough understanding of the complex
biogeochemical interactions occurring within the subsurface at a site of COPR
disposal. The roles these play on the fate and stability of the toxic contaminant
Cr(VI) have subsequently been investigated in detail. These results have presented
evidence supporting the existence of a microbially mediated zone of natural
attenuation beneath the waste which itself significantly limits the mobility of Cr(\V1).
This reactive zone is facilitating the reductive precipitation of Cr(VI) as it percolates
vertically from the waste above by reaction with microbially produced Fe(ll). This is
forming a Cr(111)-Fe(lll) oxyhydroxide phase which is resistant to remobilisation by
oxygenated DIW, therefore providing a stable hosting environment for chromium
leached from waste. A novel population of anaerobic alkaliphilic microorganisms
capable of replenishing the supply of Fe(ll) required for this abiotic reduction has
been identified within this horizon. The biostimulation of this indigenous population
in-situ may therefore provide a suitable remediative strategy to increase Cr(VI)

immobilisation. A wide range of geochemical, microbiological and analytical
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techniques were employed to investigate the processes occurring within this zone.

The findings of this thesis are summarised below.

Chapter 4 identified the effects of a Cr(VI) contaminated hyperalkaline plume
migrating away from the COPR tip as it enters adjacent soil horizons. Sub-oxic soils
immediately beneath the waste were found to be accumulating chromium as a result
of interaction with this contaminant plume. Microcosm studies showed these soils
were able to remove Cr(VI) from solution when mixed with contaminated
groundwater. Cr K-edge XANES analysis demonstrated that all of the chromium
within these sediments was accumulating in the reduced Cr(l111) form. A microbial
population capable of iron reduction was found to be indigenous to this horizon, and
appear to be producing significant amounts of Fe(ll) in-situ. As Fe(ll) is the principle
transformer of Cr(V1) at pH >6 (Lin, 2002), this provides a viable mechanism for the
reductive precipitation of Cr(VI) as it is leached vertically from the waste, due to the
low solubility of the resulting Cr(l1l) phase. The existence of this mechanism was
further supported by the association of chromium with iron in these soils identified
from (S)TEM elemental mapping, and Cr K-edge EXAFS modelling indicating the
presence of a mixed Cr(l11)-Fe(l1l) oxy-hydroxide phase. This phase was deemed a
stable hosting environment for Cr(lll) as it was shown to be resistant to
remobilisation via air oxidation. These results demonstrate the importance of
biogeochemical interactions occurring within the subsurface to influence Cr(VI)
mobility, and have identified the presence of a natural zone of chromium attenuation
beneath the waste itself. Harnessing this microbially mediated coupled biotic/abiotic

mechanism of chromium immobilisation provides a potential strategy for
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implementing in-situ remediation through the biostimulation of the controlling

population.

The effect of the development of microbial anoxia on oxidised sediments recovered
from directly beneath the COPR when mixed with Cr(VI) contaminated surface
waters was investigated in Chapter 5. The microbial population was found to be able
to metabolise using electron donors derived from soil organic matter present within
the sediments despite a pH value of 10.5. This population was capable of reducing
nitrate without the addition of an exogenic electron donor. However, the addition of
acetate as a more readily accessible electron donor was required in order to progress
to Cr(VI) and Fe(lll) reducing conditions. This follows the cascade of microbial
terminal electron accepting processes expected with the development of microbial
anoxia (Froelich et al., 1979). The removal of Cr(V1) could theoretically be attributed
to direct microbial reduction of Cr(VI). However, it is more likely the result of the
onset of Fe(l11) reduction producing Fe(ll) available for the reductive precipitation of
Cr(VI) as described in Chapter 4. The complete removal of aqueous Cr(VI) by this
coupled mechanism would then account for the subsequent accumulation of Fe(ll)
observed within these experiments. These results highlight the ability of the
indigenous microbial population to progressively influence biogeochemical cycling
under extreme conditions. Their successful metabolism despite the high pH and
Cr(VI) toxicity was also observed in Chapter 4. This is indicative of evolutionary
adaptations in the indigenous population, and suggested the presence of alkaliphiles.
These adaptations to the novel indigenous population and their ability to influence
the biogeochemical cycling of iron and chromium are important as they would form

the basis for the implementation of future bioremediation strategies.
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Chapter 6 investigated the response of the alkaliphilic population indigenous to the
reduced COPR affected sediments when incubated with contaminated groundwater
under differing conditions. The results have demonstrated the potential of pH
amendment as a strategy to enhance the bioreduction of iron. By reducing the pH to
9.2 using sodium bicarbonate, a well buffered system close to the growth optima for
many alkaliphiles (Horikoshi, 2004) was established. This was found to favour the
development of iron reducing conditions, without the need for the addition of an
exogenic electron donor. Phylogenetic assignment of the community recovered from
the iron reducing population revealed initial species diversity had been lost, and the
population had become dominated by members of the phylum Firmicutes. In contrast
although slow nitrate reduction did occur, incubation without pH amendment did not
result in the onset of iron reduction. Instead this population was dominated by
extremophiles from the phylum Deinococcus-Thermus. The enhancement of Fe(lll)
reduction therefore appears to be a result of the reduction in metabolic stresses
associated with hyperalkalinity on the indigenous microorganisms. These results and
the stability of the bicarbonate buffered system suggest it may be a suitable strategy
to employ in-situ to stimulate bioreduction. As a result, this could increase the
amount of Fe(ll) available for the reductive precipitation of Cr(VI) as it enters the
reducing horizon within migrating COPR leachates. This method may therefore be
applicable for a wide variety of metal contaminated subsurface environments where
the influential indigenous microorganisms are specifically adapted to alkaline
conditions. Thus, these results have broad implications when discussing future in-situ
remediation strategies of metal contaminated environments derived from alkaline
solid wastes (e.g. coal fly ash, bauxite processing waste (red mud) and a range of

steel industry slags (Cornelis et al., 2008; Mayes et al., 2011; Mayes et al., 2008)).
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Although a reduction in pH has been shown to stimulate iron metabolism, further
information on the physiology of the influential species would increase the likelihood
of success when implementing any future remediation via biostimulation. Chapter 7
reported the difficulties associated with attempting to isolate novel iron reducing
alkaliphiles from a consortium of iron reducers indigenous to the reducing horizon.
Although the isolation attempts resulted in a decrease in diversity from the original
consortium, a single species was not successfully cultured. Despite this, the vast
majority of the sequences recovered were assigned to just three genera from the
phylum Firmicutes. The repeated appearance of these Anaerobranca, Anaerovirgula
and Tissierella-like clones recovered from the iron reducing alkaline cultures
strongly suggest that these species have the capacity for iron metabolism at high pH.
These results showed that; 1) further method refinement is required in order to
successfully culture individual species; and 2) it is likely the collaborative action of
multiple microorganisms capable of iron reduction is responsible for producing
Fe(Il) in-situ. Indeed, just 0.1-10% of bacteria in soils are believed to be cultivable
(Torsvik et al., 2002). It was concluded that it may both be more successful and
beneficial to characterise the iron reducing consortium as a whole prior to advising

the bioremediation by biostimulation of this site.

8.2 Future considerations

Despite having identified the presence of a natural microbially mediated reactive
zone that provides a mechanism acting to reduce chromium mobility within the
subsurface, our understanding of the extent of Cr(\VI) contamination on site is still
incomplete. The continuity and extent of this reducing horizon and thus its
fundamental efficiency at intercepting Cr(VI) containing leachates is not clear.

Indeed, there may be areas under the site where the horizon is absent or suitably thin
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that Cr(V1) enters the underlying alluvial gravels. As the underlying groundwater
within these alluvial gravels poses a possible pathway for wider contamination,

additional research into the mobility of Cr(VI) within this material is required.

Our understanding of fate of chromium entering the reducing horizon adjacent to the
COPR is now more advanced; however the precise implications this may have on
future in-situ remediation strategies is still not fully understood. The results from
laboratory studies have clearly identified the potential of harnessing the natural
microbial process of iron reduction occurring within these sediments to reduce
Cr(VI) subsurface mobility. The experimental procedures employed throughout this
investigation were designed to replicate in-situ interactions as closely as possible.
Despite this, the use of microcosm experiments to replicate the biogeochemical
processes occurring within the sediment-leachate interface does not produce an ideal
proxy for subsurface environments. These closed systems allow the development of
steady state geochemical conditions during the progression of microbial anoxia,
where in reality the subsurface is a dynamic, open system. For example, in-situ soils
are likely to be receiving a seasonally variable flux of Cr(\VI) contained within
hyperalkaline leachates. These may act to suppress microbial activity to varying
degrees due to the toxicity of Cr(\V1), and continued pressure of hyperalkalinity. The
effect this would have on the potential for the biostimulation of the indigenous
population is not known, and neither is the capability of the bicarbonate buffered
system to maintain its stability under such dynamic conditions. Therefore, column
tests and small scale in-situ field trials are a logical progression to help clarify the
feasibility of pH amendment using sodium bicarbonate as a method of stimulating

microbial iron reduction within site sediments. Furthermore, the detailed
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characterisation of the consortium of iron reducing alkaliphiles would increase our
understanding of their fundamental physiology. This would aid the implementation
of successful biostimulation at this site. For example by measuring the effects of a
different growth conditions on the rate of iron reduction, it may be possible to
identify ways of increasing the efficiency of the stimulation of bioreduction in-situ.
This may include the use of less broad specificity organic substrates, to enable
greater control on the stimulation of the beneficial microbial metabolic processes.

The tolerance of this community to Cr(V1) toxicity should also be investigated.

The deliberate stimulation of indigenous alkaliphilic microorganisms as a method of
enhanced natural attenuation of Cr(VI) contaminated groundwaters within the
subsurface is a novel concept. As a treatment, this would rely on the development of
a steady alkaline pH to promote the metabolism of indigenous alkaliphilic
microorganisms which have the capacity for iron reduction in anoxic sediments. pH
amendment strategies traditionally aim to reach circumneutral values. It is therefore
likely that this method will be less costly due to the as smaller volumes of chemicals
required to achieve the desired pH. These amendments could also be applied in-situ
via the injection of buffering solutions directly to the subsurface. Thus, this may
provide a suitable intervention strategy for COPR contaminated environments where

the relocation of waste itself poses significant danger to health.

In addition, the findings of this thesis have wider implications applicable to the
remediation of similar contaminated environments. Numerous other industrial
processes produce large volumes of alkaline solid wastes, which are often found at

poorly managed legacy disposal sites across the globe (Cornelis et al., 2008; Mayes
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et al., 2011; Mayes et al., 2008). These wastes have the potential to form heavy metal
contaminated hyperalkaline leachates which can travel within the subsurface, similar
to those derived from COPR. It is possible that in these environments similar
adaptations to the indigenous microbial population exist which allow for successful
metabolism despite high pH and metal toxicity. In subsurface anoxic soils, the
importance of Fe(ll) produced from microbial iron metabolism is well known, due to
its influence on the behaviour of many trace metals, not just chromium (Lovley,
1991). Thus, pH amendment could be considered as a potential remediative strategy
to enhance the bioreduction of iron in-situ, where the presence of microbially

produced Fe(ll) results in the beneficial transformation of a contaminant.
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Appendix A Materials and methods

A.1 Materials

A.1.1 Soils sampling and storage

Initial soil samples were acquired by D. I. Stewart and 1. T. Burke from exploratory
boreholes produced using cable percussion drilling during a professional site
investigation in March 2007. These samples were taken from approximately 1 metre
below the COPR, at a depth approximately 7 metres below ground level. Samples
were stored in the dark at 4°C until use in March 2008, with sample manipulation
kept to a minimum prior to use as the oxidised COPR affected soils discussed in

Chapter 5.

In March 2009, further soil samples were taken at varying depths from 6 boreholes
produced in transect leading away from the south-western edge of the waste using a
using a hand auger and 1 metre core sampler. Bulk samples for use in microcosm
incubations and XRD/XRF measurements were stored in the dark at 4°C in sealed
polythene containers with experimental conditions established rapidly after sampling
to limit the effects of sample ageing. Samples to be used in initial microbial
community analysis were also kept in sealed containers in the dark at 4°C, but
further stored in an anaerobic atmosphere produced using Anaerogen™ sachets.
These sachets were specifically selected due to their ability to consume oxygen while
not producing hydrogen which would facilitate microbial respiration. Soil samples
for XAS analysis were stored at —80°C in glass vials prior to preparation. These soils

were used in the research presented in Chapters 4 and 6.
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A.1.2 Water sampling and storage

All water samples were stored in polythene containers in the dark at 4°C. Site ditch
water was collected by hand in February 2008, and stored in sealed polythene
containers until use in March 2008 for the research presented in Chapter 5.
Groundwater from within the waste itself was collected in March 2009 using
disposable PVC bailers from a monitoring standpipe (BH5) screened into the waste
by a professional site investigation in 2002. This groundwater was used in the

research presented in Chapters 4 and 6.

A.2 Sample characterisation

A.2.1 Soil pH

Soil pH was measured following the ASTM (2006) standard method for pH in soils.
10g of soil was made up to a 1:1 suspension with deionised water and left for 1 hour
before measurement was taken using an Orion bench top meter. Electrodes were

regularly calibrated between 7 and 10 using standard buffer solutions.

A.2.2 Leachable Cr(VI) in soils

Water soluble Cr(VI) content in soils was measured to provide information on the
concentration of Cr(V1) compounds contained within samples and thus their potential
to become mobile and leach into the wider environment, following the method of
Vitale et al. (1997). Initially, a 10:1 suspension of soil to deionised water was
incubated for 24 hours with shaking at 150 rpm in 15ml centrifuge tubes. 1.5 ml was
then extracted and centrifuged (3 min, 16,000 g). Aqueous Cr(VI1) concentration in
the supernatant was then determined using standard UV/VIS spectroscopy methods
described below. Due to the suspected presence of freshly precipitated Cr(lll)

hydroxides in soils, alkaline extraction methods where not performed as method
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induced oxidation of Cr(lll) is likely in these samples (USEPA, 1996; Vitale et al.,

1997)

A.2.3 X-ray powder diffraction (XRD) and X-ray fluorescence (XRF)

XRD is a method of analysis used to identify bulk crystalline phases present within
samples (Slaughter and Falco, 1992). X-rays are fired at a sample, and diffract to
varying degrees based on varying distances between crystal lattices. Different
crystals have different lattice distances and thus diffract X-rays to different extents
(Zacharia, 1967). These diffractions can be detected to enable the production of a
diffractogram unique to the crystals present. By varying the angles of X-rays fired at
the material (theta, 0), polycrystalline structures can be identified and separated

dependent on the diffraction produced

Sequential XRF analyses provide information on elemental concentration within the
sample. It is able to identify elements at trace levels below 1 ppb, and up to 100%.
The sample is first powdered and fused into a glass bead, and then primary X-ray
photons fired at it. This energy is absorbed and promotes electrons from within the
element to be ejected from its inner orbital. Replacement of these electrons happens
by transition of electrons from outer to inner orbitals and results in the emission of a
secondary X-ray photon (the florescence measured). This emission corresponds to
both the energy required to eject the initial electron, and the distance travelled by the
replacing electron (Beckhoff et al., 2006). The length of the transition path between
the different electron orbitals and energy required to eject the initial electron is
unique to different elements. Thus, the emitted secondary X-ray wavelength
corresponds to the element present and enables identification of the elemental

makeup of a sample. The intensity of the secondary X-ray emitted corresponds to
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concentration, and can be calculated by comparison to known standard materials. By
rotating the detector angle to measure each wavelength, a comprehensive step by step

analysis of the elements present can be established.

X-ray powder diffraction (XRD) was performed on a Philips PW1050 Goniometer
and X-ray fluorescence (XRF) on a Philips PW2404 wavelength dispersive
sequential X-ray spectrometer. Borehole soil samples recovered in 2009 were first
freeze dried, ground to < 75 um prior to XRD analysis, and further fused into a bead

prior to XRF analysis. Data were corrected for loss on ignition (LOI).

A.2.4 Total organic carbon (TOC)

Approximately 25g of homogenised soil was oven dried at 105°C and disaggregated
with a mortar and pestle for carbon content determination. A portion of each sample
was pre-treated with 10% HCI to remove any carbonates present following the
method of Schumacher (2002). The total organic and inorganic carbon content of
oven dried and HCI treated subsamples was then measured using a Carlo-Erba 1106

elemental analyser.

A.2.5 Electron microscopy

Electron microscopy uses focussed beams of electrons passing through a low
pressure atmosphere to provide high resolution images of a sample via their
interaction with it. The much higher wavelength of an electron beam to that of light
enables higher resolution images to that of traditional light microscopes to be
constructed. The beam itself is produced by an electron gun usually consisting of a
tungsten cathode selected for its high melting point, which emits electrons as it is

heated with high voltage (Goldstein et al., 2003). The beam is then focussed to a
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point of between 0.4 nm and 5 nm using one or two condenser lenses and aimed at a

sample.

During scanning electron microscopy (SEM) this beam is passed over the sample in a
raster pattern and in doing so some of the high energy electrons are reflected. The
amount of reflection or backscattering by these backscatter electrons (BSE) is
dependent on the atomic number of the element, with heavier elements scattering
electrons to a greater degree than lighter elements (Reed, 2005). As a result, an
image can be produced using a detector designed to collect and interpret BSE. An
Electron Probe Micro-Analyser (EPMA) can be used in conjunction with a SEM in
order to gain location specific quantative information on the elements present within
the sample. As well as the BSE, the EPMA allows the detection of secondary X-ray
radiation produced when the electron beam is of high enough intensity to eject an
inner electron from an element within the sample. This electron gets replaced by an
electron from a higher shell orbital, shedding energy as it does so in the form of an
secondary X-ray photon (Reed, 2005). These X-rays are characteristic of the
element, and enable element identification and abundance in a similar fashion to

XRF analysis.

During transmission electron microscopy (TEM) the beam of high energy electrons
is passed through an ultra-thin sample. The degree of interaction of the electrons
transmitted through the sample before it reaches a detector on the other side enables
the construction of an image. Some electrons pass straight through the specimen and
reach the detector, while others are adsorbed by the sample or scattered away from

the detector (Pennycook et al., 2003). The amount of scattering and adsorption is
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dependent on the density of the material encountered by the beam, with the densest
material resulting in the largest degree of interference. This therefore produces an
image where denser materials appear lighter as fewer electrons are reaching that area
of the detector. These microscopes can be equipped with scanning transmission
electron microscopy units ((S)TEM) and moveable detectors to enable mapping of
chemical composition in a raster pattern. This is done by measuring the X-rays
produced when an element becomes ionized by the beam and inner shell electrons
are displaced as described for EPMA. This unit also enables Energy dispersive X-ray
(EDX) spectroscopy, which provides high resolution location specific chemical

composition by measuring these characteristic secondary X-rays.

In preparation for analysis, a freeze dried sample of soil B2-310 was embedded in a
block of epoxy resin under a vacuum and prepared for SEM analysis by polishing in
non-aqueous oils and carbon coated (approximately 5-10 nm thickness). The carbon
coating is important to reduce drift as a result of charging of the sample under the
electron beam. Scanning Electron Microscopy (SEM) was performed on a FEI
Quanta 650 FEG-ESEM to produce backscatter electron images. Elemental
quantification was carried out on the ESEM using an electron probe micro analyser
(EPMA). Thirty-three 15 x 15 pm regions of the fine matrix material of B2-310 resin
embedded thin section were analysed for common rock forming oxides. The
measured elemental wt% was then corrected by assuming a total oxide weight of
100% to account for the influence of resin infilling into pore spaces. An average

composition of these 33 regions is reported, with error given as the range of results.
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Soil B2-310 was prepared for (S)TEM imaging by freeze drying and sieving at 150
mesh to collect the less than 104 um sized fraction. Approximately 0.05 g was then
mixed with 1 ml of LR White™ resin and polymerised for 24 hours at 70°C. A thin
section of resin embedded soil was then cut using a microtome (80 nm), placed on a
Cu support grid (Agar Scientific, UK), and carbon coated (~5 um) prior to (S)TEM
analysis. The specimen was examined using a Philips/FEI CM200 field emission gun
TEM fitted with a scanning unit and an ultra-thin window energy dispersive X-ray
detector (Oxford Instruments ISIS EDX). The total Cr concentration in this soil was
~0.3 % w/w, which if homogeneously dispersed is close to the limit of detection for

EDX analysis.

A.2.6 lon chromatography (IC)

Sulphate, nitrate and chloride concentrations were determined by ion
chromatography. This initially involves the loading of aqueous samples onto a
stationary phase that has an affinity to anions, which is contained within an analytical
column. An ionic eluent is then passed through the column, displacing the retained
analyte ions. The degree of displacement varies dependant on the ion present due to
their differing affinity to the stationary phase. This therefore enables separation
based on the time taken for the analyte to be carried along the column by the eluting
solution. On exiting the column a detector measures the presence of anions and thus
can identify the analyte present by matching the measured elution peaks with that of
known standard materials. The concentration of this eluent can be increased over the
course of a single elution, reducing the time taken for specific analytes to become
displaced from the stationary phase. This gradient elution has the effect of both

increasing peak separation, and reducing overall experimental time.
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Experiments were performed on a Dionex DX-600 with AS50 autosampler using a 2
mm AS16 analytical column, with suppressed conductivity detection and gradient
elution to 15 mM potassium hydroxide over 10 minutes. Samples were loaded in a
random order to avoid systematic errors. Standards covering the anticipated range of
analyte concentrations were prepared with the addition of 25 pM Cr(VI) as
potassium chromate in an attempt to replicate the matrix of Cr(VI) affected aqueous
samples. Between loading samples, the column was flushed with deionised water for
1.5 minutes. Analyte concentrations were determined with reference to standard
materials, and final concentrations were adjusted in ratio with the average chloride
concentration in order to account for instrumental drift (Thompson and Ellison,

2005).

A.2.7 X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) is an X-ray analytical technique that allows
information on the oxidation state (or speciation) and association of individual atoms
of an element to be gathered. This technique has several advantages over other X-ray
analytical methods such as XRD and XRF, as it utilises synchrotron radiation (SR)
that can be produced at intensities several orders of magnitude greater than
traditional X-rays. This allows for a reduction in data acquisition time. SR is
produced by firing electrons around a curved trajectory, systematically using a
magnetic field to accelerate them to near the speed of light. The energy of these
electrons can vary from hundreds of eV to several GeV dependant on the facility
(Zubavichus and Slovokhotov, 2001). As these travel round a closed storage ring,
they emit extremely intense electromagnetic radiation, SR, which is then fed into
spectroscopy stations situated about the ring. In contrast to conventional X-rays

where the radiation falls within a relatively narrow spectral range, the high intensity
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of SR is uniformly distributed across the entire X-ray spectrum, increasing its

application potential (Zubavichus and Slovokhotov, 2001).

XAS is the measurement of absorption of SR by a specific element across its
absorption edge. For chromium, this absorption edge falls around 5989 eV (Parsons
et al., 2007). As has previously been discussed, elements behave differently from one
another when exposed to X-ray radiation. There are two main types of signal
detectors in XAS, fluorescence and transmission. Where the synchrotron X-rays are
absorbed strongly by the sample, an inner shell electron is excited to the point of
ejection, which subsequently gets replaced by an outer electron, expelling energy as
it does so as fluorescent secondary X-rays (Kawai, 1999). It is this energy that is
detected when performing XAS in fluorescence mode. In transmission mode,
absorption spectra are constructed as a function of the intensity incident on the
sample of the SR beam to that transmitted through the sample (De Sio et al., 2008).
Both these modes enable the construction of spectra which are typically described in
two distinct regions, the X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS). The XANES region comprises of
the area just before the absorption edge and the edge itself, and is used to calculate
the oxidation state and geometry of an element. Oxidation state determination of
chromium is made easier by the presence of a characteristic feature associated with
Cr(V1) in the pre-edge region at 5998 eV. This is due to the transition of a 1s electron
to a 3d orbital which is possible in tetrahedral compounds (Parsons et al., 2007). This
feature is not present for Cr(ll1l) compounds, and thus calibration of the peaks
magnitude in a spectra allows for the determination of Cr(VI):Cr(Ill) ratio within a

sample. Beyond the absorption edge of a sample, the EXAFS region allows for the
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determination of the atomic association of the element in the sample being studied.
The electromagnetic interference from neighbouring elements produces oscillations
within the absorption spectra as ejected photoelectrons interact with surrounding
atoms. These oscillations can be interpreted using modelling software to provide
information on coordination number, inter-atomic distances and amount of thermal

disorder (Debye-Waller factor) of a sample (Parsons et al., 2007).

Samples for XAS analysis were chosen from a range of undisturbed environmental
borehole samples stored at -80°C and experimental samples. Standard materials were
produced from laboratory chemicals. Cr-substituted goethite was synthesised via
precipitation of goethite from Fe(NO); as described in Cornell and Schwertmann
(2003), with 2% by molar ratio of Fe(NO); substituted by CrCls. Cr-hydroxide was
prepared following the method of Saraswat and Vajpei (1984). Precipitation of Cr-
hydroxide was achieved through dropwise neutralisation of CrCl3 solution by sodium
hydroxide. The resulting precipitate was then washed with distilled water to remove
all impurities and dried in an oven at 60°C for 24 hours. XRD spectra of standards
were compared to published work to ensure the correct compound was synthesised at

an appropriate purity.

In order to determine the speciation and atomic association of chromium within the
samples, Cr K-edge spectra were collected on beamline 118 at the Diamond Light
Source, Harwell Science and Innovation Campus, Didcot, Oxfordshire. This
beamline operates at 3 GeV with a typical current of 200 mA, using a nitrogen
cooled Si(111) double crystal monochromator and focussing optics. A pair of plane

mirrors was used to reduce the harmonic content of the beam and microfocusing was
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achieved using Kirkpatrick-Baez mirrors. The beam size at the sample window was
approximately 150 pum. For standard materials Cr K-edge spectra were collected in
transmission mode at room temperatures (approximately 295 °K). Standards where
prepared as 50 mg pressed pellets and diluted with boron nitride (BN) as required.
For soil samples data were collected in fluorescence mode using a 9 element solid
state Ge detector. Sediment samples were spun down to form moist pellets and were
mounted at 1 mm thickness in aluminium holders with Kapton™ widows.
Experiments were performed at liquid nitrogen temperatures (approximately 78 °K)
and multiple scans averaged to improve the signal / noise ratio using Athena version
0.8.056 (Ravel and Newville, 2005). For XANES spectra absorption was also
normalised in Athena over the full data range and plotted from 5980 eV to 6030 eV
with no correction required for drift in Eo. For EXAFS analysis data was background

subtracted using PySpline v1.1 (Tenderholt et al., 2007).

A.2.8 EXAFS modelling

Background subtracted EXAFS spectra were analysed in DLexcurv v1.0 (Tomic et
al., 2005) using full curved wave theory (Gurman et al., 1984). Phase shifts were
derived from ab initio calculations using Hedin-Lundqvist potentials and von-Barth
ground states (Binsted, 1998). Fourier transforms of the EXAFS spectra were used to
obtain an approximate radial distribution function around the central Cr atom (the
absorber atom). The peaks of these Fourier transforms can be related to “shells” of
surrounding backscattering ions characterised by atom type, number of atoms (n),
absorber-scatterer distance (R), and the Debye-Waller factor + 25% (2¢%). Atomic
distances calculated by DLexcurv have an error of approximately + 0.02 and + 0.05
A in the first and outer shells respectively (Burke et al., 2005). The data were fitted

for each sample by defining a theoretical model and comparing the calculated
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EXAFS spectrum with experimental data and published spectra for Cr-substituted
compounds (Charlet and Manceau, 1992). Shells of backscatterers were added
around the Cr and by refining an energy correction Er (the Fermi Energy; which for
final fits typically varied between -19 and -17) the absorber-scatterer distance, and
the Debye-Waller factor for each shell, a least squares residual (the R factor) was
minimised (Binsted et al., 1992). The amplitude factor (or AFAC in DLexcurv V1.0)
was retained as the default of 1 throughout. Shells or groups of shells were only
included if the overall fit (R-factor) was reduced overall by >5%. For shells of
scatterers around the central Cr, the number of atoms in the shell was chosen as an

integer to give the best fit, but not further refined.

A.2.9 Reoxidation experiments

Air reoxidation experiments were carried out in order to investigate the stability of
Cr(I11) containing phases within COPR affected soils. This was done as a proxy for
the effects of traditional dig and dump remediative strategies which would expose
the sediments directly below to oxygen and oxygenated rainwater. Its exposure could
potentially cause further Cr(VI) leaching from remobilisation of Cr(VI) phases

within the soil, and secondary release from the reoxidation of accumulated Cr(l11).

A 10:1 suspension was achieved through mixing of 10g of sediment with 100 ml
deionised water in a 500 ml conical flask. These systems were left open and kept on
an orbital shaker at 150 rpm, in the dark at 21°C + 2°C. To enable sampling, tubing
was placed into the suspension, with one end attached to a 5 ml syringe and held in
place by a foam stopper. Experiments were performed in triplicate, and periodically
sampled in a logarithmic fashion to produce a time series of progressive oxidation.

At each time point, 1.5 ml soil slurry was extracted, centrifuged for 3 minutes at
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16,000 g, and the resulting soil pellet and porewaters analysed for solid phase acid
extractable Fe as Fe(ll) and aqueous Cr(VI) respectively (see above). The system
was then weighed and replaced on the orbital shaker. At the next time point, before
slurry was extracted the system is again weighed and deionised water added to
account for loss caused by evaporation. The system is then mixed, and sampling

continued as before.

A.3 Geochemical spectrophotometric methods

Ultraviolet-Visible (UV-VIS) spectroscopy was used to determine a variety of
chemical concentrations using colorimetric methods. Colorimetric methods are based
on chemical reaction of a reagent with an analyte resulting in the formation of a
coloured solution. Light in the visible to near-ultraviolet spectrum is then passed
through the sample at given a wavelength and measured by a detector on the other
side. The degree of absorbance by a species is a function of the reagent chemicals
molar absorptivity at that given wavelength. The actual absorbance, A, is dependent
on the pathlength and concentration of the species, and can be calculated using the

Beer-Lambert law:

A= ecl
(16)

Where | is the path length (usually 1 cm for standard laboratory cuvettes), c is the
concentration of the species and ¢ is its molar absorptivity. Thus, by comparing the
absorbance of unknown samples to that of known calibration standards, the
concentration of the analyte within the sample can be determined. All

spectrophotometric measurements were performed on a CECIL CE 3021
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spectrophotometer, and compared to matrix matched calibration standards. These
standards were produced in the range of 0-60, 0-300, and 0-2000 uM for iron, Cr(V1)
as chromate, and nitrite respectively, and were selected to cover the expected analyte
range. These standards were measured regularly (linear r* = 0.99 or better). Where
the analyte concentrations in the sample exceeded the range of standards used, a
suitable dilution factor was applied to the solution using deionised water, and the

method repeated to yield a result within standard range.

A.3.1 Aqueous Cr(VI) determination

Aqueous Cr(VI) was determined by reaction with diphenylcarbazide to produce a
red-violet colour, following an adapted version of the USEPA (1992) method 7196a.
This method can be used to measure samples containing between 0.5 and 50 mg.I™*
dissolved hexavalent chromium. As the colour produced is reported to fade most
rapidly at high pH values, the maximum colour formation from reaction with
diphenylcarbazide is achieved through prior acidification of the sample (Pflaum and
Howick, 1956). The adapted procedure follows: Samples were prepared for analysis
by centrifugation for 3 min at 16,000g. 100 pl of the resulting supernatant was then
added to a 1.4 ml cuvette. The sample was then acidified by the addition of 900 pl
0.01M H,SO,4 and mixed with 100 ul diphenylcarbazide solution. The reaction was
left for 10 minutes to allow colour development, and absorbance then measured at

540 nm (USEPA, 1992).

A.3.2 lron determination

Both total dissolved iron and percentage of microbially available iron as the reduced
Fe(Il) oxidation state in solids were measured using reaction with ferrozine reagent.

Ferrozine (a disodium salt of 3-(2-pyridyl)5,6-bis(4-phenylsulfonic acid)-1,2,4-
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triazine) was first introduced as a reagent for iron determination in 1974, as a cheaper
and easier to acquire alternative to existing chemicals (Stookey, 1970). Ferrozine salt
is dissolved in ammonium acetate to produce a reagent that reacts with the ferrous
ion to form an intense magenta colour that exhibits maximum absorbance at 562 nm
(Stookey, 1970). This allows for its use in UV-VIS spectroscopic determination of
iron in natural waters. Since its introduction, the ferrozine method has been adapted
for numerous applications of iron determination. The use of hydroxylamine
hydrochloride and ammonium acetate (pH 9.5) as a reducing agent and buffer
respectively, allow for the determination of total dissolved Fe in porewaters by

transforming all Fe(111) present to Fe(ll) (Viollier et al., 2000).

Total dissolved Fe in porewater samples was measured following the method of
Viollier, Inglett et al. (2000). Samples were prepared for analysis by centrifugation
for 3 min at 16,000 g with 1000 pl of the resulting supernatant was transferred to a
1.4 ml cuvette. This was then mixed in order with 100 pl ferrozine solution, 200 pl
hydroxylamine hydrochloride and ammonium acetate pH 9.5 buffer. The reaction
was left for 10 minutes to allow for colour development before the absorbance was

measured at 562 nm (Viollier et al., 2000).

During the development of microbial iron reducing conditions, the ratio of solid
phase Fe(ll):Fe(l11) increases as bacteria couple the oxidation of organic matter to
the reduction of soil bound ferric iron (Lovley, 1997). Extraction with 0.5 N HCI for
1 hour with shaking is generally accepted to be the concentration of acid and time
required to mobilise poorly crystalline, amorphous iron phases (Lovley and Phillips,

1986). These are considered to be the forms of iron readily available in subsurface
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environments for microbes to utilise in metabolic processes. The measurement of the
change in Fe(Il)/Fe(lll) ratio of these phases over time can therefore be used to
monitor the progression of microbial iron reduction. This ratio can be determined by
comparing the reaction with ferrozine solution of extracted solutions in the presence

of the reducing agent hydroxylamine hydrochloride, and without.

Percentage of microbial available Fe as Fe(ll) in solids was determined following a
method adapted from Lovley and Phillips (1986). First, a pellet of sediment was
recovered via centrifugation of 1.5 ml sediment slurry for 3 min, at 16,000 g. This
was then resuspended by pipetting in 1 ml 0.5 N HCI, transferred to a 13 ml
polyethylene tube containing 4 ml 0.5 N HCI, and shaken at 150 rpm for 1 hour.
Upon completion, this was filtered using a 0.2 um syringe filter, and two 100 ul sub-
aliquots added to two 4ml cuvettes. 2900 pl deionised H,O and 300 ul ferrozine
solution was added to cuvette 1, with 2000 pl deionised H,O, 300 ul ferrozine
solution, 600 pl hydroxylammonium hydrochloride and 300 ul buffer (pH 9.5)
solution added to cuvette 2. Cuvette 1 provided information on solely Fe(ll) ions
present in the extracted sample due to the lack of a reduction step, and cuvette 2 total
dissolved iron. Colour was allowed to develop for 10 minutes before absorbance was
measured at 562 nm. The percentage of acid extractable Fe as Fe(ll) could then be

calculated using the following formula:

AS62 cuvette 1
AS562 cuvette 2

Percentage extractable Fe as Fe(ll) = ( J =100

(17)
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A.3.3 Aqueous nitrite

Aqueous nitrite concentration was also determined following reaction with
sulphanilaminde (SAN) and naphthylethylenediamine dihydrochloride (NED)
reagents as described by Harris and Mortimer (2002). Samples were prepared for
analysis by centrifugation for 3 min at 16,000 g. 100 pl of the resulting supernatant
was then added to a 1.4 ml cuvette, and mixed in order with 100 pl ammonium
chloride buffer (pH 8.5), 25 ul SAN, 25 pl NED and 750 pl deionised H,O. Colour

was allowed to develop for 10 minutes before absorbance was measured at 536.5 nm.

A.4  Culturing techniques

A.4.1 Growth media

An alkaline growth media recipe was developed in order to culture alkaliphilic
anaerobes capable of iron reduction which are indigenous to the COPR affected soils
beneath the waste. To prepare the media, 500 ml deionised H,O was first degassed
through boiling and purging with oxygen free nitrogen for 1 hour. The ingredients
are then added upon cooling in order as listed in Table A.1, with ferric citrate added
as the sole electron acceptor (Fe(lll)), and yeast extract added as the sole electron
donor. The vitamins and mineral mixes were produced as previously described by
Bruce, Achenbach et al. (1999), following the recipes shown in Table A.2 and Table
A.3. The pH of the media is then buffered to 9.2 with dropwise addition of sodium
carbonate solution. 4.5 ml aliquots of the media was transferred to 5 ml glass serum
bottles under a nitrogen atmosphere, sealed using butyl rubber stoppers and
aluminium crimps, and heat sterilised at 120°C for 20 minutes. The media was
adjusted to pH 9.2 as this value is well within the growth optima of a number of

different species of alkaliphiles (Horikoshi, 2004).
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Table A.1 Iron reducing media recipe

Ingredient Quantity (g)
NaH,P0O,4.H,0 0.178
KCI 0.05
FeCgHs0- (ferric 1
citrate)
Vitamin mix 5 (ml)
Mineral mix 5 (ml)
Yeast extract 1
Deionised water 490 (ml)

Table A.2 Vitamin mix (Bruce et al., 1999)

Ingredient Quantity (mg/l)
Biotin 2
Folic acid 2
Pyridoxine HCI 10
Riboflavin 5
Thiamine 5
Nicotinic acid 5
Pantothenic acid 5
Vitamin B-12 0.1
p-aminobenzoic
acid 5
Thioctic acid 5

Table A.3 Mineral mix (Bruce et al., 1999)

Ingredient Quantity (g/l)
NTA 15
MgSO, 3
MnS0O,.H,0 0.5
NaCl 1
FeS0O,.7H,0 0.1
CaCl,.2H,0 0.1
CoCl,.6H,0 0.1
ZnCl, 0.13
CuS0,.5H,0 0.01
AIK(S0,),.12H,0 0.01
H3BO3 0.01
Na,MoO, 0.025
NiCl,.6H,0 0.024
Na,W0,.2H,0 0.025



205

For inoculation, 100 mg of sample B2-310 was suspended in 0.5 ml of alkaline
growth media under a nitrogen atmosphere. This was then injected into the sealed
bottles containing 4.5 ml of alkaline growth media and incubated at 21°C. The
presence of iron reduction was indicated by precipitate colour change from orange to
black (Figure A.1) and confirmed using the ferrozine method described above.
Successful cultures were progressed repeatedly into fresh media to ensure a viable

culture had been obtained.

Figure A.1 Colour indication of successful iron reduction in media bottles (left to right)

A.4.2 Plate techniques

In order to isolate individual colonies from iron reducing consortiums, agar plates
based on the iron reducing pH 9.2 media were produced. 10 g of agar was added to
500 ml of the media, produced following the protocol described above. However, it
was found that addition of sodium carbonate buffer prior to heat sterilisation
produced dark coloured plates that made it difficult to identify any microbial growth.
Instead, the media was first heat sterilised at 120°C for 20 minutes, and then allowed
to cool to 55°C in a water bath. The pH was then adjusted to 9.2 using drop-wise
addition of filter sterilised sodium carbonate solution, with 5 ml removed from the

sterilised media after each addition and separately measured using a Orion bench top
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meter and calibrated electrodes. This was done in order to remove the risk of
contamination from the apparatus. Plates were prepared in two methods; Streak
plates were prepared using loops initially immersed in a mixture of 100 pl of
successful iron reducing consortium extracted using aseptic techniques and 400 pl
sterile growth media in a 1.5 ml centrifuge tube. Plates were also prepared by
spreading from series of dilutions; 5, 10, 20, 40 and 50 pl of the iron reducing
consortium were pipetted into a pool of sterile iron reducing media to a final volume
of 100 ul and spread evenly across the plate surface. When producing all growth
plates it was important that all steps were progressed as quickly as possible to limit
the effect exposure to atmospheric O,. All plates were incubated in an anaerobic

atmosphere produced using Anaerogen™ sachets, at 21°C.

Successful growth on plates was indicated by the clearing of the agar and/or
appearance of colonies. Where possible, colonies were then picked using a sterile
needle, and suspended in sterile growth media. This was then injected into sterile
growth media bottles using aseptic technique and incubated in the dark at 21°C.

Successful growth was indicated by the presence of iron reduction.

A.4.3 Serial dilution

A series of dilutions were produced from the initial iron reducing consortium in an
effort to produce a pure culture. This method is based on the theory of most probable
number (MPN) analysis that suggests successive dilutions of a population will
eventually produce a system where the population is absent or consist of a single
individual. In microbiology this therefore gives the potential for a dilution of an
initially mixed culture to consist of a single cell which can therefore grow into a

culture containing a single species. To produce the dilutions, 500 ul of the iron
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reducing consortium produced from soil B2-310 was transferred into a sealed media
bottle containing 4.5 ml sterile iron reducing alkaline growth media using a needle
and aseptic technique. This produced a tenfold (10%) dilution of the original
consortium. This was then mixed, and a further 500 ul transferred to the next sterile
media bottle, producing a further tenfold dilution (10%). This process was repeated up
to a final dilution factor of 10*°, which represents a 10,000,000,000 times dilution of
the original consortium. Once inoculated, all media bottles were incubated in the

dark at 21°C.

A.5 Microbial community analysis

Microbial DNA was extracted from soils and microcosm sediment pellets using a
FastDNA spin kit (Qbiogene, Inc.) and FastPREP instrument (unless explicitly
stated, the manufacturer’s protocols supplied with all kits employed were followed
precisely). In order to extract microbial DNA from the successful iron reducing
cultures, culture bottles were opened, transferred into a 15 ml centrifuge tube and
centrifuged at 3500 rpm for 10 minutes. Supernatant was then discarded and pellet
resuspended in 978 pl of sodium phosphate buffer supplied in the FastDNA spin Kkit.
The suspension was then transferred to a Lysing Matrix E tube also supplied in the
FastDNA spin kit, and manufacturers’ protocols subsequently followed precisely.
DNA fragments in the size range 3 kb ~20 kb were isolated on a 1% “I1x” Tris-
borate-EDTA (TBE) gel stained with ethidium bromide to enable viewing under UV
light (10x TBE solution from Invitrogen Ltd., UK). The DNA was extracted from the
gel using a QlAquick gel extraction kit (QIAGEN Ltd., UK.) and stored at -20°C in

preparation for amplification by polymerase chain reaction (PCR).
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A5.1 Ribosomal integenic spacer analysis (RISA)

A fragment of DNA of unknown length from the spacer region between the 16S and
23S rRNA genes was amplified by PCR using the universal primers S-D-Bact-1522-
b-S-20 (5"-TGCGGCTGGATCCCCTCCTT-3") and L-D-Bact-132-a-A-18 (5'-
CCGGGTTTCCCCATTCGG-3") that target the end of the 16S rRNA gene and
beginning of 23S rRNA gene (Cardinale et al., 2004). Although amplification by this
method does not identify individual specie type, the spacer region is highly variable
in both its length and sequence, and so produces a fingerprint of the microbial
populations diversity (Garcia-Martinez et al., 1999). In turn this enables the
comparison of populations as they develop over time. Each 50 pl PCR reaction mix
contained 25 pl of purified 3-20 kb DNA fragments, 0.5 ul of 5 pg.pl™ GoTag DNA
polymerase containing 1.5 mM MgCl, (Promega Corp., USA), 10 pl 5 x PCR
reaction buffer, 1 pl of 10 mM PCR nucleotide mix (Promega Corp., USA), 10.8 pl
ultraPURE H,O (Invitrogen, USA), and 1.25 pl of both SD and LD primers (20
mM). Using a Mastercycler gradient thermal cycler (Eppendorf, Germany), the
reaction mixtures were incubated at 94°C for 3 min, and then cycled 25 times
through three steps: denaturing (94°C, 1 min), annealing (55°C, 30 s), and primer
extension (72°C, 60 s). This is followed by a final extension step at 72°C for 5 min.
The PCR products were then purified using a QIAquick PCR purification Kit
(QIAGEN Ltd, UK) and eluted to a final volume of 50 ul. DNA concentration was
then measured by UV/VIS spectroscopy on a Biomate 3 spectrophotometer with 1
mm path length nanocell (Thermo Fisher Scientific, Inc). Purified PCR product was
then amended using ultraPURE H,O (Invitrogen, USA) and mixed with 6 x loading

dye (New England BioLabs, Inc) to give a total of 480 pug DNA loaded onto a 1.0%
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agarose TBE gel with ethidium bromide straining and separated by electrophoresis.

After suitable separation gel was photographed under UV light. Results not shown.

A.5.2 16s rRNA gene sequencing

A fragment of the 16s rRNA gene of approximately 500bp was amplified using
broad-specificity bacterial primers 8f (5 -AGAGTTTGATCCTGGCTCAG-3")
(Eden et al., 1991) and 519r (5"-GWATTACCGCGGCKGCTG-3") where K = G or
T, W=AorT (Lane et al., 1985). Each PCR reaction mixture contained 20 pul of
purified DNA solution, GoTaq DNA polymerase (5 units), 1x PCR reaction buffer,
MgCl; (1.5mM), PCR nucleotide mix (0.2 mM), T4 Gene 32 Protein (100 ng/ul) and
8f and 519r primers (0.6 uM each) in a final volume of 50 pl. The reaction mixtures
were incubated at 95°C for 2 min, and then cycled 30 times through three steps:
denaturing (95°C, 30 s), annealing (50°C, 30s), primer extension (72°C, 45 s). This
was followed by a final extension step at 72°C for 7min. The PCR products were
purified using a QlAquick PCR Purification Kit. Amplification product sizes were
verified by electrophoresis of 10 pl samples in a 1.0% agarose TBE gel with

ethidium bromide straining.

The PCR product was ligated into the standard cloning vector (0GEM-T Easy;
Promega Corp., USA), and transformed into E. coli competent cells (XL1-Blue;
Agilent Technologies UK Ltd). Transformed cells were grown on LB-agar plates
containing ampicillin (100 pg.ml™) at 37°C for 17 hours. The plates were surfaced
dressed with IPTG and X-gal (as per the XL1-Blue protocol) for blue-white colour
screening. After 17 hours, colonies which had successfully incorporated the inserted
plasmid with ligated 16s rRNA gene fragment were restreaked onto LB-ampicillin

agar plates and incubated at 37°C for a further 15 hours. Successful transformations
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were identifiable as white colonies as the successful insertion into the pGEM-T Easy
vector disrupts a gene responsible for blue colour production. Therefore, the E. coli
competent cells that contain the desired insert containing plasmid were easily
selected for restreaking using a sterile toothpick. After incubation, single colonies for
each condition from restreaked plates were stab inoculated into an LB-agar
ampicillin 96 well plate and sent for sequencing using the T7 primer (GATC Biotech

Ltd).

In order to increase confidence that a suitable representation of the diverse B2-310
initial soil population had been collected, a further 16 plasmids were sent for
sequencing. Single colonies from restreaked plates were incubated overnight at 37°C
in LB media. Bacterial plasmids were then extracted from the resulting broth using
the Promega Pureyield™ Plasmid Miniprep Purification system (Promega Corp.,
USA). The concentration of plasmid DNA was then determined using UV
spectroscopy, and adjusted to 50 ng.pl™ with deionised water. 12pl of each plasmid
mixture was then sent for sequencing at the Faculty of Biological Sciences,

University of Leeds, Leeds, UK.

A.5.3 Phylogenetic assignment

16s rRNA bacterial sequence fragments recovered by GATC Biotech Ltd were
checked with both Bellerophon (Huber et al., 2004) and Mallard v 1.02 (Ashelford et
al., 2006) online chimera checkers in order to exclude putative chimeras from
subsequent analyses. Sequences were then assigned to bacterial phyla using the
online Ribosomal Database Project (RDP) naive Bayesian Classifier version 2.2
(available online: http://rdp.cme.msu.edu/classifier/classifier.jsp) in August 2010.

The sequences were assigned to the taxonomical hierarchy: RDP training set 6, based
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on nomenclatural taxonomy and Bergey’s Manual, with a confidence threshold of
95% (assignments to a phylum reported in Figure 4 are based on >98% confidence).
Full details of this algorithm, its development and its performance can be found in
Wang et al. (2007). Good quality sequences were uploaded to the EMBL GenBank

database.

A.5.4 Phylogenetic tree building

The EMBOSS needle pairwise alignment program (available from
http://www.ebi.ac.uk/Tools/emboss/align/) was used to assign similar gene
sequences into clades based on sequence homology, using default parameters (open
gap penalty 10, gap extension penalty 0.5). The sequences were also grouped into
operational taxonomic units (OTUSs) using a >98% sequence similarity cut-off value
in the MOTHUR software (Schloss et al., 2009). The diversity within the clone
library for each sample was characterized using the Shannon index (H")(Krebs, 1999)
and rarefaction curves constructed. Rarefaction analysis is designed to compare
species richness within a sample, but is not a true representation of species diversity.
It can be used to compare species diversity between samples as long as the methods
employed are consistent, with accuracy improving with increased sample number
(Leadbetter, 2005). Selected sequences were then aligned with known bacterial 16S
rRNA gene sequences from the EMBL database using the ClustalX software package
(version 2.0.11), and a phylogenetic trees were constructed from the distance matrix
by neighbour joining. Bootstrap analysis was performed with 1000 replicates, and

resulting phylograms drawn using the TreeView (version 1.6.6) software package.
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A.5.5 Multidimensional scaling analysis (MDS)

Multidimensional Scaling analysis, which is also known as principle coordinate
analysis, configures the position of objects in Euclidean space based on their pair-
wise dissimilarity, and is used in a number scientific fields to visualize datasets (Son
et al., 2011). For the purpose of this research it was used to represent graphically the
changes in the initial B2-310 microbial community after incubation in the microcosm
experiments reported in Chapter 6 (unamended and pH amended), based on the
dissimilarity between the sequences recovered. In order to produce a suitable input
file, sequences were first aligned wusing the online Clustalw2 tool
(http://www.ebi.ac.uk/Tools/msa/clustalw2/), and used to produce a distance matrix
constructed of pair-wise dissimilarity scores between sequences. This was loaded
into the NewMDSX program, and basic non-metric MDS undertaken using the

Minissa-N algorithm (Coxon, 2004; Roskam et al., 2005).
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Appendix B Additional results

B.1 Historical OS maps

Figure B.1 Historical Ordinance Survey maps from 1899 (top) and 1914 (bottom) depicting the
appearance of the COPR landform (shaded red), as well as the location of the Dye Works. 1:10560
County series first edition, 1849, 1888. © Crown Copyright and Landmark Information Group
Limited 2009. All rights reserved 1848-1914.



Figure B.2 Historical Ordinance Survey map from 1922 showing the appearance of the second
landform (shaded green) to the west of the COPR (shaded red). 1:10560 County series third revision,
1922. © Crown Copyright and Landmark Information Group Limited 2009. All rights reserved. 1922-
1969.



218

B.2 Hydrogeological investigation
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Figure B.3 Hydrogeological map of ground water flow direction at COPR site (Atkins, 2009)



B.3 Borehole geochemical profiles
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Figure B.4 Geochemical profile BHL2 (renumbered B1 prior to publication)
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Figure B.5 Geochemical profile BHL3 (renumbered B2 prior to publication)
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Figure B.6 Geochemical profile BHL1 (renumbered B3 prior to publication)
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Figure B.7 Geochemical profile BHL5 (renumbered B4 prior to publication)
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Figure B.8 Geochemical profile BHL6 (renumbered B5 prior to publication)
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Figure B.9 Geochemical profile BHL4 (renumbered B6 prior to publication)



B.4 X-ray diffraction
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Figure B.10 B2-310 soil X-ray diffractogram
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B.5 Clone libraries

Table B.1 RDP classification with 95% confidence threshold and OTU assignment for sequences obtained from B2 310 initial sample.

Accession | Sequence

*
ID number length

OTU [Classification using the RDP classifier (Wang et al., 2007) (95% Confidence threshold)

BHL3-3101-1 |FR695903 536 Al [|Firmicutes, Bacilli, Bacillales, Bacillaceae

BHL3-3101-2 |FR695904 527 A2 |Protecbacteria, Betaproteobacteria

BHL3-3101-3 |FR695905 547 A3 |Verrucomicrobia, Subdivision3, Subdivision3_genera_incertae_sedis
BHL3-3101-4 |FR695906 470 A4 |Proteobacteria, Alphaproteobacteria

BHL3-3101-5 |FR695907 517 A5 |Actinobacteria, Actinobacteria, Rubrobacteridae, Solirubrobacterales
BHL3-3101-6 |FR695908 527 A2 |Proteobacteria, Betaproteobacteria

BHL3-3101-7 |FR695909 535 A6 [Firmicutes, Bacilli, Bacillales, Bacillaceae, Bacillus

BHL3-3101-8 |FR695910 527 A2 |Proteobacteria, Betaproteobacteria

BHL3-3101-9 |FR695911 527 A2 |Proteobacteria, Betaproteobacteria

BHL3-3101-10 |FR695912 499 AT |Firmicutes, Clostridia, Clostridiales

BHL3-3101-11 |[FR695913 545 A8 |Verrucomicrobia, Subdivision3, Subdivision3_genera_incertae_sedis
BHL3-3101-12 |FR695914 510 A9 [|Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
BHL3-3101-14 |FR695915 526 A10 |Nitrospira, Nitrospira, Nitrospirales, Nitrospiraceae, Nitrospira

BHL3-3101-15 |FR695916 527 All |Bacteroidetes, Sphingobacteria, Sphingobacteriales, Chitinophagaceae
BHL3-3101-16 |FR695917 510 A9 [|Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
BHL3-3101-17 |FR695918 531 Al2 |Proteobacteria

BHL3-3101-18 |FR695919 510 Al3 |Firmicutes, Clostridia, Clostridiales, IncertaeSedisXIV, Anaerobranca
BHL3-3101-19 |FR695920 517 Al4 |Bacteroidetes, Flavobacteria, Flavobacteriales, Flavobacteriaceae, Flavobacterium
BHL3-3101-20 |FR695921 525 Al5 |Proteobacteria, Betaproteobacteria

BHL3-3101-21 |FR695922 509 Al16 |Actinobacteria, Actinobacteria, Actinobacteridae, Actinomycetales, Micrococcineae, Microbacteriaceae
BHL3-3101-22 |FR695923 523 Al7 |Bacteroidetes, Sphingobacteria, Sphingobacteriales, Chitinophagaceae
BHL3-3101-23 |FR695924 549 A18 |Firmicutes, Clostridia, Clostridiales, Peptococcaceae, Peptococcaceael, Desulfosporosinus
BHL3-3101-24 |FR695925 525 Al19 |Proteobacteria, Gammaproteobacteria
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ID* ,:ucr%es:rlon S?g#gtr;]ce OTU |[Classification using the RDP classifier (Wang et al., 2007) (95% Confidence threshold)
BHL3-3101-25 |FR695926 522 A20

BHL3-3101-26 |FR695927 527 A2 |Proteobacteria, Betaproteobacteria, Burkholderiales

BHL3-3101-27 |FR695928 532 A21 |Proteobacteria

BHL3-3101-28 |FR695929 525 A22 |Proteobacteria, Betaproteobacteria

BHL3-3101-29 |FR695930 517 A23 |Bacteroidetes, Flavobacteria, Flavobacteriales, Flavobacteriaceae, Flavobacterium
BHL3-3101-30 |[FR695931 500 A24 |Planctomycetes, Planctomycetacia, Planctomycetales, Planctomycetaceae, Gemmata
BHL3-3101-31 |[FR695932 536 A25 |Acidobacteria, Acidobacteria_Gp6, Gp6

BHL3-3101-32 |FR695933 515 A23 |Bacteroidetes, Flavobacteria, Flavobacteriales, Flavobacteriaceae, Flavobacterium
BHL3-3101-34 |FR695934 542 A26 |Nitrospira, Nitrospira, Nitrospirales, Nitrospiraceae, Leptospirillum

BHL3-3101-35 |FR695935 509 A27 |Actinobacteria, Actinobacteria

BHL3-3101-36 |FR695936 525 A28 |Proteobacteria, Betaproteobacteria

BHL3-3101-37 |FR695937 507 A29 |Actinobacteria, Actinobacteria, Actinobacteridae, Actinomycetales, Micrococcineae
BHL3-3101-38 |FR695938 528 A30 |Bacteroidetes, Sphingobacteria, Sphingobacteriales, Chitinophagaceae, Ferruginibacter
BHL3-3101-39 |FR695939 543 A3l

BHL3-3101-40 |FR695940 536 A32 |Proteobacteria, Deltaproteobacteria, Myxococcales, Nannocystineae

BHL3-3101-41 |FR695941 526 A10 |Nitrospira, Nitrospira, Nitrospirales, Nitrospiraceae, Nitrospira

BHL3-3101-42 |FR695942 526 A2 |Proteobacteria, Betaproteobacteria

BHL3-3101-43 |FR695943 508 A33 |Planctomycetes, Planctomycetacia, Planctomycetales, Planctomycetaceae
BHL3-3101-44 |FR695944 531 A34 |Actinobacteria, Actinobacteria, Rubrobacteridae, Solirubrobacterales

BHL3-3101-45 |FR695945 549 Al18 |Firmicutes, Clostridia, Clostridiales, Peptococcaceae, Peptococcaceael, Desulfosporosinus
BHL3-3101-46 |FR695946 541 A35

BHL3-3101-47 |FR695947 541 A35

BHL3-3101-48 |FR695948 510 A36

BHL3-3101-49 |FR695949 510 A9 |Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
BHL3-3101-50 |FR695950 527 A2 |Protecbacteria, Betaproteobacteria

BHL3-3101-51 |FR695951 522 A37 |Bacteroidetes, Sphingobacteria, Sphingobacteriales, Cyclobacteriaceae

BHL3-3101-52 |FR695952 531 A38
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ID* ,:ucr%es:rlon S?gxgtr;]ce OTU |[Classification using the RDP classifier (Wang et al., 2007) (95% Confidence threshold)
BHL3-3101-53 |FR695953 522 A37 |Bacteroidetes, Sphingobacteria, Sphingobacteriales, Cyclobacteriaceae

BHL3-3101-54 |FR695954 531 Al2 |Proteobacteria

BHL3-3101-55 |FR695955 527 A2 |Protecbacteria, Betaproteobacteria

BHL3-3101-56 |FR695956 512 A39 |Firmicutes, Clostridia, Clostridiales, IncertaeSedisXIV, Anaerobranca

BHL3-3101-57 |FR695957 523 A40 |Bacteroidetes

BHL3-3101-58 |FR695958 532 A41 |Actinobacteria, Actinobacteria, Rubrobacteridae, Solirubrobacterales, Solirubrobacteraceae, Solirubrobacter
BHL3-3101-59 |FR695959 513 A42 |Bacteria_incertae_sedis, Ktedonobacteria, Ktedonobacterales, Ktedonobacteraceae, Ktedonobacter
BHL3-3101-60 |FR695960 510 A9 [|Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter

BHL3-3101-61 |[FR695961 516 A43 |Proteobacteria, Betaproteobacteria, Burkholderiales, Comamonadaceae, Pelomonas
BHL3-3101-62 |FR695962 521 A44 |Firmicutes, Clostridia, Clostridiales, IncertaeSedisXI, Tissierella

BHL3-3101-63 |FR695963 537 A45 |Firmicutes, Bacilli, Bacillales, Bacillaceae, Bacillus

BHL3-3101-64 |FR695964 474 A46 |Proteobacteria, Alphaproteobacteria, Rhizobiales

* BHL3 was renumbered B2 after sequences had been submitted to GenBank
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Table B.2 RDP classification with 95% confidence threshold and OTU assignment for sequences obtained from unamended microcosm day 270

D Accession Sequence oOTU Classification using the RDP classifier (Wang et al., 2007) (95% Confidence
number length threshold)
UN-270-1 FR695965 522 B1 | Firmicutes,
UN-270-2 FR695966 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-3 FR695967 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-4 FR695968 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-5 FR695969 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-6 FR695970 503 B2 | Deinococcus-Thermus, Deinococci
UN-270-7 FR695971 503 B2 | Deinococcus-Thermus, Deinococci
UN-270-8 FR695972 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-9 FR695973 503 B2 | Deinococcus-Thermus, Deinococci
UN-270-10 FR695974 509 B3 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
UN-270-11 FR695975 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-12 FR695976 507 B4 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
UN-270-13 FR695977 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-15 FR695978 503 B2"
UN-270-16 FR695979 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-17 FR695980 504 B5
UN-270-18 FR695981 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-19 FR695982 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-20 FR695983 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-21 FR695984 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-22 FR695985 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-23 FR695986 502 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-24 FR695987 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-25 FR695988 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-28 FR695989 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-30 FR695990 512 B6 | Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerobranca
UN-270-31 FR695991 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-32 FR695992 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
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Accession Sequence Classification using the RDP classifier (Wang et al., 2007) (95% Confidence
ID number length oTu threshold)
UN-270-33 FR695993 503 B2 | Deinococcus-Thermus, Deinococci
UN-270-34 FR695994 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-35 FR695995 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-36 FR695996 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-38 FR695997 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-39 FR695998 503 B2"
UN-270-40 FR695999 503 B2"
UN-270-41 FR696000 503 B2 | Deinococcus-Thermus, Deinococci
UN-270-42 FR696001 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-43 FR696002 498 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-44 FR696003 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-45 FR696004 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-46 FR696005 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-47 FR696006 503 B2 | Deinococcus-Thermus, Deinococci, Deinococcales, Trueperaceae, Truepera
UN-270-48 FR696007 522 Bl | Firmicutes

* 26 members of OTU C2 were assigned to Deiococcus-Thermus while 3 members were unassigned
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Table B.3 RDP classification with 95% confidence threshold and OTU assignment for sequences obtained from pH9 amended microcosm day 153

Accession | Sequence

ID OTU |Classification using the RDP classifier (Wang et al., 2007) (95% Confidence threshold)

number length
pH9-153-1 FR696008 508 C1 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-2 FR696009 517 C2
pH9-153-4 FR696010 510 C3 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-5 FR696011 510 C4 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-6 FR696012 531 C5 | Proteobacteria
pH9-153-7 FR696013 522 C6 | Firmicutes
pH9-153-8 FR696014 522 C6 | Firmicutes
pH9-153-9 FR696015 514 C7 | Firmicutes

pH9-153-10 FR696016 510 C3 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-12 FR696017 522 C6*
pH9-153-13 FR696018 510 C3 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-14 FR696019 510 Cs8
pH9-153-15 FR696020 510 C3 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-16 FR696021 510 C3 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-17 FR696022 533 C9 | Proteobacteria

pH9-153-18 FR696023 517 C10 | Firmicutes

pH9-153-20 FR696024 522 Ccé*
pH9-153-22 FR696025 511 C11 | Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerobranca
pH9-153-23 FR696026 510 Cs8
pH9-153-24 FR696027 507 C1 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-25 FR696028 511 C12
pH9-153-26 FR696029 510 C4 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-28 FR696030 515 C13 | Firmicutes, Clostridia, Clostridiales, Ruminococcaceae, Acetivibrio
pH9-153-30 FR696031 511 C3 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-31 FR696032 506 C14 | Firmicutes, Clostridia

pH9-153-32 FR696033 494 C15 | Proteobacteria, Alphaproteobacteria

pH9-153-33 FR696034 510 C3 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-34 FR696035 516 C16 | Firmicutes, Clostridia
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ID Accession | Sequence OTU |Classification using the RDP classifier (Wang et al., 2007) (95% Confidence threshold)
number length
pH9-153-35 FR696036 511 C17 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-36 FR696037 496 C18 | Firmicutes
pH9-153-37 FR696038 508 C19 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-38 FR696039 508 C20
pH9-153-39 FR696040 510 C3 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-40 FR696041 509 C21 | Firmicutes, Clostridia
pH9-153-41 FR696042 510 C22 | Firmicutes, Clostridia
pH9-153-42 FR696043 512 C11 | Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerobranca
pH9-153-43 FR696044 511 C17 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-44 FR696045 510 C17 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-45 FR696046 510 C3 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-48 FR696047 510 Cs8
pH9-153-50 HE573872 525 C23 | Proteobacteria, Betaproteobacteria, Burkholderiales, Oxalobacteraceae, Herbaspirillum
pH9-153-51 HE573873 516 C16 | Firmicutes, Clostridia
pH9-153-53 HE573874 496 C18
pH9-153-56 HE573875 527 C24 | Proteobacteria, Betaproteobacteria
pH9-153-57 HE573876 511 C25 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-59 HE573877 509 C26 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-60 HE573878 510 C3 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-61 HE573879 506 C14 | Firmicutes, Clostridia
pH9-153-62 HE573880 516 C16
pH9-153-63 HE573881 509 C26 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-64 HE573882 509 Cs8
pH9-153-66 HE573883 522 C6 | Firmicutes
pH9-153-68 HE573884 509 C26 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-69 HE573885 509 C27 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
pH9-153-70 HE573886 512 C28
pH9-153-71 HE573887 519 C29
pH9-153-72 HE573888 510 C4 | Firmicutes, Clostridia, Natranaerobiales, Natranaerobiaceae, Dethiobacter
* Two member of OTU B6 are classified as Firmicutes while two were unclassified
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Table B.4 RDP classification with 95% confidence threshold and OTU assignment for sequences obtained from iron reducing consortium isolated from B2 310 sample.

ID* Accession | Sequence OTU |Classification using the RDP classifier(Wang et al., 2007) (95% Confidence threshold)
number length

BHL3_Fe_Consort_1 |FR820910 521 D1 |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella

BHL3_Fe Consort_2 |FR820911 511 D2

BHL3 _Fe _Consort_ 3 |FR820912 516 D3 |Firmicutes, Clostridia, Clostridiales, Clostridiaceae

BHL3_Fe _Consort_ 4 |FR820913 506 D4  |Firmicutes, Clostridia, Clostridiales, Clostridiaceae, Clostridiaceae 2, Natronincola

BHL3 Fe Consort 5 |[FR820914 516 D3 |Firmicutes, Clostridia, Clostridiales, Clostridiaceae

BHL3_Fe_Consort_6 |FR820915 512 D5 |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerobranca

BHL3_Fe_Consort_7 |FR820916 517 D6 |Firmicutes, Clostridia, Clostridiales, Clostridiaceae

BHL3_Fe_Consort_8 |[FR820917 516 D3 |Firmicutes, Clostridia, Clostridiales, Clostridiaceae

BHL3_Fe_Consort_ 9 |FR820918 514 D7 |Firmicutes, Clostridia

BHL3_Fe_Consort_10 [FR820919 515 D3 |Firmicutes, Clostridia, Clostridiales, Clostridiaceae

BHL3_Fe_Consort_11 [FR820920 521 D8 |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella

BHL3_Fe_Consort_12 [FR820921 516 D3 |Firmicutes, Clostridia, Clostridiales, Clostridiaceae

BHL3_Fe_Consort_13 [FR820922 496 D9 |Firmicutes

BHL3_Fe_Consort_14 |FR820923 516 D3 |Firmicutes, Clostridia, Clostridiales, Clostridiaceae

BHL3_Fe _Consort_15 [FR820924 516 D3 |Firmicutes, Clostridia, Clostridiales, Clostridiaceae

BHL3_Fe_Consort_16 [FR820925 586 D10 |Firmicutes, Clostridia, Clostridiales

BHL3_Fe_Consort_17 |FR820926 516 D3 |Firmicutes, Clostridia, Clostridiales, Clostridiaceae

BHL3_Fe_Consort_18 [FR820927 557 D11 |Firmicutes, Clostridia, Clostridiales, Peptococcaceae, Peptococcaceae 1, Desulfitibacter

BHL3_Fe_Consort_19 [FR820928 521 D12 |Firmicutes, Clostridia, Clostridiales

BHL3_Fe_Consort_20 [FR820929 521 D8 |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI

BHL3_Fe_Consort_21 [FR820930 518 D13 |Firmicutes, Clostridia, Clostridiales, Incertae Sedis X1V, Anaerovirgula

BHL3_Fe_Consort_22 [FR820931 589 D14 |Firmicutes, Clostridia, Clostridiales

BHL3_Fe_Consort_23 [FR820932 512 D5 |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerobranca

BHL3_Fe_Consort_24 |FR820933 521 D12 |Firmicutes, Clostridia, Clostridiales

BHL3_Fe Consort_25 [FR820934 518 D15 |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerovirgula

BHL3_Fe_Consort_26 |FR820935 511 D2

BHL3_Fe_Consort_27 |FR820936 584 D10 [|Firmicutes, Clostridia, Clostridiales

BHL3 Fe Consort 28 |FR820937 512 D5 [|Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerobranca
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ID* Accession | Sequence OTU [Classification using the RDP classifier(Wang et al., 2007) (95% Confidence threshold)
number length

BHL3_Fe Consort_30 |[FR820938 521 D16 |Proteobacteria, Betaproteobacteria, Burkholderiales, Comamonadaceae, Comamonas

BHL3 _Fe Consort_31 [FR820939 512 D5 |Firmicutes, Clostridia, Clostridiales, Incertae Sedis X1V, Anaerobranca

BHL3_Fe Consort_32 [FR820940 583 D17 |Firmicutes, Clostridia, Clostridiales

BHL3_Fe Consort_33 |[FR820941 630 D18 |Firmicutes, Clostridia, Clostridiales, Incertae Sedis X1V, Anaerovirgula

BHL3_Fe_Consort_34 |FR820942 582 D19 |Firmicutes, Clostridia, Clostridiales, Incertae Sedis X1V, Anaerobranca

BHL3_Fe_Consort_35 [FR820943 511 D20 |Firmicutes, Clostridia, Clostridiales, Incertae Sedis X1V, Anaerobranca

BHL3_Fe_Consort_36 [FR820944 516 D3 |Firmicutes, Clostridia, Clostridiales, Clostridiaceae

BHL3_Fe_Consort_37 |FR820945 516 D3 |Firmicutes, Clostridia, Clostridiales, Clostridiaceae

BHL3_Fe_Consort_38 [FR820946 512 D5 |Firmicutes, Clostridia, Clostridiales, Incertae Sedis X1V, Anaerobranca

BHL3_Fe_Consort_39 |FR820947 521 D12 |Firmicutes, Clostridia, Clostridiales, Peptococcaceae

BHL3_Fe_Consort_40 [FR820948 512 D5 |Firmicutes, Clostridia, Clostridiales, Incertae Sedis X1V, Anaerobranca

BHL3_Fe_Consort_41 [FR820949 584 D10 [|Firmicutes, Clostridia, Clostridiales

BHL3_Fe_Consort_42 [FR820950 521 D21 |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella

BHL3_Fe_Consort_43 [FR820951 516 D3 |Firmicutes, Clostridia, Clostridiales, Clostridiaceae, Clostridiaceae 2, Alkaliphilus

BHL3_Fe_Consort_44 |FR820952 516 D3 |Firmicutes, Clostridia, Clostridiales, Clostridiaceae

BHL3_Fe_Consort_45 [FR820953 516 D3 |Firmicutes, Clostridia, Clostridiales, Clostridiaceae

BHL3_Fe_Consort_46 |FR820954 511 D2 |Firmicutes

BHL3_Fe_Consort_47 |FR820955 504 D22

BHL3 Fe Consort 48 |FR820956 516 D3 |Firmicutes, Clostridia, Clostridiales, Clostridiaceae

* BHL3 was renumbered B2 after sequences had been submitted to GenBank
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Table B.5 RDP classification with 95% confidence threshold and OTU assignment for sequences
obtained from viable cultures produced from plate streaking isolation attempts from the iron reducing

consortium.

- Sequence Classification using the RDP classifier (Wang et al., 2007) (95% Confidence
D length otV threshold)
P-2-9-1 517 F1  |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerovirgula
P-2-9-2 512 F2  |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerobranca
P-2-9-3 517 F1  |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerovirgula
P-2-9-4 540 F3 Firmicutes, Bacilli, Bacillales, Bacillaceae,
P-2-9-5 521 F4 Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
P-2-9-6 517 F1  |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerovirgula
pP-2-9-7 521 F4  |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
P-2-9-8 517 F1  |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerovirgula
P-2-9-9 517 F1  |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerovirgula
P-2-9-10 512 F2  |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerobranca
P-2-9-11 517 F1  |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerovirgula
P-2-9-12 517 F1  |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerovirgula

Table B.6 RDP classification with 95% confidence threshold and OTU assignment for sequences
obtained from viable cultures produced from plate streaking isolation attempts from the iron reducing

consortium.

ID* Sequence oTU Class_ification using the RDP classifier (Wang et al., 2007) (95%
length Confidence threshold)

P-2-3-2 521 E1 |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
P-2-3-3 516 E2 |Firmicutes, Clostridia, Clostridiales,
P-2-3-4 516 E2 |Firmicutes, Clostridia, Clostridiales,
P-2-3-5 521 E3 [|Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
P-2-3-6 521 E1 [|Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
pP-2-3-7 521 E3 |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI
P-2-3-8 521 E1 |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
P-2-3-9 521 E1 |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
P-2-3-10 216 E4 |Firmicutes, Clostridia, Clostridiales,
pP-2-3-11 520 E1 [|Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
P-2-3-12 516 E2 |Firmicutes, Clostridia, Clostridiales
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Table B.7 RDP classification with 95% confidence threshold and OTU assignment for sequences
obtained from viable cultures produced from plate spreading isolation attempts from the iron reducing

consortium.

ID* Sequence oTU Class_ification using the RDP classifier (Wang et al., 2007) (95%
length Confidence threshold)

PD-2-9-1 517 Gl Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerovirgula
PD-2-9-2 517 Gl Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerovirgula
PD-2-9-3 520 G2
PD-2-9-4 512 G3 Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerobranca
PD-2-9-5 521 G4 Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
PD-2-9-6 582 G3 Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerobranca
PD-2-9-7 517 Gl Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerovirgula
PD-2-9-8 512 G3 Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerobranca
PD-2-9-9 512 G3 Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerobranca
PD-2-9-10 512 G3 Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerobranca
PD-2-9-11 521 G4 Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
PD-2-9-12 521 G4 Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
PD-2-9-13 517 Gl Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerovirgula
PD-2-9-14 582 G3 Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV,
PD-2-9-15 517 Gl Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerovirgula
PD-2-9-16 519 G5 Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerovirgula
PD-2-9-17 512 G3 Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerobranca
PD-2-9-18 520 G2 Firmicutes, Clostridia, Clostridiales,

Table B.8 RDP classification with 95% confidence threshold and OTU assignment for sequences
obtained from the 10 serial dilution culture produced from the iron reducing consortium.

ID* Sequence OTU Class_ification using the RDP classifier (Wang et al., 2007) (95%
length Confidence threshold)
SD-10-1 521 H1 [Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
SD-10-2 521 H1 [Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
SD-10-3 521 H1 [|Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
SD-10-4 521 H1 [|Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
SD-10-6 521 H1 [|Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
SD-10-7 521 H1 [|Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
SD-10-8 521 H1 [|Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
SD-10-9 513 H2 |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerobranca
SD-10-10 521 H1 [Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
SD-10-11 521 H1 [Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
SD-10-12 521 H1 [Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
SD-10-13 521 H1 [|Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI,
SD-10-14 516 H3 |Firmicutes, Clostridia, Clostridiales, Incertae Sedis XIV, Anaerovirgula
SD-10-15 521 H1 [|Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
SD-10-16 521 H1 [Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
SD-10-17 521 H1 [Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
SD-10-18 521 H1 [Firmicutes, Clostridia, Clostridiales, Incertae Sedis XI, Tissierella
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